
ETH Library

Energy metabolism, methane
production and digesta kinetics of
camelids and ruminants adapted
to arid environment

Doctoral Thesis

Author(s):
Dittmann, Marie T.

Publication date:
2014

Permanent link:
https://doi.org/10.3929/ethz-a-010400053

Rights / license:
In Copyright - Non-Commercial Use Permitted

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

https://doi.org/10.3929/ethz-a-010400053
http://rightsstatements.org/page/InC-NC/1.0/
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


 1 

 
DISS. ETH NO. 22403 

 
 
 
 

 
 

ENERGY METABOLISM, METHANE PRODUCTION AND DIGESTA KINETICS OF 
CAMELIDS AND RUMINANTS ADAPTED TO ARID ENVIRONMENTS 

 
 
 
 

A thesis submitted to attain the degree of  
DOCTOR OF SCIENCES of ETH ZURICH  

(Dr. sc. ETH Zurich) 
 
 

presented by 
Marie Theres Dittmann 

 
M.Sc, Georg-August-Universität Göttingen 

 
 
 

born on 30.07.1986  
citizen of Liestal, BL 

 
 
 
 
 
 
 

accepted on the recommendation of 
 

Prof. Dr. Michael Kreuzer, examiner 
Prof. Dr. Marcus Clauss, co-examiner 

Dr. Angela Schwarm, co-examiner 
 
 
 
 
 
 
 

2014 



 2 



 3 

 

 
 

 

 

 

 

 

 

 

“Difficulties  are  just  a  thing  to  overcome,  after  all.” 

 

Sir Ernest Shackleton 



 4 



 5 

 
Table of Contents 
 
 

ABBREVIATIONS 8 
LIST OF FIGURES 9 
LIST OF TABLES 12 
SUMMARY 14 
ZUSAMMENFASSUNG 16 
1. GENERAL INTRODUCTION 19 
1.1 ADAPTATIONS OF MAMMALIAN HERBIVORES TO ARID ENVIRONMENTS 19 
1.1.1 ENERGY METABOLISM 20 
1.1.2 ENTERIC METHANOGENESIS 20 
1.1.3 DIGESTA KINETICS 21 
1.2 STUDY SPECIES: RUMINANTS AND PSEUDORUMINANTS 22 
1.3 THESIS OUTLINE AND HYPOTHESES 26 
1.4 METHODOLOGICAL APPROACH 27 
1.4.1 GENERAL PROCEDURE 27 
1.4.2 MEASURING INTAKES AND NUTRIENT DIGESTIBILITY 27 
1.4.3 MEASURING METABOLISM AND METHANE EMISSION 28 
1.4.4 MEASURING DIGESTA KINETICS 31 
2. ENERGY REQUIREMENTS AND METABOLISM OF THE  PHILLIP’S  DIKDIK  (MADOQUA 
SALTIANA PHILLIPSI) 33 
2.1 ABSTRACT 34 
2.2 INTRODUCTION 35 
2.3 MATERIAL AND METHODS 36 
2.3.1 MEASUREMENT OF MAINTENANCE ENERGY REQUIREMENTS (EXPERIMENT 1) 37 
2.3.2 MEASUREMENTS OF METABOLIC RATE IN RESPIRATORY CHAMBERS (EXPERIMENT 2) 38 
2.4 RESULTS 39 
2.5 DISCUSSION 42 
3. METABOLIC RATE OF THREE GAZELLE SPECIES (NANGER SOEMMERRINGII, 
GAZELLA GAZELLA, GAZELLA SPEKEI) ADAPTED TO ARID HABITATS 47 
3.1 ABSTRACT 48 
3.2 INTRODUCTION 49 
3.3 METHODS 49 
3.4 RESULTS 50 
3.5 DISCUSSION 51 
3.5.1 INTERPRETATION OF THE RESULTS 51 
3.5.2 CONSIDERATIONS ON METABOLIC MEASUREMENTS WITH RUMINANTS 54 
3.5.3 ADAPTATIONS TO ARID ENVIRONMENTS IN RUMINANTS 55 
3.6 CONCLUSIONS 56 
4. CHARACTERIZING AN ARTIODACTYL FAMILY INHABITING ARID HABITATS BY ITS 
METABOLISM: LOW METABOLISM AND MAINTENANCE REQUIREMENTS IN CAMELIDS
 57 
4.1 ABSTRACT 58 
4.2 INTRODUCTION 59 



 6 

4.3 MATERIAL AND METHODS 60 
4.3.1 LITERATURE COMPILATION ON FOOD INTAKE 60 
4.3.2 LITERATURE COMPILATION ON METABOLISM AND MAINTENANCE REQUIREMENTS 61 
4.3.3 OWN RESPIRATION CHAMBER MEASUREMENTS 61 
4.4 RESULTS 62 
4.4.1 LITERATURE COMPILATION ON FOOD INTAKE 62 
4.4.2 LITERATURE COMPILATION ON METABOLISM AND MAINTENANCE REQUIREMENTS 65 
4.4.3 OWN RESPIRATION CHAMBER MEASUREMENTS 67 
4.5 DISCUSSION 69 
4.6 CONCLUSIONS 72 
5. INVESTIGATING ALLOMETRIC RELATIONSHIPS IN RUMINANTS: METHANE 
EMISSION BY DIFFERENT GAZELLE SPECIES 73 
5.1 ABSTRACT 74 
5.2 INTRODUCTION 75 
5.3 MATERIAL AND METHODS 76 
5.3.1 GAZELLE EXPERIMENT 76 
5.3.2 SAMPLE ANALYSIS 77 
5.3.3 COMPARATIVE ANALYSIS OF METHANE EMISSIONS IN RUMINANTS 78 
5.3.4 STATISTICAL EVALUATION 78 
5.4 RESULTS 78 
5.5 DISCUSSION 82 
5.5.1 GENERAL DISCUSSION OF THE RESULTS 82 
5.5.2 ALLOMETRIC SCALING OF METHANE EMISSION AND IMPLICATIONS FOR ENERGY LOSS 83 
5.5.3 GLOBAL METHANE EMISSIONS FROM NON-DOMESTIC RUMINANTS 84 
5.5.4 OUTLOOK 85 
6. METHANE EMISSION IN CAMELIDS 87 
6.1 ABSTRACT 88 
6.2 INTRODUCTION 89 
6.3 MATERIAL AND METHODS 91 
6.3.1 STUDY SPECIES 91 
6.3.2 RESPIRATION MEASUREMENTS 91 
6.3.3 SAMPLE ANALYSIS 93 
6.3.4 LITERATURE DATA 93 
6.3.5 STATISTICAL EVALUATION 94 
6.4 RESULTS 94 
6.5 DISCUSSION 98 
6.5.1 LEVEL OF METHANE EMISSIONS BY CAMELIDS 98 
6.5.2 METHANE EMISSIONS BY CAMELIDS IN COMPARISON TO RUMINANTS 99 
6.5.3 IMPLICATIONS OF THE FINDINGS OF LOW METHANE EMISSIONS BY CAMELIDS 100 
6.6 CONCLUSIONS 101 
7. DIGESTA KINETICS IN GAZELLES IN COMPARISON TO OTHER RUMINANTS: 
EVIDENCE FOR TAXON-SPECIFIC RUMEN FLUID THROUGHPUT TO ADJUST DIGESTA 
WASHING TO THE NATURAL DIET 103 
7.1 ABSTRACT 104 
7.2 INTRODUCTION 105 
7.3 METHODS 107 
7.3.1 EXPERIMENTS 107 
7.3.2 LITERATURE REVIEW 109 
7.3.3 STATISTICS 109 
7.4 RESULTS 111 
7.4.1 MEASUREMENTS IN THE GAZELLE SPECIES AND THE DIKDIKS 111 
7.4.2 LITERATURE DATA 111 
7.5 DISCUSSION 120 



 7 

7.5.1 GAZELLE AND DIKDIK RESULTS 122 
7.5.2 COMPARISON ACROSS RUMINANT SPECIES 123 
7.5.3 IMPLICATIONS FOR THE RELEVANCE OF DIFFERENCE IN SOLUTE AND PARTICLE RETENTION TIME 
 126 
8. DIGESTA RETENTION PATTERNS OF SOLUTES AND DIFFERENT-SIZED PARTICLES 
IN CAMELIDS COMPARED TO OTHER FOREGUT FERMENTERS 129 
8.1 ABSTRACT 130 
8.2 INTRODUCTION 131 
8.3 METHODS 132 
8.3.1 ANIMALS AND HUSBANDRY 132 
8.3.2 DETERMINATION OF SOLUTE AND PARTICLE RETENTION TIMES 132 
8.3.3 COMPARATIVE LITERATURE 134 
8.3.4 STATISTICAL EVALUATION 135 
8.4 RESULTS 136 
8.4.1 DIFFERENCES BETWEEN CAMELID SPECIES 136 
8.4.2 COMPARISONS WITH LITERATURE DATA FROM RUMINANTS: ABSOLUTE MRTS 139 
8.4.3 COMPARISON WITH LITERATURE DATA FROM RUMINANTS: ‘DIGESTA WASHING’ IN THE 
FORESTOMACH 139 
8.4.4 COMPARISONS WITH LITERATURE DATA FROM RUMINANTS AND NON-RUMINANT FOREGUT 
FERMENTERS: SORTING MECHANISM 140 
8.5 DISCUSSION 147 
8.5.1 DIFFERENCES BETWEEN CAMELID SPECIES 147 
8.5.2 COMPARING DIGESTA WASHING BETWEEN CAMELIDS AND RUMINANTS 148 
8.5.3 COMPARING PARTICLE SORTING IN CAMELIDS, RUMINANTS AND NON-RUMINANT 
FOREGUTFERMENTERS 149 
9. GENERAL DISCUSSION AND CONCLUSIONS 150 
9.1 METABOLISM 151 
9.2 METHANOGENESIS 153 
9.3 DIGESTA KINETICS 154 
9.4 STUDY LIMITATIONS AND OUTLOOK 155 
9.5 GENERAL CONCLUSION 157 
ACKNOWLEDGMENTS 159 
REFERENCES 163 
LIST OF PUBLICATIONS OF M. DITTMANN 184 
CURRICULUM VITAE 186 
10. APPENDIX 187 
10.1 SUPPLEMENTARY MATERIAL OF CHAPTER 4 187 
10.2 SUPPLEMENTARY MATERIAL OF CHAPTER 5 192 
10.3 SUPPLEMENTARY MATERIAL OF CHAPTER 6 198 
10.4 SUPPLEMENTARY MATERIAL OF CHAPTER 7 201 
10.5 SUPPLEMENTARY MATERIAL OF CHAPTER 8 218 
 
 
 
 



 8 

Abbreviations 

ADF Acid detergent fibre 
ADL Acid detergent lignin 
BM Body mass 
BMR Basal metabolic rate 
CH4 Methane 
CF Crude fibre 
CO2 Carbon dioxide 
CP Crude protein 
DE Digestible energy 
DEI Digestible energy intake 
DM Dry matter 
DMI Dry matter intake 
dNDFI Digestible neutral detergent fibre intake 
EE Ether extracts 
GE Gross energy 
GEI Gross energy intake 
GHG Green house gas 
GIT Gastrointestinal tract 
GLM General linear model 
GLS Generalised least squares 
ME Metabolisable energy 
MEI Metabolisable energy intake 
MEm Metabolisable energy requirement for maintenance 
MR Metabolic rate 
MRT Mean retention time 
N Nitrogen 
NDF Neutral detergent fibre 
NfE Nitrogen free extract 
O2 Oxygen 
OMI Organic matter intake 
PGLS Phylogenetic generalised least squares 
rDMI Relative dry matter intake 
RMR Resting metabolic rate 
RR Reticulorumen 
RQ Respiratory quotient, calculated at CO2 produced divided by O2 consumed 
SAC South American camelids 
SF Selectivity factor, calculated as MRTparticle divided by MRTsolute 
SO Suborder (taxonomic) 
TA Total ash 



 9 

List of Figures 

 
Figure 1.1 Phylogenetic tree from Price et al. (2005) depicting the relationship 

between camelids and ruminants including the Bovidae, to which the 
gazelles investigated in this project belong. 
 

- 25 - 

Figure 1.2 Comparative illustration of a ruminant and a camelid foregut 
classfied into compartments 1 to 3 from von Engelhardt et al. (2007).  
 

- 25 - 

Figure 1.3 The  ruminant  species  investigated  in  this  project.  A)  Phillip’s  dikdik    
(Madoqua saltiana phillipsi), B) Speke’s  gazelle  (Gazella spekei), C) 
Idmi or Arabian mountain gazelle (Gazella gazella), D) 
Soemmerring’s  gazelle  (Nanger soemmerringii) 
 

- 26 - 

Figure 1.4 The camelid species investigated in this project. A) Alpaca (Vicugna 
pacos), B) Llama (Lama glama), C) Bactrian camel (Camelus 
bactrianus) 
 

- 26 - 

Figure 1.5 Schematic illustration of the system used for respiration 
measurements in this project. 
 

- 30 - 

Figure 1.6 Exemplary set up of the system used for respiration measurements; in 
this case for one alpaca.  
 

- 31 - 

Figure 2.1 Individual measurements in Experiment 1 and linear regression of 
body mass change in % of the initial weight as a function of intake of 
metabolisable energy. 
 

- 40 - 

Figure 2.2 Time course of O2 consumption and CO2 production of three 
exemplary individuals during 20 h of measurement in the respiration 
chambers during Experiment 2.  
 

- 41 - 

Figure 2.3 Comparison of the measured resting metabolic rate with the expected 
basal metabolic rate for the individuals in Experiment 2. 
 

- 42 - 

Figure 3.1 Time courses of oxygen consumption and carbon dioxide production 
by exemplary representatives of Gazella spekei, G. gazella and 
Nanger soemmerringii during 18 h of measurement in the respiration 
chambers. 
 

- 52 - 

Figure 3.2 Comparison of metabolic rate as expected based on the equation by 
Kleiber (1961) (basal metabolic rate) and as measured resting 
metabolic rate) in Gazella spekei, G. gazella and Nanger 
soemmerringii.  
 

- 53 - 

Figure 4.1 Organic matter intake in various camelid and ruminant species fed on 
grass hay and lucerne hay (Foose, 1982). 
 
 
 
 

- 63 - 



 10 

Figure 4.2 Comparison of food intake (as dry matter or organic matter intake) 
from studies where camelid species (alpaca, llama, dromedary) were 
directly compared to domestic ruminants (sheep, goats), expressed a) 
per unit metabolic body mass (BM0.75, n = 58), b) per unit body mass 
to the power of 0.9 (BM0.90, n = 51), and c) per unit body mass 
(BM1.00, n = 74).  
 

- 64 - 

Figure 4.3 Relationship between dietary neutral detergent fibre content and 
voluntary intake of ruminants (a) and camelids (b) expressed per unit 
of metabolic BM. 
 

- 66 - 

Figure 5.1 Relationship of (A) DMI, (B) dNDFi, (C) GEI to BM. Continuous 
lines indicate the regression lines based on data from gazelles, 
dikdiks, and literature data from other ruminants. 
 

- 81 - 

Figure 5.2 Relationship of absolute methane emission in (A) L day-1, (B) L kg 
DMI-1 (dry matter intake), (C) L kg dNDFI-1 (digestible neutral 
detergent fibre intake), (D) in % gross energy intake to body mass. 
 

- 82 - 

Figure 6.1 Methane emission in L d-1 of domestic ruminants (literature data) and 
camelids (own measurements, literature data included in the 
regression analysis and literature data not included due to differences 
in methodology) in relation to body mass.  
 

- 98 - 

Figure 6.2 Methane emission in L per kg digestible neutral detergent fibre intake 
(dNDFI) of domestic ruminants (literature data) and camelids (own 
measurements, literature data included in the regression analysis and 
literature data not included due to differences in methodology) in 
relation to body mass. 
 

- 99 - 

Figure 7.1 Examples of excretion curves of a solute (Co-EDTA) and a particle 
(Cr-mordanted fibre, <2 mm) marker of one individual of Dama 
gazelle (Nanger dama),   Soemmerring’s   gazelle   (Nanger 
soemmerringii) in 2009 and in 2012, Rheem gazelle (Gazella 
subgutturosa marica), Idmi gazelle (Gazella gazella),  Speke’s  gazelle  
(Gazella spekei),  and  Phillip’s  dikdik  (Madoqua saltiana phillipsi). 
 

- 114 - 

Figure 7.2 Relationship between the percentage of grass in the natural diet 
(%grass) and body mass in 37 ruminant species for which data on the 
mean retention time of particles in the gastrointestinal tract were 
available. 
 

- 117- 

Figure 7.3 Relationship between body mass and the mean retention time of 
solute (A) and particle (B) (<2mm) markers in different ruminant 
species. The species investigated in this study are indicated. 
 

- 118- 

Figure 7.4 Relationship between the relative dry matter intake and the mean 
retention time of particle marker (<2mm) in the gastrointestinal tract 
in different ruminant species. 
 
 
 

- 120 - 



 11 

Figure 7.5 Relationship between the percentage of grass in the natural diet 
(%grass) and the selectivity factor for the reticulorumen in different 
ruminant species (A), and between the mean retention time of solutes 
and particles in the RR (B).  
 

- 121 - 

Figure 8.1 Exemplary excretion curves of the solute and particle markers of each 
one alpaca (Vicugna pacos), llama (Lama glama), and Bactrian camel 
(Camelus bactrianus).  
 

- 137 - 

Figure 8.2 Relationships of (A) the mean retention time of 2 mm particles in the 
gastrointestinal tract and (B) the mean retention time of solutes in the 
gastrointestinal tract with body mass in ruminants and camelids. Dots 
represent species means. 
 

- 142 - 

Figure 8.3 (A)  Comparison of the SF2mm/soluteFS between species means from 
camelids  and  ruminats  (‘cattle-’ or  ‘moose-type’).   
 

- 143 - 

Figure 8.4 (A) Comparison of individual data of the SF10mm/2mmFS between 
camelids, Ruminants, and non-ruminant foregut fermenters. (B) 
Relationship between MRT10mmFS and MRT2mmFS in the same 
herbivores; dots represent measurements of individuals. 
 

- 144 - 

Figure 8.5 (A) Comparison of individual data of the SF20mm2mmFS between 
camelids and ruminants. (B) Relationship between MRT20mmFS and 
MRT2mmFS in ruminants and camelids; dots represent measurements 
of individuals. 
 

- 145 - 

Figure 8.6 (A) Comparison of individual data of the SF20mm/10mmFS between 
camelids and ruminants. (B) Relationship between MRT20mmFS and 
MRT10mmFS in ruminants and camelids; dots represent measurements 
of individuals. 
 

- 146 - 

 
 



 12 

List of Tables 

 
Table 2.1 Nutrient composition (g kg DM-1) of the diet items offered during 

the experiments 
 

- 38 - 

Table 2.2 Maintenance requirements for metabolisable energy (MEm) of 
ruminant species as reported in the literature and ordered by MEm. 
 

- 43 - 

Table 2.3 Body mass and basal metabolic rates of selected African bovid 
species ordered by BM (adapted from McNab, 2008).  
 

- 45 - 

Table 3.1 Body mass, measured and expected metabolic rates and respiratory 
quotient of the three gazelle species measured in this study. 
 

- 53 - 

Table 4.1  Published data on maintenance energy requirements and metabolic 
rates in camelids, including measurements made in the present 
study. 
 

- 68 - 

Table 4.2 Comparison of maintenance requirements for metabolisable energy 
published for domestic ruminants and size of effects of different 
activities on energy budget. 
 

- 69 - 

Table 5.1 Nutrient composition of the lucerne provided to the ruminants in the 
present study in g kg DM-1 or kJ kg DM-1. 
 

- 77 - 

Table 5.2 Measured values (mean and SD) of methane production in the four 
ruminant species of this study. 
 

- 79 - 

Table 5.3 Regression equations based on linear models of DMI, dNDFI and 
GEI as dependent variables and body mass as independent variable 
with datasets consisting of literature data from ruminants, measured 
data from this study, or both. 
 

- 80 - 

Table 5.4 Regression equations based on linear models of methane emission 
as dependent variable and body mass as independent variable with 
datasets consisting of literature data from ruminants, measured data 
from this study, or both. 
 

- 80 - 

Table 6.1 Nutrient composition of the diet items used in the present study.  - 92 - 

Table 6.2 Animals investigated in the present study and individual data on 
body mass, food and digestible energy intake, and methane 
production. 
 

- 96 - 

Table 6.3 Data on average CH4 production of camelids and ruminants 
obtained by respiration measurements sorted by animal size.  
 

- 97 - 

Table 7.1 Body mass, food intake and retention measurements in the gazelle 
and dikdik species of this study. 
 

- 113 - 



 13 

Table 7.2 Linear regression equations corresponding to log y = a + b logBM + 
c %grass for comparative datasets of ruminant species. 
 

- 115 - 

Table 7.3 Linear regression equations corresponding to log MRTsolute = a + b 
log MRTparticle + c logBM + d %grass for a comparative datasets of 
ruminant species. 
 

- 116 - 

Table 8.1 Body mass, dry matter intake, and retention times and selectivity 
factors of the gastrointestinal tract from the camelids investigated in 
this study and from dromedaries (C. dromedarius) investigated by 
Lechner-Doll et al. (1990, pers. comm.). 
 

- 138 - 

Table 8.2 Retention times and selectivity factors of the forestomach from the 
camelids investigated in this study and from dromedaries (C. 
dromedarius) investigated in Lechner-Doll et al. (1990, pers. 
comm.). 
 

- 138 - 

Table 8.3 Linear regression equations corresponding to log(y) = a + b log(x) + 
Cofactor , including the interaction of cofactor × log(x) if 
significant. PGLS was carried out without the cofactor, instead 
lambda (λ) was calculated. 
 

- 141 - 

 



 14 

SUMMARY 

 
 
Living in arid environments poses different challenges to mammalian herbivores: Maintenance of a 

constant body temperature in extreme climatic conditions, coping with scarcity of water, and low 

food availability. This doctoral study aimed at investigating putative ecological adaptations to harsh 

environmental conditions in camelids and ruminants adapted to arid environments based on the 

following hypotheses: When compared to ruminants or other mammals from resource-rich 

environments, camelids and ruminants adapted to aridity, 1) have a lower metabolic rate, which 

would results in lower energy requirements, a reduced endogenous heat load and, consequently, less 

water lost to evaporative cooling; 2) produce relatively lower amounts methane (CH4), because CH4 

is a side-product of microbial fermentation of food in the foregut, which represents an energy loss 

for the animal; 3) have longer food particle retention times than in the foregut to increase the 

digestibility. With respect to solute retention times they could either have long solute retention 

times, indicating a slow water turnover in a capacious foregut serving to store water, or short solute 

retention   times   in   relation   to   particle   retention   times,  which   could  mirror   an   increase   in   ‘digesta  

washing’  and  the  yield  of  microbial  protein  from  the  digesta.   

We tested these hypotheses in three camelid species – Bactrian camels (Camelus 

bactrianus), llamas (Lama glama) and alpacas (Vicugna pacos) – and four ruminant species adapted 

to arid environments – Soemmerring’s  gazelle  (Nanger soemmerringii), Arabian mountain gazelle 

(Gazella gazella),   Speke’s   gazelle   (Gazella spekei)   and   Phillip’s dikdik (Madoqua saltiana 

phillipsi). After a two-week diet adaptation period to a pure lucerne diet, five to seven individuals 

of each species were kept in separate pens for approximately one week. There, food intake and 

nutrient digestibility were measured, and digesta retention times were determined via indigestible 

markers. Thereafter, animals underwent respiration measurements, where CH4 and CO2 production, 

and O2 consumption were measured for 24 h. This allowed the calculation of the resting metabolic 

rate (RMR). The measured values were generally compared to literature data from other ruminant 

or mammalian herbivore species adapted to resource-rich environments. 

Among ruminants, G. spekei and G. gazella showed RMRs higher than expected, while the 

RMRs of M. saltiana and N. soemmerringii were close to the mammalian average for basal 

metabolic rate (BMR). M. saltiana also had lower energy requirements than expected for a 

ruminant of that size. Camelids revealed generally lower energy requirements and metabolic rates 

than ruminants of the same body mass range.  
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Methane production was not consistently lower in ruminant species with M. saltiana, G. 

spekei and G. gazella producing more CH4 than expected according to their body mass based on a 

equation from literature data of other ruminant species. N. soemmerringii produced less CH4 than 

expected. Camelids had a lower absolute CH4 production when compared to ruminants of the same 

body mass range, but when related to unit digestible fibre ingested (the main substrate for 

methanogenesis), no difference could be found between ruminants and camelids. 

 With respect to retention times in the foregut, the ruminants investigated in this study did 

not differ from ruminants from resource-rich environments and showed no exceedingly long 

retention times. While particle retention times appeared to be dependent on the animals body mass 

and its natural died (consisting of grass or browse), solute retention times were related to particle 

retention times, indicating that the ratio of both is adapted to a species’ natural diet. Camelids too, 

did not have exceedingly long retention times and these animals appear to rely on the same 

digestive  strategy  as  ‘cattle-type’  ruminants.  Only  the  retention  times  of  large  particles  were  slightly  

longer than in ruminants.  

Taken together, the results of this project did not consistently confirm the assumptions. 

While the low energy metabolism in camelids could either mirror an ecological adaptation, or a 

characteristic of the entire lineage, aridity-adapted ruminants do not appear to have a consistently 

low energy metabolism, which could imply that these animals rely on other mechanisms to save 

energy. Methane production in the species investigated appears to rather depend on the composition 

of the diet, than to reflect a species-specific trait underlying environmental adaptations. Hence, 

enteric methanogenesis seems to be a mandatory side-effect of microbial fermentation in the 

forestomach of ruminants and camelids. Retention times appear to have evolved to meet the 

requirements of a particular diet in ruminants, rather than to cope with scarcity in food or water. 

The slightly longer retention times of large particles in camelids could increase digestibility, but 

they could also simply mirror a difference in the sorting mechanism in the forestomach when 

compared to ruminants. The longer retention of large particles could also be a factor limiting food 

intake in camelids, which could reflect their comparatively low energy metabolism.  

Taken together, the three parameters investigated in this project revealed no mandatory 

adaptations of to habitats characterised by scarcity in food and water. Rather than single necessary 

adaptations, it is probably a combination of different resource saving mechanisms that enables 

aridity-adapted ruminants and camelids to compete in harsh environments. 
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ZUSAMMENFASSUNG 
 

Das Leben in einer ariden Umgebung stellt unterschiedliche Herausforderungen an 

pflanzenfressende Säugetiere: Die Aufrechterhaltung einer konstanten Körpertemperatur unter 

extremen klimatischen Bedingungen, sowie die Knappheit in Wasser und Nahrung. Das Ziel dieser 

Doktorarbeit war die Untersuchung potentieller ökologischer Adaptationen an harte 

Umweltbedingungen in Kameliden und an Aridität angepassten Wiederkäuern. Dies geschah 

anhand der folgenden Hypothesen. Im Vergleich Wiederkäuern und anderen Säugetieren aus 

Resourcen-reichen Lebensräumen zeigen Kameliden und an Aridität angepasste Wiederkäuer 

folgende Anpassungen: 1) Eine niedrigere Stoffwechselrate, welche einen niedrigeren 

Energiebedarf zur Folge hätte, was wiederum die endogene Wärmeproduktion und damit den 

Wasserverlust durch Verdunstungskühlung reduzieren würde. 2) Eine geringere relative 

Methanproduktion, da Methan (CH4) ein Nebenprodukt der mikrobiellen Fermentation von Futter 

im Vormagen ist, welches einen Energieverlust für das Tier darstellt. 3) Lange Partikel-

Retentionszeiten im Vormagen, welche die Verdaulichkeit des Futters erhöhen könnten. 

Flüssigkeits-Retentionszeiten im Vormagen könnten hingegen entweder lang sein, was einen 

niedrigen Flüssigkeitsumsatz in einem voluminösen, als Wasserspeicher dienenden Vormagen 

widerspiegeln könnte, während kurze Flüssigkeits-Retentionszeiten im Verhältnis zu Partikel-

Retentionszeiten   dem   ‘Waschen’   des   Vormageninhalts dienen könnte, was zu einer erhöhten 

Ausbeute von mikrobiellem Protein führen könnte.  

Diese Hypothesen wurden an drei Kameliden Arten getestet – Baktrischen Kamelen 

(Camelus bactrianus), Lamas (Lama glama) und Alpacas (Vicugna pacos) – und an vier an Aridität 

angepassten Wiederkäuerarten –  Sömmerringgazellen (Nanger soemmerringii), Edmigazellen 

(Gazella gazella), Spekegazellen (Gazella spekei) und Phillips Dikdiks (Madoqua saltiana 

phillipsi). Nach einer zweiwöchigen Gewöhnungsphase an eine Ration die ausschliesslich aus 

Luzerne bestand, wurden fünf bis sieben Individuen jeder Art in getrennten Gehegen untergebracht. 

Dort wurden während ca. einer Woche Futteraufnahme und Nährstoffverdaulichkeiten gemessen, 

und die Retentionszeiten von Partikeln und Flüssigkeiten mit Hilfe unverdaulicher Marker 

festgestellt. Danach wurden Respirationsmessungen mit den Tieren durchgeführt, wobei während 

24 Stunden die Produktion von CH4 und Kohlendioxid, sowie der Sauerstoffverbrauch gemessen 

wurden; letzteres ermöglichte die Berechnung der Stoffwechselrate. Die Messergebnisse aller 

Parameter wurden anschliessend mit Literaturdaten von Wiederkäuern oder anderen 

pflanzenfressenden Säugetieren aus Resourcen-reichen Lebensräumen verglichen. 
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Die Resultate dieses Projekts waren nicht einheitlich. Innerhalb der Wiederkäuer zeigten G. 

spekei and G. gazella höhere Stoffwechselraten als erwartet, während M. saltiana und N. 

soemmerringii Stoffwechselraten aufwiesen, die nahe dem durchschnittlichen Wert für den 

Grundumsatz von Säugetieren lag. Zusätzlich war der Energiebedarf von M. saltiana niedriger als 

man für einen Wiederkäuer dieser Grösse erwarten würde. Kameliden hatten generell einen 

geringeren Energiebedarf und eine niedrigere Stoffwechselrate als gleichgrosse Wiederkäuer.  

Die Methanproduktion war nicht einheitlich niedriger innerhalb der Wiederkäuer: M. 

saltiana, G. spekei and G. gazella produzierten mehr  CH4 als man anhand ihrer Grösse durch eine 

Gleichung basierend auf Literaturdaten von anderen Wiederkäuerarten erwarten würde. N. 

soemmerringii produzierte weniger  CH4 als erwartet. Kameliden produzierten weniger  CH4 als 

gleichgrosse Wiederkäuer. Allerdings bestand kein unterschied zwischen Kameliden und 

Wiederkäuern in der Methanproduktion pro Einheit aufgenommener Faser (dem wichtigsten 

Substrat für Methanbildung).  

Die untersuchten Wiederkäuer hatten keine ausserordentlich langen Retentionszeiten und es 

scheint kein Unterschied zu Arten aus Resourcen-reichen Lebensräumen zu bestehen. Innerhalb der 

Wiederkäuer scheinen Retentionszeiten vielmehr eine Anpassung an die natürliche Nahrung zu sein 

als an den Lebensraum. Auch die Kameliden zeigten keine ausserordentlich langen 

Retentionszeiten und es scheint dass diese Tiere eine Verdauungsstrategie wie Rinder-artige 

Wiederkäuer aufweisen. Einzig die Retentionszeiten von langen Partikeln im Vormagen war bei 

den Kameliden länger als bei Wiederkäuern.  

Die Resultate entsprechen nicht einheitlich den Erwartungen. Während Kameliden einen 

niedrigeren Energieumsatz haben, was entweder ein Charakteristikum dieser Tiergruppe oder eine 

ökologische Adaptation sein könnte, scheinen Wiederkäuer aus ariden Lebensräumen keinen 

einheitlich niedrigen Stoffwechsel zu haben. Dies könnte bedeuten dass diese Tiere andere 

Mechanismen haben um Energie zu sparen. Die Menge CH4 die produziert wird, scheint eher von 

der Futterzusammensetzung abzuhängen als ein artspezifisches Merkmal zu sein dass ökologischen 

Adaptationen unterliegt. Dies deutet darauf hin dass Methanbildung ein zwingender Nebeneffekt 

der mikrobiellen Fermentation im Vormagen von Wiederkäuern und Kameliden ist. 

Retentionszeiten scheinen eher eine Anpassung an die natürliche Diät einer Art zu sein, als and die 

Verfügbarkeit von Nahrung und Wasser. Die etwas längeren Retentionszeiten von grossen Partikeln 

im Vormagen von Kameliden könnten die Verdaulichkeit erhöhen, sie könnten aber auch lediglich 

eine Folge des unterschiedlichen Sortiermechanismus im Vergleich zu Wiederkäuern sein. 

Allerdings könnte die längere Retention von grossen Partikels ein Faktor sein der die 

Futteraufnahme von Kameliden limitiert, was dem geringeren Energiebedarf dieser Tiere 

entsprechen würde.  
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Zusammengefasst scheinen die drei Parameter die in diesem Projekt untersucht wurden 

keine zwingenden Anpassungen and Resourcen-arme Lebensräume darzustellen. Die Anpassung 

dieser Arten an aride Lebensräume beruht wahrscheinlich eher auf einer Kombination 

verschiedener Mechanismen zum Sparen von Resourcen als auf einzelnen zwingenden 

Anpassungen. 
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1. GENERAL INTRODUCTION 
Arid environments are estimated to make up 26 – 36 % of the global land area and they are 

characterised by deficiency in moisture and highly variable patterns in rainfall and temperature - 

conditions that pose stringent challenges for their inhabitants (Thomas, 2011). Because above 

ground plant biomass decreases with decreasing precipitation (Thomas, 2011), herbivores 

inhabiting arid environments do not only have to cope with lack of water but also with scarcity of 

food. In addition, aridity often goes hand in hand with extreme temperatures, which, for 

homeothermic animals such as mammals and birds, pose an additional challenge as they do not only 

have to cope with cold nights, but also have to avoid acquiring additional heat from the 

environment during daytime. Additionally, they have to dissipate body heat produced due to their 

elevated metabolism as compared to heterothermic animals (Bartholomew, 1964). One 

physiological mechanism to reduce body temperature in the face of a high environmental 

temperature is evaporative cooling (von Engelhardt and Breves, 2009), which, in turn, requires 

precious water. As a response to low resource availability, mammalian herbivores have evolved 

several adaptations to inhabiting arid environments. 

 

1.1 Adaptations of mammalian herbivores to arid environments 

Clearly, arid environments are low in water availability. Hence, herbivores have developed a set of 

adaptations to cope with scarcity of water. Dromedaries and some gazelles are known for their 

sturdiness to water deprivation (Schmidt-Nielsen et al., 1956, Ghobrial and Cloudsley-Thompson, 

1966, Mohamed et al., 1988, Al-Toum and Al-Johany, 2000). Some gazelles can behaviorally 

adjust water intake to ambient temperatures (Ghobrial, 1970, Williamson and Delima, 1991), while 

certain desert ruminants rely on water from food, dew browsing or metabolic water (Silanikove, 

1994). A large distal colon in certain African antelopes is considered to serve as a mechanism for an 

increased water re-absorption (Woodall and Skinner, 1993), while desert sheep and goats have 

special renal structures to produce less and higher concentrated urine (e.g. Horst and Langworthy, 

1971, Dunson, 1974). Thompson’s  gazelles  and  dikdiks  have  developed  anatomical adaptations to 

control brain temperatures (Taylor and Lyman, 1972, Kamau et al., 1984); other gazelle species rely 

on a high tolerance for an increase in body temperature (Ostrowski and Williams, 2006, Hetem et 

al., 2012, Babor et al., 2014). Giraffes show behaviors that could serve thermoregulation, e.g. the 

positioning of the body in relation to the sun, exposure of the body to wind, or a slow walking pace 

during high temperatures (Mitchell and Skinner, 2004). Elephants loose additional heat from the 

increased surface of their ears (Phillips and Heath, 1992). Other herbivores living in resource-poor 
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but cold environments, such as South American camelids (SAC), protect themselves with a thick 

coat (Gerken, 2010). Besides saving water and maintaining an optimal body temperature, saving 

energy is a major aspect of living in a habitat scarce in food. Possible mechanisms to achieve this 

could be a lowered energy metabolism or reducing the energy loss caused by methanogenesis. 

Digestive physiology could respond to low resource availability by saving water or increasing 

digestibility of food. In this project aimed at investigating these three aspects of resource saving in 

ruminants and camelids. 

 

1.1.1 Energy metabolism 

In arid environments, a lower metabolic rate is considered an adaptive advantage (Nagy, 1987, 

McNab, 2012) as it reduces (1) energy requirements, which is advantageous in habitats with low 

food availability (Lovegrove, 2000) (2) the endogenous heat load and thereby (3) the loss of water 

for evaporative cooling. A lowered metabolic rate in aridity-adapted animals has been found in 

mammals such as canids (Careau et al., 2007), small mammals (Lovegrove, 2003), or birds 

(Tieleman et al., 2003), but also in ruminants (Haim and Skinner, 1991, Ostrowski and Williams, 

2006). In general, mammals with comparably high metabolic rates tend to inhabit polar or cold-

temperate habitats, while mammals living in hot and dry environments have lower metabolic rates 

(Lovegrove, 2000, McNab, 2008). With respect to camelids, there is evidence for a lower 

metabolism, as they have a lower food intake (Meyer et al., 2010) or a lower intrauterine growth 

rate (Müller et al., 2011b) than ruminants of the same size. 

In contrast to arid environments, having a low energy metabolism can represent a 

competitive disadvantage towards other species when resources are not limited (Vermeij, 1993, 

McNab, 2002, McNab, 2012), which could explain why this adaptation is rather found in species 

adapted to habitats characterised by scarcity in resources. For example, the few extant camelid 

species, assumed to have a low energy metabolism, are mostly limited to harsh environments, while 

it appears that other habitats have been taken over by ruminants (e.g. Janis et al., 1994). In order to 

understand whether a lowered metabolic rate is a mandatory adaptation to living in harsh and 

resource-poor environments, this project aimed at extending comparative measurements of camelids 

and aridity-adapted ruminants. 

 

1.1.2 Enteric methanogenesis 

In ruminants, methane (CH4) is a side product of microbial fermentation of plant material, mainly 

fibre (Moe and Tyrrell, 1979), in the rumen: fibrous carbohydrates are broken up into volatile fatty 

acids (VFA), and, as side-products, carbon dioxide (CO2) and hydrogen (H2), which serve as 

substrate for members of the Archaea, to form CH4 (Moss et al., 2000). Methane then leaves the 
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animal mainly via eructation or breathing (Murray et al., 1976), which means that the carbon and H2 

atoms in CH4 are lost to the animal and cannot be metabolised any further. Therefore, enteric 

methanogenesis represents an energy loss for the animal, which makes up 2 – 12 % of their gross 

energy intake (Johnson and Johnson, 1995). Herbivores adapted to low resource availability can be 

expected to have developed mechanisms to reduce energy loss, e.g. by having a lowered CH4 

production. Methane acts as a sink for H2, thereby supporting the degradation of cell wall 

carbohydrates in the rumen (Moss et al., 2000), as non-removed H2 inhibits several fermentative 

processes (Morgavi et al., 2010). It appears, therefore, that there is a trade-off between energy loss 

due to methanogenesis versus the energy loss due to lower fermentation in the rumen. One putative 

mechanism to allow lower CH4 production could be a shift in fermentative processes or microbial 

community towards more acetogens producing acetic acid, or starch fermenting bacteria producing 

propionate, which could act as alternative H2 sinks (Russell, 1998, Joblin, 1999). It has also been 

shown that the amount of CH4 produced depends on the digestibility of the food (Blaxter and 

Clapperton, 1965), which could be lower in the natural diet of herbivores from arid environments. 

However, this would imply that finding a lower CH4 emission in a species is merely a reflection of 

the quality of its diet, rather than a species-specific adaptation. 

Methane production of domestic ruminants has widely been investigated as they contribute 

to the greenhouse effect, being responsible for approximately 20 to 25% of the observed increase in 

atmospheric CH4 (Lassey, 2007), and among mammals ruminants appear to produce the highest 

amounts of CH4 in relation to body mass (Franz et al., 2010). For ruminants, it has been shown that 

CH4 production clearly depends on food intake (Murray et al., 1978, Molano and Clark, 2008, 

Fraser et al., 2013), the time the digesta is exposed to microbial fermentation in the gastrointestinal 

tract (Nolan et al., 2010, Goopy et al., 2014, Hammond et al., 2014), the composition of the diet 

(Beauchemin et al., 2008, Hammond et al., 2011, Hristov et al., 2013), and even the age of the 

animal (Swainson et al., 2007). Methane measurements from non-domestic animals are scarce. The 

presence of enteric methanogenesis was confirmed in several camelid species (Carmean et al., 

1992, Schulze et al., 1997, Pinares-Patiño et al., 2003), which have a digestive system similar to 

ruminants (see chapter 1.2). However, at this stage the few available data on CH4 production in 

camelids allow no conclusive comparison to ruminants and the question whether camelids produce 

equal amounts of CH4 as similar sized ruminants remains. 

 

1.1.3 Digesta kinetics 

Relying on microbial fermentation of plant material, the time the ingested food is exposed to 

degradation by microbes is an essential aspect in the digestion of foregut fermenting herbivores 

(Lechner-Doll et al., 1991). The longer plant material is retained in the fermentation chamber, the 
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more energy can be gained from it, but although a long retention time increases the digestibility of 

plant cell walls, it also limits food intake due to a limited capacity of the gut (Lechner-Doll et al., 

1991). Therefore, ruminants and camelids should optimise the retention of digesta to a degree that 

meets environmental conditions, e.g. quantitative availability and digestibility of food. The mean 

retention time (MRT) is mainly related to the capacity of the digestive tract, the level of food intake 

and the digestibility of the diet (Lechner-Doll et al., 1991). Recent investigations in the addax 

(Addax nasomaculatus), a grazing desert ruminant, revealed long MRTs of particles and solutes 

(Hummel et al., 2008). While the former can be interpreted as an adaptation to a diet consisting of 

low-digestible grasses, the latter could reflect a mechanism to save water, involving a low water 

turnover in a capacious rumen for water storage (Hummel et al., 2008). The same species was 

reported to have exceedingly dry faeces (Clauss et al., 2004), which indicates efficient absorption of 

water in the colon. Dromedaries were reported to have relatively long particle MRTs, but short 

solute MRTs (Heller et al., 1986c, Lechner-Doll et al., 1990). The differences in solute MRTs 

between camelids and addax could suggests different water recycling capacities from the 

forestomach and, therefore, a higher fluid stasis in the reticulorumen (RR) of the addax (Hummel et 

al., 2008).  

Another interesting aspect of MRTs are not only the absolute times, but also the ratios between 

them. It has been proposed that a long particle MRT paired with a short solute MRT serves the 

purpose   to   ‘wash’   the   digested  material   (Müller et al., 2011a), which could be a mechanism to 

maximise the yield of microbial protein (Clauss et al., 2010b). While long solute MRTs in the 

foregut could reflect water saving mechanisms such as proposed in the addax, short solute MRTs 

have the advantage of an increased yield in microbial protein, which could be crucial for species 

limited in resources. Measuring MRTs in other desert ruminants and camelids could clarify whether 

long particle MRTs are a common adaptation in aridity-adapted species and whether there is a 

consistent pattern in solute MRTs. Comparable measurements have only been obtained in few 

aridity-adapted ruminants, e.g. addax (Hummel et al., 2008), oryx (Oryx gazella) and wildebeest 

(Connochaetes taurinus) (Steuer et al., 2011), and the few data available for camelids (Heller et al., 

1984, Lechner-Doll et al., 1990, von Engelhardt et al., 2006b) do not allow for an overall 

comparison with ruminants.  

 

1.2 Study species: Ruminants and pseudoruminants 
Ruminants are one of the largest mammalian clades with over 200 species that show high variation 

in body size, ecology and physiology and are native to almost all continents (except Australia and 

Antarctica) (Hérnandez-Férnandez and Vrba, 2005). Besides their relevance as model organisms in 

evolutionary biology representing a large mammalian adaptive radiation, ruminants play a major 
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role in agriculture as their domesticated forms (cattle, sheep, goats) provide meat, milk, leather, 

wool or means of transportation and physical power. Ruminants are characterised by their digestive 

system, which allows them to efficiently digest plant material by the aid of microbial fermentation 

in their chambered foregut (Van Soest, 1994). One of the features that distinguish ruminants from 

other foregut fermenters (such as kangaroos, hippos, colobine monkeys, peccaries or sloths) is their 

ability to sort food particles according to size (Lechner-Doll et al., 1991, Schwarm et al., 2008, 

Schwarm et al., 2009b), regurgitate large particles, expose them to repeated mastication and thereby 

efficiently reduce their size (Fritz et al., 2009). While large particles are retained in the RR to be 

ruminated, smaller particles and solutes are transferred to the omasum, where water is reabsorbed 

(Gray et al., 1954), and then to the abomasum and the intestine, where the enzymatic digestion 

takes place (Sissons, 1981). Ruminants have not only diversified into various habitat niches ranging 

from the arctic cold to the Sahara desert, but they also show high variation in body mass, feeding 

ecology or behavior. In particular, ruminants have been studied with respect to adaptations to their 

feeding niches, differing in the amounts of browse or grass, in order to classify species into 

respective feeding or digestive types (Hofmann and Stewart, 1972, Van Wieren, 1996, Owen-

Smith, 1997). 

One sister group of artiodactyls, the camelids (Fig. 1.1), shows a high degree of similarities 

in digestive physiology with ruminants: the ability to ruminate combined with a chambered foregut 

(Fig. 1.2) that enables the sorting of food particles according to size (Vallenas et al., 1971, Lechner-

Doll and von Engelhardt, 1989, Wang et al., 2000, von Engelhardt et al., 2006a). There are, 

however, differences such as a lower relative food intake (Meyer et al., 2010), lower energy 

requirements (NRC, 2007), longer food particle retention times (Heller et al., 1986c), different 

particle sorting mechanisms in the forestomach (Lechner-Doll and von Engelhardt, 1989), and 

higher dry matter and fibre digestion efficiency (Hintz et al., 1973, Kayouli et al., 1993, Dulphy et 

al., 1997, Sponheimer et al., 2003) in camelids compared to ruminants. These two suborders, 

ruminants and the pseudo-ruminant camelids, offer the opportunity to investigate general patterns in 

adaptations to harsh environment independent of clade-specific features due to a certain degree of 

convergent evolution in camelids and ruminants.  

The species investigated in this project (Fig. 1.3 and 1.4) are all exposed to harsh conditions 

in their natural habitats. Three of the ruminant species investigated in this project originate from 

Africa: Dikdiks inhabit dry bush country in Eastern and Southern Africa and are adapted to semi-

arid conditions including high ambient temperatures and little access to water (Hendrichs and 

Hendrichs, 1971; Maloiy, 1973), where they are additionally forced to cope with food scarcity 

(Manser   and   Brotherton,   1995).   The   Speke’   gazelle   (Gazella spekei) is endemic to the Horn of 

Africa, where it inhabits semi-arid grasslands or barren rangelands (Heckel et al., 2008b). 
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Soemmerring’s  gazelle  (N. soemmerringii) occurs in semiarid to arid areas from Eritrea to Somalia 

(Heckel et al., 2008d). The fourth species, the Arabian mountain or Idmi gazelle (Gazella gazella) 

occurs in southern Lebanon, Syria, Israel, on the Arabian peninsula and isolated regions of Iran, 

where it has to cope with severe, hot and dry climatic conditions (Mendelssohn, 1995). The three 

camelid species have different distributions: While the llama (Lama glama) and the alpaca (Vicugna 

pacos) originate from the Andean regions (Wheeler, 1995) where they have to cope with high 

altitudes and harsh meteorological conditions, the Bactrian camel (Camelus bactrianus), the largest 

member of the camelids, was originally distributed over the Asian continent whereas nowadays it is 

restricted to small desert areas in Mongolia and China (Tulgat and Schaller, 1992). Camelids, which 

originate from North America and subsequently spread to South America and Asia, once had a 

much larger species diversity and covered a wider range of habitat niches (Honey et al., 1998), 

while today the few extant species appear to be limited to harsh environments, with other habitats 

apparently taken over by ruminants (e.g. Janis et al., 1994). This impairs the conclusion whether the 

parameters investigated in this project reflect clade-specific characteristics or ecological 

adaptations, as it is impossible to investigate camelid species inhabiting resoure-rich environments. 

However, due to their natural distribution these species can be expected to be adapted to aridity and 

harsh environmental conditions.  

Some of the parameters measured in this project have been investigated before in these 

species: There are comparable measurements of retention times in M. saltiana (Hebel et al., 2011) 

and llamas (Heller et al., 1984), of metabolic rates in llamas (Vernet et al., 1997, Nielsen et al., 

2010), or methane production in alpacas (Pinares-Patiño et al., 2013) and llamas (Vernet et al., 

1997). However, the few measurements from different species were not obtained under the same 

conditions, which impairs comparisons. In this project, the seven species were investigated 

comprehensively using the same methods, which allowed for comparison within and among 

species. To our knowledge, this is the first time, were all three parameters (metabolic rate, methane 

emission, and MRT) were assessed under the same conditions for 39 individuals. 
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Figure 1.1. Phylogenetic tree from Price et al. 
(2005) depicting the relationship between camelids 
and ruminants (all branches with and below 
Tragulidae), including the Bovidae, to which the 
gazelles investigated in this project belong. 

 

 

 

 

Figure 1.2. Comparative illustration of a ruminant and a camelid foregut classfied into 
compartments 1 to 3 (C1 – C3) from von Engelhardt et al. (2007).  
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Figure 1.3.   The   ruminant   species   investigated   in   this   project.   A)   Phillip’s   dikdik      (Madoqua 
saltiana phillipsi),   B)   Speke’s   gazelle   (Gazella spekei), C) Idmi or Arabian mountain gazelle 
(Gazella gazella),  D)  Soemmerring’s  gazelle  (Nanger soemmerringii) 
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Figure 1.4. The camelid species investigated in this project. A) Alpaca (Vicugna pacos), B) 
Llama (Lama glama), C) Bactrian camel (Camelus bactrianus) 
 

1.3 Thesis outline and hypotheses 
This doctoral project aimed at investigating energy metabolism, methane emissions and digesta 

kinetics in camelids and ruminants adapted to arid environments. The following hypotheses were 

tested:  

 

Camelids and ruminants inhabiting arid environments have 

A)  a lower metabolic rate when compared to the mammalian average and ruminants of the 

same body mass range from temperate or cold environments. 

B) a lower relative CH4 production, which corresponds to a lower loss in energy, when 

compared to ruminants of the same body mass from temperate or cold environments. 

C) longer particle retention times compared to other foregut fermenters, reflecting a mechanism 

to increase digestive efficiency. With respect to solutes, we expected either long retention 

times which could mirror a low water turnover in a capacious forestomach serving the 
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storage of water, or short solute retention times in relation to particle retention times to 

ensure a high yield of microbial protein from the foregut. 

 

1.4 Methodological approach 
1.4.1 General procedure 

The experiments reported in this thesis were carried out at three different sites. The three gazelle 

species and the dikdiks were investigated from March to May 2012 at Al Wabra Wildlife 

Preservations (AWWP), a privately owned breeding station in the Qatari desert  (Hammer and 

Hammer, 2002). The alpacas were studied at the Zoo Zurich, Switzerland. Bactrian camels and 

llamas were investigated at the Kamelhof Olmerswil, a private camel farm in Eastern Switzerland. 

The experiments with the camelids were carried out from December 2012 to March 2013. The same 

experimental procedure was applied to all animals. To eliminate effects of the diet all animals 

received an ad libitum pure lucerne diet. After a two-week diet adaptation period the animals were 

kept in separate pens for approximately one week where food intake, digestibility and digesta 

retention times were measured. The animals then underwent respiration measurements, where CH4, 

CO2 production and O2 consumption were measured to calculate metabolic rates.  

 

1.4.2 Measuring intakes and nutrient digestibility 

The metabolic rate of an animal and also the amount of CH4 produced are highly dependent on the 

animal’s  diet.  To  control  for  effects  of  diet  quality  and  quantity,  the  amount  and  composition  of  the  

diet consumed by the animal within a certain time was determined. In practice, animals were 

housed in individual pens, where one could accurately weigh the food offered and refused by the 

animal, and the complete faeces the animal produced, over 5 to 7 days. By taking representative 

samples of food, refusals and faeces, and drying them to control for water content, and by follow-up 

chemical analyses, ash, fibre, protein, or fat content were determined (described in detail in chapters 

2 to 6). The amount of a nutrient that is taken up but cannot be retraced in the faeces of the animal 

is considered digested, and apparent digestibility can be calculated as a percentage of nutrient that is 

not recovered in relation to the amount of nutrient ingested by the animal. In our experiments, 

animals had access to an unlimited amount of food consisting of lucerne in fresh, dried or pelleted 

form, and water. Refusals were collected on daily basis while faeces were collected more frequently 

to take samples to measure MRTs (see chapter 1.4.4) 
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1.4.3 Measuring metabolism and methane emission  

Background 

There are several alternatives to estimate or measure gas exchange of an animal with its 

environments. Methane emission can be measured by using tracer gas methods such as the SF6 

technique (Johnson et al., 1994), non-invasive techniques like hand-held laser methane detectors 

(Chagunda et al., 2009), the Greenfeed automated head chamber unit using infrared measurements 

(Zimmerman, 2011), ventilated hoods or face-masks for respirometry measurements (e.g. Young et 

al., 1975), and lastly open-circuit chamber respirometry. The latter is considered the most accurate 

and elaborate method to measure CH4 emission from live animals (Johnson and Johnson, 1995), 

because the complete gas exchange by the animal can be measured including the fractions of CH4 

that do not leave the body via eructation or breath, but via the rectum (Murray et al., 1976). 

A similar situation is given for the measuring of metabolic rates. Mammals generate energy 

from the stepwise oxidation of nutrients (carbohydrates, proteins, fat, or, in ruminants volatile fatty 

acids) – the fire of life (Kleiber, 1961) – in their cells which generates body heat, and leads to the 

consumption of O2 and the production of CO2 (von Engelhardt and Breves, 2009). Therefore, the 

metabolic rate, i.e. the energy expenditure of an animal over a certain time, can be described either 

by gas exchange or heat production. For example, constant pressure respirometry measures the 

change of pressure in a closed chamber due to the animals O2 consumption while CO2 is removed 

from the system (Barcroft and Haldane, 1902, Gilson, 1963) whilst in direct calorimetry, one 

records the heat the animal produces, which reflects metabolic rate (Lighton, 2008). Another 

technique involves the injection of doubly labeled water (Lifson et al., 1955), which is based on 

isotopes of H2 and O2, that leave the body at a certain rate, to be determined by repeated blood 

sampling. However, all these techniques have disadvantages. Closed chambers are not an option for 

24 h measurements in large animals, due to their increased heat production and CO2 production, and 

doubly labeled water is expensive. Therefore, as for CH4, flow-through chamber respirometry is 

still considered the state of the art to measure metabolic rates in large mammals (Lighton, 2008). 

 

Methodology 

Working with non-domestic or large mammals poses certain challenges, which can include working 

under field conditions, and with animals not used to regular handling, spatial confinement, or the 

presence of humans. While CH4 and energy metabolism measurements in domestic ruminants are 

standard procedures involving elaborate respiration chambers, the experiments of the present study 

necessitated a system that provided more flexibility in adapting to the requirements of the particular 

animal species (with body masses ranging from 2 to 700 kg) and facility (detailed description of the 

methods in chapters 2 to 5). Hence, we used a system consisting of a modular set of portable pumps 
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and gas analysers from Sable Systems (Las Vegas, USA; all devices mentioned in this section were 

produced by this company), which was fitted to the respective respiration chamber consisting of 

either a sealed wooden transport box or, in the case of the larger camelids, a garage. In the boxes, 

the animals were provided with bedding (woodchips, lucerne hay, or a carpet), water, and an 

amount of lucerne (fresh, hay or pelleted) that exceeded their previously determined daily intake. In 

principle, the measurement works like depicted in Fig. 1.5: The animal is confined in a sealed box 

(with volumes of 0.4 m3 for dikdiks to 31 m3 for camels) that is fitted with air inlets on the bottom 

and an air outlet, usually a hose or a system of tubes attached to an air pump (FlowKit 100 for 

gazelles and alpacas, Flowkit 500 for llamas and Bactrian camels). This pump generates a known 

airflow (recorded via an attached laptop) through the box, which had to be adjusted to the species-

specific body mass (10 L min-1 for dikdiks; 460 L min-1 for camels). The air pump then leads a 

smaller subsample of the air leaving the box to a multiplexing unit, which serves the purpose of 

measuring gas exchange of several animals, i.e. chambers, and ambient air at the same time, or 

more precisely in alternating intervals of a few minutes. As the gas exchange of the animal is 

calculated in relation to the air flowing into the chamber, knowing the baseline gas concentrations 

in ambient air is essential. From the multiplexing unit the gas subsample from the chamber is lead 

to gas analysers, consisting of a device combining sensors for humidity (the pressure of water vapor 

in the air has to be considered in the calculations), CO2, and O2 (Turbofox). Before the sampled air 

reaches the O2 analyser it is guided to an external CH4 analyser (MA-10) and back. Oxygen was 

measured via a fuel cell sensor, CO2 and CH4 via infra-red sensors and humidity via a thin-film 

capacitive sensor. After the gas measurement, the sub-sampled air is released to the atmosphere, 

while the gas concentrations are being continually recorded via the software Expedata by the 

attached laptop. An exemplary setup is shown in Fig.1.6. Data can then be analysed for the amount 

of CH4 and CO2 the animal has produced and the amount of O2 it has consumed. By a simple 

equation (1 L O2 corresponds to 20.08 kJ, [McNab, 2008]), O2 values can be used to calculate the 

metabolic rate of the animal. Due to logistical reasons, animals were only measured once for 

approximately 24 hrs, after which they were released into their original pens and social groups.  



 30 

 
 

Figure 1.5. Schematic illustration of the system used for respiration measurements in this 
project. 
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Figure 1.6. Exemplary set up of the system used for respiration measurements; in this case for 
one alpaca. Devices from left to right: Laptop for data recording, Tubofox device for analyses of 
CO2, O2 and water vapour pressure, methane analyser (MA-10). In the background left to right: 
Respiration chamber sealed with foil, airpump (FK-100), bucket with ice through which the air 
coming from the box is guided to collect water from condensation before it reaches the analysers. 
 

1.4.4 Measuring digesta kinetics 

In order to measure the time it takes for the digesta to pass the gastrointestinal tract of an animal, 

one relies on indigestible markers that are fed to the animals and that can be retrieved in the faeces. 

While there have been attempts to use dye (Balch, 1950), plastic particles (Kaske and von 

Engelhardt, 1990) or isotopes (Smith, 1989) as markers, the most common approach is the usage of 

Cobalt ethylendiamintetraacetate (Co-EDTA) as a solute marker and hay particles mordanted with 

rare elements, as described by Udén et al. (1980) (detailed descriptions on the method in chapter 7 

and 8). Although the absolute amount of marker administered is not crucial, marker doses are 

roughly  adjusted  to  the  animals’  body  masses  and  thereby  to  the  volume  of  their  foregut (e.g. 0.06 g 

Co-EDTA for a dikdik, 7 g for a Bactrian camel). Co-EDTA is dissolved in warm water before the 

administration. This marker is absorbed only minimally with the water and remains in the 

gastrointestinal tract (Udén et al., 1980), so it does not reflect water metabolism, and the 

concentration of the marker in the faeces does not mirror the amount of water that has been excreted 

but merely the time it took this solute marker to pass the gastrointestinal tract. Based on their size, 

the fibre particles mordated with rare elements mirror a distinct phase of digesta. All animals in this 



 32 

project were administered Co-EDTA and chromium (Cr) linked to 2 mm hay particles. The 

camelids additionally received 10 mm hay particles marked with cerium (Ce), and llamas and 

Bactrian camels also received 20 mm particles marked with lanthan (La). While most species 

received the markers mixed with small amounts of lucerne pellets or wheat bran, dikdiks and 

Speke’s  gazelles  had  to  be  force-fed the marker to ensure its intake. After the administration, faeces 

were sampled frequently, ideally, based on the following schedule: Three times before the 

administration of the markers to determine baseline concentrations of the marker elements, the first 

two days faeces were sampled at least every four hours, every six hours on the third day, every 

eight hours on the fourth day and from there on every twelve hours until one week had passed. 

However, sampling schedules had to be adapted to animals and facilities. The gazelles for example 

were kept in relatively small pens with woodchips, which easily contaminated the faeces, so 

sampling had to be done more frequently than based on the sampling schedule. This made no 

difference to the outcome of the results, however, as the method used to calculate the MRT is 

independent of sampling intervals (Van Weyenberg et al., 2006). While it is possible to directly 

measure the time it takes until a marker passes the entire gastrointestinal tract, the time it remains in 

the foregut has to be calculated (Lechner-Doll et al., 1990). This is done based on the assumption 

that, once they leave the foregut, particle and solute markers move through the distal 

gastrointestinal tract with the same speed (empirically confirmed by Grovum and Williams, 1973, 

Kaske and Groth, 1997, Mambrini and Peyraud, 1997).  
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2.1 Abstract 
Basal metabolic rates in mammals are mainly determined by body mass, but also by ecological 

factors. Some mammalian species inhabiting hot, dry environments were found to have lower 

metabolic  rates  compared  to  temperate  species.  We  studied  energy  metabolism  in  Phillip’s  dikdik  

(Madoqua saltiana phillipsi), a small antelope inhabiting xeric shrubland habitats in the Eastern 

horn of Africa, and compared results to literature data. We measured body mass (BM) changes and 

digestibility in 12 adults kept on different food intake levels to determine, by extrapolation to zero 

BM change, maintenance energy requirements (MEm) for metabolisable energy (ME). The MEm 

averaged at 404 ± 20 kJ ME kg BM-0.75 d-1. In addition we conducted 24-h chamber respirometry 

with seven fed (non-fasted) individuals. Their mean metabolic rate as calculated from oxygen 

consumption was 403 ± 51 kJ kg BM-0.75 d-1, corroborating the results of the feeding trials. 

Selecting the 20 lowest values of the respiration measurement period to estimate resting metabolic 

rate (RMR) resulted in a mean RMR of 244 ± 39 kJ kg BM-0.75 d-1, which was numerically (but not 

significantly) lower than the expected basal metabolic rate of 293 kJ kg BM-0.75 d-1. Therefore, 

resting metabolism was similar to the expected average basal metabolism of a mammal of this size, 

which  suggests  a  comparatively  low  metabolic  rate  in  dikdiks.  Compared  to  literature  data  Phillip’s  

dikdiks have a MEm similar to measurements reported for small domestic ruminants, but 

considerably lower than those reported for other wild ruminant species inhabiting temperate and 

cold climates. 
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2.2 Introduction 
The basal metabolic rate (BMR) of mammals is mainly influenced by body mass (BM) (Kleiber, 

1932, Brody, 1945, McNab, 2008) even though the exact scaling exponent of this allometric 

relationship has been the subject of intensive discussion (Glazier, 2005, Müller et al., 2012). 

However, it was repeatedly shown that there are other important factors besides BM influencing 

BMR such as habitat, climate, phylogeny, feeding habits or reproductive strategies, which explain 

some of the occasional deviation from the regression based on BM alone (e.g. McNab, 2008, Müller 

et al., 2012). Although Scholander et al. (1950) stated that animals do not adapt metabolic rate to 

climate, in particular McNab (2008) found that polar and cold-temperate habitats are inhabited by 

species with comparably high metabolic rates. Other studies demonstrated a lower metabolic rate in 

some mammals from hot environments when compared to species living in cold regions (as shown 

for an extensive dataset by (Lovegrove, 2000) for canids in (Careau et al., 2007), or small mammals 

in (Lovegrove, 2003). Having a low metabolic rate in hot and/or arid environments can have several 

advantages: (1) it reduces endogenous heat load and thereby (2) reduces water loss for evaporative 

cooling (panting, sweating), which is the only physiological means for mammals to cool themselves 

(von Engelhardt and Breves, 2009); (3) it reduces energy requirements for maintenance, which is an 

important aspect in habitats that are not only characterised by drought but also where food can be 

limiting (Lovegrove, 2000). Overall, we can expect mammalian species living in hot, arid 

environments to have lower metabolic rates and energy requirements compared with species 

inhabiting regions with temperate climates.  

In ruminants, dikdiks (Madoqua spp.), amongst the smallest extant species, have been 

labeled a miniature model for comparative physiological investigations (Maloiy et al., 1988). These 

animals inhabit the dry bush country of eastern and southern Africa, where conditions are semi-arid 

to arid, ambient temperatures are typically high, and surface water availability is low (Hendrichs 

and Hendrichs, 1971, Maloiy, 1973). During the dry season, dikdiks are additionally forced to cope 

with food scarcity (Manser and Brotherton, 1995). Several studies have already used dikdiks to 

study organismal adaptations, such as thermoregulation and water metabolism, to these harsh 

environmental conditions (Maloiy, 1973, Maskrey and Hoppe, 1979, Kamau and Maloiy, 1985, 

Kamau, 1988). However, results have been inconsistent across studies, and therefore generalised 

conclusions are difficult to make. For instance, a mammal of dikdik size is expected to have a 

metabolic rate around 293 kJ kg BM-0.75 d-1 (based on the equation of Kleiber (1961); see chapter 

2.3), but values above and below this level have been reported. Maskrey and Hoppe (1979), using 

flow-through face masks, found a 20% higher-than-expected metabolic rate of 354 kJ kg BM-0.75 d-1 

in Kirk's dikdik (M. kirkii), which they ascribed to the fact that subjects were not in a basal, post-

absorptive condition during measurement. Another explanation could be that the high metabolic 
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rates reflected a response to stress because the respiratory measurements had been carried out using 

face-masks. Applying chamber respirometry, Kamau and Maloiy (1981) found relatively low 

fasting metabolic rates of 154 to 218 kJ kg BM-0.75 d-1, and suggested that this was an adaptation to 

heat and aridity. High metabolic rates have also been reported by Hoppe (1983) (374 kJ kg BM-0.75 

d-1 in fasting, and 406 ± 17 kJ kg BM-0.75 d-1 in fed, animals respectively), and low rates of 168 

(dehydrated, fed individuals) to 223 kJ kg BM-0.75 d-1 (hydrated, fed individuals) were shown again 

by Kamau and Maloiy (1983). The most recent finding of 296 kJ kg BM-0.75 d-1 (Kamau, 1988) is 

close to the expected mammal average. This illustrates a huge between-study variation, which 

might at least partly be a consequence of the differences between the methods applied.  

The disparity in published data for dikdik metabolic rates has resulted in inconsistent 

inclusion of this species in broader-scale comparative  studies.  Špála  et  al. (1987) used the results of 

Kamau and Maloiy (1981) in a comparative dataset to investigate energy requirements of domestic 

and captive wild ruminants. In that instance, the dikdik had an extraordinarily low value, which the 

authors had interpreted as a special adaptation to hot arid environments. In the comparative data 

collection of Lovegrove (2000), (which was later also used by Savage et al., 2004), an average 

value from the studies of Maskrey and Hoppe (1979) and Kamau and Maloiy (1982) was used, with 

a classification of the dikdik as a species inhabiting mesic rather than desert environments. Using 

this  average,   the  dikdik’s  metabolism  would  be  very  close   to   the general mammalian average. In 

contrast, in the data collection of McNab (2008) only the data of Kamau (1988) were used, with a 

classification of the dikdik as inhabiting xeric environments. Although disparate categorization of a 

single species is unlikely to influence the overall result of these comparative studies which 

comprise data for large numbers of taxa - both Lovegrove (2000) and McNab (2008) – the question 

whether or not dikdiks show dry-region adaptations in their metabolic rate remains unsolved. 

In order to clarify this controversy, we (i) evaluated the relationship between digestible 

energy intake and BM change as a means to estimate maintenance energy requirements (MEm), 

using   data   from   a   completed   experiment   in   captive  Phillip’s   dikdik (Hebel et al., 2011), and (ii) 

conducted individual gas exchange measurements in transportable respiratory chambers for the 

determination of metabolic rates. For comparison, we carried out a literature review on energy 

requirements in ruminants. 

 

2.3 Material and Methods 
The two experiments were conducted at Al Wabra Wildlife Preservation (AWWP), Qatar, with 

adult  Phillip’s  dikdiks   (Madoqua saltiana phillipsi) (hereafter referred to as dikdiks). Prior to the 

experiments, the animals were housed and fed according to AWWP guidelines for dikdik husbandry 
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(Hammer, 2009). The animals were monitored constantly by a veterinarian, and subsequently 

released into their original pens after the experiments.  

 

2.3.1 Measurement of maintenance energy requirements (Experiment 1) 

In experiment 1, 12 dikdiks (ten males, two females, mean initial body mass 2.36 ± 0.23 kg) were 

housed in separate indoor pens (2.4 × 1.5 × 2.5 m) without visual contact to their neighbors. The 

pens were supplied with cat carriers and cardboard plates as shelters as well as a rubber mat, which 

the animals accepted as a spot for defecation. Water and food were offered in separate stainless 

steel bowls and pens were cleaned on a daily basis. Artificial light was provided between 06:00 and 

18:00 inside the pens and temperatures were maintained between 19 and 25 °C. All animals 

underwent an initial adaptation period of one week to become accustomed to the pens and the 

researcher. 

All individuals experienced three treatment phases where they received food on different 

intake levels: ad libitum,   85%  of   the   individual’s   previous  ad libitum intake, and 70% of the ad 

libitum intake. Each treatment phase consisted of a two-week adaptation period followed by a one-

week collection period. The ad libitum treatment was performed by offering unrestricted access to 

two types of pellets. In addition to the pellets, each animal received between 45 and 60 g of fresh 

alfalfa (Medicago sativa) leaves daily, which were removed from their stalks by hand, and 14 g of a 

grated mix of carrots and apple mixed with 1 g wheat bran (see Table 2.1 for nutrient composition). 

The animals received fresh food every morning. Every day, food samples were taken and the 

animals were weighed daily. In order to determine the intake of digestible energy, both feces and 

food refusals were completely collected during the collection periods for later analyses (controlling 

for exsiccation by a separate food sample exposed to the same environmental conditions as the food 

provided). More details on the experiment can be obtained from Hebel et al. (2011).  

All samples were air dried at about 50°C immediately after sampling, and ground to 0.75 

mm with a mill (Retsch GmbH, Haan, Germany). Foods, refusals and feces were analysed for dry 

matter content by drying at 103°C to constant weight. Gross energy (GE) was determined by bomb 

calorimetry (IKA-Kalorimeter C4000, Ika, Stauffen, Germany). Total ash was analysed as outlined 

in Naumann and Bassler (1976) in a muffle furnace, and the difference from dry matter was 

considered as organic matter. For determinations of nitrogen (N) by the Dumas method, an 

Elementar rapid N III Analyser (Elementar Analysensysteme, Hanau, Germany) was used. Crude 

protein (CP) was calculated as 6.25 × N. Neutral detergent fibre (NDF;;   after   treatment   with   α-

amylase) and acid detergent fibre (ADF) were analysed as described previously (Van Soest, 1967, 

Van Soest et al., 1991) using the Ankom200 Fibre Analyser. The fibre data were corrected for ash 

content.  
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Table 2.1. Nutrient composition (g kg DM-1) of the diet items offered during the experiments. 
Food Crude 

protein 
Neutral detergent 
fibre 

Acid detergent 
fibre 

Ash 

Experiment 1     
  Carrot   62.0 109.2   80.8   75.8 
  Apple   19.0   78.0   52.8   14.8 
  Pellets (Mazuri)a 169.0 392.9 186.6   84.4 
  Pellets (Altromin)b 198.3 335.5 187.6   92.7 
  Wheat bran 163.3 440.0 134.3   51.7 
  Alfalfa leaves 280.4 210.3 125.6 162.5 
Experiment 2     
  Alfalfa leaves 296.3 203.4 149.5 187.0 
a Composed of wheat, wheat feed, soy bean meal, soy bean hulls, soy bean oil, glucose, molasses, grass meal, cellulose 
powder, vitamin premix, and mineral premix; produced by Mazuri Zoo Foods (Altrip, Germany), Browser Maintenance. 
b Composed of wheat bran, grass meal, wheat feed, soy bean meal, soy bean hulls, calcium carbonate, sodium chloride, 
vitamin premix, and mineral premix; produced by Altromin Spezialfutter GmbH & Co. KG (Lippe, Germany), Breeding 
Maintenance Diet for small ruminants. 

 

Using intakes and fecal losses of energy as well as BM, the daily intake of digestible energy (in kJ 

kg BM-0.75 d-1) was computed for each animal. Metabolizable energy (ME) was calculated as 

digestible energy (DE) × 0.82 (NRC, 1984). The average BM change measured during the 

collection period was calculated as the percentage of BM change per day in relation to BM 

measured at the beginning of each treatment period. To estimate MEm from these data, we applied 

a linear mixed model with daily BM change as the dependent and daily ME intake (MEi) as the 

independent variable, including individual as a random factor. Based on the resulting regression, 

MEm was determined as the MEi where there was zero BM change. Analyses were carried out with 

R 2.15.0 (R Core Development Team, 2011) using the package nlme (Pinheiro et al., 2011). In 

addition to the experiment, a literature research on MEm values of other ruminant species was 

carried out to allow a comparative interpretation of the values obtained in the present study. 

 

2.3.2 Measurements of metabolic rate in respiratory chambers (Experiment 2) 

Measuring body mass changes to determine energy requirements without simultaneously 

monitoring body composition bears the risk that the use of adipose tissue (which is replaced by 

water) is not detected, and that the consistency in weight is interpreted as a balanced energy 

turnover (Kirchgessner et al., 2011). Therefore, we additionally performed respiration 

measurements. 

In Experiment 2, seven individual dikdiks (mean body mass 2.00 ± 0.15 kg) were kept with 

ad libitum access to a diet of fresh alfalfa (Table 2.1) and water in 2.4 × 1.0 m pens for 3 weeks 
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prior to the measurements. Dry matter intake was determined for one week prior to the 

measurements, averaging 31 ± 4 g kg BM-0.75
 d-1 per individual. Temperatures were held at ~25°C 

which ensured that the subjects were under thermoneutral conditions (Kamau, 1988), reported a 

thermoneutral zone of 24 – 35°C  for  Kirk’s  dikdiks).  The  subjects  were  then put separately for 24 h 

into one of three airtight wooden transport-type boxes (1.0 × 0.7 × 0.6 m) used as respiration 

chambers. There, a carpet of woodchips and fresh alfalfa (in amounts exceeding the previously 

recorded ad libitum intake) were provided. Chambers were fitted with air inlets on the bottom and 

air outlets on top of the box to ensure a constant airflow (10 to 15 l min-1) generated by a pump 

(Flowkit 100, Sable Systems, Las Vegas, USA). Out-flowing air was ducted via flexible hoses to a 

gas multiplexer, which allowed the measurement of data on three individuals and baseline values 

from ambient air simultaneously, at alternating intervals of 120 to 180 seconds each. Gas 

concentrations were measured by O2 and CO2 analysers (Turbofox, Sable Systems). Data were 

adjusted for barometric pressure, water vapor pressure and air flow rates, which were constantly 

recorded during respirometry. The gas analysers were calibrated prior to each measurement by 

using pure nitrogen and a span gas (PanGas, 20% O2 and 1% CO2 dissolved in nitrogen). Data 

obtained by the respiratory system were analysed with the software ExpeData (Sable Systems) for 

O2 consumed and CO2 emitted after correcting for gas concentrations in ingoing air. The mean 

metabolic rate was calculated based on the entire measurement and therefore accounts for the 

activity of the animals inside the box (e.g. walking around and feeding), while the resting metabolic 

rate (RMR) of the animals was determined by selecting the 20 lowest O2 measurements per 

individual within the 24-h period (adapted from Derno et al., 2005). In order to calculate MR we 

multiplied the amount of O2 consumed (in l h-1) by 20.08 kJ (McNab, 2008). 

To compare the MR of our animals to their expected BMR, we used the equation of Kleiber 

(1961), which yielded and expected BMR of 293 kJ × kg BM-0.75. This equation uses a scaling 

exponent of 0.75, which has been confirmed to be appropriate for artiodactyls by McNab (2008). 

The values of our measurements were tested for normal distribution and then statistically compared 

with the expected values by applying a Mann-Whitney-U test in R 2.15.0. 

 

2.4 Results 
In Experiment 1, out of the 12 individuals used in this study, 3 animals did not gain weight on any 

of the treatments used, i.e., not even when feed was offered ad libitum. For animal welfare reasons, 

the experimental period with an intake level of 70% had to be replaced by a second ad libitum 

session in two individuals. The regression equation determined based on the mixed model (BM 

change = 0.0016 (± 0.0004) × MEi - 0.64 (± 0.13), n = 12) resulted in a MEm of 404 ± 20 kJ kg 

BM-0.75 d-1 for our subjects (Fig. 2.1). 
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In Experiment 2, O2 consumption and CO2 production fluctuated throughout the 24 h of 

measurement, indicating the presence of different phases of activity (and potentially also 

endogenous circadian rhythms). O2 consumption was highest during daytime, decreasing through 

the night (Fig. 2.2).  

However, small peaks in O2 consumption and CO2 production indicate that regular phases of 

activity still occurred at night, which were accompanied by an elevated respiratory quotient (RQ) 

indicating a relatively higher CO2 production. The mean metabolic rate of the animals was 403 ± 51 

kJ kg BM-0.75 d-1. Selecting the lowest 20 O2 measurements led to a mean RMR of 244 ± 39 kJ kg 

BM-0.75 d-1, a value that is lower than the expected 293 kJ kg BM-0.75 d-1. However, this difference 

was not significant when we compared the measured RMR and the estimated BMR of each 

individual (n = 7, U = 19, P  = 0.47) (Fig. 2.3). 

 

 

Figure 2.1. Individual measurements in Experiment 1 and linear regression of body mass (BM) 
change in % of the initial weight (y) as a function of intake of metabolizable energy (MEi; x). The 
equation is y = 0.0016 x - 0.64. The MEi was calculated as 0.82 × digestible energy. Each symbol 
represents one individual at one of the three different intake levels. 
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Figure 2.2. Time course of O2 consumption and CO2 production of three exemplary individuals 
during 20 h of measurement in the respiration chambers during Experiment 2. Note the regular 
peaks interrupting the general decrease in both values during the night. 
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Figure 2.3. Comparison of the 
measured resting metabolic rate 
(RMR) with the expected basal 
metabolic rate (BMR) for the 
individuals in Experiment 2 (U = 
19, P  = 0.47). 
 

 

2.5 Discussion 
Comparing the MEm values for dikdiks from the present study, as measured by feeding trials and 

respiration measurements, with literature data for other selected species (Table 2.2) reveals that the 

dikdik is located at the lower end of the range in MEm covered by the ruminant species for which 

data exist. However, the dataset includes only few species that can be classified as inhabiting 

tropical environments (e.g, the mouse deer). This impedes the comparison among species. 

Additionally, the literature data comprises a number of domesticated species, which have often been 

intensively selected for high productivity rather than for low MEm. Nevertheless, the low MEm 

values obtained in the present study are remarkable, as it has to be considered that the experiments 

were carried out with non-domestic animals not used to regular handling. Our subjects seemed to 

cope well with the daily disturbance caused by humans, but it still cannot be excluded that the 

animals exhibited higher levels of stress, associated with elevated MEm, during the experiments 

than one would expect in domestic ruminants or in undisturbed free-ranging specimens.  
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Table 2.2. Maintenance requirements for metabolizable energy (MEm) of ruminant species as 
reported in the literature and ordered by MEm. 
Species Common name MEm  

(kJ kg BM-0.75 d-1) Reference 

Odocoileus hemionus Mule deer  661 Baker et al.  (1979) 
Odocoileus virginianus White tailed deer  661 Ullrey et al. (1970) 

Capra hircus Goat (cold 
environment) 641 Silanikove (1986) 

Alces alces Moose  584 Renecker and Hudson (1985) 
Rangifer tarandus Caribou  572-766 NRC (2007) 
Odocoileus virginianus White tailed deer 565-724 NRC (2007) 
Alces alces Moose  548 Schwartz et al. (1988) 
Cervus elaphus Red deer  544-850 NRC (2007) 
Rangifer tarandus Reindeer  494-607 NRC (2007) 
Capra hircus Goat  462 - 489 NRC (2007) 
Capra hircus Goat 450 GfE (2003) 
Capra hircus Goat  443 Prieto et al. (1990) 
Tragulus javanicus Mouse deer  436 Darlis et al. (2011) 
Capra hircus Goat 431 Luo et al. (2004) 
Capra hircus Sheep 430 GfE (1996) 
Bos taurus Cattle  427 - 674 Ferrell and Jenkins (1985) 
Bos taurus Cattle  426 Solis et al. (1988) 
Capra hircus Goat  422 Lachica and Aguilera (2003) 
Capra hircus Goat (hot environment)  408 Silanikove (1986) 

Madoqua saltiana phillipsi Phillip’s  dikdik 404 (MR: 403 ± 
51) present study 

Ovis aries Sheep  390-447 NRC (2007) 
Ovis aries Sheep 374 Aguilera et al. (1986) 
Ovis aries Sheep 315 Vermorel et al.  (1987) 

 

 

 

The difference between expected (estimated) and measured RMR was not statistically 

significant. The way of estimation was based on the calculation of the basal metabolic rate, i.e. a 

post-absorptive, quiescent metabolic state at thermoneutral conditions (Schmidt-Nielsen, 1997). 

The problem of measuring basal metabolism in herbivores, having a fermentation chamber that will 

not be empty most of the time and thereby hardly ever allow a post-absorptive state to be achieved, 

was addressed by White and Seymour (2003). Additionally, in our respiratory chambers, the 

animals were able to move and eat. Due to these reasons we were only able to measure resting MR, 

even though we selected the 20 lowest values of the set of measurements. As RMR can be assumed 

to be higher than the BMR, the difference between expected and actual BMR in dikdiks can be 
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assumed to be even larger. The dikdiks had a metabolic rate of 403 ± 51 kJ kg BM-0.75 d-1 when 

averaged over the entire 24-h measurement. A similar measurement carried out with goats by 

Lachica et al. (1997) revealed a heat production of 405 kJ kg BM-0.75 d-1, which is close to the value 

obtained in this study. However, the measurements on goats were carried out 16 – 20 h after feeding 

which impedes the comparison with our data; actually, if fasted goats have a similar energy 

turnover as fed dikdiks, this supports the hypothesis that dikdiks have a comparatively low 

metabolism.   

Together, our results on MEm and RMR qualitatively match the findings for some other 

mammal groups that species inhabiting arid and hot regions have a lower metabolism when 

compared to species living in cold environments. Regarding their energy requirements, dikdiks, 

together with some (but not all) measurements in domestic sheep and goats, range at the lower end 

of data in the ruminant spectrum. The available data on ruminants are somewhat limited as they are 

based mainly on domestic species typically kept in temperate regions. Comparing our results to 

those obtained in other African bovids (Table 2.3) shows  that  the  MR  of  the  Phillip’s  dikdik  indeed  

falls below the reported average values. The observation that the Phillips dikdik has comparably 

low energy requirements and a metabolism that is slightly lower than expected supports the findings 

of Kamau and Maloyi (1981, 1983) in   Kirk’s   dikdiks.   These   findings   can   be   interpreted   as  

adaptation to the harsh environmental conditions of their natural habitat, i.e. scarcity of food, high 

temperatures and low water availability. However, the fact that other ruminant species that are also 

exposed to similar climatic challenges, like the Arabian oryx (Oryx leucoryx) or the goitered gazelle 

(Gazella subgutturosa), do not share the characteristic of a comparatively low metabolism (Table 

2.3) also suggests that ruminants have a variety of physiological and behavioural adaptations at 

their disposal (e.g. Ostrowski et al., 2003) that facilitates the use of different habitats, and that a low 

metabolism is not a compulsory asset of species inhabiting xeric niches. Given the low number of 

ruminant species for which such data are available, a phylogeny-based analysis of variation in MR 

with habitat is not feasible. 

A particular finding was that, during the 24-h measurement, periodical fluctuations in O2 

consumption and CO2 production were observed. The high levels at the beginning of each 24-h 

measurement were probably not only caused by diurnal activity of the animals but are also a 

reflection of stress as a response to the transfer into the respiration chambers. During the night, O2 

consumption and CO2 production were generally reduced but interrupted by regular peaks 

accompanied with rises in RQ levels, which could reflect phases of rumination or eating and 

thereby the effect of the associated specific dynamic action (e.g. McClymont, 1952). Hoppe et al. 

(1983) reported alternating phases of eating and ruminating in dikdiks, lasting 1 to 36 min in the 

former and 1 to 38 min in the latter. However, the time between the peaks observed in our 
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measurements ranged between 1 and  3  h,  which  could  indicate  that  either  the  Phillip’s  dikdiks  used  

in this study had a different feeding rhythm, or that these periods reflect activities independent of 

rumination and feeding. 

 

Table 2.3. Body mass (BM) and basal metabolic rates (BMR) of selected African bovid species 
ordered by BM (adapted from McNab, 2008).  
Species Common 

name 
BM 
(kg) 

BMR (kJ kg 
BM-0.75 d-1) 

BMR 
(kJ h-1) 

BMR 
expected 
from 
Kleibers 
equation 
(kJ h-1) 

BMR 
ratio 
measured 
/ expected 

Climate 

Madoqua saltiana 
phillipsi 

Phillip’s  
dikdik 

2.0 ± 
0.2 

244 ± 39a 20.2 20.4 1.00 xeric 

Philantomba 
monticola 

Blue duiker 4.4 300.1 38.0 37.1 1.02 xeric 

Raphicerus 
campestris 

Steenbok 8.5 316.8 65.7 60.8 1.08 xeric 

Gazella 
subgutturosa 

Goitered 
gazelle 

17.1 263.6 92.4 102.7 0.90 desert 

Oryx leucoryx Arabian oryx 84.1 323.4 374.2 339.1 1.10 desert 
Kobus 
ellipsiprymnus 

Waterbuck 100 406.9 536.1 386.1 1.39 mesic 

Connochaetus 
taurinus 

Blue 
wildebeest 

140 331.5 562.2 496.9 1.12 xeric 

Taurotragus oryx Eland 150 404.8 722.9 523.3 1.38 xeric 
adata from present study, representing resting metabolic rate 
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3.1 Abstract  
The basal metabolic rate of mammals correlates with body mass, but deviations from this regression 

have been observed and explanations comprise ecological adaptations, reproductive strategies or 

phylogeny. Certain mammalian groups, adapted to arid environments, show comparatively lower 

metabolic rates. To expand existing datasets and to investigate metabolic rates in ruminants adapted 

to arid environments, we conducted respiration measurements with three gazelle species (Gazella 

spekei, G. gazella and N. soemmerringii, total n = 16). After an adaptation period to a diet of fresh 

lucerne offered ad libitum, subjects were put separately into respiration boxes for 24 h where they 

had free access to food and water. Oxygen consumption and carbon dioxide production were 

measured with a modular system of gas analysers and pumps. Mean and resting metabolic rate 

(RMR) were calculated by accounting for the entire measurement phase or the lowest 20 oxygen 

measurements, respectively. N. soemmerringii had the lowest relative RMR values and the highest 

respiratory coefficients compared to the other species. Measured values were compared to expected 

RMR values calculated based on body mass. Gazella spekei and G. gazella showed higher RMR 

values than expected, while the RMR of N. soemmerringii was in the range of expected values. Our 

results indicate that not all mammals adapted to aridity have lower metabolic rates and that in these 

cases other physiological adaptations might be of more importance. Further extensions of the 

datasets could allow explaining which deviations of metabolic rate from the body mass regressions 

result from convergent adaptations. 
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3.2 Introduction 
The basal metabolic rate (BMR) of mammals correlates with a large variety of ecological and 

biological factors, including phylogeny, habitat, climate, feeding habits or reproductive strategies, 

which explain some of the occasional deviation from the across-species regression based on body 

mass (BM) alone  (e.g. McNab, 2008, Müller et al., 2012). Adaptations to climate and habitat have 

received particular attention (Lovegrove, 2000, Lovegrove, 2003, Careau et al., 2007, McNab, 

2008). In order to detect convergent adaptations to particular niches, such as a lower metabolism in 

arid environments, large comparative datasets are required. Due to logistical challenges, large 

species such as ruminants have not been subjected to metabolic rate (MR) measurements as often as 

smaller species such as rodents. For example, the comparative data collection of McNab (2008) 

comprises 579 species of a body mass below, but only 58 species above 10 kg. In order to 

contribute to such datasets, we here report results of respiration measurements in three gazelle 

species that have so far not been included in comparative evaluations – Speke’s  gazelle   (Gazella 

spekei), Idmi or Mountain gazelle (Gazella gazella),   and   Soemmerring’s   gazelle   (Nanger 

soemmerringii). 

All three species can be expected to show adaptations to living in arid habitats. G. spekei is 

endemic to the Horn of Africa, and inhabits semi-arid grasslands or barren rangelands (Heckel et al. 

2008a). G. gazella occurs in southern Lebanon, Syria, Israel, on the Arabian peninsula and isolated 

regions of Iran, and is reported to be able to withstand severe, hot and dry climatic conditions; some 

populations allegedly occur in areas without surface water (Mendelssohn, 1995). N. soemmerringii 

occurs in semiarid to arid areas from Eritrea to Somalia (Heckel et al., 2008b). One possible 

adaptation to such climates is a reduced MR as recently reported in another wild ruminant species 

from  the  same  geographic  region,  the  Phillip’s  dikdik  (Madoqua saltiana phillipsi) (Dittmann et al., 

2014b). Therefore, we predicted that the selected gazelle species would, in a similar manner, 

display lower MR than expected based on their body mass. 

3.3 Methods 
An experiment was carried out with five Idmi gazelles (Gazella gazella), five Speke’s   gazelles  

(Gazella spekei) and six Soemmerring’s   gazelles   (Nanger soemmerringii) at Al Wabra Wildlife 

Preservation (AWWP), Qatar. All individuals were adult, male and healthy according to the 

veterinarian in charge, and all procedures were approved by the internal ethics committee of 

AWWP. Generally, respiration measurements were identical in setup to those reported previously 

for   Phillip’s   dikdik   (Madoqua saltiana phillipsi) (Dittmann et al., 2014b). Prior to the 

measurements, all animals were kept with ad libitum access to a diet of fresh lucerne and water at 

ambient temperatures between 19 and 25 °C. The animals were then put separately for 24 h into 
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dark and airtight wooden transport-type boxes (1.0 × 0.7 × 0.6 m for G. spekei and G. gazella; 1.3 × 

1.1 × 0.5 m for N. soemmerringii), which were used as respiration chambers and in which a carpet 

of woodchips and fresh lucerne (in amounts exceeding the previously determined ad libitum intake) 

were provided. To ensure a constant airflow (25 to 50 l min-1) generated by a pump (Flowkit 100, 

Sable Systems, Las Vegas, USA), chambers were fitted with air inlets on the bottom and air outlets 

on top. We used flexible hoses to duct out-flowing air to a gas multiplexer, in order to measure 

three individuals and baseline values from ambient air simultaneously, at alternating intervals of 

120 to 180 s each. The concentrations of O2 and CO2 were measured by corresponding analysers 

(Turbofox, Sable Systems), which were calibrated prior to each measurement by using pure 

nitrogen and a span gas (PanGas, 20% O2 and 1% CO2 dissolved in nitrogen).  After adjustment for 

barometric pressure, water vapor pressure and air flow rates, which were constantly recorded during 

respirometry, the data were analysed with the software ExpeData (Sable Systems) for O2 and CO2 

concentrations in the chambers after correcting for gas concentrations in the ambient air. The mean 

MR (MMR) was calculated based on the entire 24-h measurement period, therefore accounting for 

the activity of the animals inside the box (e.g. standing and feeding), while the resting MR (RMR) 

of the animals was calculated by selecting the 20 lowest O2 measurements per individual within the 

entire measurement (adapted from Derno et al., 2005). Data from the first hour the animals spent 

inside the respiration chambers were neglected. In order to estimate MR we multiplied the amount 

of O2 consumed (in l h-1) by 20.08 kJ (McNab, 2008). We used the equation of (Kleiber, 1961) to 

compare the RMR of the animals to their expected BMR, which yielded an expected BMR of 293 

kJ × kg BM-0.75. This scaling exponent of 0.75, which is used in this equation, can be considered to 

be appropriate for artiodactyls based on McNab (2008). All data were tested for normal distribution.  

Expected and measured MR were compared by paired T-tests. Between-species comparisons were 

carried out with ANOVAs followed by Tukeys HSD test in R 2.15.0. The significance level was set 

to 0.05. 

 

3.4 Results 
During the respiration measurements, no difference in the subjective degree of nervousness between 

the species appeared evident. Albeit the transfer into the respiration boxes appeared stressful to the 

animals, all gazelles calmed down after approximately 1 h and all of them consumed relevant 

amounts of lucerne during respiration measurements. In all animals, a temporal fluctuation in O2 

consumption and CO2 production was evident, with a decrease towards the later part of the night 

(Fig. 3.1). In general, fluctuations between phases with low and high O2 consumption were more 

extreme and less regular in N. soemmerringii as compared to the other two species. When expressed 

per unit metabolic body mass, G. spekei had the highest and N. soemmerringii the lowest relative 
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MMR and RMR (Table 3.1). The same pattern was evident for the ratio between RMR and 

expected BMR. The respiratory quotient (RQ, ratio between CO2 production and O2 consumption) 

was highest in N. soemmerringii and lowest in G. spekei. Measured RMR were higher than the 

expected BMR within G. spekei (T = -13.4; P < 0.001) and G. gazella (T = - 5.5; P = 0.005), while 

no such difference was found within N. soemmerringii (T = -1.2; P = 0.28) (Fig. 3.2). 

3.5 Discussion 

3.5.1 Interpretation of the results 

In contrast to our hypothesis, there was no indication for a reduced metabolism in the three gazelle 

species investigated. This is in contrast to findings in another wild ruminant species of similar 

geographic  distribution,  the  Phillip’s  dikdik,  which  was assessed at the same location, and with the 

same equipment and setup as used in the present study (Dittmann et al., 2014b). Given the closely 

overlapping and ecologically similar habitats, it cannot be argued that dikdik are exposed to 

differences in climate that could explain this physiological difference from these gazelle species. 

Rather, the results show that the detection of convergent rules, such as a lower metabolism in arid-

adapted species (e.g. Lovegrove, 2000, Lovegrove, 2003, McNab, 2008), does not necessarily mean 

that all investigated species must share this adaptation. Accordingly, our results suggest that not all 

bovids that live in arid, hot environments have comparatively low MR. Another bovid from arid 

environments, apart from the dikdik, that apparently has a comparatively lower MR is the Arabian 

sand gazelle (G. subgutturosa marica) (Ostrowski and Williams, 2006), whereas bovids from arid 

environments without reduced MR include the steenbok (Raphicerus campestris) (Haim and 

Skinner, 1991) and the Arabian oryx (Oryx leucoryx) (Williams et al., 2001).  

With respect to G. gazella, our result of a RMR that is higher than the mammalian average 

was also indicated in two hand-raised animals during mask respirometry (Taylor et al., 1974). 

However, the values of 529 kJ kg BM-0.75 d-1 reported in that study are clearly higher than ours (371 

kJ kg BM-0.75 d-1) which could have been due to the use of a facial respirometry mask and a shorter 

measurement period that did not allow animals to settle for several hours or simply be random 

results when investigating only two animals. 
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Figure 3.1. Time courses of oxygen consumption and carbon dioxide production by exemplary 
representatives of Gazella spekei, G. gazella and Nanger soemmerringii during 18 h of 
measurement in the respiration chambers. 



Table 3.1. Body mass, measured and expected metabolic rates and respiratory quotient of the three gazelle species measured in this study. 
Species n Body mass MMR RMR RMR BMR† RMR/BMR†  Respiratory 
  kg kJ kg BM-0.75 d-1 kJ kg BM-0.75 d-1 kJ h-1 kJ h-1 ratio quotient‡ 
Gazella spekei 5 12.4 ± 1.3a 524 ± 36a 432 ± 32a 119 ± 6a 81 ± 7a 1.47 ± 0.11a 0.76 ± 0.02a 
Gazella gazella 5 16.3 ± 1.4a 495 ± 28a 371 ± 31b 126 ± 14a 99 ± 6a 1.27 ± 0.11b 0.77 ± 0.05ab 
Nanger soemmerringii 6 35.1 ± 4.7b 426 ± 23b 310 ± 32c 185 ± 21b 176 ± 18b 1.06 ± 0.11c 0.82 ± 0.03b 

BMR, basal metabolic rate; MMR, maintenance metabolic rate; RMR. resting metabolic rate. †As expected from the equation by Kleiber (1961). ‡CO2 production / 
O2 consumption. Different superscripts within a column indicate significant differences between the species. 
 
 
 

 

Figure 3.2. Comparison of 
metabolic rate as expected 
based on the equation by 
Kleiber (1961) (basal 
metabolic rate) and as 
measured resting metabolic 
rate) in Gazella spekei, G. 
gazella and Nanger 
soemmerringii. The boxplots 
indicate median, upper and 
lower quartile, as well as 
maximum and minimum 
values. Dots indicate 
outliers, asterisks indicate 
significant differences (P < 
0.05) between expected and 
measured values within 
species when applying the 
paired t-tests. 
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The fluctuations between high and low O2 consumption were more pronounced and less 1 

regular in N. soemmerringii than in the other species. While peaks in O2 consumption G. spekei and 2 

G. gazella could mirror regular cycles of feeding and rumination, the patterns observed in N. 3 

soemmerringii appears to be less uniform and could be explained by physical activity of these 4 

animals. However, despite these putative higher levels in activity or stress, N. soemmerringii still 5 

had the lowest RMRs when compared to the other species, indicating that the method used for 6 

calculating the RMR by considering only the lowest values might be suitable to rule out such 7 

phases of agitation. 8 

The RQ, normally ranging from 0.7 to 1.0, mirrors the nutritional state of an animal by the 9 

ratio of molecular oxygen and carbon in the metabolised substrate where fat, as metabolised in 10 

fasting animals results in low RQs, whereas carbohydrates metabolised by fed animals result in high 11 

RQ values (Robbins, 1993). The values of the gazelles ranged between 0.76 and 0.82, which 12 

indicates that, despite several days of access to unlimited amounts of lucerne and feeding in the 13 

respiration chambers, animals were closer to a fasting than a fed RQ level. Albeit we did not aim on 14 

fasting the animals, lower RQ values indicate that the measured RMR closely represent BMR. 15 

BMR is measured in a post-absorptive state (Schmidt-Nielsen, 1997) that is hardly ever reached in 16 

ruminants, because they constantly ferment plant material in their reticulo-rumen (White and 17 

Seymour, 2003, Clauss et al., 2008a). 18 

 19 

3.5.2 Considerations on metabolic measurements with ruminants 20 

One aspect that can influence metabolic measurements is the nutritional state and history of the 21 

experimental animals. Ostrowski et al. (2006a) demonstrated that a reduced food and water intake 22 

leads to a reduction in fasting metabolism in G. subgutturosa. Metabolic adaptations to extreme 23 

environments may therefore consist of two components: a generally reduced metabolism under 24 

conditions of unlimited resources, as one can assume for most animals in which metabolic 25 

measurements are performed, including the animals of the present study, and the flexibility to 26 

reduce the MR under conditions of resource limitation, as was demonstrated in many ruminants 27 

from seasonally variable habitats (e.g. reviewed in Mauget et al., 1997). 28 

Another aspect that is rarely discussed when measuring MR in individuals of nondomestic 29 

species is how handling and confinement stress might influence the results. Our study is no 30 

exception in not testing for this effect; instead, we simply followed the common practice of using 31 

measurements   for   ‘RMR’   that  were   taken  after   the  animals  had  stayed in the respiration chamber 32 

for several hours (e.g. Haim and Skinner, 1991, Ostrowski et al., 2006a). It could be hypothesised 33 

that results higher than expected values, as in G. spekei and G. gazella in our study, might be 34 

caused by the excitement due to the unusual handling and confinement. As probably other 35 
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researchers before, we had decided not to expose the animals to this procedure repeatedly as a 36 

habituation program, because we considered the potentially resulting repeated stress to be 37 

significant, and did not expect a stress-reducing training effect within a reasonable time period. The 38 

possibility to use hand-raised animals accustomed to such procedures was not available to us. To 39 

our own experience, gazelles usually become calm when confined in dark, narrow spaces in a quiet 40 

environment, and this was our subjective impression in the animals of this experiment. Also, in a 41 

former   study   with   Phillip’s   dikdiks,   we   followed   the   same   procedures   in   animal   handling   and   42 

respiration measurements, which resulted in relatively lower values (also corroborated by measures 43 

on body mass changes in relation to digstible energy intake), suggesting that the higher MR in the 44 

gazelles in the present study do not mirror handling stress. However, stress that was not represented 45 

by movement yet that influenced the O2 consumption and species-specific responses to stressful 46 

situations could not be excluded. In domestic animals, controversial effects of training to respiration 47 

chamber stays on O2 consumption were described. In pigs (Gray and McCracken, 1980) and turkeys 48 

(MacLeod et al., 1985), training had no effect and in chicken training even led to an increase in O2 49 

consumption because individuals accustomed to the respiration chamber increased their food intake 50 

(Lundy et al., 1978). The question to which extent habituation of non-domestic species to the 51 

respiration chamber will influence results, even when using only low readings after an adaptation 52 

period of several hours, remains to be specifically investigated. 53 
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3.5.3 Adaptations to arid environments in ruminants 55 

Various adaptations to hot, arid environments have been described for gazelles and other ruminants 56 

(Silanikove, 1994, Cain et al., 2006, Fuller et al., 2014). These include a long distal colon for 57 

increased water re-absorption (Woodall and Skinner, 1993), leading to particularly dry faeces 58 

(Clauss et al., 2004). Additionally, species adapted to hot, dry environments probably have a 59 

comparatively high thermal conductance that facilitates heat loss (Haim and Skinner, 1991). 60 

Particularly thin keratin sheaths of the horns could contribute to this, as suggested in a comparative 61 

study that also included one gazelle species (G. thompsoni) (Picard et al., 1999). 62 

G. dorcas and G. gazella were reported to be able to survive periods of water deprivation for 63 

up to 8 to 10 days (Ghobrial and Cloudsley-Thompson, 1966, Mohamed et al., 1988, Al-Toum and 64 

Al-Johany, 2000). It was shown that, when water it is freely available, G. dorcas, G. gazella and G. 65 

subgutturosa ingest water in amounts comparable to other ruminants under such conditions, and 66 

adjust water intake to environmental temperatures (Ghobrial, 1970, Williamson and Delima, 1991). 67 

This suggests that their adaptation to aridity must be due to behavioral and/or physiological 68 

mechanisms. Aridity-adapted ruminants may have special structures in the kidney, i.e. longer loops 69 

of Henlé or a thicker renal medulla (e.g. Horst and Langworthy, 1971, Dunson, 1974), which 70 
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enables them to produce less and more concentrated urine (Maloiy et al., 1979, Beuchat, 1990). 71 

With a reduced MR, water loss is also reduced by a lower total evaporative water loss, but this can 72 

additionally be influenced by other species-specific factors (Ostrowski et al., 2006a, Ostrowski et 73 

al., 2006b), such as anatomical adaptation of the nasal passages (Kamau et al., 1984). 74 

Like other ruminants and other mammals (Mitchell and Lust, 2008), including dikdiks 75 

(Kamau et al., 1984), gazelles probably use a carotid rete as a counter-current heat exchange 76 

mechanism to control brain temperatures when overall body temperature increases. This was 77 

demonstrated in G. thompsoni by (Taylor and Lyman, 1972). Evidence for the capacity to allow 78 

body temperature to increase because of exercise or increased environmental temperatures was 79 

reported for N. granti and G. thompsoni (Taylor, 1970, Taylor and Lyman, 1972), G. subgutturosa 80 

marica (Ostrowski and Williams, 2006, Hetem et al., 2012), and G. gazella and G. leptoceros (AI- 81 

Johany et al., 1998, Babor et al., 2014). 82 

 83 

3.6 Conclusions 84 

The various forms of adaptation to hot, dry habitats (Silanikove, 1994, Cain et al., 2006) evidently 85 

would allow many different combinations of adaptations that render life in such habitats feasible; 86 

and this does not necessarily include a lowered MR. The question which combinations of 87 

adaptations a particular species might have evolved is probably related to its phylogenetic and 88 

ecological history. While a first step in the comparative evaluation of physiological characteristics 89 

usually is to check for a general association with body mass, the second step is to explain deviations 90 

from this pattern by convergent adaptations to particular niches (e.g. McNab, 2008). As a 91 

subsequent step, we propose here to expand datasets to an extent that allows testing and explaining 92 

why some species inhabiting the same ecological niches show specific convergent adaptations 93 

while others do not. 94 

 95 

96 
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4.1 Abstract 120 

To test whether camelids, as an artiodactyl family, are characterised by comparatively low energy 121 

expenditure, we collated literature data from experiments where at least one camelid and one 122 

ruminant species received the same diet, and literature data on camelid metabolism and energy 123 

requirements. Additionally, we measured the maintenance and resting metabolism in five alpacas, 124 

six llamas and five Bactrian camels by chamber respirometry. Irrespective of whether dry matter 125 

intake was expressed as g kg-0.75 d-1, g kg-0.9 d-1, or g kg-1.0 d-1, camelids ingested significantly less 126 

food than domestic ruminants (data available for sheep and goats). Although metabolic rates and 127 

energy requirements reported for camelids vary over a large range, they are generally below the 128 

‘average’  basal  mammal  metabolism,  and  below  published  energy  requirements  for  ruminants.  The   129 

mean metabolic rates measured in this study were 215 ± 68, 261 ± 33 and 248 ± 51 kJ kg-0.75day-1 130 

for alpacas, llamas and Bactrian camels, respectively. The corresponding resting metabolic rates 131 

averaged at 144 ± 64, 164 ± 38 and 192 ± 48 kJ kg-0.75 d-1. These findings confirm that camelids in 132 

general are characterised by relatively low metabolism and food intake, which might explain why 133 

this previously diverse group is currently limited to arid environments with low food resources 134 

where a reduced metabolism represents an advantage. 135 

136 
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 137 

4.2 Introduction 138 

The level of metabolism is an important characteristic of animal species. Among mammals this 139 

level is presumed to vary with ecological factors such as habitat, substrate, food habits (Lovegrove, 140 

2000, McNab, 2008), phylogenetic affiliation (Capellini et al., 2010) or the mode of reproduction 141 

(Müller et al., 2012). Particular adaptations result in variation in metabolism even within closely 142 

related species. For example, variation in metabolism has been interpreted as adaptation to harsh 143 

environmental conditions within ruminants (Dittmann et al., 2014b), in small mammals (Lovegrove, 144 

2003), carnivores (Careau et al., 2007), or mammals in general (Lovegrove, 2000, McNab, 2008). 145 

However, there are also cases where a whole phylogenetic lineage appears confined to a particular 146 

level of metabolism. The most typical examples among mammals are the generally low metabolic 147 

rates (MR) in the Xenarthra (Pilosa and Cingulata) or the marsupials (Enger, 1957, McNab, 2008). 148 

Cetartiodactyls as an entity are considered a mammal group with a comparatively high level 149 

of metabolism (McNab, 2008). Yet, it has been suggested that nonruminant foregut fermenters are 150 

constrained to comparatively low MR (Clauss et al., 2010b), which would, among the artiodactyls, 151 

include the peccaries and the hippopotamuses. Indeed, data from feeding experiments appear to 152 

support this hypothesis for hippos (Schwarm et al., 2006). A low MR can represent a competitive 153 

disadvantage in habitats where food supply is not limiting (chapter 13 in McNab, 2002, McNab, 154 

2012). The physiological mechanism of rumination might liberate foregut fermenters from this 155 

putative metabolic constraint (Schwarm et al., 2009c, Clauss et al., 2010b, Matsuda et al., 2011), 156 

facilitating variable, including higher, metabolic levels among ruminant species. However, Clauss 157 

et al. (2010b) suggested that camelids (Tylopoda), though functional ruminants, remain constrained 158 

to lower MR  than  many  ‘true’  ruminants.  They  hypothesised  that  this  may  be  at  least partly due to a 159 

different set of morphophysiological adaptations in the forestomach required to achieve 160 

‘rumination’  compared to the Ruminantia, which might limit the food intake capacity of camelids. 161 

Several published findings support the hypothesis of a lower metabolism in camelids. In a 162 

comparative evaluation of food intake of herbivores (Meyer et al., 2010), camelids generally had 163 

lower food intakes per kg of metabolic body mass than ruminants at comparable forage fibre 164 

contents. When comparing the calculated intrauterine growth rates among different artiodactyl 165 

species (Müller et al. 2012) camelids have, due to their comparatively long gestation periods but 166 

average neonatal body mass (BM), a comparatively slow intrauterine growth. A higher metabolism 167 

might be linked to successful competition in evolutionary scenarios (chapter 13 in McNab, 2002, 168 

McNab, 2012). Even though camelids, which originate from North America and subsequently 169 

spread to both South America and Asia, had a much larger species diversity and covered a wider 170 

range of habitat niches in fossil times (Honey et al., 1998), only few extant species survived until 171 
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today that appear limited to harsh environments, with other habitats apparently taken over by 172 

ruminants (e.g. Janis et al., 1994). The dromedary camel (Camelus dromedarius) inhabits the desert 173 

habitats of the Sahara and the Middle East (and more recently of central Australia) (Saalfeld and 174 

Edwards, 2010); the Bactrian camel (Camelus bactrianus) is found in the Mongolian desert (Tulgat 175 

and Schaller, 1992). The Andean highlands – home of the South American camelids (SAC) – are 176 

also of a very low food productivity, resulting in poor resource conditions that are linked, for 177 

example, to high embryonic losses in range-kept SAC (Fernández-Baca et al., 1970, Bravo et al., 178 

2010). Finally, published maintenance energy requirements (MEm) of SAC are, at 305 kJ kg-0.75 d-1. 179 

This indicates a comparatively low metabolism, because maintenance requirements are higher than 180 

basal MR (on the level of approximately 30-50%; estimate of basal metabolism of 300 kJ kg-0.75 d-1 181 

and maintenance requirements of 450-600 kJ kg-0.75 d-1 in domestic ruminants [GfE, 1995, GfE, 182 

1996, Südekum, 2002, GfE, 2003]). 183 

Given these considerations, we aimed at systematically compiling literature data linked to 184 

the energy metabolism in camelids, and to generate own new data by measuring oxygen 185 

consumption in open chamber respirometry in camelid species. The hypothesis was that camelids 186 

generally have a lower metabolism than other mammals of their size, and in particular when 187 

compared to domestic ruminants. 188 

 189 

4.3 Material and methods 190 

4.3.1  Literature compilation on food intake 191 

Direct comparisons of food intake between camelids and ruminants usually have the constraint of a 192 

difference in BM between the species. Mostly, camelids are compared to sheep or goats, which 193 

have lower BM. Therefore, a correction of the BM effect is necessary. Traditionally, food intake is 194 

either expressed as a direct proportion of BM (usually in % of BM or g kg BM-1.0), or in relation to 195 

metabolic BM (g kg BM-0.75) (San Martin and Bryant, 1989). The resulting difference can have a 196 

relevant effect on the result (Dulphy et al., 1998). The decision on how to present the data depends 197 

on whether intake is considered to scale allometrically or linearly with BM. Recently, it was 198 

suggested that dry matter intake (DMI) scales to BM0.8-0.9 (Hackmann and Spain, 2010, Müller et 199 

al., 2013). Therefore, literature results, from studies where voluntary daily DMI of a camelid and a 200 

ruminant species (invariably sheep and/or goats) were directly compared, were compiled using the 201 

three different expressions of g kg BM-0.75, g kg BM-0.9 and g kg BM-1.0. A re-calculation of the 202 

results presented was not possible in all cases (e.g. if a source did only give one or two measures of 203 

relative food intake but not the original body mass of the animals), which led to slightly different 204 

sample sizes for the three respective data collections. For the statistical evaluation, values from 205 
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camelids and domestic ruminants that had been obtained from the same experiment were compared 206 

by paired t-tests. Additionally, we followed the approach of Dulphy et al. (1998) by testing for 207 

significant relationships between the intake of domestic ruminants and camelids under the same 208 

experimental conditions by linear regression. The relationship between dietary fibre content and 209 

DMI was tested by correlation analysis. The influence of fibre content on the intake relationship 210 

between domestic ruminants and camelids was tested by General Linear Models with ruminant 211 

DMI as the dependent, and camelid DMI and diet fibre content as the independent covariables. 212 

Analyses were performed in SPSS (21.0, SPSS Inc., Chicago, IL). Additionally, we present the data 213 

from Foose (1982) who fed similar diets to three camelid species and a large number of ruminant 214 

species. 215 

 216 

4.3.2 Literature compilation on metabolism and maintenance requirements 217 

The close scaling of energy requirements to metabolic BM (i.e. BM0.75) is mostly unchallenged 218 

(Müller et al. 2012). Therefore, daily energy requirement data from the literature for camelids were 219 

compiled in kJ kg BM-0.75. Data on MR were grouped according to the level of metabolism that they 220 

corresponded to, depending on the methods used in the individual studies. Thus, data were recorded 221 

as fasting metabolism (energy expenditure in respiration measurements with fasted animals), resting 222 

metabolism (with animals at rest), standing metabolism (with inactive but standing animals), 223 

general metabolism (respiration measurements over a longer period of time during which animals 224 

would stand, rest, eat, ruminate), and maintenance requirements (measured with various methods 225 

indicated when presenting the results). For comparison, published maintenance requirements for 226 

domestic ruminants were listed, including indications of the contributions of various processes to 227 

these requirements. 228 

 229 

4.3.3  Own respiration chamber measurements 230 

Oxygen consumption was measured in five alpacas kept at Zurich Zoo in December 2012, and six 231 

llamas and five Bacrtrian camels kept at a private camel farm in Switzerland between January and 232 

March 2013 under the Kantonal Animal Experiment Licence No. 142/2011. All animals were kept 233 

on a restricted amount (0.6, 0.8 and 1.8 kg DM for alpacas, llamas and camels, respectively) of 234 

pelleted lucerne (Provimi Kliba SA, Kaiseraugst, Switzerland) and had ad libitum access to lucerne 235 

hay (see Table 6.1 for nutrient composition) for 3 weeks prior to the measurements. Water was 236 

available ad libitum. Animals were weighed either on a mobile scale (at the zoo) or led onto a truck 237 

scale in the vicinity of the farm. Animals were then kept, one animal at a time, separately for 24 h in 238 

respiration chambers (for alpacas, a transport box of 1.9 × 0.7 × 1.3 m; for llamas and Bactrian 239 
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camels, a part of a building divided off by wooden panels of 2.9 × 1.6 × 2.4 m and 4.5 × 2.9 × 2.4 240 

m, respectively).  All  ‘chambers’  were  additionally  sealed  off  with  silicon,  plastic  foil  and  tape. In 241 

the chambers, water and lucerne hay were provided ad libitum with a limited amount of lucerne 242 

pellets. A fasting of the experimental animals was not possible under the conditions of this trial. 243 

Ambient temperatures were 15°C for alpacas, and -5°C to 10°C for llamas and Bactrian camels. 244 

Chambers were fitted with a series of air inlets on the bottom and a series of air outlets at the top of 245 

the chamber chamber. A pump (Flowkit 500, Sable Systems, Las Vegas, USA) ensured a constant 246 

airflow (48 to 72 l min-1, 116 to 148 l min-1 and 362 to 460 l min-1 for alpacas, llamas and Bactrian 247 

camels, respectively). Out-flowing air as well as ambient air (as baseline) were measured at the 248 

same time at alternating intervals of 90 s each. Gas concentrations were measured by O2 and CO2 249 

analysers (Turbofox, Sable Systems). Data were adjusted for barometric pressure, water vapour 250 

pressure and air flow rates, which were constantly recorded during respirometry. The gas analysers 251 

were calibrated prior to each measurement by using pure nitrogen and a calibration gas (PanGas, 252 

19.91% O2 and 0.51% CO2 dissolved in nitrogen).  253 

Data obtained by the respiratory system were analysed with the software ExpeData (Sable 254 

Systems) for O2 consumed and CO2 emitted after correcting for gas concentrations in ambient air. 255 

The mean MR was calculated based on the entire measurement and therefore accounts for the 256 

activity of the animals inside the box (e.g. standing, turning, feeding), while the resting MR (RMR) 257 

of the animals was determined by selecting the 20 lowest O2 measurements per individual within 258 

the 24-h period (adapted from Derno et al., 2005). In order to calculate MR, the amount of O2 259 

consumed (in L) was multiplied by 20.08 kJ (based on McNab, 2008).  260 

 261 

4.4 Results 262 

4.4.1 Literature compilation on food intake 263 

The data from Foose (1982) indicated that camelids have a food intake in the lower range of that 264 

observed in wild ruminant species (Fig. 4.1). Literature data from comparative feeding trials (Table 265 

S4.1 in the appendix) similarly indicated that camelids mostly have food intakes in the lower range 266 

of that of the domestic ruminants they were compared to (sheep and/or goats), irrespective of the 267 

way relative intake is expressed (Fig. 4.2). Correspondingly, paired t-tests indicated signifanctly 268 

lower intakes (P < 0.001) in camelids vs. domestic ruminants, irrespective of the basis of expressing 269 

DMI (47 ± 13 vs. 63 ± 22 g kg BM-0.75 day-1, 23 ± 6 vs. 35 ± 13 g kg BM-0.9 day-1, 16 ± 4 vs. 24 ± 8 270 

g kg BM-1.0 day-1). Given that the linear regression equations always included a slope of 1 in the 271 

95% confidence interval, it is possible to extrapolate that the domestic ruminants on average ingest 272 

20 g kg BM-0.75 day-1, 10 g kg BM-0.9 day-1, or 8 g kg BM-1.0 day-1 more dry matter than camelids 273 
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(Fig. 4.2). This means that domestic ruminants have a DMI that is higher than that of camelids by a 274 

factor of 1.4 ± 0.4, 1.5 ± 0.5 and 1.6 ± 0.5 on the basis of kg-0.75, kg-0.9 and kg-1.0, respectively.  275 

The fibre content of the diet (indicated as neutral detergent fibre [NDF]) was always a 276 

significant covariable in the relationship between domestic ruminant and camelid intake (Fig. 4.3). 277 

There was a clear negative correlation between NDF content and intake in ruminants (R = -0.40 to - 278 

0.39, P = 0.010-0.022; Fig. 4.3 a), but not for camelids (R = -0.18 to -0.11, P = 0.28-0.54, Fig. 4.3 279 

b). These findings support a similar one, based on a smaller dataset, by Dulphy et al. (1998), who 280 

concluded that intake is less affected by diet quality in camelids compared to ruminants. 281 

 282 

 

Figure 4.1. Organic matter intake (OMI) in various camelid and ruminant species fed on grass hay 
and lucerne hay (Foose, 1982). Linear regression lines are for camlids (solid) and ruminants 
(dashed). 
 283 
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Fig 4.2. Comparison of food intake (as dry matter or organic matter intake) from studies 
where camelid species (alpaca, llama, dromedary) were directly compared to domestic 
ruminants (sheep, goats), expressed a) per unit metabolic body mass (BM0.75, n = 58), b) per 
unit body mass to the power of 0.9 (BM0.90, n = 51), and c) per unit body mass (BM1.00, n = 
74). The dotted line represents y = x. Regression equations include 95% confidence intervals 
for parameter estimates. Data from sources given in Table S4.1. 
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  284 

4.4.2 Literature compilation on metabolism and maintenance requirements 285 

Various estimates on energy requirements have been published for camelids (Table 4.1). In some 286 

instances, where feeding recommendations were given, the requirements stated were transferred 287 

from domestic ruminants (e.g. Leitch, 1940). Such literature was not included in the compilation. 288 

Published values for SAC (alpacas and llamas) appear contradictory in both species, with a set of 289 

data indicating comparable, low values (alpacas: Flores et al., 1989, Newman and Paterson, 1994) 290 

(llamas: von Engelhardt and Schneider, 1977, Nielsen et al., 2010), but also sets of higher values. In 291 

the case of the llamas, higher MR were measured by face mask (El-Nouty et al., 1978, Hochachka 292 

et al., 1987) and higher maintenance requirements by measuring heat production (Carmean et al., 293 

1992), and in the case of alpacas, by an intake/BM change study (Russel and Redden, 1997). The 294 

fasting metabolism measured in the same study that yielded higher maintenance requirements 295 

(Carmean et al., 1992) was notably lower than the average mammalian basal MR. This discrepancy 296 

between published values is acknowledged (Russel and Redden, 1997) but apparently unresolved. 297 

However, requirements measured by Vernet et al. (1997) cover the range between the two extreme 298 

positions (Table 4.1). Notably, Vernet et al. (1997) directly compared llamas and sheep and found 299 

lower maintenance requirements in the llamas (296 - 343 kJ kg BM-0.75 d-1 vs. 317 - 412 kJ kg BM- 300 
0.75 d-1 in the sheep).  301 

It should be noted that even the higher values, with the exception of the maintenance 302 

requirement measured by Russel and Redden (1997), are below the values given for domestic 303 

ruminants (Table 4.2). Von Engelhardt and Schneider (1977) explicitly stated that the MEm they 304 

measured in two llamas was lower than those of domestic ruminants. A qualitatively similar 305 

statement was made by El-Nouty et al. (1978), who found distinctively lower MR in llamas than in 306 

donkeys, even though the absolute values measured in their study were generally, as they stated, 307 

much higher than usual for mammals. Field MR, i.e. the actual energy expenditure of free-ranging 308 

animals, was measured in alpacas in the Andes at 764 kJ kg BM-0.75 d-1 (Riek et al., 2007), which is 309 

similar to that of ruminants in harsh conditions. No published values for guanacos (Lama guanicoe) 310 

or vicugnas (Vicugna vicugna) were found. 311 
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Figure 4.3. Relationship between dietary neutral detergent fibre (NDF) content and voluntary intake of ruminants (a) and camelids (b) expressed per 
unit of metabolic BM (BM0.75; GLM with ruminant intake as dependent and camelid intake and diet NDF as independent covariables yielded for 
camelid intake F1,39 = 5.653, P = 0.023 and NDF F1,39 = 5.018, P = 0.031). For other expressions of intake, see Fig. S4.1 in appendix. Data from 
sources given in Table S4.1. 
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 312 

Respiration measurements in dromedaries quite unanimously yielded values that were low when 313 

compared to the mammal average basal MR of 293 kJ kg BM-0.75 day-1, with resting or standing 314 

metabolism being either below or at this value, and estimated MEm also being close to this value. 315 

This comparative aspect was also explicitly stated by various other authors (MacFarlane, 1968, 316 

MacFarlane and Howard, 1972, Schmidt-Nielsen et al., 1981, Yousef et al., 1989, Evans et al., 317 

1994, Farid, 1995, Maloiy et al., 2009). However, higher MEm were measured in dromedaries as 318 

well (Table 4.1), but these were always below comparative data for domestic ruminants (Table 4.2). 319 

No published values for Bactrian camels were found. 320 

 321 

4.4.3 Own respiration chamber measurements 322 

The mean MR values were 215 ± 68, 261 ± 33 and 248 ± 51 kJ kg BM-0.75 d-1 for alpacas, llamas 323 

and Bactrian camels, respectively. The corresponding average RMR values were 144 ± 64, 164 ± 324 

38 and 192 ± 48 kJ kg BM-0.75 d-1 (for individual values see Table S4.2 in the appendix). The MR 325 

measured in the two SAC species were thus similar to the ‘lower’  MEm obtained in llamas by von 326 

Engelhardt and Schneider (1977) and to the metabolism measured by chamber respirometry in 327 

llamas fasted for 24 - 48 h by Carmean et al. (1992), and distinctively lower than results from mask 328 

respirometry in resting llamas by Hochachka et al. (1987) and El-Nouty et al. (1978). The MR 329 

measured in the Bactrian camels was similar to that measured by mask respirometry in standing 330 

dromedaries, and the same is evident for the RMR in the two species (Table 4.1). 331 
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Table 4.1. Published data on maintenance energy requirements (MEm) and metabolic rates (MR) in camelids, including measurements made in the 332 
present study. 333 

Species BM MEm MR Standin
g MR 

Resting 
MR 

Fasting 
MR Source Based on 

  kg kJ kg-0.75 day-1   
SAC - 305     Van Saun (2006), NRC 2007)  Literature data 

Alpaca - 297     Flores et al. (1989) Cited in: López and Raggi (1992), San 
Martin (1996) 

Alpaca 40 276     Newman and Paterson (1994) Intake & BM change 
Alpaca 74 440     Russel and Redden(1997) Intake & BM change 
Alpaca 63  215  144  this study Chamber respirometry 

Llama 120 256    218 
Schneider et al. (1974), Rübsamen and 
von Engelhardt ( 1975), von 
Engelhardt and Schneider (1977) 

Intake & BM change, chamber 
respirometry 

Llama 115   363   El-Nouty et al. (1978) Mask respirometry 
Llama 69   341   Hochachka et al. (1987) Mask respirometry 

Llama 94 310-354    248 Carmean et al. (1992) Chamber respirometry & heat 
production 

Llama 101 296-343 313    Vernet et al. (1997) Chamber respirometry & heat 
production 

Llama ng  290    Nielsen et al. (2010) Chamber respirometry 
Llama 148  261  164  this study Chamber respirometry 
Dromedary 407    215  Schmidt-Nielsen et al. (1967) Mask respirometry 
Dromedary 431    206  Schmidt-Nielsen et al. (1981) Mask respirometry 
Dromedary 583   256 230  Yousef et al. (1989) Mask respirometry 
Dromedary ng 359     Farid et al. (1990) Intake & BM change 
Dromedary 477   216 203  Evans et al. (1994) Mask respirometry 
Dromedary ng 374     Farid (1995) Intake & BM change 

Dromedary 299 304    213 Guerouali et al. (1995) Chamber respirometry & heat 
production 

Dromedary 240   299   Maloiy et al. (2009) Mask respirometry 

Bactrian camel 658  248  192  this study Chamber respirometry 

SAC South American camelids; BM body mass; ng not given 334 
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Table 4.2. Comparison of maintenance requirements for metabolizable energy (MEm) published 335 
for domestic ruminants and size of effects of different activities on energy budget (MEI= ME 336 
intake; all mass factors in kg relate to body mass)  337 
Requirement  Species Value Reference 
MEm  Goat  423-576 kJ kg-0.75 day-1 GfE (2003), NRC (2007)  
  Sheep  390-447 kJ kg-0.75 day-1 GfE (2003), NRC (2007)  
  Cattle 488-537 kJ kg-0.75 day-1 GfE (1995) 
Heat 
increment at 
maintenance 

Total Ruminants 21-73% of MEIa Blaxter and Boyne 
(1978) 

 Eating Ruminants 1-7% of MEI Blaxter and Boyne 
(1978) 

 Fermentation heat Ruminants 8-13% of MEI Blaxter and Boyne 
(1978) 

 Nutrient 
metabolism Ruminants 12-53% of MEI Blaxter and Boyne 

(1978) 
 Ingestion Cattle 20 J (min ingestion kg)-1 Susenbeth et al. (2004) 
 Rumination Cattle 9 J (min ingestion kg)-1 Susenbeth et al. (2004) 
Standing  Cattle 583 J (h kg)-1 Susenbeth et al. (2004) 
Walking  Cattle 2.0 kJ (km kg)-1 Blaxter (1962) 
  Sheep 2.5 kJ (km kg)-1 Blaxter (1962) 

Sleep  Man requirement reduced by 
10% 

Mason and Benedict 
(1934) cited in Blaxter 
(1989) 

avalues mark diet extremes; typical range is 30-50% of MEI  338 
 339 

4.5 Discussion 340 

The results of both the literature evaluation and own respiration measurements indicate that 341 

camelids in general have distinctively lower MR than what is generally considered as the 342 

‘mammalian  average’   (Kleiber, 1961, McNab, 2008), and in particular than ruminants. The lower 343 

metabolism in camelids seems to correspond to the generally slower intrauterine growth as 344 

compared to ruminants (Müller et al., 2011b). Results from feeding experiments where camelids 345 

and sheep and/or goats were assessed under the same conditions (Fig. 4.2 and 4.3) match the more 346 

general observation that, at a given forage quality, camelids have lower food intakes (Meyer et al., 347 

2010). 348 

Some discrepancy in findings on the energy requirements of SAC has been noted in the 349 

literature, with relatively lower and higher values reported in both alpacas and llamas (Table 4.1). 350 

There may be two potential reasons for this: On the one hand, the lower and higher critical 351 

temperatures of larger animals are comparatively low (Riek and Geiser, 2013). With the 352 

measurements taking place in winter, at or below 0°C in the case of llamas and Bactrian camels, 353 

and 15°C in the case of alpacas in the present study, these animals were most likely in their 354 

respective   thermoneutral   zones.   In   contrast,   other   studies   investigating   SAC’s  metabolism  might   355 

have been conducted at higher ambient temperatures that represented a thermal challenge to the 356 

animals, in terms of slight heat stress, but due to a lack of information on season or environmental 357 
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temperatures, this remains speculative. On the other hand, a seasonal effect, as described in other 358 

artiodactyls (e.g. Regelin et al., 1985) may have contributed to the lower levels measured in the 359 

present study, and to the general discrepancy in data described in the literature. A seasonal effect on 360 

food intake in camelids has actually been reported previously (Newman and Paterson, 1994). 361 

Vernet et al. (1997) discussed that the greater ability of camelids to recycle urea as 362 

compared to domestic ruminants (Hinderer and von Engelhardt, 1975, von Engelhardt and 363 

Schneider, 1977) could allow them to avoid the increase in MEm associated with low protein 364 

provision in ruminants. Vice versa, the more intensive urea recycling could be an adaptation to the 365 

low MR. In this respect, it would be interesting to compare urea recycling in ruminant species with 366 

different levels of metabolism. 367 

In arid environments, a lower metabolism represents an adaptive advantage (Nagy, 1987, 368 

McNab, 2012) – not only because less energy resources are required, but also because less water is 369 

lost during the (reduced) respiration (Bartholomew, 1964). Traditionally, saving mechanisms such 370 

as observed in desert animals, be it in terms of metabolism (Nagy, 1987, Lovegrove, 2000, 371 

Lovegrove, 2003, White, 2003, Careau et al., 2007, McNab, 2008), urine concentration (Beuchat, 372 

1990) or faecal water losses (Woodall and Skinner, 1993, Clauss et al., 2004), are considered 373 

special adaptations to a challenging environment. However, in more productive habitats, 374 

characteristics like a low metabolism may represent a constraint as compared to other species that 375 

can use the available resources at a higher rate. Only the occupation of distinct ecological niches 376 

would allow animals with a low metabolism to compete in highly productive habitats, like in the 377 

special case of the Xenarthra. Therefore, it can be predicted that species with an intrinsically low 378 

metabolism are replaced, over time, by species with higher levels of metabolism (chapter 13 in 379 

McNab, 2002, McNab, 2012) – except in those habitats whose scarce resources extrinsically limit 380 

the level of energy turnover their inhabitants can achieve. The evident outcome of such a 381 

hypothetical scenario is that species with an intrinsically low metabolism may continue to exist in 382 

resource-poor environments, but vanish from resource-rich environments (McNab, 2012). The 383 

evolutionary history of camelids appears to match such a scenario (Janis et al., 1994).  384 

It should be noted that this does not mean that lineages with a generally higher level of 385 

metabolism cannot produce species that, secondarily, have a reduced metabolism again, as for 386 

example among carnivores (Careau et al., 2007) or among ruminants (Dittmann et al., 2014b). In 387 

both carnivores and domestic ruminants, differences in the maintenance requirements and level of 388 

metabolism have been documented not only between but also within species in individuals/breeds 389 

from different habitats (Careau et al., 2007, reviewed in Dittmann et al., 2014b). Notably, such a 390 

secondary adaptation needs not necessarily include the same combination of characteristics (such as 391 

low metabolism and slow intrauterine growth), but may result in new character combinations (e.g. a 392 
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low metabolism without reduced intrauterine growth). For example, both within the carnivora 393 

(Williams et al., 2004) and the ruminants (reviewed in Dittmann et al., 2014b) there are desert- 394 

adapted species that do not show a distinctly reduced metabolism. Assessing such a combination of 395 

factors, e.g. metabolism, life history, and other physiological features, may be a future way to 396 

differentiate between animals whose low metabolism is a primary or secondary feature.  397 

However, to date, it cannot be unambiguously stated whether phylogenetic groups whose 398 

extant representatives are characterised by a low metabolism are necessarily, as whole lineages, 399 

constrained in their metabolism, or whether fossil representatives with higher metabolic levels 400 

existed. Given that the differences in metabolism in question are much more subtle than those 401 

between endotherms and ectotherms, isotopic approaches using fossil material may not yield a 402 

sufficient resolution to solve this question. The interpretation that a low metabolism is typical for a 403 

whole group, such as the Xenarthra or the camelids, must therefore remain a hypothesis – 404 

potentially useful in the narrative of evolutionary scenarios, but difficult or even impossible to 405 

prove. 406 

This hypothesis would be supported by other morphophysiological characteristics that could 407 

represent intrinsic bauplan constraints on metabolism. Clauss et al. (2010b) speculated that the 408 

difference in forestomach morphophysiology could represent such a constraint, with a more 409 

complicated digesta particle sorting mechanism in camelids as compared to ruminants, that might 410 

potentially represent an intake and hence metabolic constraint. The sorting mechanism operating in 411 

the ruminant forestomach is well understood (Baumont and Deswysen, 1991, Lechner-Doll et al., 412 

1991), with a clear borderline between the second forestomach compartment (reticulum) and the 413 

third (omasum), beyond which large particles are no longer present (Clauss et al., 2009a, Clauss et 414 

al., 2009b). In contrast, there does not appear to be such a clear border in the camelid forestomach: 415 

in camelids, large particles occur in the third forestomach compartment, where they are retained for 416 

a particularly long time, and from where they are redirected towards the anterior forestomach 417 

compartments for rumination (Lechner-Doll and von Engelhardt, 1989). It is tempting to suggest 418 

that this design, with the additional delay in the third forestomach compartment, could limit intake 419 

to lower levels than those observed in true ruminants. Further comparative studies on the detailed 420 

function of the camelid forestomach are required to address this hypothesis. 421 

 422 

 423 

 424 

 425 
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4.6 Conclusions 426 

The available data indicate that extant camelids, currently predominantly inhabiting arid habitats, 427 

have low levels of metabolism, which matches preliminary conclusions from the fossil record. 428 

Given the similarity of giraffids with camelids in terms of long gestation periods and slow 429 

embryonic growth (Müller et al., 2011b), and a similar sequence of replacement by bovids in the 430 

fossil record for both camelids (Janis et al., 1994) and giraffids (Clauss  and Rössner, 2014), studies 431 

on the oxygen consumption/energy metabolism of giraffids would be highly interesting in order to 432 

investigate whether giraffids also have comparatively low metabolism and energy requirements. 433 

The only existing respiration measurements in giraffes (Giraffa camelopardalis), taken by mask 434 

repirometry in three individuals (Langman et al., 1982), do not indicate a metabolism below the 435 

mammalian average. Camelids and ruminants with secondary adaptations to harsh environments 436 

represent a fascinating field of further research into the evolutionary background of physiological 437 

adaptations. 438 

 439 

 440 
441 
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5. Investigating allometric relationships in ruminants: methane emission by different gazelle 442 

species 443 
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5.1 Abstract 464 

Methane (CH4) emission from non-domestic and, in particular, small ruminant species has barely 465 

been studied in a comparative context. To extend data on wild ruminants and to clarify allometric 466 

relationships, we measured CH4 emission  of  Soemmerring’s  gazelles  (N. soemmerringii; n=6), Idmi 467 

gazelles (Gazella gazella; n = 5),   Speke’s   gazelles   (G. spekei; n = 5),   and   Phillip’s   dikdiks   468 

(Madoqua saltiana phillipsi; n = 7). Animals were kept on a pure lucerne diet for 3 weeks, and for 1 469 

week we determined intakes of dry matter, digestible neutral detergent fibre and gross energy. 470 

Animals were then put separately into transport boxes fitted as respiration chambers connected to a 471 

system of portable pumps and gas analysers. Our results revealed lower relative CH4 production in 472 

N. soemmerringii when compared to the other three species. Adding the data from our 473 

measurements to literature data from other ruminant species supported the evidence for a linear 474 

scaling of absolute CH4 emission with body mass. This implies that rough estimates of CH4 475 

emission from non-domestic ruminants can be attained by applying a factor based on body mass. 476 

Methane production averaged at 6.1% of gross energy intake for all species and did not show any 477 

scaling. Absence of deviation from the general pattern by the investigated species, which are 478 

adapted to arid environments characterised by scarcity in resources, indicates that a reduced CH4 479 

emission is no necessary mechanism to save energy. 480 

 481 

482 
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5.2 Introduction 483 

Methane (CH4) emission from livestock has widely been studied throughout the last decades 484 

because of its contribution to global warming and the significant energy loss for the host animal 485 

(Johnson and Johnson, 1995, Hackstein and van Alen, 1996, Ellis et al., 2007, Martin et al., 2010). 486 

Methane is a side product of microbial fermentation in the ruminant foregut. Members of the 487 

domain Archaea convert hydrogen (H2) and carbon dioxide (CO2) into CH4, and thus act as a sink 488 

for these two molecules, which improves the degradation of cell wall carbohydrates in the rumen 489 

(Moss et al., 2000). The amount of CH4 produced in the ruminant foregut is associated with food 490 

intake (Murray et al., 1978, Molano and Clark, 2008, Fraser et al., 2013) and, for that reason, body 491 

mass (BM) (Fraser et al., 2013), food quality (Beauchemin et al., 2008, Hammond et al., 2011, 492 

Hristov et al., 2013), digesta retention time (Nolan et al., 2010, Goopy et al., 2014, Hammond et al., 493 

2014), or age (Estermann et al., 2002, Swainson et al., 2007) of the host animal. While research in 494 

livestock has mainly focused on methods for mitigation of CH4 emission by altering dietary nutrient 495 

composition (Machmüller et al., 2001, Beauchemin et al., 2008, Staerfl et al., 2012) or adding 496 

supplements (Carulla et al., 2005, Cosgrove et al., 2008, Tomkins et al., 2009), only few studies 497 

have measured CH4 in other herbivorous mammals such as wapiti, white-tailed deer, bison 498 

(Galbraith et al., 1998), wallabies (Madsen and Bertelsen, 2012), rabbits and guinea pigs (Franz et 499 

al., 2011). It is generally assumed that ruminants produce more CH4 than other mammalian 500 

herbivores (Crutzen et al., 1986, Franz et al. 2010), even more than camelids, which have a similar 501 

digestive physiology and anatomy (Dittmann et al., 2014e, Nielsen et al., 2014). Albeit the reasons 502 

for this higher CH4 emission in ruminants remain speculative, this difference could be caused by 503 

differences in microbial communities, i.e. prevalence of other hydrogen sinks than methanogenesis 504 

in hindgut fermenting animals (Prins and Lankhorst, 1977, Morvan et al., 1996, Fievez et al., 2001). 505 

Methane emission represents an energy loss of 2 - 12% to the animal (Johnson and Johnson, 506 

1995, Johnson and Ward, 1996). Within ruminants, CH4 emission was found to scale to BM with an 507 

exponent of nearly 1 (Franz et al., 2010), which could be linked to the same allometric relationship 508 

of gut fill (Demment and Van Soest, 1985, Illius and Gordon, 1992, Clauss et al., 2007a), while 509 

food intake scales to an exponent of 0.80-0.90 (Hackmann and Spain, 2010, Müller et al., 2013, 510 

Riaz et al., 2014). This implies that the energy lost from enteric methanogenesis increases with 511 

increasing BM, which could be a limiting factor for the maximum size in ruminants (Franz et al., 512 

2010). So far, only few ruminant species could be included into this analysis of the allometric 513 

relationships of CH4 production, and particularly small species and non-domestic species are 514 

underrepresented.  515 

Methane emission is related to metabolic rate and there is a positive correlation between the 516 

production of CH4 and CO2 (Lassen et al., 2012). As shown in camelids, a low metabolism is 517 
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associated with a lower food intake, resulting in a lower amount of substrate available for 518 

methanogenesis (Dittmann et al. 2014b). The gazelle species investigated in the present study 519 

(Gazella spekei, Gazella gazella, Nanger soemmerringii) have a metabolic rate higher than or close 520 

to the mammalian average (Dittmann et al., 2014a), while the dikdik has a lower metabolic rate 521 

(Madoqua saltiana phillipsi) (Dittmann et al., 2014b). These four species belong to the tribe 522 

Antilopini (Hassanin et al., 2012), with the tree bigger species considered as gazelles (based on the 523 

genus; N. soemmerringii was formerly termed Gazella soemmerringii), while M. saltiana belongs to 524 

the dikdiks, which are phylogenetically more distant. All species are to some extent adapted to 525 

aridity and harsh environmental conditions (Hendrichs and Hendrichs, 1971, Mendelssohn, 1995, 526 

Heckel et al., 2008a, Heckel et al., 2008c), which would favour adaptations to save energy, such as 527 

a reduced CH4 production. By including the four above mentioned ruminant species in an 528 

experiment, we addressed the following working hypotheses: 529 

 530 

1) Based on its metabolic rate and the comparatively low energy requirements, we expect M. 531 

saltiana to have a lower relative CH4 production than the three gazelle species.  532 

2.a) Methane emission among ruminants scales to BM with an exponent of 1, also when 533 

including the newly measured species. 534 

or alternatively 535 

2.b) Due to their adaptation to harsh environmental conditions, the gazelle species in this study 536 

might show a lower CH4 emission than the average ruminant in relation to BM, which would 537 

reflect an adaptation to save energy. 538 

 539 

This research, therefore, does not only add to the basic knowledge of inter-species differences in 540 

gazelles but extends existing datasets to clarify allometric relationships relevant to CH4 emission. 541 

 542 

5.3 Material and Methods  543 

5.3.1 Gazelle experiment 544 

In the present experiment, methods as described in chapter 3 were applied. The experiment was 545 

carried   out   at   the   Al   Wabra   Wildlife   preservation   (AWWP),   Qatar.   Seven   Phillip’s   dikdiks   546 

(Madoqua saltiana phillipsi), five Speke’s   gazelles   (Gazella spekei), five Idmi gazelles (Gazella 547 

gazella) and six Soemmerring’s   gazelles   (Nanger soemmerringii) were kept in separate pens and 548 

were adapted to an ad libitum diet of fresh lucerne and water for two weeks (see Table 5.1 for 549 

nutrient composition). All individuals studied were male and healthy according to the veterinarian 550 

in charge, and all procedures were approved by the internal ethics committee of AWWP. For 1 551 
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week animals were kept in pens of a size of 2.4 × 1.0 m where we determined food intake and 552 

digestibility by total collection of faeces and food refusals. Animals were then put separately for 24 553 

h into airtight wooden transport boxes (1.0 × 0.7 × 0.6 m for M. saltiana, G. spekei and G. gazella; 554 

1.3 × 1.1 × 0.5 m for N. soemmerringii) in which a carpet, wood chips, and an amount of fresh 555 

lucerne exceeding the previously recorded daily intake were provided. Air inlets on the bottom and 556 

air outlets on top of the respiration chambers ensured a constant airflow (10 to 50 l min-1) generated 557 

by an attached pump (Flowkit 100, Sable Systems, Las Vegas, USA). Flexible hoses ducted the out- 558 

flowing air to a gas multiplexer, which allowed the simultaneous measurement of data on two or 559 

three individuals and as well as ambient air to determine base line gas values, at alternating 560 

intervals of 120 to 180 s each. Gas concentrations were measured by a CH4 analyser (MA-10, Sable 561 

Systems) and corrected for partial pressures of O2 and CO2, barometric pressure, water vapour 562 

pressure and air flow rates which were measured using gas analysers (Turbofox, Sable Systems). 563 

The gas analysers were calibrated prior to each measurement by using a span gas (20.0% O2, 0.5% 564 

CO2, 0.5% CH4 dissolved in nitrogen, Buzwair Scientific and Technical Gases, Doha, Qatar) and 565 

pure nitrogen. Data obtained by the respiratory system were analysed with the software ExpeData 566 

(Sable Systems) for CH4 emitted after correcting for gas concentrations in ambient air. 567 

 568 

5.3.2 Sample analysis 569 

Representative samples of lucerne offered and refused, and faeces were air dried at about 50°C and 570 

then ground to 0.75 mm (using a mill from Retsch GmbH, Haan, Germany). Standard nutrient 571 

analyses (AOAC, 1995) were carried out, including the determination of contents of dry matter 572 

(DM) and total ash (TA) (AOAC no. 942.05), and crude protein (CP) (AOAC no. 977.02). Neutral 573 

detergent fibre (NDF) and acid detergent fibre (ADF) were determined following Van Soest et al. 574 

(1991) with  α-amylase in case of NDF. GE was determined by bomb calorimetry (IKA-Calorimeter 575 

C4000, Ika, Stauffen, Germany). All fibre values were corrected for ash content. All analyses were 576 

performed in duplicate.  577 

 578 

Table 5.1. Nutrient composition of the lucerne provided to the ruminants in the present study in g 579 
kg DM-1 or kJ kg DM-1. 580 
 581 
Species OM CP NDF ADF GE 

N. soemmerringii 839 199 415 316 16820 
G. gazella 837 225 406 322 16349 
G. spekei 827 213 375 297 16701 
M. saltiana  813 296 203 150 17347 

OM organic matter, CP crude protein, NDF neutral detergent fibre, ADF acid detergent fibre, GE gross 582 
energy. 583 
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5.3.3 Comparative analysis of methane emissions in ruminants 584 

In order to compare the data obtained in this experiment to data available from other ruminants, we 585 

collated literature data on domestic and non-domestic ruminants. We selected CH4 and BM values 586 

from studies obtained by chamber respirometry. Previous analyses of the dataset revealed a 587 

significant effect of measurement method (Dittmann et al., 2014e). Therefore we excluded data 588 

obtained by facemasks or the SF6 technique (Johnson et al., 1994). We only selected data from 589 

animals that were fed on roughage only to allow comparison to the data obtained from our 590 

respiration measurements, and to exclude the effect of diet type (roughage vs. concentrate-based 591 

diets). Only measurements that could be related to BM, dry matter intake (DMI), and, if possible, 592 

GE intake (GEI) and digestible NDF intake (dNDFI) (see Table S5.1 in the appendix for data and 593 

sources) were used. Due to the differences in the level of detail reported in the individual 594 

publications, the corresponding datasets differed distinctively in sample size between variables.  595 

 596 

5.3.4 Statistical evaluation 597 

After testing for normal distribution of the data, methane emission of the species investigated in the 598 

present study were compared by applying ANOVAs to values in L kg-1, L kg DMI-1, L kg dNDFI-1, 599 

and % of GEI. Pair-wise comparisons were done with Tukeys HSD test. To determine the 600 

allometric relationships in the literature data from ruminants and the data measured in gazelles, we 601 

applied linear models with CH4 production (L d-1, L kg DMI-1, % of GEI, and L kg dNDFI-1) as the 602 

dependent variable, and BM as independent variable. Analyses were carried out with ln- 603 

transformed values. The measurements from the species investigated in this study could not be 604 

directly compared to other ruminants, because there are hardly any available data for species of the 605 

same BM range. Therefore, we compared the values measured in the present study to expected 606 

values based on the regression from literature data by applying paired t-tests. All statistical tests 607 

were carried out with R 3.0.2 (R Core Development Team, 2011) and significance levels were set to 608 

D = 0.05, with p-values between 0.05 and 0.10 considered as trends. 609 

 610 

5.4 Results 611 

The CH4 measurements of the gazelles and dikdiks investigated in the present study are presented in 612 

Table 5.2. All measures of CH4 production (in absolute values, per kg DMI, per kg dNDFI and in % 613 

GEI) differed significantly between species (F = 11.6 – 20.8; P < 0.001) with values of N. 614 

soemmerringii being consistently lower than those of the other species (P < 0.002), while there was 615 

no difference among the three other species (P>0.14). Methane values of M. saltiana, G. spekei and 616 

G. gazella were higher than expected from an equation based on literature data from other 617 
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ruminants (M. saltiana: T = -7.3 to – 4.1; P = 0.003 – 0.007; G. spekei: T = -7.2 to – 5.1; P = 0.002 618 

– 0.007; G. gazella: T = -9.4 to -3.2; P = 0.001 – 0.034) while data from N. soemmerringii were  619 

lower than expected values (T = 2.9 – 5.2; P = 0.004 to 0.035). NDF digestibilities of M. saltiana 620 

(73 ± 4 %) were significantly higher than the ones of all other species (P < 0.001), while G. spekei 621 

(43 ± 6); G. gazella (45 ± 12) and N. soemmerringii (54 ± 4) did not differ in this respect (P = 0.08 622 

– 0.96). 623 

Depending on the data integrated into the analysis, DMI showed an allometric scaling 624 

exponent of 0.95-0.98, which indicates an almost linear scaling with BM (Table 5.3, Fig. 5.1 A). 625 

The same applies for dNDFI with an exponent of 1.05 – 1.12 and GEI with 0.89 – 0.94 (Fig. 5.1 626 

B&C). The 95% confidence intervals (CI) were overlapping for the regressions based on the gazelle 627 

data and the ones based on literature data from various ruminant species indicating the lack of 628 

major differences between the regression lines.  629 

Adding the absolute methane values in L d-1 from the gazelles and the dikdiks to the 630 

regression analysis altered the scaling exponent from 1.04 to 0.96. The 95% CIs of the exponents 631 

from the gazelle data and the literature ruminant data were not overlapping, indicating different 632 

slopes (Table 5.4, Fig. 5.2 A). The scaling of the gazelle data was less steep (exponent of 0.81) than 633 

that of the ruminant data reported in literature. 634 

When adding the methane values of the gazelles in L kg DMI-1, L kg dNDFI-1 or in %GEI, 635 

the slopes were slightly altered. However, the maximum R2 of these regressions was 0.22, 636 

indicating that there was no general strong allometric relationship (Table 5.4, Fig. 5.2 B-D). 637 

 638 

 639 

 640 
Table 5.2. Measured values (mean and SD) of methane production in the four ruminant species of 641 
this study. 642 
Species Body mass CH4 production 

 kg L kg-1 L kg DMI-1  L kg dNDFI-1  % GEI 

N. soemmerringiia1 35.1 ± 4.7 0.38 ± 0.08 15.9 ± 4.1 72.1 ± 16.8 3.6 ± 0.9 

G. gazellab2 16.3 ± 1.4 0.70 ± 0.05 32.0 ± 2.2 197.9 ± 73.7 7.6 ± 0.5 

Gazella spekeib2 12.4 ± 1.3 0.74 ± 0.10 32.0 ± 3.3 202.4 ± 40.5 7.4 ± 0.8 

M. saltianac2 2.00 ± 0.15 0.77 ± 0.19 28.4 ± 5.5 188.6 ± 33.3 6.3 ± 1.2 

BM body mass, DMI dry matter intake, dNDFI digestible neutral detergent fibre intake, GEI gross energy 643 
intake. CH4 values aare lower, bshow a trend towards being lower, care higher than values expected from the 644 
equation based on literature data from other ruminants (Fig. 2). CH4 values from all four variables are lower 645 
in N.soemmerringii (1) than in all other species (2). 646 
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Table 5.3. Regression equations based on linear models of DMI, dNDFI and GEI as dependent variables and body mass as independent variable with 
datasets consisting of literature data from ruminants, measured data from this study, or both. 
Dependent variable Dataset Intercept Lower CI Upper CI Exponent Lower CI Upper CI P R2 

DMI (kg d-1) 
Ruminants literature 0.023 0.016 0.034 0.98 0.89 1.06 <0.001 0.95 
Gazelles & dikdik 0.027 0.024 0.031 0.95 0.90 1.00 <0.001 0.98 
All 0.027 0.023 0.031 0.95 0.91 0.99 <0.001 0.98 

dNDFI (kg d-1) 
Ruminants literature 0.005 0.001 0.018 1.05 0.80 1.30 <0.001 0.89 
Gazelles & dikdik 0.004 0.003 0.005 1.06 0.96 1.16 <0.001 0.96 
All 0.003 0.003 0.004 1.12 1.05 1.19 <0.001 0.97 

GEI (kJ d-1) 
Ruminants literature 624.0 270.8 1437.9 0.89 0.72 1.07 <0.001 0.86 
Gazelles & dikdik 472.1 409.1 544.8 0.94 0.88 0.99 <0.001 0.98 
All 475.5 383.7 589.4 0.94 0.89 1.00 <0.001 0.96 

DMI dry matter intake, dNDFI digestible neutral detergent fibre intake, GEI gross energy intake 
 
 
Table 5.4.  Regression equations based on linear models of methane emission as dependent variable and body mass as independent variable with 
datasets consisting of literature data from ruminants, measured data from this study, or both. 
Dependent variable 
(CH4) expressed in Dataset Intercept Lower CI Upper CI Exponent Lower CI Upper CI P R2 

L d-1 
Ruminants literature 0.47 0.32 0.71 1.04 0.95 1.12 <0.001 0.92 
Gazelles & dikdik 0.95 0.74 1.23 0.81 0.71 0.91 <0.001 0.93 
All 0.68 0.55 0.84 0.96 0.91 1.01 <0.001 0.95 

L kg DMI-1  
Ruminants literature 19.01 14.1 25.7 0.08 0.01 0.14 0.019 0.15 
Gazelles & dikdik 34.80 25.9 46.8 -0.14 -0.25 -0.02 0.025 0.22 
All 25.62 21.4 30.7 0.01 -0.04 0.05 0.695 0.003 

L kg dNDFI-1  
Ruminants literature 97.94 57.9 165.8 -0.02 -0.12 0.09 0.731 0.01 
Gazelles & dikdik 257.48 172.9 383.5 -0.24 -0.40 -0.09 0.004 0.33 
All 220.81 169.5 287.6 -0.18 -0.25 -0.11 <0.001 0.43 

% GEI 
Ruminants literature 4.11 2.61 6.46 0.10 -0.00 0.19 0.053 0.17 
Gazelles & dikdik 7.92 5.81 10.78 -0.12 -0.24 0.00 0.050 0.17 
All 6.12 4.94 7.57 0.00 -0.06 0.06 0.938 0.001 

DMI dry matter intake, dNDFI digestible neutral detergent fibre intake, GEI gross energy intake 
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 1 

 2 
 3 
Figure 5.1 A-C. Relationship of (A) dry matter intake (DMI), (B) digestible neutral detergent fibre intake (dNDFI), (C) gross energy intake (GEI) to 4 
BM. Continuous lines indicate the regression lines based on data from gazelles, dikdiks, and literature data from other ruminants. 5 
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 6 

Figure 5.2 A-D.  Relationship of absolute methane emission in (A) L day-1, (B) L kg DMI-1 (dry 7 
matter intake), (C) L kg dNDFI-1 (digestible neutral detergent fibre intake), (D) in % GEI (gross 8 
energy) to body mass. Dashed and dotted lines indicate regression lines of data from gazelles/dikdik 9 
investigated in this study and ruminants from literature, respectively, while the continuous line 10 
indicates the regression line of all data. 11 
 12 

5.5 Discussion  13 

5.5.1 General discussion of the results 14 

N. soemmerringii showed lower CH4 production when compared to the other three species. Also, 15 

the CH4 emission values measured in the three smaller species ranged above the expected values 16 
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based on the equation developed from literature data, while N. soemmerringii was the only species 17 

that showed lower CH4 values than expected. This is in contrast to our hypothesis, based on which 18 

we expected to find a lower CH4 emission in M. saltiana. This species has formely been shown to 19 

have a lowered metabolism when compared to other ruminants (chapter 2) In fact, the CH4 values 20 

found in this species were similar to the ones measured in the two other smaller species and even 21 

higher than expected based on the equation developed from literature data. The lower CH4 emission 22 

in N. soemmerringii, a species with a metabolic rate close to mammalian average (chapter 3) was 23 

unexpected, since the relative food, fibre and energy intakes by this species were similar to those of 24 

the other gazelle species (Fig. 5.1 A-C), so the different relative CH4 production cannot be 25 

explained by concomitant differences in intake. Different levels in CH4 could be explained by 26 

differences in fibre digestibility. However, while the NDF digestibilities of M. saltiana were higher 27 

than the ones of all other species, the ones of N. soemmerringii, having the lowest relative CH4 28 

production, did not differ from G. gazella and G. spekei and were in fact slightly higher. It appears 29 

therefore that fibre digestibility does not conclusively explain differences in methane production. 30 

Alternatively, N. soemmerringii could harbour a difference in the community of the gut microbes, 31 

for instance higher numbers of acetogens, which could act as an alternative sink for H2 (Joblin, 32 

1999). However, explanations for the lower CH4 emission in this species remain purely speculative. 33 

In contrast to our initial expectation, the amount of energy lost to CH4 was not different in the 34 

gazelles investigated than in other ruminants and also not lower in M. saltiana, a species with a 35 

comparatively low metabolic rate. Therefore, it appears that a lower level of methanogenesis is no 36 

necessary mechanism to save energy in response to habitats characterised by scarcity in food. 37 

 38 

5.5.2 Allometric scaling of methane emission and implications for energy loss 39 

Adding the CH4 values measured in the present study to existing ruminant data resulted in a slight 40 

reduction of the scaling exponent. However, the magnitude by which it differs from 1 remains the 41 

same (before +0.04, with gazelles –0.04), still indicating a linear scaling with BM. It has been 42 

discussed that, if energy requirements for maintenance scale to BM to an exponent of 0.75 and CH4 43 

production to an exponent of 1, the energy loss due to enteric methanogenesis is higher in larger 44 

animals, which might eventually have been a limitation for the size of ruminants (Franz et al., 45 

2010). Albeit we still find the same allometric scaling, the amount of CH4 produced as a percentage 46 

of GEI does not increase in larger animals but shows hardly any scaling at all, ranging at 6.1 % 47 

across all ruminant species. This is in concordance with other estimations from literature assuming 48 

values in the range of 5.5 to 6.5 % GEI (Johnson and Ward, 1996) or conversion factors (Ym) of 49 
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6.5% used for estimating CH4 emissions from ruminants fed diets containing less than 90% of 50 

concentrate (IPCC, 2006).  51 

5.5.3 Global methane emissions from non-domestic ruminants 52 

Investigating CH4 emission from ruminants always bears the potential to calculate the amounts 53 

emitted by certain animals or, based on animal numbers, certain regions. While there are numerous 54 

studies investigating CH4 emission from domestic ruminants (see Introduction), hardly any 55 

measurements on non-domestic species exist, which entails uncertainties on how to calculate 56 

emission factors for these animals. Including livestock emissions into global GHG surveys reveals 57 

that enteric fermentation, mostly of domestic ruminants, contributes approximately 20-25% to the 58 

observed increase in atmospheric CH4 (Lassey, 2007). While emissions from domestic ruminants 59 

can be estimated very precisely using equations that incorporate food intake and diet composition 60 

(Kirchgessner et al., 1991, Jentsch et al., 2007, Hippenstiel et al., 2013), our results, revealing a 61 

relatively linear scaling of absolute CH4 emission with BM, appear to justify the usage of a simple 62 

factor based on an allometric equation to estimate CH4 emission from non-domestic animals. As 63 

pointed out by Crutzen et al. (1986), it is difficult to estimate global methane emission from non- 64 

domestic ruminants due to lack of data on population sizes. In their approach to calculate CH4 65 

emission   of   China’s   wild   ruminants   (deer   and   moose) and ruminants inhabiting the Serengeti 66 

(mainly gazelles and wildebeest), these authors used a conversion factor of 9% GEI as animals fed 67 

on roughage. Applying a factor of 6%, as found in this study, would consequently result in global 68 

estimates that are lower by one third (1.3 – 4 Tg instead of 2 – 6 Tg). Such a magnitude is, as 69 

already pointed out by Crutzen et al. (1986), small in comparison to what domestic ruminants 70 

produce, which was estimated to have been 93 Tg CH4 in 2012 (FAO, 2014). Based on population 71 

data and average BM values from Hackmann and Spain (2010), the estimated 75.3 mio wild 72 

ruminants would, according to the allometric regression from this study, result in a total emission of 73 

0.85 Tg CH4 per year. Considering both estimates, this would mean that wild ruminants emit 0.9 to 74 

4.3 % of the amount produced my domestic ruminants. 75 

A more recent study of Du Toit et al (2014) estimated CH4 emissions of African game 76 

species, including non-domestic ruminants such as giraffes, buffaloes, and several antelope species. 77 

Applying our simple allometric equation to the animals of a given BM from that study results in 78 

CH4 values that are on average 25% higher than the ones reported by Du Toit et al (2014). Du Toit 79 

et al (2014) used equations based on food intake levels and energy requirements of cattle to 80 

estimate CH4 production of game. Applying our allometric equation for DMI to the animals used in 81 

that study results in a DMI that is on average 8% higher than the intake assumed by Du Toit et al 82 

(2014). One would expect higher intake levels from producing animals like domestic cattle than 83 
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from non-domestic animals, but the equation applied in that study might have underestimated the 84 

actual DMI of the animals. 85 

Even when considering that there would be more wild ruminants without the extensive 86 

habitat destruction due the expansion the human population, the natural background level of CH4 87 

produced by these animals would probably still be far below the amounts produced in agriculture. 88 

Therefore, including emissions from non-domestic ruminants into greenhouse gas budgets might be 89 

interesting for countries harbouring large numbers of wild ruminants, but it would not make a 90 

significant difference on a global scale. 91 

 92 

5.5.4 Outlook 93 

In the present study we analysed CH4 data from animals fed roughage, which we considered a good 94 

approximation to the natural diet of wild animals. However, one can expect the natural diet of wild 95 

ruminants to differ to a varying degree from experimental diets, because some species probably 96 

have to cope with diets with higher or lower contents of lignified fibre. As digestible fibre such as 97 

cellulose is the main substrate for methanogenesis (Moe and Tyrrell, 1979), levels of CH4 emitted 98 

by individuals in the wild may differ from measures in captivity on consistent forage. Measuring 99 

CH4 in non-domestic ruminant species on their natural diet would certainly deliver more accurate 100 

estimates for global emission levels; however, this would pose methodological and logistical 101 

challenges. It is not possible to directly compare the measurements obtained in the present study to 102 

those from other ruminants, as there are no data available of the same BM range. To further 103 

corroborate the allometric scaling of CH4 emission in ruminants, it would therefore be interesting to 104 

measure more non-domestic species, in particular of small body masses (e.g. duikers, tragulids, 105 

pudu, moschids), other taxonomic families (e.g. cervids) or to compare browsing and grazing 106 

species in this respect. Du Toit et al (2014) assumed a difference in CH4 emission between 107 

browsing and grazing game species in a semi-wild environment, based on a different digestibility of 108 

their respective diets. Browse is assumed to lower methanogenesis due to a higher lignification and 109 

therefore lower digestibility of the fibre (Robbins, 1993). In a study on muskoxen, the addition of 110 

different browse led to slightly lower levels of CH4 emissions (White and Lawler, 2002). In 111 

addition, some browse species contain elevated levels of tannins, bearing a potential to lower 112 

methanogenesis (Goel and Makkar, 2012, Jayanegara et al., 2012, Staerfl et al., 2012), which could 113 

result in lower CH4 emissions from browsers compared to grazers on their natural diet.  114 
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6.1 Abstract 
Methane emissions from ruminant livestock have been intensively studied in order to reduce 

contribution to the greenhouse effect. Ruminants were found to produce more enteric methane than 

other mammalian herbivores. As camelids share some features of their digestive anatomy and 

physiology with ruminants, it has been proposed that they produce similar amounts of methane per 

unit of body mass. This is of special relevance for countrywide greenhouse gas budgets of countries 

that harbour large populations of camelids like Australia. However, hardly any quantitative methane 

emission measurements have been performed in camelids. In order to fill this gap, we carried out 

respiration chamber measurements with three camelid species (Vicugna pacos, Lama glama, 

Camelus bactrianus; n = 16 in total), all kept on a diet consisting of food produced from alfalfa 

only. The camelids produced less methane expressed on the basis of body mass (0.32 ± 0.11 L kg-1 

d-1) when compared to literature data on domestic ruminants fed on roughage diets (0.58 ± 0.16 L 

kg-1 d-1). However, there was no significant difference between the two suborders when methane 

emission was expressed on the basis of digestible neutral detergent fibre intake (92.7 ± 33.9 L kg-1 

in camelids vs. 86.2 ± 12.1 L kg-1 in ruminants). This implies that the pathways of methanogenesis 

forming part of the microbial digestion of fibre in the foregut are similar between the groups, and 

that the lower methane emission of camelids can be explained by their generally lower relative food 

intake.  Our  results  suggest  that  the  methane  emission  of  Australia’s  feral  camels  corresponds  only  

to   1   to   2%   of   the   methane   amount   produced   by   the   countries’   domestic   ruminants   and   that  

calculations of greenhouse gas budgets of countries with large camelid populations based on 

equations developed for ruminants are generally overestimating the actual levels.  
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6.2 Introduction 
The quantification and abatement of methane (CH4) emissions from domestic ruminants have 

received major attention from the scientific community during the last decades (Johnson and 

Johnson, 1995, Beauchemin et al., 2008, Martin et al., 2010). Ruminants digest fibrous 

carbohydrates by microbial fermentation of plant material in their gastrointestinal tract (Hackstein 

and van Alen, 1996). One of the side products of this fermentation process is CH4, a greenhouse gas 

(GHG) that also represents a loss of energy to the host animal (Johnson and Johnson, 1995).  

Among mammals, ruminants (Ruminantia) produce the highest amounts of CH4 in relation 

to body mass, yet explanations for this finding remain speculative (Franz et al., 2010). Some of the 

features that characterise ruminants, like the ability to ruminate and a chambered foregut that 

enables the sorting of food particles according to size, are shared with another artiodactyl suborder, 

the camelids (Tylopoda) (Vallenas et al., 1971, Lechner-Doll and von Engelhardt, 1989, Wang et 

al., 2000, von Engelhardt et al., 2006a). Given these similarities in digestive anatomy and 

physiology, it has been assumed that camelids produce similar amounts of CH4 as ruminants when 

compared at the same body mass range (Lerner et al., 1988, IPCC, 2006, Franz et al., 2010) and are 

thus responsible for the release of significant amounts of this GHG. However, despite the 

similarities to the ruminant digestive anatomy and physiology, there are some important differences 

between the two suborders: 

1) The camelid foregut can be separated into three compartments (Vallenas et al., 1971, Wang 

et al., 2000). The first two compartments (C1 and C2) represent a fermentation chamber 

similar to the reticulorumen of ruminants. The last elongated tubular compartment (C3) 

shows similarities to the abomasum of ruminants (Wang et al., 2000). Despite structural 

similarities with the ruminant foregut, the camelid compartments cannot be considered as 

direct homologues (Vallenas et al., 1971).  

2) Camelids have a lower food intake compared to ruminants (Meyer et al., 2010), which 

corresponds to their lower energy requirements (NRC, 2007). This can be interpreted as an 

adaptation to environments with low resource availability. 

3) Food particles are retained longer in the camelid foregut than in the ruminant foregut (Heller 

et al., 1986c). This could be explained by the lower intake of food, and results in a longer 

time of fermentation, which is a prerequisite for effective fibre digestion. It has also been 

suggested that longer particle retention is achieved by the delayed start of rumination after 

feeding compared to ruminants (von Engelhardt et al., 2006a).  

4) The mechanism of particle sorting in the forestomach appears to be similarly density-

dependent in camelids and ruminants (Lechner-Doll and von Engelhardt, 1989). However, 
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some proportions of large particles are found in the last camelid forestomach compartment 

(C3), where no further breakdown of particles takes place. Large particles are not found in 

the distal digestive tract or feces, these large particles need to be returned to the C1/C2 

compartments from which they can be re-submitted to further size reduction via rumination 

(Lechner-Doll and von Engelhardt, 1989). This particularity of retaining very large particles 

in the last compartment could represent a limitation for food intake. 

5) Camelids were reported to have a higher efficiency in dry matter and fibre digestion than 

ruminants (Hintz et al., 1973, Kayouli et al., 1993, Dulphy et al., 1997, Sponheimer et al., 

2003). This is probably achieved by a longer retention of particles and not by different 

fermentation pathways, as composition of the microbial community in the camel gut 

resembles the one in ruminants (Ghali et al., 2004, Ghali et al., 2011). The longer particle 

retention and the consequently longer exposition to microbial fermentation could result in a 

higher CH4 production per unit food ingested when compared to ruminants. 

Taken together, there are notable differences in the anatomy and physiology of the digestive tract 

between camelids and ruminants, which may influence microbial CH4 production. Relatively little is 

known about CH4 emission by camelids. Hackstein and Van Alen (1996) detected methanogenesis 

in the feces of Bactrian camels (Camelus bactrianus), alpacas (Vicugna pacos) and guanacos (Lama 

guanaicoe). A study on methanogenic archeae in the alpaca foregut revealed the presence of 

Methanobrevibacter strains, which are the most common methanogens in ruminants, at similar 

densities as reported for ruminants (St-Pierre and Wright, 2012). The occurrence of production of 

enteric CH4 was confirmed for dromedaries (Camelus dromedarius) (Schulze et al., 1997, 

Guerouali and Laabouri, 2013), llamas (Lama glama) (Carmean et al., 1992, Vernet et al., 1997) 

and alpacas (Pinares-Patiño et al., 2003, Liu et al., 2009a, Liu et al., 2009b, Pinares-Patiño et al., 

2013). 

Including livestock emissions into global GHG surveys revealed that enteric fermentation, 

mostly of ruminants, contributes approximately 20 to 25% to the observed increase in atmospheric 

CH4 (Lassey, 2007). Such estimates are generally developed based on equations for ruminants and 

animal population sizes of the respective countries (IPCC, 2006). Therefore, specific data for CH4 

emission from camelids are interesting for calculating GHG budgets of countries that harbour large 

populations of camelids like several African and South American countries as well as Australia 

(Saalfeld and Edwards, 2010, FAO, 2013).  

To fill this gap of knowledge, we measured CH4 emission in three camelid species and 

compared them with literature data from ruminants. Our hypotheses were that (i) camelids produce 

less CH4 than ruminants per kg of body mass (BM) because it is known that their food intake per 

capita is lower than that of ruminants of similar size (NRC, 2007, Meyer et al., 2010). Given the 
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longer time of particle retention camels (Heller et al., 1986c), which results in a longer time 

available for fermentation of the digesta and, thus, in a higher nutrient digestibility (Hintz et al., 

1973, Kayouli et al., 1993, Dulphy et al., 1997), (ii) CH4 production per unit food ingested was 

expected to be higher in camelids than in ruminants. The same was expected for methane expressed 

as percentage of digestible energy intake (DEI) as a higher digestibility might result in a production 

of higher amounts of CO2 and H2, the substrates for CH4. This has already been shown in sheep 

(Blaxter and Clapperton, 1965) (iii). As fibre is the main substrate for methanogens (Moe and 

Tyrrell, 1979), CH4 emission should be determined especially by the amount of digestible fibre 

ingested by the animal. Despite the differences in digestive anatomy and physiology between 

ruminants and camelids, we further assumed that the process of fibre digestion itself and the 

pathways of methanogenesis are similar in both groups and that, therefore, (iv) camels produce the 

same amount of CH4 when expressed on a basis of digestible neutral detergent fibre intake 

(dNDFI). 

 

6.3 Material and methods 

6.3.1 Study species 

Measurements were carried out on three camelid species that were chosen to cover a range of body 

mass corresponding that of domestic ruminants. The smaller two species, alpacas and llamas, 

belong to the SAC. Despite uncertainties about their taxonomic affiliations, llamas and alpacas are 

considered to be the domesticated forms of the guanaco (Lama guanicoe) and vicugna (Vicugna 

vicugna), originating in the Andean region (Wheeler, 1995). The third species selected was the 

Bactrian camel, the largest member of this suborder, which was originally distributed over the 

Asian continent, while nowadays only few remaining free-ranging individuals roam small desert 

areas in Mongolia and China (Tulgat and Schaller, 1992).  

 

6.3.2 Respiration measurements 

Five alpacas kept at Zurich zoo, and six llamas and five Bactrian camels kept on a private camel 

farm in Switzerland were separated and kept in individual pens. Animals had access to a diet 

consisting of alfalfa hay provided at ad libitum access and a limited amount of alfalfa pellets (Table 

6.1). Alfalfa pellets made up 53 ± 10, 33 ± 6 and 21 ± 2 % of DMI in alpacas, llamas and Bactrian 

camels respectively. They had unrestricted access to water. Details on the experimental animals are 

given in Table 6.2. 
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In order to determine DMI, digestible NDF intake (dNDFI), and DEI, food supply, refusal 

and feces amounts were weighed daily during one week before the CH4 measurements, and 

representative samples were taken. After the animals were weighed on a mobile scale (alpacas) or a 

truck scale (llamas, Bactrian camels), they were put separately into the respiration chambers for one 

24 h period. For the alpacas, a transport box of a size of 1.9 × 0.7 × 1.3 m was used as chamber, for 

the llamas and the Bactrian camels a part of a building was separated by wooden panels to build 

boxes of 2.9 × 1.6 × 2.4 m and 4.5 × 2.9 × 2.4 m, respectively. To prevent air leaks, the chambers 

were sealed with plastic foil (Building and covering film, 0.2 mm, Folag AG Folienwerke, 

Sempbach, CH), silicone and tape. In the chambers the animals also had free access to alfalfa hay 

and water, and a limited amount of alfalfa pellets. 

 

Table 6.1. Nutrient composition of the diet items used in the present study (in g kg-1 or MJ kg-1 dry 
matter) 

Diet item Species Total 
ash 

Crude 
protein 

Ether 
extract NDF ADF ADL GE 

Lucerne hay         

 Alpaca 83 148 10 585 385 84 18.3 
 Llama 96 133 9 592 446 92 18.1 
 Bactrian camel 96 163 10 562 456 99 17.9 
Lucerne 
pellets* all 119 166 16 408 333 79 18.3 

NDF neutral detergent fibre, ADF acid detergent fibre, ADL acid detergent lignin, GE gross energy; *No. 
2805, Provimi Kliba SA, Kaiseraugst, Switzerland. 
 
 
 

 

Chambers were fitted with a series of air inlets at the bottom and a series of air outlets at the 

top of the chamber, that were connected to an air pump (Flowkit 500, Sable Systems, Las Vegas, 

USA), which ensured a slight under-pressure in the chamber and constant flow rates of 48 to 72 L 

min-1 for alpacas, 116 to 148 L min-1 for llamas and 362 to 460 L min-1 for Bactrian camels, 

respectively. Levels of CH4, oxygen, carbon dioxide, water vapor pressure and barometric pressure 

were measured by gas analysers (MA-10 and Turbofox, Sable Systems) from ambient air and air 

sampled from the chambers at alternating intervals of 90 s each. Wash out times for the system 

ranged at 10 seconds and readings were corrected for this time lag. For data analysis, we only used 

measurements recorded after gas levels in the chamber had reached a stable plateau, which occurred 

60 to 150 min after the animals had been placed in the boxes. Animals were under constant 

monitoring throughout the measurements. 

Gas analysers were calibrated prior to each measurement by using pure nitrogen and a 
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calibration gas (PanGas, 19.91 % O2, 0.51 % CO2, 0.49 % CH4 dissolved in nitrogen). Data 

obtained by the respiratory system were analysed with the software ExpeData (Sable Systems) 

where the mean CH4 concentration was calculated and corrected for CH4 concentration in ambient 

air, partial pressures of oxygen, carbon dioxide and water vapor as well as barometric pressure.  

 

6.3.3 Sample analysis 

Nutrient contents of the samples from food, refusals and feces were analysed using standard 

procedures (Van Soest et al., 1991, AOAC, 1995). All samples were oven-dried at 65°C and ground 

to 0.75 mm with a mill (Retsch GmbH, Haan, Germany). Samples were analysed for dry matter 

content by drying at 103 °C to constant weight. Gross energy (GE) was determined by bomb 

calorimetry (IKA-Calorimeter C4000, Ika, Stauffen, Germany). Total ash (TA) was analysed using 

a muffle furnace (Naumann and Bassler, 1976). For determinations of nitrogen by the Dumas 

method, an Elementar rapid N III Analyser (Elementar Analysensysteme, Hanau, Germany) was 

used. Crude protein (CP) was calculated as 6.25 × N (Robbins, 1993). Crude fibre (CF), NDF (after 

treatment  with  α-amylase), ADF and ADL contents were determined using the Fibretec System M 

(Tecator, 1020 Hot Extraction, Flawil, Switzerland; AOAC 962.09). The fibre data were corrected 

for ash content. Ether extract (EE) was analysed with a Soxhlet extractor system 

(Extraktionsapparatur B-811, Büchi, Flawil, Switzerland; AOAC 963.15).  Nitrogen free extract 

(NfE) was calculated as 100 – TA (%) – CP (%) – EE (%) – CF (%). 

Nutrient data were used to predict the expected amount of CH4 produced by domestic cattle 

on the corresponding diet using the equation of Kirchgessner et al. (1991): CH4 (g d-1) = 63 + 80 × 

CF (kg d-1) + 11 × NfE (kg d-1) + 19 × CP (kg d-1) – 195 × EE (kg d-1).  

 

6.3.4 Literature data 

Apart from the scarce CH4 data on camelids, where the animals had received a roughage-only diet, 

literature data were collated from the three most common domestic ruminant species, i.e. cattle (Bos 

taurus and Bos indicus), sheep (Ovis aries) and goat (Capra hircus). Only measurements that could 

be related to BM, DMI, and, if possible, DEI and dNDFI (see Table S6.1 for in the appendix data 

and sources) were used. Because of the differences in the level of detail reported in the various 

literature sources, the corresponding datasets differed distinctively in sample size. We only selected 

data from animals that were fed on roughage to allow comparison to the data obtained from our 

respiration measurements, and to broadly exclude the effect of diet (as in roughage vs. concentrate 

feeds). Only data obtained by measurements in respiration chambers were used.  
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6.3.5 Statistical evaluation 

In order to investigate how much CH4 camelids produce in relation to domestic ruminants, we 

applied general linear models (GLM) with CH4 production (L per day, L per kg DMI, % of DEI, 

and L per kg dNDFI) as the dependent variable, and body mass, suborder (SO, ruminant or camelid) 

and, when available for the majority of the data points within a dataset, NDF content of the diet as 

fixed effects. The interaction between BM and SO was also included as fixed effect, but was 

removed from the model when it was not statistically significant. In the case of a significant 

interaction, we performed separate analyses on two subgroups of different body mass ranges 

consisting of alpaca and llama (SAC) in comparison to sheep and goats (subgroup: small) and 

Bactrian camels in comparison to cattle (subgroup: large) by applying either GLMs or, when there 

was no significant effect of BM, Wilcoxon ranked sum tests. Analyses were carried out with ln-

transformed values for BM and the dependent variables. 

In addition to that, we tested whether the data obtained by our camelid measurements were 

actually in the range that would be expected for ruminants on the experimental diet by subjecting 

our data to the equation of Kirchgessner et al. (1991) and by applying a Mann-Whitney-U-test to 

compare the correspondingly estimated data with the measured data. In order to test whether CH4 

emissions correlate with indicators of energy metabolism, we incorporated emissions of CH4 and 

CO2 (L d-1) into a linear model and calculated the average ratio of CH4:CO2 to compare it to 

ruminant values from the literature. All statistical tests were carried out with R 3.0.2 (R Core 

Development Team, 2011) and significance levels were set to D = 0.05, with values between 0.05 

and 0.10 considered as trends. 

 

6.4 Results 
The dataset on CH4 in L d-1 contained 18 camelid and 48 ruminant data points. In this dataset, the 

interaction of body mass and suborder (BM × SO) was significant (F1,65 = 8.40; P = 0.005), which 

is why the two animal subgroups (small and large) were tested separately. For the smaller animals, 

there was no significance for the interaction of BM × SO but an effect of BM (F1,49 = 40.80; P < 

0.001) and a trend (F1,49 = 3.42; P = 0.071) towards lower CH4 emission from the SAC compared to 

the smaller ruminants.  

Within the larger animals, camels produced significantly less CH4 per day than cattle (W = 

2; P = 0.002) (Fig. 6.1; Table 6.3 for means). The dietary NDF contents were available for 17 

camelid and 18 ruminant data points in this dataset. The analysis of this reduced dataset revealed 

that the NDF content of the diet was no significant covariable (F1,34 < 0.001; P = 0.99). 
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The dataset on CH4 in L per kg DMI contained 18 camelid and 34 ruminant data points. In 

this dataset, there was an interaction of BM × SO (F1,51 = 5.58; P = 0.022). Testing the two 

subgroups separately revealed no effect of BM in SAC (F1,39 < 0.001; P = 0.987), and lower CH4 

emissions per kg DMI in both large and small camelids compared to ruminants (small: W = 73; P = 

0.005; large: W = 0; P < 0.001). Dietary NDF contents in this dataset were available for 17 camelid 

and 18 ruminant data points. In this reduced dataset, NDF content of the diet was a significant 

covariable (F1,34 = 2.67; P = 0.012), suggesting that in the case of expressing CH4 per DMI the 

difference between the suborders is due to the different fibre  levels of the forages used in the 

experiments evaluated. In this context, the NDF content in the diet was on average higher in 

ruminants (59%) than in camelids (50%) (W = 71; P = 0.007). 
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Table 6.2. Animals investigated in the present study and individual data on body mass, food and digestible energy intake, and methane 
production. 
Species Age Sex BM DMI NDFI dNDFI DEI CH4 
        Own measurements Estimate 

based on 
Kirchgessner 
et al. [51]* 

Ratio 
measured to 
estimated 

Ratio to 
CO2 
produced 

 y  kg kg d-1 kg d-1 kg d-1 MJ d-1 L d-1 L kg-1 DMI % DEI L kg-1 dNDFI L d-1   
Vicugna pacos 2 F 50 0.9 0.4 0.2 9.6 13.1 14.7 5.2 9.4 64.2 0.20 0.084 
Vicugna pacos 4 F 53 1.3 0.6 0.4 15.3 33.2 26.1 8.4 23.8 74.5 0.45 0.100 
Vicugna pacos 3 F 64 1.0 0.4 0.1 8.6 27.1 27.7 12.2 19.4 66.0 0.41 0.082 
Vicugna pacos 15 F 71 1.4 0.6 0.3 16.0 22.1 15.9 5.3 15.8 75.7 0.29 0.102 
Vicugna pacos 10 M 79 1.2 0.5 0.2 12.1 17.3 15.0 5.5 12.4 70.0 0.25 0.081 
Lama glama 4 F 110 2.3 1.1 0.6 24.2 51.1 22.3 8.1 36.6 99.1 0.52 0.082 
Lama glama 7 M 140 2.2 1.0 0.5 20.4 41.1 19.1 7.8 29.4 95.2 0.43 0.068 
Lama glama 4 F 140 2.4 1.2 0.6 24.1 48.1 19.9 7.7 34.4 102.0 0.47 0.074 
Lama glama 11 M 150 1.9 0.9 0.3 15.6 47.5 24.6 11.7 34.0 89.2 0.53 0.075 
Lama glama 5 F 160 2.5 1.3 0.6 24.2 46.5 18.3 7.4 33.3 105.7 0.44 0.084 
Lama glama 7 M 190 3.4 1.8 0.9 34.6 71.0 20.8 7.9 50.8 128.7 0.55 0.088 
Camelus bactrianus 13 M 590 9.4 4.8 2.2 89.0 154.2 16.4 6.7 110.4 284.6 0.54 0.080 
Camelus bactrianus 5 M 600 9.3 4.8 2.0 84.6 185.5 20.0 8.5 132.8 282.0 0.66 0.086 
Camelus bactrianus 6 M 640 8.6 4.4 1.8 80.4 117.8 13.8 5.6 84.3 262.1 0.45 0.069 
Camelus bactrianus 7 M 700 7.5 3.9 1.5 65.0 131.3 17.5 7.8 94.0 233.7 0.56 0.084 
Camelus bactrianus 7 F 760 7.9 4.2 1.7 73.9 154.5 19.5 8.1 110.6 244.6 0.63 0.070 

BM body mass, DMI dry matter intake, NDFI neutral detergent fibre intake, dNDFI digestible neutral detergent fibre intake, DEI digestible energy 
intake, y years, F female, M male. 
*Estimated based on a regression equation developed from domestic ruminants that uses information about diet nutrient composition (see chapter 6.3). 
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 1 

Table 6.3. Data on average CH4 production of camelids and ruminants obtained by respiration 2 
measurements sorted by animal size.  3 

Group  Mean BM (SD); n Mean CH4 production (SD); n 

  kg L d-1 kg BM-1  L kg DMI-1 % DEI L kg dNDFI-1 

All Camelids 259 (±260); 18 0.32 (±0.11); 18 20.1 (±4.4); 18 8.0 (±2.3); 17 92.7 (±33.9); 17 

 Ruminants 161 (±211); 48 0.58 (±0.16); 48 28.1 (±6.0); 34 11.7 (±2.8); 23 86.2 (±12.1); 10 

Small South American 

camelids 

106 (±46); 13 0.35 (±0.10); 13 21.2 (±4.6); 13 8.3 (±2.6); 12 97.4 (±39.1); 12 

 Sheep and goats 53 (±22); 37 0.55 (±0.17); 37 26.4 (±5.1); 24 11.6 (±2.4); 17 86.8 (±11.5); 6 

Large Bactrian camels 658 (±72); 5 0.23 (±0.05); 5 17.4 (±2.5); 5 7.3 (±1.1); 5 81.5 (±12.7); 5 

 Cattle 525 (±140); 11 0.66 (±0.10); 11 32.0 (±6.6); 10 12.0 (±4.2); 6 85.3 (±14.9); 4 

Note that sample size corresponds to the number of individuals used for measurements in the present study 4 
but to means from different publications for ruminants. Data sources are Table 2 for the present study and in 5 
Table S6.1 for literature data. BM body mass, DMI dry matter intake, DEI digestible energy intake, dNDFI 6 
digestible neutral detergent fibre intake. 7 
 8 

The dataset on CH4 in % DEI contained 17 camelid and 23 ruminant data points. In this dataset, 9 

there was no BM × SO interaction (F1,39 =  0.24; P = 0.625 ) and no effect of BM (F1,39 = 0.05; P = 10 

0.827). Methane emissions in % DEI were lower in camelids than in ruminants (W = 59; P < 11 

0.001). Dietary NDF contents in this dataset were available for 17 camelid and 12 ruminant data 12 

points and proved to be a significant covariable (F1,28 = 16.2; P < 0.001). This again suggests that 13 

when expressing CH4 per DEI, any difference between animals is due to the fibre content of the 14 

forages used in the experiments. In this dataset, NDF content in the diet was on average 57% in 15 

ruminants and 50% in camelids (W = 152; P = 0.028). 16 

The dataset on CH4 per kg dNDFI contained 17 camelid and 10 ruminant data points. In this 17 

dataset, there was no interaction of BM × SO (F1,23 = 0.19; P = 0.663) and no effects of BM (F1,23 = 18 

0.47; P = 0.501) and NDF content (F1,23 = 0.01; P = 0.927). There were also no differences between 19 

ruminants and camelids (W = 83; P = 0.941) (Fig. 6.2). 20 

In order to test whether the sample of the domestic ruminants influenced the results, we repeated all 21 

analyses (for CH4 per kg BM, per kg DMI and in % DEI) using only the 10 data points for domestic 22 

ruminants for which data in CH4 per kg dNDFI were available. The outcome did not differ from the 23 

results based on the larger datasets. 24 

The amount of CH4 measured from the Bactrian camels in this experiment on average 25 

amounted only to 46% of the CH4 production estimated from the equation derived from ruminant 26 

data (Kirchgessner et al., 1991) (U = 0; P < 0.001). This was very similar to the difference found in 27 
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absolute CH4 production in the larger animals, where Bactrian camels produced 47.5% of the level 28 

of CH4 production described for cattle in L d-1. The CH4 emission of the camelids correlated highly 29 

with CO2 emissions (R2 = 0.98; P < 0.001) and the CH4:CO2 ratio was 0.082 ± 0.010. 30 

 31 

6.5 Discussion 32 

6.5.1 Level of methane emissions by camelids  33 

Only few comparable literature data on CH4 emissions by camelids are available for inclusion into 34 

the overall analysis. To the knowledge of the authors, no CH4 measurements have been obtained in 35 

Bactrian camels before. We are aware that limiting measurements to 24 h, as done for the animals 36 

in the present study, might be somewhat biased due to variation between days in physical condition, 37 

feeding behavior or stress of the animals remaining unaccounted for. However, literature data on 38 

CH4 measurements obtained in llamas (Vernet et al., 1997) and alpacas (Pinares-Patiño et al., 2013) 39 

kept on a roughage-only diet were incorporated in our analysis and turned out to be in the range of 40 

the values measured in this study, indicating the reliability of data derived under similar conditions 41 

from respiration measurements.  42 

 

Figure 6.1. Methane emission in L d-1 of domestic ruminants (literature data) and camelids (own 
measurements, literature data included in the regression analysis and literature data not included 
due to differences in methodology) in relation to body mass. 95% confidence intervals of the 
regression lines are given in brackets. R2 values of the regression lines are 0.93 for ruminants and 
0.91 for camelids. For data sources see Table S6.1 in the appendix. 
 43 
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Figure 6.2. Methane emission in L per kg digestible neutral detergent fibre intake (dNDFI) of 
domestic ruminants (literature data) and camelids (own measurements, literature data included in 
the regression analysis and literature data not included due to differences in methodology) in 
relation to body mass. 95% confidence intervals of the regression lines are given in brackets. R2 
values of the regression lines are 0.02 for ruminants and < 0.001 for camelids. For data sources see 
Table S6.1 in the appendix. 
 44 

 45 

Besides these scarce data, some CH4 measurements in camelids have been published that were not 46 

obtained by chamber respirometry or not on a roughage-only diet (Carmean et al., 1992, Pinares- 47 

Patiño et al., 2003, Liu et al., 2009a, Liu et al., 2009b, Guerouali and Laabouri, 2013). Despite the 48 

different measurement conditions, these values are mostly consistent in magnitude with our 49 

measurements (Fig. 6.1 and 6.2).  50 

 51 

6.5.2 Methane emissions by camelids in comparison to ruminants  52 

Our evaluation demonstrated that camelids produce less CH4 than ruminants when expressed on a 53 

basis of BM, but that CH4 production does not differ when expressed on a basis of digestible NDF 54 

intake. The differences observed in CH4 production between suborders when expressed per unit of 55 

dry matter or digestible energy intake are most likely due to the disparity in average fibre contents 56 

of the forages fed in the studies evaluated to either camelids (lower in fibre content) or ruminants. 57 

Total CH4 production per day in camelids, expressed per kg body mass, were on average only 56% 58 

of that reported for ruminants. In contrast, when expressed per unit of dry matter intake, camelid 59 
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CH4 production was on average 73% of that in ruminants, which mirrors the lower fibre content of 60 

the diet the camelids received compared to the ruminants. In contrast to our prediction, the 61 

putatively higher digestive efficiency of camelids did not lead to higher methane values when 62 

expressed per unit food intake. 63 

The least biased variable to compare methanogenesis from nutrient digestion is the amount 64 

of CH4 produced per unit of NDF digested. Because, in ruminants, methane is formed from CO2 65 

and H2, which are products of microbial fermentation of carbohydrates (Moss et al., 2000, Martin et 66 

al. 2010), fibre is considered the major substrate for methanogenesis (Moe and Tyrrell, 1979). 67 

Analyzing CH4 produced per unit of NDF digested excludes other influences on digestive 68 

efficiency, such as different fermentation conditions or a different digesta passage rate. Indeed, 69 

from the present evaluation it is obvious that camelids produce as much CH4 per unit of digestible 70 

NDF as ruminants. This suggests that the pathways of methanogenesis via microbial fermentation 71 

might not differ between the two suborders. Differences between suborders in the amount of CH4 72 

produced therefore reflect the amount of fibre the animal digested, which in turn is determined by 73 

the general intake level. The most likely explanation for the lower absolute CH4 production in 74 

camelids, therefore, is their generally lower metabolism associated with lower nutrient requirements 75 

and thus a lower food intake per unit of body mass (NRC, 2007, Meyer et al., 2010). This can be 76 

assumed to reflect an adaptation to environments characterised by low resource availability. A low 77 

metabolism and intake is also indicated by a low CO2 production per unit of BM. Therefore a 78 

similar CH4:CO2 ratio can be expected in camelids and ruminants, which was actually the case. 79 

Levels reported for ruminants are ranging between 0.050 and 0.096 (Sauer et al., 1998, Madsen et 80 

al., 2010, Lassen et al., 2012, Hellwing et al., 2013) compared to the average of 0.082 found in the 81 

camelids of the present study.  82 

 83 

6.5.3 Implications of the findings of low methane emissions by camelids 84 

Methane production estimates for camelids, derived from an often-used equation developed for 85 

ruminants based on nutrient composition of the diet (Kirchgessner et al., 1991), were more than 86 

twice as high as the actually measured methane amounts. Therefore, this and similar equations do 87 

not seem appropriate to predict CH4 emissions of camelids. Even conventional estimates based on 88 

the IPCC (2006) default equation based on Ym (the ratio of CH4 energy to GE intake) are often 89 

applied  incorrectly  because  the  proportionately  lower  GE  intake  as  a  consequence  of  the  camelids’   90 

lower food intake is not considered. This is important when calculating GHG budgets for countries 91 

that harbour large populations of camelids, such as in northeastern Africa, South America (FAO, 92 

2013) or Australia (Saalfeld and Edwards, 2010). In general, equations developed for livestock to 93 
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estimate CH4 emissions from any non-domestic species have to be applied carefully and 94 

assessments should rather rely on specific measurements. 95 

Numerous approaches have recently been considered to reduce the contribution of enteric 96 

CH4 from livestock to the greenhouse effect. Among others, the mitigation of emissions from 97 

introduced feral one-humped camels has been discussed in Australia, a country that harbours the 98 

fifth largest population of dromedaries in the world (Zeng and McGregor, 2008). The increasing 99 

negative impacts of these non-endemic animals on the Australian ecosystem initiated the search for 100 

appropriate management solutions (Coventry et al., 2010, McGregor and Edwards, 2010). 101 

Statements that camels emit large amounts of CH4 and thereby intensively contribute to the GH 102 

effect (Northwest Carbon Pty Ltd, 2011) promoted calls for large-scale culling of these animals. 103 

However, the assumptions made concerning methane emission from the camels were based on 104 

estimates following the IPCC guidelines for national GHG inventories (IPCC, 2006), with their 105 

limited applicability for camelids. While there is little doubt that the culling of any herbivore will 106 

reduce GHG emissions, the quantity of that reduction must be balanced against the costs of the 107 

culling. Our data suggest that a 570 kg dromedary emits approximately 131 L CH4 d-1, i.e. less than 108 

half as much as cattle of a similar size (approx. 357 L d-1). This corresponds to an annual amount of 109 

36 kg CH4 per camel, which is clearly below the 46 kg assumed by Gibbs and Johnson (1994) for a 110 

camel of the same weight and the 58 kg assumed by Crutzen et al. (1986). In total, Australia 111 

harbours 28.4 million cattle, 75.7 million sheep (Australian Bureau of Statistics, 2013) and 1 112 

million feral dromedaries (Saalfeld and Edwards, 2010). This is equivalent to an estimated annual 113 

amount of 4500 billion L CH4 emissions from the domestic ruminants and only 48 billion L 114 

produced by the dromedary population. Culling of all feral camels would thus have a similar effect 115 

as reducing the livestock ruminant population by 1 to 2%. However, other detrimental impacts 116 

caused by the feral camels on the Australian environment underline the continued importance of 117 

management strategies. 118 

 119 

6.6 Conclusions 120 

Methane emission was measured from three camelid species, including, for the first time, Bactrian 121 

camels. Our findings indicate that, in absolute values, camelids produce clearly less CH4 than 122 

ruminants, and that this difference is most likely due to the generally reduced metabolism, food and 123 

(digestible) fibre intake of this group. Therefore, when calculating GHG budgets, equations 124 

developed for ruminants are not applicable for the estimation of CH4 emissions from camelids. 125 
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7. Digesta kinetics in gazelles in comparison to other ruminants: evidence for taxon-specific 131 

rumen fluid throughput to adjust digesta washing to the natural diet 132 
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7.1 Abstract 160 

Digesta flow plays an important role in ruminant digestive physiology. We measured the mean 161 

retention time (MRT) of a solute and a particle marker in the gastrointestinal tract (GIT) and the 162 

reticulorumen (RR) of five gazelle and one dikdik species. Species-specific differences were 163 

independent from body mass (BM) or food intake. Comparative evaluations (including other 164 

ruminant species) indicate that MRT GIT relate positively to BM, and are less related to feeding 165 

type (the percentage of grass in the natural diet, %grass) than MRT RR. Selectivity factors (SF; 166 

MRTparticle/MRTsolute, proxies for the degree of digesta washing) are positively related to %grass, 167 

with a threshold effect, where species with >20%grass have higher SF. The MRTparticleRR is related 168 

to BM and (as a trend) %grass, matching a higher RR capacity with increasing BM in grazers 169 

compared to browsers. MRTsoluteRR is neither linked to BM nor to %grass but shows a consistent 170 

phylogenetic signal. These findings suggest that in different ruminant taxa, morphophysiological 171 

adaptations controlling MRTsoluteRR evolved to achieve a similar SF RR in relation to a %grass 172 

threshold. A high SF could facilitate an increased microbial yield from the forestomach. Reasons 173 

for variation in SF above the %grass threshold might represent important drivers of ruminant 174 

diversification and await closer investigation. 175 

 176 

 177 

178 
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7.2 Introduction 179 

Ruminants have traditionally been classified into different feeding types, in particular browsers, 180 

grazers and intermediate feeders, which vary in the amount of grass in their natural diet (e.g. 181 

Hofmann and Stewart, 1972, Gagnon and Chew, 2000). Dietary diversification is usually 182 

considered a major driver of ruminant speciation (e.g. Hofmann, 1989, Pérez-Barbería et al., 2001, 183 

Codron et al., 2008a). Because the different dietary resources pose different challenges on various 184 

levels of organismal organization, from distribution patterns at landscape and at plant scale to 185 

physical characteristics and biochemical composition, a large number of particular adaptations to 186 

these feeding niches have been suggested and demonstrated in the scientific literature (reviewed in 187 

Clauss et al., 2008b). In particular, because the time required by microbes to digest grass or browse 188 

material was found to differ distinctively, it has been suggested that variation in digesta retention 189 

times represents one of these adaptations (Hummel et al., 2006). Grazers, feeding mainly on 190 

monocots, should have longer retention times for digesta particles than browsers, feeding mainly on 191 

dicots. Although comparisons between individual species support this concept (Clauss and Lechner- 192 

Doll, 2001, Lechner et al., 2010), comparative statistical evaluations have been hampered so far by 193 

methodological differences in retention time measurements between the individual studies used for 194 

data compilations (Gordon and Illius, 1994, Hummel et al., 2006). 195 

Additionally, it has been suggested that the difference between the retention time for fluid and 196 

particles – as measured by solute and particulate markers – is a physiological characteristic linked 197 

to feeding type (Clauss et al., 2006b). Focusing on another aspect, his difference has been named as 198 

‘selectivity  factor’  (SF,  calculated  as  the  ratio  of  particle  to  solute  retention)  by (Lechner-Doll et al., 199 

1990), emphasizing a concept that particles are selectively retained longer than fluid in the ruminant 200 

forestomach in order to maximise particle digestion. In contrast, this difference was described more 201 

recently   as   ‘digesta   washing’   (Müller et al., 2011a), thus emphasizing the process by which 202 

particulate   matter   is   ‘washed’   by   fluid,   which   removes   solutes and very fine particles such as 203 

bacteria from the digesta plug. In the former concept, a high SF is considered indicative of a 204 

particularly pronounced particle retention, and emphasis is placed on mechanisms that might 205 

enhance such a particle retention. In the latter concept, a high SF is considered indicative of a 206 

particularly high fluid throughput, facilitated by particularly short retention times of solutes (fluid) 207 

due to a high saliva flow. 208 

While browsers usually have a comparatively low SF, the SF is higher in grazing species 209 

(Hummel et al., 2005, Clauss et al., 2006b). The current explanation of this difference invokes a 210 

constraint in saliva production in browsing ruminants, which may have to secrete tannin-binding 211 

proteins in their saliva as a protection against the secondary plant compounds present in browse. 212 
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Therefore, browsers may be limited in the amount of saliva they can produce, and hence may have a 213 

lower  fluid  flow  through  the  forestomach  and  hence  less  ‘digesta  washing’  (Hofmann et al., 2008, 214 

Codron and Clauss, 2010). Grazers, not requiring salivary protection against secondary plant 215 

compounds, may be able to have higher saliva flows with the advantage of increased microbial 216 

harvest from the forestomach (Clauss et al., 2010b). Notably, the transition between the feeding 217 

types in this respect does not appear to follow a linear pattern of increasing SF with increasing 218 

proportion of grass in the natural diet, but a threshold pattern with a certain proportion of grass 219 

above which an increased SF can be observed (Codron and Clauss, 2010). 220 

The statistical evaluation of these concepts is constrained by the number of species for 221 

which the corresponding data is available. In particular, many bovid and cervid species have not 222 

been assessed for their digestive physiology. Here, we increased the existing dataset by performing 223 

passage studies in various gazelle and one dikdik species (Bovidae) covering a range of body 224 

masses, using markers, sampling protocols and methods of calculation that ensure comparability 225 

with published data that have been assessed under similar conditions. Additionally, we compiled 226 

such published data on MRT in the GIT and the RR determined using the same markers, and the 227 

percentage of grass in their natural diet, for ruminant species for comparative evaluations. Our 228 

approach was guided by four hypotheses: 229 

1. Feeding type (as represented by the percentage of grass in the natural diet of a species) has 230 

an influence on particle retention time (Hummel et al., 2006), with longer retention times 231 

found in species ingesting diets with higher proportions of grass.. 232 

2. Feeding type has an influence on the difference between solute and particle marker retention 233 

times across ruminant species (Clauss and Lechner-Doll, 2001, Hummel et al., 2005, Clauss 234 

et al., 2006b), with a larger difference in ruminant species that have higher proportions of 235 

grass in their natural diet.. 236 

3. There is no relationship between body mass and digesta retention time (Wenninger and 237 

Shipley, 2000); alternatively, a putative relationship disappears if feeding type is taken into 238 

account (Clauss et al., 2007a). Retention times do not scale with body mass at an exponent 239 

of 0.25 (reviewed in Clauss et al., 2013). 240 

4. Digesta retention is negatively related to food intake (intra-specific examples in Clauss et 241 

al., 2007b, Munn et al., 2008, Hebel et al., 2011). 242 

 243 



 
 

107 

7.3 Methods  244 

7.3.1 Experiments 245 

The experiment was carried out with captive individuals of five gazelle and one dikdik species at Al 246 

Wabra Wildlife Preservation (AWWP), Qatar, similar to previous studies performed at this 247 

institution (Hummel et al., 2008, Hebel et al., 2011, Hummel et al., 2015). All individuals were 248 

adult, male and healthy according to the veterinarian in charge, and all procedures were approved 249 

by the internal ethics committee of AWWP. The experiment was carried out in three separate 250 

sessions: one in 2009 with four Dama gazelles (Nanger dama)   and   five   Soemmerring’s   gazelles   251 

(Nanger soemmerringii), one in 2010 with seven Rheem gazelles (Gazella subgutturosa marica), 252 

and one in 2012 with five Idmi gazelles (Gazella gazella),   five  Speke’s  gazelles   (Gazella spekei) 253 

and   another   six   Soemmerring’s   gazelles,   as   well   as   seven   Phillip’s   dikdiks   (Madoqua saltiana 254 

phillipsi).  255 

Prior to the measurements, all animals underwent a two-week adaptation period to the 256 

experimental diet, either in their usual outdoor pens where males were kept together, or in the 257 

experimental pens. Animals were then housed individually in separate indoor pens of 2.4 × 1.0 m 258 

size (Soemmerring’s gazelles had access to two of these pens each in 2012); Dama gazelles were 259 

housed in their outdoor enclosures. Indoor and outdoor enclosures were arranged in such a way that 260 

animals could be moved to a second, similar enclosure during cleaning, feeding, and fecal 261 

collection. Outdoor pens were covered with natural sandy soil; the epoxide floors of the indoor pens 262 

were covered with a carpet on a bed of woodchips. For indoor pens, artificial light was provided 263 

from 6:00 to 18:00 and temperatures were kept between 19 and 25°C. Throughout the adaptation 264 

phase and the experiments animals had ad libitum access to food and water. The animals 265 

investigated in 2009 and 2010 received limited amounts of fresh lucerne (Medicago sativa), grass 266 

hay (Rhodes grass Chloris gayana) ad libitum and, in the case of Dama and Soemmerring’s   267 

gazelles,   a  pelleted   compound   feed   (Dama:  18   to  22  %,  Soemmerring’s:   12   to  21  %  of   total   dry   268 

matter (DM) intake). Subjects studied in 2012 received fresh lucerne ad libitum only (Table 7.1). 269 

Pens were cleaned on a daily basis. Animals were weighed prior to the experiments and food intake 270 

was determined by weighing diet items offered and the corresponding refusals for 6 to 7 days. 271 

Representative samples of food, refusals and feces were taken from all individuals and dried 272 

immediately at 50°C. Samples were later analysed by standard nutrient analyses (AOAC, 1995) for 273 

DM (AOAC no. 942.05), crude protein (AOAC no. 977.02) as well as neutral detergent fibre (NDF) 274 

(after   treatment   with   α-amylase) and acid detergent fibre (ADF) (Van Soest et al., 1991). Fibre 275 

values are expressed without residual ash. Analyses were performed in duplicate. The analysed 276 

nutrient contents of the diets offered to the animals are given in Table 7.1. 277 
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To measure retention times of particles and solute, two markers were used: chromium (Cr)- 278 

mordanted fibre from grass hay (<2 mm) and the water-soluble cobalt ethylene diaminetetracetic 279 

acid (Co-EDTA). Dikdiks received a smaller-sized Cr-marker ground to 0.5 mm as in a previous 280 

experiment in this species (Hebel et al., 2011). Markers were prepared according to (Udén et al., 281 

1980). Individuals were then fed Cr-marker at 0.1 g kg-1 BM (0.2 g kg-1 for dikdiks) and Co-EDTA 282 

at 0.01 g kg-1 (0.03 g kg-1 for dikdiks) dissolved in water. Markers were either fed to the animals 283 

after being mixed with a small amount of wheat bran, which was consumed within approximately 284 

30 minutes, or applied directly via syringe into the oral cavity of manually restrained individuals 285 

(Idmi  and  Speke’s  gazelle,  dikdik). Subsequent to the intake of the markers, feces were sampled on 286 

regular basis several times a day using different protocols between species due to husbandry 287 

specifics such as accessibility during daylight hours only vs. round-the-clock accessibility (Table 288 

S7.1 in the appendix). 289 

All samples were immediately dried at 50°C and later ground to 0.75 mm. Samples were 290 

analysed for marker concentration according to (Behrend et al., 2004). After wet ashing with 291 

sulphuric acid (72%), Cr and Co concentrations were determined via atomic absorption 292 

spectroscopy. Values were corrected for the highest baseline concentrations of Cr and Co in the 293 

feces collected prior to the marker application. To avoid an artificial increase in retention measures 294 

by infinite excretion curves due to natural variation in baseline concentrations, values below a 295 

concentration of 1.5% (Cr) or 2.5% (Co) of the maximum concentration in the excretion curve were 296 

set to 0 (adapted from Bruining and Bosch, 1992). 297 

Following (Thielemans et al., 1978), mean retention time (MRT) in the gastrointestinal tract 298 

(GIT) was calculated by weighting the sampling time by marker concentration and sampling 299 

interval duration: 300 

MRT  GIT  =  ∑  (ti × dt × ci)  /  ∑  (dt  ×  ci) 301 

where ti = time after marker application in h determined as the middle between two sampling 302 

intervals; dt = time interval represented between marker concentration calculated as ((ti + 1 - ti ) + (ti  303 

- ti -1))/2; ci = fecal marker concentration at ti  in mg/kg DM. 304 

Mean retention time of the solute marker in the reticulorumen (MRTsoluteRR) was calculated 305 

according to (Lechner-Doll et al., 1990) by estimating the rate constant of the descending part of the 306 

marker excretion curve via an exponential equation: 307 

y = A × e-k × t 308 

where y = faecal marker concentration at time t in mg/kg CM; A = a constant, k = the rate constant 309 

of the descending part of the excretion curve in h-1; t = time after marker application in h. 310 

According to Hungate (1966), the reciprocal of k represents the MRT within the compartment 311 

characterised by k.  312 
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MRTparticleRR is calculated as follows, based on the assumption that fluid and particles do 313 

not differ in passage characteristics distal to the RR (empirically confirmed by Grovum and 314 

Williams, 1973, Kaske and Groth, 1997, Mambrini and Peyraud, 1997): 315 

MRTparticleRR = MRTparticleGIT – (MRTsoluteGIT – MRTsoluteRR). 316 

The   ‘selectivity   factor’   (SF), defined as the quotient of particle over solute MRT, was 317 

calculated for both the total GIT and the RR by dividing MRTparticle by the corresponding MRTsolute. 318 

 319 

7.3.2 Literature review 320 

In order to compare the data obtained from the experiment, we carried out a literature review on 321 

retention times reported from other ruminant species. We selected those data on MRT in the GIT 322 

and the RR that were determined using the same markers (Cr-mordanted fibre and Co-EDTA or, if 323 

only a fluid marker was used, also Cr-EDTA), and where BM and/or DM intake were reported. The 324 

references used are listed in Table S7.2 in the appendix, and the complete comparative datasets are 325 

available from the last author. Additionally, we compiled literature data on the natural diet of each 326 

species for which MRT data were available to determine the percentage of grass in the species 327 

natural diet as a proxy for feeding type; these sources are also listed in Table S7.3 in the appendix. 328 

Species means for all measures were first calculated as an average per source, and then as mean of 329 

all source averages. In total, we collated data from 40 different wild and domestic ruminant species. 330 

 331 

7.3.3 Statistics 332 

The relative DM intake (rDMI) was calculated using a higher exponent of BM0.85 instead of the 333 

conventional  ‘metabolic  body  weight’  (BM0.75), following recent reports on mammalian herbivores 334 

(Hackmann and Spain, 2010, Müller et al., 2013, Riaz et al., 2014). In the experimental data from 335 

gazelles and dikdik, DMI scaled at BM0.93(95%CI 0.87; 0.99), supporting a factor higher than 0.75. All 336 

data were checked for normal distribution by applying a Shapiro Wilk test. Based on this we used 337 

ANOVA followed by Tukey HSD post hoc tests or Kruskal-Wallis tests followed by pair wise tests 338 

corrected for multiple comparison (R function: kruskalmc) for comparisons of SF, MRT and rDMI 339 

between the species investigated. In order to investigate statistical relationships, we applied general 340 

linear models using MRT or SF as dependent variable and BM, rDMI or the percentage of grass in 341 

the natural diet as independent variables. While analyses of the gazelle and dikdik data from the 342 

experiment were carried out using data of all individuals, the comparative analyses including 343 

literature data were performed on species means. To characterise feeding types, we used literature 344 

values for the natural %grass in the diet, independent of the diet animals received in experiments. 345 

Various studies have indicated that the main differences in digesta kinetics between ruminant 346 
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species are evident irrespective of the diets fed (e.g. Renecker and Hudson, 1990, Lechner et al., 347 

2010). 348 

Not all publications used reported all MRT and SF measurements, hence the number of species 349 

varied between datasets (e.g., MRTparticleGIT had a higher species number than MRTparticleRR). 350 

Analyses of the larger comparative datasets were performed using both Ordinary Least Squares 351 

(OLS) and Phylogenetic Generalised Least Squares (PGLS); BM and the different retention 352 

parameters were log-transformed when related to each other in order to yield allometric 353 

relationships, whereas %grass and rDMI, and retention measures related to them, were not. For 354 

PGLS analyses, data were linked to a supertree of extant mammals (Bininda-Emonds et al., 2007, 355 

2008) and additionally to a more recent tree for cetartiodactyls (Hassanin et al., 2012). The value of 356 

the phylogenetic signal (O) (Pagel, 1999) was estimated with maximum likelihood (Revell, 2010), 357 

using the PGLS command from the package caper (Orme et al. 2010). Generally, O varies between 358 

0 (no phylogenetic signal) and 1 (the observed pattern is predicted by the phylogeny; similarity 359 

among species scales in proportion to their shared evolutionary time) (Pagel, 1999, Freckleton et 360 

al., 2002). In interpreting the results of the PGLS analyses, we followed the scheme outlined in Fig. 361 

S7.1 in the appendix. An estimated O of 0 indicates that there is no phylogenetic pattern in the 362 

dataset (Fig. S7.1AB), irrespective of whether (Fig. S7.1A) or not (Fig. S7.1B) the relationship 363 

between the two traits in question is significant. Correspondingly, an estimated O of 1 indicates a 364 

clear phylogenetic structure in the dataset (Fig. S7.1C-F), again irrespective of whether (Fig. S7.1C- 365 

D) or not (Fig. S7.1F) the relationship between the two traits is significant. If the traits on the axes 366 

are changed (e.g. when plotting a retention measure on the y-axis against either BM or % grass on 367 

the x-axis), the data pattern will change and different values for O will result. The absence of a 368 

phylogenetic signal in a significant relationship (Fig. S7.1B) is interpreted as evidence that the 369 

relationship represents a (mechanistic or functional) pattern that is not influenced by phylogeny, 370 

and could therefore represent a convergence. All statistical tests were carried out in R 2.15.0 (R 371 

Core Development Team, 2011) using the package ape (Paradis et al., 2004), caper (Orme et al., 372 

2010) and nlme (Pinheiro et al., 2011). In contrast to a common recommendation (Freckleton, 373 

2009), we display results of both OLS and PGLS analyses, to elucidate which digestive parameters 374 

are tightly related to phylogeny as explained above.  Significance  levels  were  set  to  α  =  0.05, with 375 

values between 0.05 and 0.10 considered as trends. 376 

 377 
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7.4 Results  378 

7.4.1 Measurements in the gazelle species and the dikdiks 379 

Except for MRTsoluteRR (F5,33 = 1.71, P = 0.161), species had an effect on all retention time traits 380 

and selectivity factors (MRTparticleGIT: F5,33 = 11.44, P < 0.001; MRTsoluteGIT: F5,33 = 4.62, P = 381 

0.003; MRTparticleRR: F5,33 = 11.64, P < 0.001; SF GIT: F5,33=  7.83, P < 0.001; SF RR: F5,33 = 7.42, 382 

P < 0.001) (Table 7.1, excretion curves displayed in Fig. 7.1 A-F).  383 

As rDMI did not differ between species (F5,33 = 1.87, P = 0.127) and there was no significant 384 

relationship between rDMI and MRT or SF (MRTparticleGIT: R2 = 0.01, P = 0.575; MRTsoluteGIT: R2 385 

= 0.02, P = 0.369; MRTparticleRR: R2 = 0.01, P = 0.653; MRTsoluteRR: R2 = 0.03, P = 0.314; SF GIT: 386 

R2 = 0.001, P = 0.829; SF RR: R2 = 0.01, P = 0.515), the observed differences in MRT between 387 

species cannot be explained by quantitative differences in intake. 388 

The species in this experiment received qualitatively slightly different diets (lucerne vs. 389 

lucerne  +  hay  +  pellets),  which  might  have  influenced  MRT.  In  Soemmerring’s  gazelles,  the  only   390 

species that received both diet types, we found shorter MRTparticle and lower SF when lucerne was 391 

the only feed than when lucerne, grass hay and pellets were offered (MRTparticleGIT: T = 2.50, P = 392 

0.041; MRTparticleRR: T = 4.06, P = 0.004; SF GIT: T = 2.98, P = 0.028; SF RR: T = 4.02, P = 393 

0.007). However, there were no differences in MRTsolute between sessions (MRTsoluteGIT: T = 0.50, 394 

P = 0.631; MRTsoluteRR: T = -0.38, P = 0.715) (Table S7.4).  rDMI was similar in the two sessions 395 

(T = -1.66, P = 0.145). Together, this implies a difference in retention time due to different diets. 396 

The NDF content of the complex diet (46.8 % in DM) tended to be slightly higher than in the pure 397 

lucerne diet (41.1 % in DM) (W = 26, P = 0.052) (Table 7.1). However, even on the same diet some 398 

species  differed  in  MRT  (e.g.  Speke’s  gazelle  vs.  Idmi,  both  on  lucerne,  Table  7.1), indicating that, 399 

despite similar intakes and diets, there must be other, possibly species-related factors causing 400 

differences between the species. In principle this could be BM. However, BM did not differ 401 

between  Idmi  and  Speke’s  gazelle  (Table  7.1). In addition, there was no significant relationship of 402 

any MRT with BM in the gazelle and dikdik data (MRTparticleGIT: R2 = 0.05; P = 0.182; 403 

MRTsoluteGIT: R2  < 0.001; P = 0.979; MRTparticleRR: R2 = 0.07, P = 0.102; MRTsoluteRR: R2 = 404 

0.002, P = 0.780). SF values were significantly related with BM (SF GIT: R2 = 0.17; P = 0.009; SF 405 

RR: R2 = 0.16, P = 0.011). Still, the low coefficients of determination and the small slopes of the 406 

regression lines (SF GIT: 0.005; SF RR: 0.011) do not indicate a strong relationship. 407 

 408 

7.4.2 Literature data 409 

In OLS BM was not related (P > 0.1) with %grass, except for the largest dataset (n = 37) in the case 410 

of MRTparticleGIT (R2 = 0.16, P = 0.014). This positive relationship probably existed because species 411 
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with a low %grass occurred across the whole BM range (1.5 to 800 kg), whereas species with a 412 

high %grass only occurred from a certain BM upwards (> 12 kg) (Fig. 7.2). In PGLS, BM was 413 

weakly related with %grass in the same dataset and the dataset for MRTparticleRR (R2 = 0.13 - 0.14, 414 

P = 0.03 - 0.04), and there were trends (P = 0.05 - 0.08) towards a relationship in all other datasets. 415 

High O values (0.93 - 1.00) found in the PGLS analysis indicate a strong phylogenetic structure in 416 

the relationship between BM and %grass. 417 

There were significant allometric relationships between most retention measurements and BM, 418 

with scaling exponents of 0.08 to 0.13 in OLS; the 95%CI of these exponents did not go up to 0.25 419 

(Table S7.5, Fig. 7.3). Only MRTsoluteRR did not scale with BM. Both SF GIT and SF RR also 420 

scaled with BM at 0.05 to 0.07 (Table S7.5) in OLS and PGLS. The O was estimated as 0 for both 421 

MRTparticle and for MRTsoluteGIT, indicating that there is no phylogenetic structure in the 422 

relationship of these measures with BM. For SF GIT and SF RR, O was numerically (albeit not 423 

significantly) higher than 0, suggesting some phylogenetic structure in the relationships of these 424 

traits with BM. For the relationship of BM and MRTsoluteRR, O was significantly different from 0. 425 

Together with the absence of a significant effect of BM, this indicates that, irrespective of BM, 426 

species groups differed systematically in this measure. 427 

There was a trend (P = 0.054 - 0.106) for an inverse relationship between rDMI and 428 

MRTparticleGIT in OLS and PGLS (Table S7.6; Fig. 7.4). For all other retention and SF measures, 429 

rDMI had no influence (P > 0.1); hence it was excluded from the subsequent analyses. The O varied 430 

from 0 (MRTparticleGIT and SF RR) to 1 (MRTparticleRR), with intermediate values for all other 431 

measures, indicating the presence of some phylogenetic structure in these relationships. 432 

There was a positive relationship of %grass with MRTparticleGIT and MRTparticleRR in OLS 433 

and PGLS but not with any MRTsolute, and it was closely related with both SF measures (Table S7.7, 434 

Fig. 7.5 A). The O was again estimated as 0 for both MRTparticle, for MRTsoluteGIT, and for SF RR, 435 

indicating the absence of phylogenetic structure in the relationship of these measures with %grass. 436 

For SF GIT, O was numerically (albeit not significantly) higher than 0, suggesting the presence of 437 

some phylogenetic structure in the relationships of this measure with BM. For MRTsoluteRR, O was 438 

significantly different from 0; together with the absence of a significant effect of %grass, this 439 

indicates that, irrespective of %grass in their diet, ruminant groups differ systematically in this 440 

measure. The O of 0 and the highly significant effect of %grass on SF RR indicate that across 441 

ruminant species (whether closely related or not) a high SF RR in mainly grazing species could be a 442 

convergence. 443 
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Table 7.1 Body mass, food intake and retention measurements in the gazelle and dikdik species of this study 444 

Species Nanger dama Nanger soemmerringii Gazella subgutturosa 
marica Gazella gazella Gazella spekei Madoqua saltiana 

phillipsi 
Common name Dama gazelle Soemmerring’s  gazelle1 Rheem gazelle Idmi gazelle Speke’s  gazelle Phillip’s  dikdik 
Year of experiment  
(number of animals) 2009 (4) 2009 (5) 2012 (6) 2009 (7) 2012 (5) 2012 (5) 2012 (7) 

Diet L, GH, P L, GH, P L L, GH L L L (leaves) 

  Crude protein (g kg DM-1) 169 ± 3 177 ± 7 201 ± 1 199 ± 9 234 ± 4 214 ± 3 295 ± 3 

  NDF (g kg DM-1) 483 ± 17 468 ± 51 411 ± 5 452 ± 24 389 ± 9 374 ± 14 206 ± 1 

  ADF (g kg DM-1) 275 ± 4 280 ± 16 309 ± 4 316 ± 2 304 ± 9 296 ± 12 151 ± 3 

Body mass (kg) 61.1 ± 7.9a 35.6 ± 3.7b 17.6 ± 1.1c 16.4 ± 1.3c 13.0 ± 1.3c 2.1 ± 0.1d 

DMI (kg d-1) 1.15 ± 0.08a 0.80 ± 0.22b 0.40 ± 0.09c 0.36 ± 0.06c 0.29 ± 0.02c 0.05 ± 0.01d 

rDMI (g d-1 kg-0.85) 35.3 ± 5.0 38.2 ± 9.6 35.0 ± 7.1 32.8 ± 3.3 32.6 ± 4.7 28.6 ± 4.7 

MRTparticleGIT (h) 31.9 ± 5.3ab 31.5 ± 6.2b 40.7 ± 4.9a 32.5 ± 3.4ab 21.8 ± 3.7c 25.3 ± 2.9bc 

MRTsoluteGIT (h) 20.5 ± 3.9abc 24.7 ± 4.5b 26.3 ± 3.6ab 25.9 ± 2.2ab 17.9 ± 2.3c 21.8 ± 3.7abc 

SF GIT 1.58 ± 0.24a 1.28 ± 0.18b 1.55 ± 0.10a 1.25 ± 0.08b 1.22 ± 0.10b 1.17 ± 0.13b 

MRTparticleRR (h) 20.2 ± 3.6ab 17.8 ± 3.8bc 25.5 ± 3.1a 17.6 ± 3.2bd 13.0 ± 4.1cd 13.7 ± 2.3cd 

MRTsoluteRR (h) 8.8 ± 2.2 11.1 ± 1.9 11.1 ± 1.2 11.1 ± 1.9 8.1 ± 3.1 10.2 ± 3.3 

SF RR 2.41 ± 0.76a 1.64 ± 0.39b 2.31 ± 0.22a 1.60 ± 0.21b 1.63 ± 0.17b 1.41 ± 0.31a 
Note. ADF, acid detergent fibre; DM, dry matter; DMI, dry matter intake; GH, grass hay; GIT, gastrointestinal tract; L, fresh Lucerne; MRT, mean retention time; 445 
NDF, neutral detergent fibre; P, pelleted feed; RR, reticulorumen; rDMI, relative dry matter intake calculated as DMI divided by BM0.85; SF, selectivity factor 446 
calculated as the ratio of MRTparticle to MRTsolute. Different superscript letters indicate significant differences between species within one row.  1See Table S7.4 in 447 
the  appendix  for  results  of  each  group  of  Soemmerring’s  gazelles. 448 
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 449 

 450 
 451 
 452 
Figure 7.1. Examples of excretion curves of a solute (Co-EDTA) and a particle (Cr-mordanted fibre, < 2 mm) marker of one individual of 453 
Dama gazelle (Nanger dama),   Soemmerring’s   gazelle   (Nanger soemmerringii) in 2009 and in 2012, Rheem gazelle (Gazella subgutturosa 454 
marica), Idmi gazelle (Gazella gazella),  Speke’s  gazelle  (Gazella spekei),  and  Phillip’s  dikdik  (Madoqua saltiana phillipsi). 455 
 456 

 457 
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Table 7.2 Linear regression equations corresponding to log y = a + b logBM + c %grass for comparative datasets of 458 
ruminant species 459 
Dependent n Model λ BM   %grass   
variable    b (95%CI) T P c (95%CI) T P 

MRTparticleGIT 
37 OLS - 0.11 (0.06; 0.17) 3.96 <0.001 0.000 (-0.001; 0.002) 0.63 0.534 
36 PGLSa 0c  0.12 (0.06; 0.17) 4.09 <0.001 0.001 (-0.001; 0.002) 0.75 0.456 
35 PGLSb 0c  0.13 (0.08: 0.18) 4.77 <0.001 0.001 (-0.001; 0.002) 0.94 0.352 

          

MRTsoluteGIT 
32 OLS - 0.08 (0.04; 0.13) 3.68 0.001 0.000 (-0.001; 0.001) 0.06 0.955 
32 PGLSa 0c  0.08 (0.04; 0.13) 3.68 0.001 0.000 (-0.001; 0.001) 0.06 0.955 
31 PGLSb 0c  0.09 (0.04; 0.13) 3.66 0.001 0.000 (-0.001; 0.001) 0.00 0.999 

          

SF GIT 
32 OLS - 0.05 (0.01; 0.09) 2.39 0.024 0.002 (0.001; 0.003) 3.11 0.004 
32 PGLSa 0c 0.05 (0.01; 0.09) 2.39 0.024 0.002 (0.001; 0.003) 3.11 0.004 
31 PGLSb 0c  0.05 (0.01; 0.09) 2.24 0.033 0.002 (0.001; 0.003) 3.17 0.004 

          

MRTparticleRR 
33 OLS - 0.11 (0.03; 0.20) 2.74 0.010 0.002 (-0.000; 0.004) 1.73 0.095 
33 PGLSa 0c  0.11 (0.03; 0.20) 2.74 0.010 0.002 (-0.000; 0.004) 1.73 0.095 
32 PGLSb 0c  0.11 (0.03; 0.20) 2.66 0.013 0.002 (-0.000; 0.004) 1.81 0.081 

          

MRTsoluteRR 
34 OLS - 0.06 (-0.04; 0.16) 1.20 0.239 0.000 (-0.003; 0.002) -0.26 0.798 
34 PGLSa 0.95d 0.10 (-0.02; 0.21) 1.63 0.113 0.000 (-0.003; 0.002) -0.04 0.722 
33 PGLSb 0.98d 0.10 (-0.02; 0.22) 1.68 0.104 -0.001 (-0.004; 0.001) -1.18 0.247 

          

SF RR 
32 OLS - 0.04 (-0.02; 0.09) 1.20 0.240 0.003 (0.002; 0.004) 4.13 <0.001 
32 PGLSa 0c 0.04 (-0.02; 0.09) 1.20 0.240 0.003 (0.002; 0.004) 4.13 <0.001 
31 PGLSb 0c 0.04 (-0.02; 0.09) 1.17 0.251 0.003 (0.002; 0.004) 4.17 <0.001 

Note. GIT, gastrointestinal tract; MRT, mean retention time; n, number of species; OLS Ordinary least squares; RR, reticulorumen; SF, selectivity factor 460 
calculated as the ratio of MRTparticle to MRTsolute. aPhylogenetic generalised least squares using the tree of Bininda-Emonds et al. (2007, 2008). bPhylogenetic 461 
generalised least squares using the tree of Hassanin et al. (2012). 462 
cλ  significantly  different  from  1.  dλ  significantly  different  from  0. 463 

464 
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Table 7.3 Linear regression equations corresponding to log MRTsolute = a + b log MRTparticle + c logBM + d %grass for a comparative datasets of 465 
ruminant species 466 
 n Model λ Variable Factor  (95%CI) T P 
MRTsoluteGIT 32 OLS - MRTparticleGIT 0.70 (0.40; 1.00) 4.51 <0.001 
    BM -0.01 (-0.08; 0.05) -0.46 0.648 
    %grass -0.001 (-0.002; 0.000) -2.36 0.026 
 28 PGLSa 0c MRTparticleGIT 0.70 (0.40; 1.00) 4.51 <0.001 
    BM -0.01 (-0.08; 0.05) 3.94 0.648 
    %grass -0.001 (-0.002; 0.000) 2.55 0.026 
 27 PGLSb 0c MRTparticleGIT 0.71 (0.40; 1.03) 4.43 <0.001 
    BM -0.02 (-0.08; 0.05) -0.49 0.626 
    %grass -0.001 (-0.002; 0.000) -2.45 0.021 
        

MRTsoluteRR 32 OLS - MRTparticleRR 0.79 (0.47; 1.10) 4.93 <0.001 
    BM -0.001 (-0.08; 0.08) -0.01 0.988 
    %grass -0.003 (-0.004; -0.001) -3.75 <0.001 
 28 PGLSa 0.70c MRTparticleRR 0.63 (0.33; 0.92) 4.20 <0.001 
    BM 0.04 (-0.05; 0.13) 0.82 0.417 
    %grass -0.002 (-0.004; -0.001) -2.63 0.014 
 27 PGLSb 0.69c MRTparticleRR 0.64 (0.35; 0.94) 4.26 <0.001 
    BM 0.03 (-0.06; 0.12) 0.67 0.506 
    %grass -0.002 (-0.004; -0.001) -2.83 0.009 
Note. GIT, gastrointestinal tract; MRT, mean retention time; n, number of species; OLS, ordinary least squares. 467 
aPhylogenetic generalised least squares using the tree of Bininda-Emonds et al. (2007, 2008). 468 
bPhylogenetic generalised least squares using the tree of Hassanin et al. (2012). 469 
cλ  significantly  different  from  1. 470 
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 471 

 

Figure 7.2. Relationship between the percentage of grass in the natural diet (%grass) and body 472 
mass (BM) in 37 ruminant species for which data on the mean retention time of particles in the 473 
gastrointestinal tract were available. 474 

 475 

There was a trend (P = 0.054 - 0.106) for an inverse relationship between rDMI and 476 

MRTparticleGIT in OLS and PGLS (Table S7.6; Fig. 7.4). For all other retention and SF measures, 477 

rDMI had no influence (P > 0.1); hence it was excluded from the subsequent analyses. The O varied 478 

from 0 (MRTparticleGIT and SF RR) to 1 (MRTparticleRR), with intermediate values for all other 479 

measures, indicating the presence of some phylogenetic structure in these relationships. 480 

There was a positive relationship of %grass with MRTparticleGIT and MRTparticleRR in OLS 481 

and PGLS but not with any MRTsolute, and it was closely related with both SF measures (Table S7.7, 482 

Fig. 7.5 A). The O was again estimated as 0 for both MRTparticle, for MRTsoluteGIT, and for SF RR, 483 

indicating the absence of phylogenetic structure in the relationship of these measures with %grass. 484 

For SF GIT, O was numerically (albeit not significantly) higher than 0, suggesting the presence of 485 

some phylogenetic structure in the relationships of this measure with BM. For MRTsoluteRR, O was 486 

significantly different from 0; together with the absence of a significant effect of %grass, this 487 

indicates that, irrespective of %grass in their diet, ruminant groups differ systematically in this 488 

measure. The O of 0 and the highly significant effect of %grass on SF RR indicate that across 489 

ruminant species (whether closely related or not) a high SF RR in mainly grazing species could be a 490 

convergence. 491 
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 492 

 
Figure 7.3. Relationship between body mass and the mean retention time (MRT) of solute (A) and 493 
particle (B) (<2mm) markers in different ruminant species. The species investigated in this study 494 
are indicated. 495 

 496 

 497 
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 498 

There was a trend (P = 0.054 - 0.106) for an inverse relationship between rDMI and 499 

MRTparticleGIT in OLS and PGLS (Table S7.6; Fig. 7.4). For all other retention and SF measures, 500 

rDMI had no influence (P > 0.1); hence it was excluded from the subsequent analyses. The O varied 501 

from 0 (MRTparticleGIT and SF RR) to 1 (MRTparticleRR), with intermediate values for all other 502 

measures, indicating the presence of some phylogenetic structure in these relationships. 503 

There was a positive relationship of %grass with MRTparticleGIT and MRTparticleRR in OLS 504 

and PGLS but not with any MRTsolute, and it was closely related with both SF measures (Table S7.7, 505 

Fig. 7.5 A). The O was again estimated as 0 for both MRTparticle, for MRTsoluteGIT, and for SF RR, 506 

indicating the absence of phylogenetic structure in the relationship of these measures with %grass. 507 

For SF GIT, O was numerically (albeit not significantly) higher than 0, suggesting the presence of 508 

some phylogenetic structure in the relationships of this measure with BM. For MRTsoluteRR, O was 509 

significantly different from 0; together with the absence of a significant effect of %grass, this 510 

indicates that, irrespective of %grass in their diet, ruminant groups differ systematically in this 511 

measure. The O of 0 and the highly significant effect of %grass on SF RR indicate that across 512 

ruminant species (whether closely related or not) a high SF RR in mainly grazing species could be a 513 

convergence. 514 

When relating BM and %grass simultaneously to retention measurements, BM was 515 

significantly related with both MRTparticleGIT and to MRTsoluteGIT, whereas %grass was not (Table 516 

7.2). In both cases, O was estimated as 0, suggesting that the MRT GIT traits are influenced by BM 517 

in a similar manner across taxonomic ruminant groups. For MRTparticleRR, the effect of BM was 518 

significant (P = 0.010 - 0.013) and that of %grass showed a tendency (P = 0.081 - 0.095), again 519 

with O estimated as 0, suggesting that both BM and %grass have some influence on this measure, in 520 

a similar manner across taxonomic ruminant groups. In contrast, MRTsoluteRR was not related with 521 

either BM or %grass, yet showed a significant phylogenetic signal with O at 0.95-0.98, indicating 522 

that ruminant groups differ in MRTsoluteRR irrespective of their BM or %grass. In other words, 523 

MRTsoluteRR emerges as a physiological adaptation in which ruminant taxa differ, independent of 524 

size or diet. For SF RR, only %grass was significant, again with O estimated as 0. This indicates 525 

that the variation in MRTsoluteRR leads to a systematic tuning of SF RR to diet in a similar manner 526 

across ruminant groups, in a way probably best explained as a threshold effect (Fig. 7.5 A), with 527 

general difference between species ingesting less and more than a threshold value of approximately 528 

20% grass in the natural diet. 529 

When relating MRTsolute with MRTparticle for species in which both measures were available, 530 

MRTsolute was highly related to MRTparticle, with %grass having a significant additional, negative 531 



 
 

120 

influence, but no effect of BM (Table 7.3, Fig. 7.5 B). The O was estimated to be significantly 532 

different from 0 for this relationship in the RR, again supporting the concept that MRTsoluteRR is a 533 

taxon-specific characteristics. 534 

 535 

 
Figure 7.4. Relationship between the relative dry matter intake (rDMI) and the mean retention time 536 
(MRT) of particle marker (<2mm) in the gastrointestinal tract (GIT) in different ruminant species. 537 
 538 
 539 

7.5 Discussion 540 

This study is part of a continuing endeavor to understand rumen physiology by a comparative 541 

approach that investigates digesta retention in an ever-increasing number of ruminant species 542 

(Behrend et al., 2004, Flores-Miyamoto et al., 2005, Hummel et al., 2005, Hummel et al., 2008, 543 

Lechner et al., 2010, Clauss et al., 2011b, Hebel et al., 2011, Darlis et al., 2012, Hummel et al., 544 

2015). The present results expand the existing dataset by five new species, and thus allow a further 545 

comprehensive evaluation of basic factors influencing ruminant digesta retention. They reveal 546 

complex relationships between digestive physiology, BM and putative adaptations of ruminant 547 

species to their natural diet. 548 

 549 

550 
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 551 

 
Figure 7.5. Relationship between the percentage of grass in the natural diet (%grass) and the 552 
selectivity factor (SF) for the reticulorumen (RR) in different ruminant species (A), and between the 553 
mean retention time (MRT) of solutes and particles in the RR (visually separated by the %grass 554 
threshold; statistics performed with %grass as continuous variable) (B). The dotted line represents 555 
y=x. 556 
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7.5.1 Gazelle and dikdik results 557 

Investigating the dataset based on the gazelle and the dikdik species studied revealed clear 558 

differences in MRT between species, which can neither be conclusively explained by BM nor by 559 

food intake. In another study with dikdiks (Hebel et al., 2011), no relationship between BM and 560 

MRT was found, but an experimental reduction of intake increased MRT, indicating that the lack of 561 

relationship of MRT with rDMI in the present study could be explained by the low variation in 562 

rDMI as all animals were fed ad libitum. Wenninger and Shipley (2000) suggested in a study on 563 

blue duikers that the relationship between intake and retention time was masked by variations in 564 

fibre content of the diet, supporting that not only the amount but also the composition of food 565 

influences MRT. The lack of evidence for a relationship in the present study might simply mirror 566 

the limited variation in rDMI, and species-specific adaptations. 567 

Only   Soemmerring’s   gazelles   could   be   measured on two different diets for logistical 568 

reasons. These results indicate shorter MRT at similar DMI on the pure lucerne diet compared to a 569 

mixed diet consisting of grass hay, fresh lucerne and pellets. This finding could be explained by 570 

fibrous components being digested at a slower rate with the mixed diet. Additionally, the inclusion 571 

of grass hay could have increased the ‘filter  bed  effect’  that  leads  to  a  prolonged  retention  of  small   572 

particles in various ruminant species of different feeding types when receiving a grass diet (Clauss 573 

et al., 2011a, Lauper et al., 2013). It remains to be determined whether such a difference in MRT 574 

between diets could be found in the other species, too. 575 

The results obtained from the gazelle and dikdik species support the concept that the 576 

difference between solute and particle retention is a species-specific, and hence a heritable, 577 

characteristic. This concept is supported by comparative analyses of this difference among 578 

ruminants (Clauss and Lechner-Doll, 2001, Clauss et al., 2006b), perissodactyls (Clauss et al., 579 

2010c, Steuer et al., 2010), or mammals in general (Müller et al., 2011a). In domestic ruminants, is 580 

has  also  been  demonstrated  that  retention  time  characteristics  are  heritable  traits:  In  cattle,  ‘frothy 581 

bloat’  (a  disease  where  rumen  contents  become  extremely  frothy)  is  linked  to  low  saliva  production   582 

(Mendel and Boda, 1961, Gurnsey et al., 1980) and long fluid retention in the rumen (Majak et al., 583 

1986, Okine et al., 1989). Selective breeding against bloat susceptibility can be successful (Morris 584 

et al., 1997), a finding that makes the potential for selective breeding for increased saliva 585 

production and hence increased rumen fluid throughput promising as well. Sheep selected for high 586 

wool growth (Thompson et al., 1989, Smuts et al., 1995) and for low methane production were 587 

found to have shorter MRT (Goopy et al., 2014). As early as in 1966, it has been suggested that 588 

rumen retention characteristics offer a phenotypic trait for selective breeding in domestic ruminants 589 

(Hungate, 1966, Hegarty, 2004). The question about the biological relevance of inheritance of 590 
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retention characteristics remains. In order to further address this question, we performed the 591 

comparative analyses in >30 wild and domestic ruminant species. 592 

 593 

7.5.2 Comparison across ruminant species 594 

One finding that complicates the interpretation of our results is the relationship between BM and 595 

%grass in the natural diet, which makes it difficult to unravel which one is the better predictor of 596 

MRT traits. Given the nature of this relationship, which depends in particular on the inclusion of 597 

small species and is not apparent above a BM of 10 kg, the simultaneous inclusion of both BM and 598 

%grass in GLM analyses is justified.  599 

Another limitation consists in the procedure of estimating MRT RR. This was done via 600 

equations based on the MRT GIT for many of the data used for the present evaluation and not 601 

measured directly by sampling through a rumen cannula. However, mathematical concepts applied 602 

to calculate MRTs in the RR were tested and approved by former studies (e.g. Hungate, 1966, 603 

Mambrini and Peyraud, 1997), and the estimates can therefore be considered reliable. 604 

Assigning a natural diet to distinct ruminant species carries uncertainties as well. It is 605 

remarkable how little literature exists on the natural feeding habits of certain ruminant species, 606 

including most gazelles. Food preferences obviously vary over seasons and regions, which makes it 607 

even harder to classify them by a single number, i.e. the percentage of grass in the diet. It is 608 

particularly notable that some members of the bovini, such as the banteng (Bos javanicus), may 609 

have a much higher proportion of grass in their natural diet (Clauss and Hofmann, 2014) than 610 

previously suspected (e.g. by Clauss et al., 2006a). 611 

Given the results of the present and previous evaluations, it appears important to clearly define 612 

the kind of retention measurement is referred to, i.e. total tract retention time (GIT) or retention 613 

time in the foregut (RR). Also the digesta phase in question, i.e. the excretion patterns of solute or 614 

particle markers, has to be specified. It should also be considered that the SF is calculated by two 615 

variables (MRTparticle divided by MRTsolute). In cases where one of these variables alone is not 616 

significantly related to another variable, but SF is, this could result from two different issues. Either 617 

the sample size was not large enough to demonstrate an effect of the individual variables but was 618 

sufficient for detection of such an effect in their ratio, or the individual measures might not vary 619 

systematically across species yet in combination produce a consistent result. Alternatively, if one of 620 

the variables is significant and SF is as well, this likely indicates which variable is the one that 621 

mainly influences the SF estimate. In PGLS analyses, it was surprising that in several cases we 622 

found a phylogenetic signal for the MRTsoluteRR but none in the respective MRTparticleRR and SF 623 
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RR. This indeed suggests that a convergence in SF RR is achieved by a taxon-specific adjustment 624 

of MRTsoluteRR. 625 

A first factor of influence on taxon-specific adjustments could be food intake level. In 626 

contrast to our assumption, the relative food intake did not exert a major influence on retention 627 

parameters. This is surprising as digesta retention can be expected to be directly affected by the gut 628 

fill rate, as shown within individual ruminant species (Clauss et al. 2007b; Munn et al. 2008; Hebel 629 

et al. 2011). We only found a trend towards a negative relationship of MRTparticleGIT and rDMI, 630 

while MRTsolute appeared to be unaffected by intake. This corresponds to results of (Müller et al., 631 

2011a), who interpreted that MRTparticle traits are mainly dependent on BM and intake, which 632 

mirrors mere physical effects such as volume and throughput. In contrast, MRTsolute are determined 633 

by digestion type and therefore represent a specific physiological characteristic that may even be 634 

linked to an ecological adaptation. The finding that SF measures were independent of food intake 635 

levels within and across ruminant species corresponds to those reported earlier (Schwarm et al., 636 

2009b) this also applies to several nonruminant foregut fermenters, hindgut fermenters, and 637 

mammals in general (Schwarm et al., 2009b, Müller et al., 2011a, Clauss et al., 2014b). 638 

We further investigated body mass as another factor of influence. As opposed to our initial 639 

hypothesis based on our previous findings (Clauss et al., 2007a), in the literature dataset there was a 640 

scaling with BM of all retention measures in the GIT and MRTparticleRR, with scaling exponents of 641 

both MRTparticle measures at 0.12 to 0.14. Some former studies found exponents of 0.22 to 0.25 642 

(Illius and Gordon, 1992, Robbins, 1993, Gordon and Illius, 1994). More recent evaluations with 643 

stricter data selection did not find strong allometric relationships in ruminants, with exponents 644 

ranging from 0 to 0.18 (Clauss et al., 2007a, Steuer et al., 2011, Müller et al., 2013). Digesta 645 

retention times in ruminants, hence, share the characteristic of several other temporal traits that have 646 

a lower BM scaling than expected by quarter-power scaling, such as generation time (Gaillard et al., 647 

2005), age at first reproduction (Duncan et al., 2007), gestation period (Clauss et al., 2014a), 648 

longevity (Lemaître et al., 2014), herbivore chewing cycle duration (Gerstner and Gerstein, 2008) 649 

or chewing frequency (Shipley et al., 1994). Differences in scaling exponents might arise not only 650 

from different data selection criteria (e.g., using only data from experiments with comparable 651 

methods, cf. Clauss et al., 2010c) and the accounting of phylogenetic dependence, but also from 652 

different species selections in the datasets. Larger BM, hence, appears to actually facilitate to a 653 

certain degree a longer MRT and also a higher SF in ruminants. A potential reason for this could be 654 

a disproportionately higher increase in RR volume with increasing BM (Clauss et al., 2003). In 655 

contrast to all other retention measurements, MRTsoluteRR was independent of BM yet contained a 656 

strong phylogenetic signal, indicating that species vary in this measure irrespective of their size, but 657 

due to taxon-specific characteristics. 658 
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A third factor of influence may be the natural diet. As hypothesised, MRTparticle and SFs 659 

were found to be related to %grass in ruminant diets; this is most likely due to a general positive 660 

relationship between %grass and RR volume (Clauss et al., 2003). The findings correspond to the 661 

expectation derived from the finding that the fermentation of grasses, with their higher proportion 662 

of slowly degradable cell walls as compared to browse, takes more time (Hummel et al., 2006). In 663 

contrast, the MRTsolute traits were found to be independent from the natural diet, and MRTsoluteRR 664 

again contained a strong phylogenetic signal. Yet the relationship with the SF RR contained no 665 

phylogenetic signal, which indicates that ruminants of different taxonomic groups adjust their 666 

MRTsoluteRR in different ways to achieve a similar SF RR in relation to their natural diet.  667 

The pattern of the relationship between %grass and the SF (Fig. 7.5 A) deserves closer 668 

scrutiny. Ruminants vary in the degree that their RR contents are stratified. A high stratification can 669 

be accompanied by a higher difference in the amount of fluid present between the dorsal and the 670 

ventral RR contents (Clauss et al., 2009a, Clauss et al., 2009b) or a higher heterogeneity of the 671 

intraruminal papillation pattern (Clauss et al., 2009c). We previously found significant relationships 672 

between the intraruminal papillation pattern and the SF RR (Clauss et al., 2011b, Hebel et al., 673 

2011), as well as the distribution of fluid in rumen contents (Codron and Clauss, 2010). This 674 

suggests that all three measures – SF RR, distribution of fluid in rumen contents, and intraruminal 675 

papillation pattern – are indicators of the same mechanism. While our explanatory focus was first 676 

on potentially beneficial effects of a stratification of the rumen content as such, more recent 677 

experimental work led us to hypothesise that this stratification was rather a by-product of another 678 

ultimate aim – the maximization of fluid throughput (Lechner et al., 2010, Clauss et al., 2011a, 679 

Lauper et al., 2013). All three measures are linked to %grass in a way that suggests a threshold 680 

effect: At very low %grass, SF RR is low (Fig. 7.5 A), fluid is distributed homogenously across the 681 

rumen content, and the intraruminal papillation pattern is homogenous (Codron and Clauss, 2010). 682 

This was interpreted as a consequence of the necessity to produce saliva rich in tannin-binding 683 

proteins, which is therefore rich in protein, viscous, and of restricted volume (Hofmann et al., 2008, 684 

Clauss et al., 2009c, Codron and Clauss, 2010). However, when either side of the threshold is 685 

considered  alone,  the  SF  RR,  the  rumen  contents’  fluid  distribution  and  the  intraruminal  papillation   686 

pattern do not necessarily change monotonously at increasing %grass as one would expect if RR 687 

physiology was a consistent mirror of natural feeding behavior. Rather, the measured ranges are 688 

simply unsystematically narrow below, and increase more or less unsystematically above the 689 

threshold,   indicating   that   in  particular   above   the   threshold,   ‘anything   goes’ (Fig. 7.5 A). In other 690 

words, above this threshold, other reasons for difference in RR physiology need to be invoked than 691 

%grass, which remain to be explored. 692 
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Finally, we evaluated the effects of body mass and diet simultaneously. This suggested that 693 

for MRT in the whole gastrointestinal tract of either particles or solutes, BM is the more important 694 

factor of influence. This in turn indicates that potential direct adaptations to feeding type are rather 695 

focused on the forestomach than on the whole gastrointestinal tract. Actually, although the original 696 

concept of feeding type adaptations of the ruminant gastrointestinal tract included also the intestines 697 

themselves (Hofmann, 1989), statistical demonstration of such adaptations has so far been provided 698 

only for the forestomach (Clauss et al., 2003, 2006a, 2009c, 2010a). Differences in the anatomy of 699 

the intestines have so far only been related to varying necessity to conserve water in different 700 

habitats (Woodall and Skinner, 1993, Clauss et al., 2004). Even though both MRTparticleGIT and 701 

MRTsoluteGIT were positively related to BM, their ratio (SF GIT) also showed such a significant, 702 

positive relationship. Therefore, MRTparticleGIT and MRTsoluteGIT must differ in their scaling with 703 

BM (with a steeper scaling for particles, as documented in Table S7.5). Because %grass was also 704 

significantly related to the SF GIT, it appears likely that this difference in scaling is an adaptation to 705 

feeding type. The finding that in the model that included both covariables, the relationship of 706 

MRTsolute to MRTparticle was not influenced by BM but by %grass (Table 7.3), supports this 707 

interpretation. But rather than interpreting measurements related to the entire GIT in their relevance 708 

to dietary adaptation, we suggest that they should be considered mere consequences of adaptations 709 

in the forestomach. The finding that MRTparticleRR was not only related to BM, but also (though 710 

only as trend) to %grass matches the observation that RR capacity increases with both BM and 711 

%grass across ruminant species (Clauss et al., 2003). Given these determinants for MRTparticleRR on 712 

the one hand, ruminant taxa on the other hand evolved morphophysiological adaptations controlling 713 

MRTsoluteRR so that it is independent from BM or %grass. The significant phylogenetic signal 714 

suggests that this is a heritable trait that is similar among more closely related species. As a result of 715 

this adaptation, the SF RR is tuned to correspond to the feeding type and, as stated above, possibly 716 

to other factors above a certain %grass threshold. 717 

 718 

7.5.3 Implications for the relevance of difference in solute and particle retention time 719 

A large number of older and recent in vitro studies with ruminant inoculum (e.g. Isaacson et al., 720 

1975, Meng et al., 1999, Martínez et al., 2009) or other in vitro work (Herbert et al., 1956, Tempest 721 

and Herbert, 1965) and more limited in vivo evidence in domestic cattle (e.g. Kropp et al., 1977, 722 

Bird et al., 1993) or sheep (Harrison et al., 1975) suggest that an increased fluid throughput will 723 

enhance microbial yield from fermentation chambers, and potentially also microbial fibre digestion. 724 

A likely explanation is that a high rumen fluid throughput, i.e. an intensive wash-out of microbes, 725 

keeps microbial populations in a stage of growth rather than maintenance (Isaacson et al., 1975), 726 
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and that particularly fast-growing, and hence efficient, microbe strains are selected. In human 727 

subjects in whom digesta passage had been manipulated by medication, fecal inoculum from shorter 728 

retention time treatments actually yielded higher in vitro fermentation rates on a standard substrate 729 

than inoculum from longer MRT. This supports the concept that by shorter MRT microbes of 730 

higher metabolic activity are selected (El Oufir et al., 2000). Increases in both microbial yield and 731 

fibre digestion, represent important selective advantages in foregut fermenters and thus could 732 

explain convergent evolution towards higher fluid throughput in various ruminant lineages above 733 

the relevant %grass threshold. 734 

Yet, in spite of this strong theoretical and comparative evidence, proof that increased fluid 735 

throughput is relevant for animal growth or productivity is scarce. In sheep, the association of 736 

shorter MRT with higher wool growth was interpreted as an adaptation for a higher delivery rate of 737 

amino acids to the lower digestive tract (Thompson et al., 1989, Smuts et al., 1995). A higher rumen 738 

fluid throughput (via increased saliva production) could not only increase the microbial biomass 739 

harvest from the forestomach, potentially increase the microbial digestive efficiency in the rumen, 740 

but due to the buffering effect of the saliva also reduce the susceptibility to acidosis and hence 741 

increase the capacity to use high-energy diets typical for modern livestock production systems 742 

(Hibbard et al., 1995).  743 

Quite obviously, there must be an optimum fluid throughput above which microbes are 744 

washed out at a higher rate than they grow. This optimum will evidently vary with the rate at which 745 

particles themselves are moved from the fermentation system. Therefore, to achieve an optimal 746 

digesta washing, fluid throughput must be adjusted to the distinct conditions of particle retention. 747 

Therefore, analyses aiming to explain MRTsoluteRR without considering MRTparticleRR (as done in 748 

Table 7.2) indicate that MRTsoluteRR is a taxon-specific characteristic with strong phylogenetic 749 

signal and no influence of BM and natural diet. In contrast, when analyzing MRTsoluteRR in its 750 

dependence from MRTparticleRR (as done in Table 7.3), the phylogenetic signal disappears, but the 751 

natural diet contributes significantly, confirming that the taxon-specific MRTsoluteRR serves to 752 

achieve a specific degree of digesta washing in a way that is convergent across ruminant taxa. 753 

Investigating potential factors of influence on digesta washing beyond the %grass threshold, such as 754 

differences in grass quality (Codron et al., 2008b), and exploring degrees by which digesta washing 755 

could be optimised in domestic ruminants (Clauss et al., 2010b), appear as promising areas of future 756 

research. 757 

 758 

 759 



 
 

128 

 760 

 761 
762 



 
 

129 

8. Digesta retention patterns of solutes and different-sized particles in camelids compared to 763 
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8.1 Abstract 787 

The mean retention time (MRT) of solute or particles in the gastrointestinal tract (GIT) and the 788 

forestomach (FS) are crucial determinants of digestive physiology in herbivores. Along with 789 

ruminants, camelids are the only herbivores that have evolved rumination as an obligatory 790 

physiological process consisting of repeated mastication of large food particles, which requires a 791 

sorting mechanism of particles in the FS. Whether this sorting mechanism differs between camelids 792 

and ruminants has not been investigated so far. In the present study we measured MRTs of solutes 793 

and three different sized particles (2, 10, and 20 mm), and the ratio of large-to-small particle MRT, 794 

i.e., the selectivity factor (SF), in three camelid species: alpacas (Vicugna pacos, n = 5), llamas 795 

(Lama glama, n = 6), and Bactrian camels (Camelus bactrianus, n = 5). The camelid data were 796 

compared to literature data from ruminants and non-ruminant foregut fermenters (NRFF). Camelids 797 

and ruminants both had higher SF10/2mmFS than NRFF, suggesting convergence in the function of 798 

the FS sorting mechanism in contrast to NRFF, in which such a sorting mechanism is absent. The 799 

SF20/10mmFS did not differ between ruminants and camelids and was close to equality, indicating 800 

that there is a particle size threshold of about 1 cm in both suborders above which particle retention 801 

is not increased. Camelids did not differ from ruminants in MRT2mmFS, MRTsoluteFS and their ratio, 802 

but   they   were   more   similar   to   ‘cattle-’   than   to   ‘moose-type’   ruminants.   Camelids   had   higher   803 

SF10/2mmFS and higher SF20/2mmFS than ruminants, indicating a slightly slower process of particle 804 

sorting in camelids. More detailed studies on the flow of large and small particles in within the 805 

different compartments of the FS of camelids are required to understand the reason for these 806 

differences. 807 

 808 

809 
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8.2 Introduction  810 

Although the digestive strategy of (non-ruminant) foregut fermenters has historically been 811 

considered   ‘ruminant-like’   (e.g. Moir et al., 1954, Bauchop and Martucci, 1968), the process of 812 

rumination clearly sets ruminants apart from non-ruminant foregut fermenters (Fritz et al., 2009, 813 

Schwarm et al., 2009c, Clauss et al., 2010b). True rumination has evolved in only two artiodactyl 814 

lineages, the ruminants and the camelids, while sporadic regurgitation and repeated mastication of 815 

stomach contents (merycism) has been reported in a variety of mammals such as koala 816 

(Phascolarctos cinereus) (Logan, 2001, Logan, 2003), macropods (Moir et al., 1956, Mollison, 817 

1960, Barker et al., 1963, Hendrichs, 1965), hyrax (Procavia capensis) (Hendrichs, 1965), capybara 818 

(Hydrochoerus hydrochaeris) (Lord, 1994) or proboscis monkeys (Nasalis larvatus) (Matsuda et 819 

al., 2011, Matsuda et al., 2014). In contrast to merycism, rumination is an obligatory, regular 820 

behavioural and physiological process (Gordon, 1968),   that   is  characterised  not  only  by   ‘repeated   821 

mastication’  but  by  a  density-dependent sorting mechanism in the forestomach (FS) (Lechner-Doll 822 

et al., 1991). This mechanism is absent in non-ruminant foregut fermenters (Schwarm et al., 2008, 823 

Schwarm et al., 2009b, Schwarm et al., 2013). In ruminants and camelids, it ensures that only those 824 

particles are ruminated that require further comminution. 825 

While camelids and ruminants both ruminate, several differences set these groups apart: 826 

different chewing motions during rumination (Hendrichs, 1965), the different design of the FS 827 

(Langer, 1988), and different FS motility patterns (Heller et al., 1984, Heller et al., 1986b). More 828 

general, camelids have a lower metabolism and food intake than ruminants (Dittmann et al., 2014d). 829 

The latter aspect might be related to the longer digesta retention times found in camelids (Heller et 830 

al., 1986c). In camelids, large particles have been found beyond the first and second FS 831 

compartments, and in the proximal part of the third compartment (Lechner-Doll and von 832 

Engelhardt, 1989). Hence, it has been suggested that the sorting mechanism in the FS of camelids is 833 

less efficient than in ruminants, and that the emptying of the FS is too slow to allow similarly high 834 

relative food intakes as those observed in some ruminant species (Clauss et al., 2010b). The 835 

retention of solute as well as small and large particle markers has been investigated in camelids 836 

(Heller et al., 1986c, Lechner-Doll et al., 1990, Cahill and McBride, 1995, von Engelhardt et al., 837 

2006b), and a sorting mechanism in the FS, as reflected by longer retention of larger as compared to 838 

smaller particles, has been demonstrated (Heller et al., 1986a, Heller et al., 1986c, Lechner-Doll et 839 

al., 1990). So far, however, there are no comparable measurements in alpacas and Bactrian camels, 840 

and comparisons among camelid species and of camelids and ruminants are lacking. In ruminants, 841 

marked differences between species occur with respect to the retention of solute and particle 842 

markers (Dittmann et al., 2014c). The efficacy of the ruminant sorting mechanism however, is not 843 
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affected by such species differences (Lechner et al., 2010). Furthermore, while the sorting 844 

mechanism of ruminants differentiates between small (< 2 mm) and larger (10 mm) particles, it 845 

does not additionally differentiate between large particle classes (10 vs. 20 mm) (Schwarm et al., 846 

2009a, Lechner et al., 2010). To our knowledge, it has not yet been investigated whether the sorting 847 

mechanism in the FS of camelids is not only qualitatively, but also quantitatively similar to that in 848 

ruminants. 849 

Therefore, the aim of the present study was to assess the retention patterns of solutes and 850 

different sized particles in three camelid species, in order to compare retention times and the sorting 851 

mechanism within camelids, and to ruminants and non-ruminant foregut fermenters.  852 

 853 

8.3 Methods  854 

8.3.1 Animals and husbandry 855 

The measurements were approved by the Cantonal Veterinary Office Zurich and took place under 856 

the Swiss Cantonal Animal Experiment Licence no. 142/2011 in the framework of a comprehensive 857 

experiment using respiration chambers to determine metabolic rates (Dittmann et al., 2014d) and 858 

methane production (Dittmann et al., 2014e) in three camelid species. All experimental animals 859 

were adult and included representatives of Bactrian camels (Camelus bactrianus, n = 5) and llamas 860 

(Lama glama, n = 6) kept on a private farm in Switzerland, and alpacas (Vicugna pacos, n = 5) kept 861 

at Zoo Zurich. Prior to the experiment the animals were adapted to a diet consisting of lucerne hay 862 

provided at ad libitum access and a limited amount of lucerne pellets (Table 6.1). The pellets 863 

eventually made up 53, 33 and 21% of total dry matter intake (DMI) in alpacas, llamas and Bactrian 864 

camels respectively. In order to ensure comparable ad libitum intakes in all species, alpacas 865 

received a higher proportion of pellets because the voluntary intake of lucerne hay was comparably 866 

low in this species. All animals were weighed prior to the experiment. During the experiment, the 867 

animals were kept on the same diet in separate adjacent indoor pens that allowed visual and 868 

acoustic contact. Food intake was determined by weighing diet items offered and the corresponding 869 

refusals for 6 to 7 days. Representative samples of food and refusals were taken and dried at 60°C. 870 

Dry matter (DM) content was analysed following AOAC no. 942.05 (AOAC, 1995). Pens were 871 

cleaned on daily basis and animals had unrestricted access to water.  872 

 873 

8.3.2 Determination of solute and particle retention times 874 

To measure mean retention time (MRT) of particles and fluid, four markers from the same batch as 875 

those used by Lechner et al. (2010) were used: three different sized particle markers based on fibre 876 
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from grass hay mordanted with chromium (Cr; < 2 mm), cerium (Ce; approx. 10 mm), lanthan (La; 877 

approx. 20 mm), and cobalt ethylene diaminetetracetic acid (Co-EDTA), which is soluble in water. 878 

Markers were prepared according to Udén et al. (1980) and Schwarm et al. (2008, 2009a). Bactrian 879 

camels and llamas received all four markers, while alpacas only received Cr- and Ce-mordanted 880 

fibres and Co-EDTA; in the latter species, we expected reluctance of marker ingestion if too much 881 

marker material would have been offered. Prior to the administration of the markers, three faecal 882 

samples were taken to determine baseline marker concentrations in each animal. Individuals were 883 

then fed the particle markers at 0.1 g kg-1 body mass (BM) each and Co-EDTA at 0.01 g kg-1 BM 884 

dissolved in water. Markers were fed in mixture with a small amount of lucerne pellets and were 885 

consumed within approximately 30 minutes. The time when the animals had completely ingested 886 

the markers was considered 0 h (Fig 1), after which faeces of llamas and Bactrian camels were 887 

sampled every 4 h for the first 60 to 84 h after marker application and every 6 h for the remaining 888 

time of the 7 days. Faeces of alpacas were sampled every 4 h for the first 2 days after marker 889 

application, every 6 h on day 3, every 8 h on day 4, and every 12 h on days 5, 6 and 7. Due to 890 

differences in facilities and husbandry between species, the sampling protocol differed between 891 

species. However, the method used for calculating retention times was independent of sampling 892 

intervals, as demonstrated by Van Weyenberg et al. (2006). All samples were immediately oven- 893 

dried at 60°C and later ground to 0.75 mm. Marker analysis was performed in a similar way as in 894 

previous studies (Frei et al., 2014). For wet ashing samples were heated with 4 ml nitric acid 895 

(HNO3)   and   2   ml   hydrogen   peroxide   with   the   microwave   MLS   ‘START   1500’   (MLS   GmbH,   896 

Leutkich, Germany). Temperature was increased over 15 min to 170°C, and over 20 min to 200°C, 897 

then held at 200°C for 5 min. The wave-length was 12.25 cm and the frequency 2.45 GHz. 898 

Determination of Co, Cr and Ce in the samples was performed using an inductively coupled plasma 899 

optical emission spectrometer (model Optima 8000, Perkin Elmer, Rodgau, Germany). Sample 900 

introduction was carried out by using a peristaltic pump connected to a Meinhard nebulizer with a 901 

cyclon spray chamber. The measured spectral element lines were: Co: 228.616 nm; Cr: 267.716; 902 

Ce: 413.764 nm; La: 398.852 nm. The RF power was set to 1400 W, the plasma gas was 8 L argon 903 

min-1, whereas the nebulizer gas was 0.6 L argon min-1. Values were corrected for the individual 904 

baseline concentrations prior to the marker application. To avoid an artificial increase in MRT by 905 

infinite excretion curves due to variation in baseline concentrations, values below 1% of the 906 

maximum concentration of a marker in the excretion curve were set to 0 (adapted from Bruining 907 

and Bosch, 1992). 908 

Mean retention time in the gastrointestinal tract (GIT) was calculated by separating the area 909 

under the marker excretion curve into two equal parts (Thielemans et al., 1978): 910 

MRT  GIT  =  ∑  (ti × dt × ci)  /  ∑  (dt  ×  ci) 911 
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where ti = time after marker application in h determined as the middle between two sampling 912 

intervals, dt = time interval represented btw marker concentration calculated as ((ti + 1 - ti ) + (ti  - ti - 913 

1))/2, and ci = faecal marker concentration at ti  in mg kg-1 DM.  914 

The mean retention time of the solute marker in the FS (MRTsoluteFS) was calculated by 915 

estimating the rate constant of the descending part of the marker excretion curve using an 916 

exponential equation (Lechner-Doll et al., 1990): 917 

y = A × e-k × t 918 

where y = faecal marker concentration at time t in mg kg-1 DM, A = constant, k = the rate constant 919 

of the descending part of the excretion curve in h-1, and t = time after marker application in h. 920 

According to Hungate (1966), the reciprocal value of k represents the MRT within the compartment 921 

characterised by k. Based on the assumption that fluid and particles do not differ in passage 922 

characteristics distal to the FS (empirically confirmed by Grovum and Williams, 1973, Kaske and 923 

Groth, 1997, Mambrini and Peyraud, 1997), MRTparticleFS is calculated as 924 

MRTparticleFS = MRTparticleGIT – (MRTsoluteGIT – MRTsoluteFS). 925 

The  ‘selectivity  factor’  (SF)  is  defined  as  the  ratio  of  two  MRTs,  either  particle  to  solute  or   926 

large to small particles. It was calculated for both total GIT and the FS, and for the small particle 927 

marker MRTs to solute MRT (Cr:Co), and for larger to smaller particle MRTs (Ce:Cr, La:Cr, 928 

La:Ce). 929 

 930 

8.3.3 Comparative literature 931 

Data on the retention of comparable passage markers obtained in various camelids, ruminants and 932 

non-ruminant foregut fermenters (NRFF) were collected from the literature. Data on ruminant 933 

MRT2mm and MRTsolute are the same as provided in Table S7.2 in the appendix. Data sources of 10 934 

mm and 20 mm particle markers from ruminants, camelids and NRFF are presented in Table S8.1 935 

in the appendix. For the dataset on MRT2mm and MRTsolute we classified the ruminant species as 936 

‘cattle-‘  or  ‘moose-type’,  based  on  their  SF2mm/soluteFS,  because  ‘cattle-type’  ruminants  are  defined   937 

as having comparatively shorter solute retention times in the reticulorumen, and thereby higher 938 

SF2mm/soluteFS values,  than  ‘moose-type’  ruminants  (Clauss et al., 2010b). 939 

For NRFF, no data were available for large (20 mm) particle markers. Because data were 940 

available from many different species for the solute and small particle (2 mm) markers, the data 941 

incorporated in analyses with respect to these to markers were averaged per species. Species means 942 

for all measures were first calculated as an average per source, and then as mean of all source 943 

averages.   In   total,   we   collated   data   from   32   ruminant   species   (consisting   of   13   ‘moose’   and   19   944 

‘cattle-type’  species),  four  camelid  species  and  seven  non-ruminant foregut fermenter species. For 945 
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the datasets including 10mm and 20mm particle markers species numbers did not exceed 19, which 946 

is why these analyses were perfomed with data from individual animals, not species means, and 947 

without PGLS analyses (see below). 948 

 949 

8.3.4 Statistical evaluation 950 

The relative dry matter intake (rDMI) was calculated using an exponent of BM0.85 . following 951 

Müller et al (2013). This approach was supported by the data obtained from the camelids 952 

investigated in this study, in which DMI scaled at BM0.85 (95%CI: 0.75; 0.94). Data from species 953 

investigated in the present study were checked for normal distribution by applying a Shapiro-Wilk 954 

test, based on which we used ANOVAs for comparison of retention times between and within 955 

species, followed by pair-wise Tukey HSD post hoc tests. Data from Bactrian camels were 956 

compared to literature data from dromedaries (Lechner-Doll et al., 1990, pers. comm.), by applying 957 

t-tests. All statistical tests were carried out in R 2.15.0 (R Core Development Team, 2011) using the 958 

packages ape (Paradis et al. 2004), caper (Orme et al. 2010), and nlme (Pinheiro et al. 2011).  959 

Correlations including data from species investigated in the present study and literature data 960 

from other herbivores were investigated by applying general least squares (GLS) models with 961 

MRT, SF or DMI as dependent variable and BM or rDMI as independent variables. In the GLSs 962 

herbivore   type   (camelid,   ruminant   [either  as   such  or   separated   into   ‘moose-’  and   ‘cattle-type’]  or   963 

NRFF) was added as a cofactor. For each model, we tested the interaction between the independent 964 

variable and the cofactor. This interaction was removed from the model when not significant. 965 

Additionally, to investigate differences in relationships between large and small particle markers 966 

between herbivore types, we applied GLSs with large particle markers as dependent and small 967 

particles markers as independent variables, and with herbivore type as a cofactor (and interactions 968 

of the latter two). The respective SFs were tested for differences between herbivore types by 969 

applying ANOVA or Kruskal-Wallis tests, followed by Tukey HSD post hoc tests or non- 970 

parametric pair-wise tests as means for multiple comparisons (R function kruskalmc).  971 

Species cannot be considered independent units, as they share an evolutionary history which 972 

means that similarities between species might only be an artefact of their ancestry (Felsenstein, 973 

1985). This lack of independence violates basic assumptions of many statistical tests, which is why 974 

we accounted for phylogeny by applying Phylogenetic Generalised Least Squares (PGLS) analyses. 975 

Data were linked to a supertree of extant mammals (Bininda-Emonds et al. 2007, 2008), for the 976 

same models investigated by GLS in the dataset for MRT2mm for which values of many different 977 

species were available, without the inclusion of herbivore type as a cofactor. The value of the 978 

phylogenetic signal (O) (Pagel 1999), which can be considered a measure of the phylogenetic 979 
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structure in the dataset, was estimated with maximum likelihood (Revell 2010), using the PGLS 980 

command from the package caper (Orme et al. 2010). Additionally, Akaike’s  information  criterion   981 

(AIC) for the models was determined by using the R function AIC to determine which model has 982 

the better fit. Significance  levels  were  set  to  α  =  0.05,  with  values  between  0.05  and  0.10  considered   983 

as trends. 984 

 985 

8.4 Results 986 

8.4.1 Differences between camelid species 987 

Marker excretion curves for the three species indicated a typical sequence in marker excretion 988 

peaks, with the solute marker being excreted first, followed by the small particle marker, and then 989 

by the two large particle markers (Fig. 8.1). In the two species (camels and llamas) where three 990 

particle markers had been applied, the MRTs (both in GIT and FS) of the two large particle markers 991 

did not differ from each other (P > 0.99 and P > 0.79, respectively). All other MRTs, in GIT and 992 

FS, differed significantly between each other within each species (camels: P < 0.001; llamas: P < 993 

0.001; alpacas: P < 0.023) (Tables 8.1 and 8.2). 994 

In general, there were no significant differences in retention times of the different markers 995 

between species; only llamas had shorter MRT20mmGIT and FS than Bactrian camels (P < 0.036). 996 

SF10/2mmGIT and FS were lower in alpacas than in llamas (P < 0.041) and Bactrian camels (P < 997 

0.011).  998 

 999 

 1000 
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 1001 

 1002 

 1003 

 1004 

Figure 8.1. Exemplary excretion curves of the solute and particle markers of each one alpaca (Vicugna pacos), llama (Llama glama), and Bactrian 1005 
camel (Camelus bactrianus).  1006 

 1007 

 1008 

 1009 
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Table 8.1. Body mass, dry matter intake, and retention times and selectivity factors of the gastrointestinal tract from the camelids investigated in this 1010 
study and from dromedaries (C. dromedarius) investigated by Lechner-Doll et al. (1990, pers. comm.). 1011 
Species Body mass 

(kg) 
rDMI  
(g d-1 kg-0.85) 

Mean retention time in the gastrointestinal 
tract (h) 

 Selectivity factor in the gastrointestinal tract  

   Solute 2mm 10mm 20mm  2mm/solute 10/2mm 20/2mm 20/10mm 

Vicugna pacos  63 ± 12 34 ± 7 34 ± 61 50 ± 122 59 ± 123 n.m.  1.46 ± 0.13 1.20 ± 0.14a n.m. n.m. 

Lama glama 148 ± 26 35 ± 5 29 ± 21 40 ± 42 58 ± 43 57 ± 3a3  1.40 ± 0.09 1.47 ± 0.14b 1.44 ± 0.11 0.98 ± 0.03 

Camelus bactrianus 658 ± 72 35 ± 6 34 ± 31 47 ± 62 66 ± 53 67 ± 5b3  1.38 ± 0.11 1.42 ± 0.07b 1.43 ± 0.07 1.01 ± 0.02 

Camelus dromedarius 453 ± 95 n.m. 45 ± 8* 61 ± 7* n.m. 88 ± 12*  1.36 ± 0.09 n.m. 1.43 ± 0.10 n.m. 

rDMI relative dry matter intake; n.m. not measured; superscript letters indicate significant differences between retention time measures and SFs within columns, 1012 
superscript numbers indicate differences of retention times within species, asterisks indicate significant differences in the respective means between C. bactrianus 1013 
and C. dromedarius. 1014 
 1015 
 1016 
Table 8.2. Retention times and selectivity factors of the forestomach from the camelids investigated in this study and from 1017 
dromedaries (C. dromedarius) investigated in Lechner-Doll et al. (1990, pers. comm.). 1018 
Species Mean retention time in the forestomach (h)  Selectivity factor in the forestomach 

 Solute 2mm 10mm 20mm  2mm/solute 10/2mm 20/2mm 20/10mm 

Vicugna pacos  22 ± 71  38 ± 112 47 ± 113 n.m.  1.74 ± 0.26 1.28 ± 0.22a n.m. n.m. 

Lama glama 17 ± 31  28 ± 32 47 ± 53 45 ± 4a3  1.71 ± 0.23 1.66 ± 0.15b 1.62 ± 0.12 0.97 ± 0.05 

Camelus bactrianus 19 ± 31  32 ± 52 51 ± 43 51 ± 4b3  1.72± 0.29 1.63 ± 0.14b 1.64 ± 0.11 1.01 ± 0.04 

Camelus dromedarius 11 ± 1* 26 ± 3(*) n.m. 53 ± 7  2.52 ± 0.31* n.m. 2.01 ± 0.30* n.m. 

n.m. not measured; superscript letters indicate significant differences between retention time measures and selectivity factors within columns, 1019 
superscript numbers indicate differences of retention times within species, asterisks indicate significant differences in the respective value between 1020 
C. bactrianus and C. dromedarius, while askterisks in brackets indicate trends.  1021 
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Comparing our measurements of the large camelid, the Bactrian camel, to literature data from 1022 

dromedaries (Lechner-Doll et al., 1990, pers. comm.), revealed longer MRTs for all markers in the 1023 

GIT (P = 0.000 – 0.002), and shorter MRTsoluteFS (P = 0.002) and a trend towards shorter 1024 

MRT2mmFS (P = 0.071) in dromedaries (Tables 8.1 and 8.2). Only MRT20mmFS did not differ 1025 

between the two species (P = 0.62). The SFs in the GIT were similar in the two species 1026 

(SF2mm/soluteGIT: P = 0.73; SF20/2mmGIT: P = 0.99), whereas SF2mm/soluteFS and SF20/2mmFS were 1027 

higher in dromedaries compared to Bactrian camels (both P < 0.001). 1028 

 1029 

8.4.2 Comparisons with literature data from ruminants: absolute MRTs 1030 

When relating combined data from ruminants and camelids on MRT2mm and MRTsolute, both for GIT 1031 

and FS, to body mass, there were no significant interactions (P > 0.37) between herbivore type and 1032 

BM. There were no significant differences (P = 0.10 - 0.94) between camelids and ruminants, or 1033 

between  camelids,  ‘cattle-’  and  ‘moose-type’  ruminants  in  these  models.  Camelid  values  were  well   1034 

within the range reported for ruminants (Fig. 8.2). MRT2mmGIT and FS, and MRTsoluteGIT were 1035 

related to BM in both, GLS (P < 0.035; scaling exponents BM0.07-0.12 [0.03; 0.20]) and PGLS analyses 1036 

(P < 0.001, O = 0.00; scaling exponents BM0.08-0.12 [0.04; 0.19]). MRTsoluteFS was not related to BM in 1037 

GLS (P = 0.18) and showed a trend towards significance in PGLS with a strong phylogenetic 1038 

structure (P = 0.08; O = 0.92; scaling exponent BM0.09 [-0.01; 0.18]), indicating that closely related 1039 

species have similar MRTsoluteFS values, independent of their BM. 1040 

 1041 

8.4.3 Comparison with literature  data  from  ruminants:  ‘digesta  washing’  in  the  forestomach 1042 

The SF2mm/soluteFS  differed  between  ruminants  and  camelids  (χ2  =  125;;  P < 0.001) with significantly 1043 

lower  values  in  ‘moose-type’  ruminants  as  compared  to  ‘cattle-type’  ruminants  and  camelids (P < 1044 

0.001)   and   a   trend   towards   camelids   being   lower   than   ‘cattle-type’   ruminants   (P = 0.084) (Fig. 1045 

8.3A). Correspondingly, a GLM with MRT2mmFS as independent and MRTsoluteFS as dependent 1046 

variable revealed significant influence of herbivore type (P < 0.001),  with  ‘moose-type’  ruminants   1047 

having higher MRTsoluteFS   than   ‘cattle-type’   or   camelids   at   a   given  MRT2mmFS (Table 8.3; Fig. 1048 

8.3B). In a PGLS model with the same variables but without herbivore type as cofactor, there was a 1049 

significant phylogenetic structure in the dataset (O = 0.781), indicating similar values among closely 1050 

related species. The fit of the GLS model with herbivore types was better than the PGLS model 1051 

(AIC: -8.0 vs. 11.2). Note that the camelids do not achieve the very high SF2mm/soluteFS or short 1052 

MRTsoluteFS as cattle or muskoxen (Ovibos moschatus) (Lechner et al., 2010). 1053 

 1054 
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8.4.4 Comparisons with literature data from ruminants and non-ruminant foregut fermenters: 1055 

sorting mechanism 1056 

The SF10/2mmGIT and FS differed between ruminants, camelids and NRFF  (χ2  =  52.9   /  52.8;;  P < 1057 

0.001) with significantly lower values (close to equality) in NRFF as compared to ruminants and 1058 

camelids (P < 0.001) and lower values in ruminants compared to camelids (GIT: P = 0.048; FS: P = 1059 

0.029; Fig. 8.4A). In a GLM with MRT2mmFS as independent and MRT10mmFS as dependent 1060 

variable, there was a significant interaction with herbivore type, irrespective of whether NRFF were 1061 

included in the analyses (P < 0.001) or not (P = 0.03) (Table 8.3). While the significant interaction 1062 

does not allow interpreting the exclusive effect of herbivore type in this relationship, the data 1063 

analysis confirms that there is no particle sorting in NRFF, and that camelids are generally within 1064 

the higher range of ruminants (Fig. 8.4B). 1065 

More data could be included in the comparison of SF20/2mmFS between herbivore types than for 1066 

SF10/2mmFS (n = 102 vs. 85 datapoints), but no data from NRFF was available for SF20/2mmFS. The 1067 

SF20/2mmFS was lower in ruminants than in camelids (T = 4.5; P < 0.001; Fig. 8.5A). Again, in a 1068 

GLS with MRT2mmFS as independent and MRT20mmFS as dependent variable, there was a 1069 

significant interaction with herbivore type (P = 0.001). The data indicate that camelids are generally 1070 

within the higher range of ruminants in this relationshiP (Fig. 8.5B).  1071 

In contrast, the SF20/10mmGIT and FS did not differ between ruminants and camelids (W = 1072 

178 / 177; P = 0.49 / 0.47) and was close to equality (Fig. 8.6A). Also, in a GLS with MRT20mmFS 1073 

as independent and MRT10mmFS as dependent variable, there was no difference between camelids 1074 

and ruminants (P = 0.63) (Fig. 8.6B).  1075 

In GLS models with SF10/2mmFS or SF20/2mmFS as independent variable and rDMI as 1076 

dependent variable, the latter was not significant (P > 0.10), while there was again a significant 1077 

difference between ruminants and camelids (P < 0.001), indicating generally higher values in 1078 

camelids compared to ruminants, independent of food intake. Applying the same model for 1079 

SF20/10mmFS revealed again no influence of rDMI (P = 0.22), but no difference between ruminants 1080 

and camelids (P = 0.67). There were no significant interactions between rDMI and herbivore type in 1081 

these models (P > 0.11). It must be noted that the ranges of rDMI were overlapping for camelids 1082 

and ruminants, but that the range of rDMI data of the camelids were less broad (27 to 44 g kg BM- 1083 
0.85 d-1) than the range of rDMI values from ruminants (8 to 107 g kg BM-0.85 d-1). 1084 

 1085 

 1086 
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 1087 
Table 3. Linear regression equations corresponding to log(y) = a + b log(x) + cofactor , including the interaction of cofactor × log(x) if significant. 1088 
PGLS was carried out without the cofactor, instead lambda (λ) was calculated. 1089 

Model Variables   Intercept  Independent variable  Cofactor  Interaction  AIC 

 y x Cofactor  n a T P  b T P  F P  F P  

GLS MRTsoluteFS MRT2mmFS Cam/Rum  35 3.3 1.11 0.278  0.65 5.13 < 0.001  0.17 0.682  - ns 16.7 

GLS MRTsoluteFS MRT2mmFS Cam/Moose/Cattle  35 0.1 -2.14 0.041  1.04 9.48 < 0.001  17.85 < 0.001  - ns -8.0 

PGLS MRTsoluteFS MRT2mmFS - (λ=0.78)  35 4.3 1.38 0.176  0.65 5.40 < 0.001  -   - - 11.2 

GLS MRT10mmFS MRT2mmFS Cam/Rum  54 225.0 4.50 < 0.001  0.44 2.90 0.006  5.75 0.020  4.96 0.031  

GLS MRT10mmFS MRT2mmFS Cam/Rum/NRFF  85 225.0 4.61 < 0.001  0.44 2.97 0.004  14.68 < 0.001  8.72 < 0.001  

GLS MRT20mmFS MRT2mmFS Cam/Rum  102 2968.9 7.94 < 0.001  0.13 0.99 0.325  12.14 0.001  11.32 0.001  

GLS MRT20mmFS MRT10mmFS Cam/Rum  39 2.2 3.65 0.001  0.91 38.42 < 0.001  0.53 0.470  - ns  

GLS, general least squares; PGLS, phylogenetically informed GLS; MRT, mean retention time; FS, forestomach; Cam, camelids; Rum,  ruminants;;  Moose,  ‘moose- 1090 
type’  ruminants;;  Cattle,  ‘cattle-type’  ruminants;;  NRFF, non-ruminant foregut fermenters; AIC, Akaike information criterion.  1091 
 1092 

 1093 

 1094 

 1095 
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 1096 

Figure 8.2. Relationships of (A) the mean retention time of 2 mm particles in the gastrointestinal tract (MRT2mmGIT) and (B) the mean retention time 1097 
of solutes in the gastrointestinal tract (MRTsoluteGIT) with body mass (BM) in ruminants and camelids. Dots represent species means. 1098 
 1099 
 1100 

 1101 
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 1102 
Figure 8.3. (A) Comparison of the SF2mm/soluteFS  between  species  means   from  camelids  and   ruminats   (‘cattle-‘  or   ‘moose-type’).  Boxplots indicate 1103 
median, upper and lower quartile, as well as maximum and minimum values, dots indicate outliers, asterisks represent significant differences between 1104 
herbivore types (P < 0.05). (B) Relationship between MRTsoluteFS and MRT2mmFS in ruminants and camelids; dots represent species means; the dashed 1105 
line represents equality of the two measures, i.e. an SF of 1. 1106 
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 1109 
Figure 8.4. (A) Comparison of individual data of the SF10mm/2mmFS between camelids (Cam), Ruminants (Rum), and non-ruminant foregut fermenters 1110 
(NRFF). (B) Relationship between MRT10mmFS and MRT2mmFS in the same herbivores; dots represent measurements of individuals; the dashed line 1111 
represents equality of the two measures, i.e. an SF of 1. 1112 
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 1115 

Figure 8.5. (A) Comparison of individual data of the SF20mm2mmFS between camelids (Cam) and ruminants (Rum). (B) Relationship between 1116 
MRT20mmFS and MRT2mmFS in ruminants and camelids; dots represent measurements of individuals; the dashed line represents equality of the two 1117 
measures, i.e. an SF of 1. 1118 
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 1121 

Figure 8.6. (A) Comparison of individual data of the SF20mm/10mmFS between camelids (Cam) and ruminants (Rum). (B) Relationship between 1122 
MRT20mmFS and MRT10mmFS in ruminants and camelids; dots represent measurements of individuals; the dashed line represents equality of the two 1123 
measures, i.e. an SF of 1. 1124 
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 1125 

8.5 Discussion 1126 

In the present study we investigated retention times of solute and three different-sized particle 1127 

markers in camelids as compared to ruminants and, if data were available, to non-ruminant foregut 1128 

fermenters.  1129 

 1130 

8.5.1 Differences between camelid species 1131 

In general, the absolute MRTs obtained from the camelids investigated in the present study do not 1132 

confirm the particularly long retention times measured in other studies. For example, in Bactrian 1133 

camels the MRTs measured in the GIT by Cahill and McBride (1995) were 50 to 80 % longer than 1134 

the ones measured in the present study (MRTsoluteGIT: 34 vs. 50 h; MRT2mmGIT: 47 vs. 85 h). In 1135 

the llamas, MRTsoluteGIT and MRT2mmGIT data from Heller et al. (1986a) exceeded the ones 1136 

measured in the present study by approximately 30 %. These differences might well be explained 1137 

by differences in the food intake level, as described for Bactrian camels by Cahill and McBride 1138 

(1995), which influence MRT within and across species (Müller et al., 2013, Clauss et al., 2014b). 1139 

Therefore, measurements of retention time should ideally always be accompanied by assessments of 1140 

intake, and conclusions made from comparisons of absolute MRTs must take into account the effect 1141 

of intake. 1142 

To complete the understanding of digesta retention and particle sorting in camelids, it would 1143 

have been preferable to also include dromedaries into the experiment and feed them the same 1144 

lucerne-based diet, which was not possible due to animal availability. No data on food intake or 1145 

MRT10mm were available for dromedaries in the literature, which is why dromedaries could not be 1146 

included in the statistical comparisons between herbivores with respect to this marker. Generally, 1147 

dromedary data from Lechner-Doll et al. (1990, pers. comm.) indicated longer retention times in the 1148 

GIT compared to Bactrian camels. Dromedaries had relatively short MRTsoluteFS of 11 h compared 1149 

to 19 h in Bactrian camels, and also shorter MRTsoluteFS than the smaller species investigated in this 1150 

study. MRTparticleFS were similar in dromedaries when compared to the camelids investigated in this 1151 

study, which resulted in comparably higher SF values in the FS of dromedaries (also documented 1152 

by Heller et al., 1986c). Other measurements reported for tulus (hybrids of C. bactrianus and C. 1153 

dromedarius) under hydrated conditions indicated short MRTsoluteFS of 12 h (von Engelhardt et al., 1154 

2006b), similar to the MRTsoluteFS in the dromedaries. Contrasting to the short MRTsoluteFS found in 1155 

the camelids, long MRTsoluteFS in ruminants have been interpreted as a consequence of a 1156 

proportionately large FS that serves as a water storage organ (Silanikove, 1994, Hummel et al., 1157 
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2008). Dromedaries, with a comparatively smaller proportionate FS volume than ruminants 1158 

(Lechner-Doll et al., 1990), apparently do not use the FS to the same extent as a water reservoir. 1159 

Actually, even after severe dehydration and a sudden re-hydration, the camelid FS does not 1160 

maintain an extended volume for more than one day (von Engelhardt et al., 2006b). Therefore, the 1161 

camelids’  adaptation  against  water  shortage  appears  to  consist  in  the  ability  to  rapidly  ingest  large   1162 

amounts of water when it is available, and to absorb this water quickly into the body, rather than 1163 

retain it in the FS (von Engelhardt et al., 2006b), as for example observed in the desert-adapted 1164 

addax antelope (Addax nasomaculatus) (Hummel et al., 2008). 1165 

 1166 

8.5.2 Comparing digesta washing between camelids and ruminants 1167 

Digesta washing can be described by the difference between the MRTparticle and the MRTsolute, 1168 

expressed  as  the  ratio  of  the  two  measures,  called  the  ‘selectivity  factor’  (SF).  In  case  of  high  ratios   1169 

a faster-moving fluid phase washes through a slower-moving particulate digesta phase, thereby 1170 

removing solutes and very fine particles, including microbes, from this plug (Lentle et al., 2006, 1171 

Müller et al., 2011a). This process is not restricted to ruminants as it can also be found in some 1172 

NRFF and other digestion types (Müller et al., 2011a). Within ruminants, species differ in this 1173 

characteristic (Clauss and Lechner-Doll, 2001, Clauss et al., 2006b, Dittmann et al., 2014c), which 1174 

led   to   the  classification  of   ‘cattle-’   and   ‘moose-type’   ruminants.  Therefore,   the   finding   that   these   1175 

ruminant types differ significantly in the SF2mm/soluteFS (Fig. 8.3A) is no surprise, because the 1176 

measure is actually used for the classification. Although guanacos (Lama guanicoe) and vicuñas 1177 

(Vicugna vicugna) have not yet been subjected to such measurements, it appears that camelids 1178 

generally  have  evolved  a  ‘cattle-type’  strategy. 1179 

The  proposed  major  advantage  of  the  high  SF  characteristic  for  ‘cattle-type’  strategy  is  an   1180 

increased harvest of microbes from the FS, leading to a higher general yield of microbial protein, 1181 

and selection for a fast-growing and particularly efficient microbial community in the FS (Clauss et 1182 

al., 2010b, Dittmann et al., 2014c).   As   the   ‘moose-type’   strategy   has   been   linked   with   browse   1183 

feeding and salivary defences against tannins (Hofmann et al., 2008, Codron and Clauss, 2010), and 1184 

browse often represents the main component of the diet of free-ranging dromedaries (reviewed in 1185 

Iqbal and Khan, 2001), dromedaries must have evolved alternative strategies to deal with tannins. 1186 

Considering  only  ruminants,  the  ‘moose-type’  strategy is prominent in basal groups such as 1187 

the tragulids or giraffids (Clauss and Lechner-Doll, 2001, Hummel et al., 2005, Darlis et al., 2012) 1188 

and could therefore appear as the basal physiological strategy of the ruminant suborder. However, 1189 

the high SF2mm/soluteFS in the more distantly related camelids could allow the interpretation that a 1190 

higher  degree  of  digesta  washing  as  in  ‘cattle-type’  ruminants  represents  the  basal,  and  the  ‘moose- 1191 
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type’   strategy   a   derived   state.   Although   some   evidence   matches   the   latter hypothesis, e.g. the 1192 

observation   of   the   ‘moose-type’   strategy   in   the   subfamily   of   the   Cephalophines   (Clauss et al., 1193 

2011b) or in dikdik (Madoqua spp.) (Hebel et al., 2011), which are considered derived ecomorphs 1194 

(Bärmann, 2014), more measurements in a larger number of species are required to confirm this 1195 

concept. 1196 

 1197 

8.5.3 Comparing particle sorting in camelids, ruminants and non-ruminant foregutfermenters 1198 

The sorting of large versus small particles is crucial for the process of rumination, as it ensures that 1199 

only those particles that can be efficiently further reduced in size are subjected to repeated 1200 

mastication (Lauper et al., 2013). The actual sorting takes place not so much based on particle size 1201 

but on particle density (Baumont and Deswysen, 1991, Lechner-Doll et al., 1991), because larger 1202 

particles typically have a lower functional density, and hence a propensity to float in a liquid 1203 

medium (Sutherland, 1988, Clauss et al., 2009b). In the FS of ruminants, there is a clear distinction 1204 

between the reticulorumen on the one hand, where particles of all sizes occur, and the omasum on 1205 

the other hand, where only small particles are present (Clauss et al., 2009a, Clauss et al., 2009b). 1206 

This means that the orifice between the reticulum and the omasum is a point of demarcation. In the 1207 

FS of the camelids, however, this separation is somewhat less distinct. Although there is also a clear 1208 

difference in particle sizes present between compartments C1/C2 (corresponding to the 1209 

reticulorumen) and the distal part of C3/hindstomach (corresponding to the abomasum), there 1210 

apparently is a more gradual transition within the proximal part of the C3 compartment, where not 1211 

as many large particles as in C1/C2, but still more than in the distal C3, are present (Lechner-Doll 1212 

and von Engelhardt, 1989). This suggests that the orifice between C2 and C3, although similar in its 1213 

width to that of the orifice between the reticulum and omasum in ruminants (Langer, 1988), may 1214 

not represent an absolute demarcation point like in ruminants. The similar, comparatively low 1215 

faecal particle sizes in ruminants and camelids (Fritz et al., 2009) leads to the assumption that the 1216 

large particles in C3 have to transferred back to the more proximal parts of the FS to be ruminated 1217 

and thereby eventually reduce their size. 1218 

Comparing the findings on the retention of different-sized particles in camelids to those from 1219 

ruminants reveals several similarities. The marker excretion curves recorded in the present study are 1220 

generally very similar to those found in ruminants (cf. e.g. our camelid Fig. 1 to the excretion 1221 

curves shown in Schwarm et al. 2008 or Lechner et al. 2010). As previously found in ruminants, 1222 

there was also no discrimination between particles of 10 or 20 mm in camelids. In ruminants this 1223 

lack of discrimination is independent of whether the markers are fed (Schwarm et al., 2009a) or 1224 

inserted into the rumen via fistula (Lechner et al., 2010). Therefore, it appears unlikely that the lack 1225 
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of discrimination between these sizes is due to the fact that the markers were fed in the present 1226 

study, i.e. that large particle markers had been significantly reduced in size by mastication before 1227 

they reached the FS. Evidently, within species for which such data are available (llamas, Bactrian 1228 

camels, reindeer, muskoxen, moose, and cattle), above a certain threshold of about 1 cm, particle 1229 

size has no additional influence on particle retention. Whether a similar threshold can be found in 1230 

smaller species remains to be investigated. 1231 

The present comparison of relationships of large to small particle retention between 1232 

camelids, ruminants and NRFF suggests that a sorting mechanism sets ruminants and camelids 1233 

apart from other foregut fermenters (Fig. 8.4) and represents, given the distant relatedness of 1234 

camelids and ruminants, a convergent adaptation where the same function is achieved by different 1235 

morphophysiological designs. This convergence not only manifests itself in patterns of MRT 1236 

(present study), FS motility and chewing activity (Heller et al., 1986b, von Engelhardt et al., 1237 

2006a), but also in particle size reduction (Fritz et al., 2009) and the high fibre digestibility when 1238 

compared to NRFF (Hintz et al., 1973, Sponheimer et al., 2003, Clauss et al., 2009d, Steuer et al., 1239 

2013). 1240 

The results of the present study also indicate a certain quantitative difference in the sorting 1241 

of large vs. small particles between herbivore types, with longer 10 mm or 20 mm to 2 mm particle 1242 

retention in camelids as compared to ruminants (and NRFF), evident as higher SF10mm/2mmFS and 1243 

SF20mm/2mmFS  (Fig. 8.4 and 8.5). These higher SF values appear to be caused by a longer retention 1244 

of large particles, rather than a shorter retention of 2 mm particles. The difference between 1245 

ruminants and camelids was not explained by differences in food intake level, and hence might 1246 

reflect true functional differences between the two morphophysiological designs of the FS. Whether 1247 

longer retention of large particles could explain the observation that, under similar experimental 1248 

conditions, camelids usually have a lower food intake than ruminants (Meyer et al., 2010, Dittmann 1249 

et al., 2014d) and a generally lower level of metabolism (Dittmann et al., 2014d) remains 1250 

speculative. Interpreting the effects of morphophysiological characteristics of the GIT as constraint 1251 

for other physiological functions, and ultimately for the competitiveness and diversity of taxonomic 1252 

groups, could lead to instructive narratives (e.g. Janis et al., 1994, Clauss  and Rössner, 2014). In 1253 

the case of camelids, both more functional measurements, such as particle size distributions in the 1254 

different FS compartments, and a systematic evaluation of the fossil record in comparison to 1255 

ruminants are required to support such a narrative. 1256 

1257 
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9. GENERAL DISCUSSION AND CONCLUSIONS 1258 

Living in arid or harsh environments forces animals to save energy and resources. This project 1259 

aimed at investigating three potential saving-mechanisms in camelids and aridity-adapted 1260 

ruminants: 1) Reduction of the metabolic rate to save energy, 2) reduction of the relavite CH4 1261 

production to save energy, 3) long food particle retention times in the forestomach to increase 1262 

digestibility of the food, paired with either long fluid retention times reflecting a large forestomach 1263 

to store water, or relatively short retention times to increase the yield of microbial protein from 1264 

‘digesta  washing’.  While  some  of  these  assumptions  were  confirmed, our results are not completely 1265 

consistent.   1266 

 1267 

9.1 Metabolism 1268 

Having a low metabolic rate lowers energy requirements, endogenous heat load and, thereby, the 1269 

amount of water lost to evaporative cooling. One would therefore expect that having a low 1270 

metabolic rate is an advantage for species inhabiting environments characterized by scarcity in 1271 

resources. Of the species investigated, we found comparably lower energy requirements in camelids 1272 

and dikdiks, when compared to (other) ruminants. Camelids also appeared to have lower metabolic 1273 

rates than ruminants in general. While M. saltiana and N. soemmerringii showed resting metabolic 1274 

rates close to the mammalian average for basal metabolic rates, G. spekei and G. gazella had resting 1275 

metabolic rates significantly above this mammalian average. Hence, the pattern in the species 1276 

investigated is inconsistent. 1277 

Albeit measurements from the two remaining camelid species (vicugña and guanaco) are 1278 

lacking, it appears that this lineage has evolved a consistently lower energy metabolism when 1279 

compared to ruminants, which can be a disadvantage in resource-rich habitats (Vermeij, 1993, 1280 

McNab, 2002, McNab, 2012) and could have lead to the replacement of camelids by ruminants in 1281 

such habitats, as the latter were able to use the available energy at a higher rate (discussed in 1282 

chapter 4).  1283 

Within ruminants, the differences in metabolic rates between species are hard to explain. We 1284 

assumed that the species investigated were adapted to harsh environments based on information 1285 

about their distribution and reports from literature, but they clearly inhabit different environments. 1286 

While all species inhabit areas characterized by harsh conditions, we did not account for 1287 

quantitative differences in these characteristics, such as average yearly rainfall, average 1288 

temperatures, or the availability of the species-specific diet in the respective areas. Species-specific 1289 

adaptations to differing habitats might have caused the inconsistent pattern in metabolic rates.  1290 
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When measuring basal metabolic rates, one aims at the animal being in a quiet, post- 1291 

absorptive condition (Schmidt-Nielsen, 1997). In our experiments, animals had access to food 1292 

inside the respiration chambers, so we attempted to only measure the resting metabolic rate (RMR) 1293 

by selecting the lowest values of a measurement. In fact, judged on the RQ values of the gazelles, 1294 

which, to some extent, mirror the intake level, these animals did not consume large amounts of food 1295 

during the respiration measurements. The selection of the lowest values and the following 1296 

calculation of the metabolic rate were done under the assumption and observation that at some 1297 

point, all animals calmed down in the boxes (especially during the night). Albeit we used the same 1298 

methods  for  all  species,  it  might  have  been  the  case  that  dikdiks  and  Soemmerring’s  gazelles  were   1299 

less prone to stress caused by the measurements than the other species, which resulted in higher 1300 

RMRs in the latter. 1301 

The explanation for the different RMRs between the gazelle species remains speculative, but 1302 

with respect to literature data, there appears to be a general inconsistent pattern in BMRs in aridity- 1303 

adapted ruminants (Table 2.3): Values for BMR (in our case RMR) range from 244 kJ kg BM-0.75 d- 1304 
1 in M. saltiana to 432 kJ kg BM-0.75 d-1 in G. spekei with other ruminant species (e.g. blue duiker, 1305 

oryx, eland) somewhere in between. Metabolisable energy requirements were only determined for 1306 

M. saltiana and together with desert sheeps and goats (Table 2.2). This species can be found at the 1307 

lower range of MEm, while Northern ruminant species such as moose, caribou or reindeer can be 1308 

found at the higher end, supporting lower MEm in aridity adapted species. 1309 

One particular difference between the camelids, showing lower metabolic rates, and the 1310 

ruminants investigated in this project was the degree of habituation. While all camelids were used 1311 

human presence and intensive handling (the Bactrian camels even being used to being ridden), the 1312 

gazelles, though habituated to the researcher in charge for about two weeks prior to the 1313 

measurement, subjectively suffered from more stress, at least during the transfer into the respiration 1314 

chambers. Hence, the effect of stress should be considered when comparing metabolic rates of 1315 

domestic and non-domestic species. Since M. saltiana did show RMR values close to the expected 1316 

BMR, the actual BMR of this species can be expected to be below the mammalian average, and it 1317 

appears that this species has comparably low energy requirements. Measuring MEm for the three 1318 

other gazelle species could clarify if the results match the RMRs and whether MEm, which is 1319 

determined via feeding experiments over several days and possibly less stressful conditions, might 1320 

be  a  less  biased  method  to  characterize  a  species’  energy  metabolism.   1321 

While in camelids a low energy metabolism appears to be a characteristic of this clade, and 1322 

also a restriction when it comes to competing with ruminants, the inconsistent pattern of metabolic 1323 

rates in ruminants could indicate that a lower MR is no necessary adaptation to habitats scarce in 1324 

resources.  1325 
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 1326 

9.2 Methanogenesis 1327 

Methane emission represents an energy loss for the animal. One would therefore expect that 1328 

animals that are adapted to habitats characterized by scarcity in resources would have an advantage 1329 

from reducing this energy loss from methanogenesis.  1330 

The camelids investigated in this project revealed a lower absolute methane production when 1331 

compared to ruminants of the same body mass. However, when expressed per unit fibre intake, 1332 

methane production in camelids was similar to ruminants, indicating that the lower absolute values 1333 

reflect lower food and fibre intakes in camelids, which are in concordance with the lower energy 1334 

requirements and metabolic rates in these animals.  1335 

Within the ruminants investigated in this project, the amount of CH4 produced per kg BM 1336 

was in line with values from other ruminants. With respect to CH4 production per unit fibre and 1337 

expressed in % of GEI, M. saltiana, G. spekei and G. gazella showed values higher than expected 1338 

based on data from other ruminants, while N. soemmerringii showed values that were lower. 1339 

Adding the measurements from the present project to literature data available from other ruminants, 1340 

indicated an average energy loss of 6.1% GEI for all ruminants, irrespective of BM, which is close 1341 

the conversion factor (Ym) of 6.5% used for estimating CH4 emissions from ruminants (IPCC, 1342 

2006).  1343 

Taken together, the results indicate that camelids have similar pathways of methanogenesis 1344 

as ruminants, and that the relative CH4 production is not lowered in aridity-adapted ruminants and 1345 

pseudo-ruminants, which is in contrast with our hypothesis. In fact, the low RQ values of the 1346 

gazelles indicated relatively low food intakes during the respiration measurements, so CH4 values 1347 

from the same animals on a higher intake might be even higher.  1348 

Our results raise doubts that an adaptation to save energy via a low CH4 production is 1349 

possible. While a lowered metabolism is advantageous in harsh environments, it can be 1350 

disadvantageous in resource-rich habitats, where other species with high metabolic rates could use 1351 

resources at a higher rate. In contrast, reducing energy loss via methanogenesis would be 1352 

advantageous for all species, including species living in resource-rich habitats, if it would not be 1353 

linked to costs. Hence, the advantage of reducing methanogeneis might not outweigh the negative 1354 

impacts on fermentation by the excess of H2 in the foregut, which would result in a reduced energy 1355 

gain from digestion. However, comparably low and high relative CH4 values on similar intake 1356 

levels in N. soemmerringii and M. saltiana, respectively, could indicate species-specific differences 1357 

in methanogenesis, which could also not be conclusively explained by NDF digestibilities. For the 1358 

lower CH4 values, one could hypothesise that they indicate a shift in fermentation processes in the 1359 

rumen towards other H2 sinks such as acetic acid or propionate (Russell, 1998, Joblin, 1999). 1360 
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Investigations of microbial communities in the foregut could help to explain deviations of certain 1361 

species. However, our results imply that the amount of methane produced by an animal is mainly 1362 

dependent on food and fibre intake, rather than on some species-specific physiological adaptations.  1363 

Regarding global estimates of methane emission from herbivores, the amounts we estimated 1364 

for free-ranging camelids in Australia or the global populations of wild ruminants appear to be 1365 

negligible when compared to CH4 emissions from domestic ruminants kept in agricultural systems. 1366 

At the same time, wild ruminants, albeit more restricted in energy intake than domestic ruminants, 1367 

do not show a lower proportionate energy loss due to methanogenesis. Taken together, it appears 1368 

that CH4 production is a mandatory side effect of microbial fermentation in (pseudo-)ruminants that 1369 

cannot be avoided. This should be considered in attempts to reduce CH4 emissions from livestock. 1370 

 1371 

9.3 Digesta kinetics 1372 

The duration the digesta is exposed to microbial fermentation in the gastrointestinal tract is a crucial 1373 

parameter of the digestion of herbivores. We expected to find long particle retention times as a 1374 

mechanism to increase digestibility of food of low quality and availability. For solutes we expected 1375 

either long retention times, which could mirror a mechanisms to save water by a low water turnover 1376 

in   a   capacious   FS,   or   short   retention   times   associated   with   a   high   degree   of   ‘digesta   washing’   1377 

(quanified by the ratio of MRT2mmFS to MRTsolute FS) to optimise the yield of microbial protein 1378 

from the FS.  1379 

In the ruminants investigated, we found retention times of both, small particles (2mm) and solutes 1380 

to be comparable to other ruminants from resource-rich environments, with no indications for 1381 

exceedingly long retention times in desert ruminants as suggested in the addax antelope (Hummel et 1382 

al., 2008).  Also,  the  degree  of  ‘digesta  washing’  was  similar  to  species  from  resource-rich habitats. 1383 

A closer investigation of the data revealed that the SF appears to have evolved in relation to the 1384 

percentage of grass in a species diet. Therefore,   within   ruminants,   ‘digesta   washing’   appears   to   1385 

respond rather to the composition of the diet (browse vs. grass) than to scarcity in resources.   1386 

The retention times of small particles (2mm) and solutes in camelids did not differ from 1387 

those of ruminants, again, indicating no exceedingly long retention times in these species. In fact, 1388 

the   degree   of   ‘digesta   washing’   in   camelids   appeared   to   be   similarly   high   as   in   ‘cattle-type’   1389 

ruminants. Together with the proportionally small FS volumes found in camelids when compared to 1390 

ruminants (Lechner-Doll et al., 1990),  our  results  indicate  that  the  camelids’  strategy  to  cope  with   1391 

low resource availability is not met by long solute retention times and the storage of water in a 1392 

capacious FS, but rather by the quick absorption of large amounts of water from the FS and a 1393 

comparably   high   microbial   yield   from   ‘digesta   washing’.   For   example,   after   several   days   of   1394 

dehydration, dromedaries were able to consume 97 l of water within a few minutes, and to reach a 1395 
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similar FS fluid volume as during dehydration within one day (von Engelhardt et al., 2006b). At the 1396 

same time, dromedaries were able to keep up a saliva flow of approx. 2 l h-1 during severe 1397 

dehydration, confirming a high fluid-throughput in the FS (von Engelhardt et al., 2006b). The 1398 

sorting of large vs. small particles in the camelid FS appears to be slightly slower than in ruminants. 1399 

This could be a factor limiting food intake in camelids, and thereby also limiting energy 1400 

metabolism.  1401 

In conclusion, the long retention times found in the addax antelope (Hummel et al., 2008) 1402 

could mirror an exception when compared to other aridity-adapted  species.  The  degree  of  ‘digesta   1403 

washing’   in   the   ruminants and camelids investigated in the present project did not differ from 1404 

ruminants from resource-rich habitats. Only the slightly longer retention of large particles in 1405 

camelids compared to ruminants could reflect an adaptation to increase digestibility, but is more 1406 

likely to mirror differences in the sorting mechanisms between the two suborders. In general, we 1407 

found no evidence that retention times in aridity-adapted species differ from species in resource- 1408 

rich habitats, indicating that this is no crucial mechanism for the saving of energy or water.  1409 

 1410 

9.4 Study limitations and outlook 1411 

One aspect of comparative evaluations is the extension of datasets by covering as many species of a 1412 

clade as possible, as the detection of general patterns in adaptations can be concealed by the 1413 

selection of species. However, the extension of data on non-domestic species is accompanied with 1414 

logistical challenges, such as animal availability, sample size, husbandry or handling, and the 1415 

measurements themselves can be time-consuming and costly. Similar projects with other species 1416 

would be a desirable extension of existing datasets, but further study species should be selected 1417 

with care and with the aim of filling gaps in knowledge. However, it is hard to predict which 1418 

species deliver particularly interesting results. With respect to this project it would have been 1419 

desirable to extend the measurements to the three remaining camelid species (dromedary, vicugña 1420 

and guanaco), and other, possibly even more aridity-adapted ruminants, like larger antelopes such 1421 

as addax or oryx (of which there are already accurate MRT data available). With respect to 1422 

investigating the evolution of retention times in ruminants in general it would be interesting to 1423 

measure MRTs in clades that are underrepresented in the current dataset: cervids, pronghorn 1424 

antelopes (Antilocapra americana), or members of the Moschidae.  1425 

Certain methodological aspects could be improved. For example, the measuring of MRTs is labour- 1426 

intense as it involves frequent sampling, and the processing and analysing of numerous samples, 1427 

which constrains the number of individuals that can be investigated at the same time. Hence, it 1428 

would be interesting to model the minimal sampling requirements for a desired measurement 1429 

resolution, by randomly excluding different (numbers of) samples from a given MRT curve. Also, 1430 
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respiration measurements could be simplified by using systems like the Greenfeed automated head 1431 

chamber unit (Zimmerman, 2011), which might not be the most accurate method to determine 1432 

absolute amounts of CH4 produced, but which would certainly allow for comparison between 1433 

animals kept under the same conditions. While it is difficult to habituate non-domestic animals to 1434 

the spatial confinement in respiration chambers, Greenfeed measurements would be less invasive 1435 

and, therefore, probably less stressful for the animals. In order to determine the optimal method 1436 

used for respiration measurements, it would be also be desirable to compare the measurements 1437 

obtained with the system used in this study to the ones from elaborate respiration chambers. This 1438 

could be accomplished by measuring several sheep or goats with both systems. 1439 

One factor that might have influenced the O2 consumption in the animals could be 1440 

seasonality or fluctuations between days, which was not investigated due to logistical reasons. 1441 

Repeated measurements of the same animals at different days, seasons or temperatures could reveal 1442 

short-term adaptations of metabolic rates. For example, the Bactrian camel, inhabiting deserts areas 1443 

in Mongolia and China, does not only have to cope with hot summers and cold winter, but also with 1444 

extreme temperature differences between day and night. In dromedaries it was shown that the 1445 

metabolic rate increases with increasing body temperature due to external heat load, and that this 1446 

heat can be stored and dissipated during the night (Schmidt-Nielsen et al., 1967). This implies that 1447 

there are short-term responses in metabolic rate to temperatures, which could reveal interesting 1448 

mechanisms to maintain a constant body temperature in other camelids or desert ruminants. 1449 

In order to fully understand water saving mechanisms and the fluid-turnover in the GIT of 1450 

the animals investigated in this study, it would have been desirable to measure the FS volume, 1451 

water content in the faeces, or the surface area of the colon (where water from the faeces is 1452 

reabsorbed). While the latter would have involved the slaughtering of the animals, which was not 1453 

justifiable, follow up studies on the data of this project could focus on estimating the FS volume by 1454 

applying a model to estimate gut fill (described in Müller et al., 2013). Also, because sampled 1455 

faeces were generally weighed before and after drying, it would be possible to obtain a rough 1456 

estimate of faecal water contents form the animals investigated in this study.   1457 

One of the basic assumptions of this project was that animals behave the same in captivity as 1458 

in their natural habitats. However, in captivity animals are exposed to different climatic conditions 1459 

and they hardly ever suffer from scarcity in resources. Also, to allow for comparison between 1460 

species, animals in the present project were kept on the same lucerne diet, which differed from their 1461 

natural diet. Nevertheless, without controlling for influences of diet quality, the comparability of the 1462 

data would not have been ensured. This latter aspect is crucial when it comes to extrapolating 1463 

methane production from the animal measured in the present project for global estimates. 1464 

Measuring methane emission from these species on their natural diet would deliver more accurate 1465 
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values. Also, the differences in retention times within N. soemmerringii on different diets (chapter 1466 

7.5.1) indicate that this parameter responds to differences in diet and that retention times on the 1467 

experimental diet could differ from the natural diet. However, investigating digestive physiology of 1468 

a species on its natural diet is logistically challenging. For example, it is surprising how little is 1469 

known about the natural diet of wild ruminants (as collated in chapter 7). While there are many 1470 

qualitative reports on whether species are browsers or grazers, it is still a major challenge to 1471 

accurately  assess  quality  and  quantity  of  a  species’  natural  diet.  Not  only  do  species  often  have  wide   1472 

distributions, including different types of habitats, but the available plant material also changes with 1473 

seasons. In order determine how much physiological parameters correlate with the diet, more 1474 

accurate surveys of the natural diet of wild ruminants would be desirable. Albeit this would be 1475 

accompanied by considerable efforts, which might be questionable with regard to the relevance of 1476 

the results, precise information on the natural diet of wild ruminants would not only improve our 1477 

understanding of the digestive physiology of ruminants, but it would also be relevant for zoo animal 1478 

nutrition and conservation efforts, when it comes to characterise habitat requirements of endangered 1479 

species. 1480 

 1481 

9.5 General conclusion 1482 

The low energy metabolism in camelids could either mirror an ecological adaptation or a 1483 

characteristic of the entire lineage, while the metabolic rate of the aridity-adapted ruminants was not 1484 

consistently lower than the mammalian average. Methane production appears to be a mandatory 1485 

side-effect of microbial fermentation, which does not seem to be a trait reflecting ecological 1486 

adaptations of the host animal. Retention times appear to have evolved to meet the requirements of 1487 

a particular diet in ruminants, rather than to cope with scarcity in food or water. Camelids do not 1488 

differ crucially from ruminants in this respect, but they have slightly longer retention times of large 1489 

particles, which could increase digestibility, but possibly mirrors the difference in the sorting 1490 

mechanism compared to ruminants. Taken together, the three parameters investigated in this study 1491 

revealed no mandatory adaptations to habitats characterised by scarcity in food and water. Future 1492 

studies on aridity-adapted ruminants and camelids could reveal combinations of resource saving 1493 

mechanisms (chapter 1.1), which enable these species to compete in harsh environments. 1494 

1495 



 
 

158 

1496 



 
 

159 

Acknowledgements 1497 

 1498 
This project was only possible because of the contribution of numerous people during the last three 1499 

years, be it on a professional or a private basis.  1500 

Marcus, danke für die Zeit und die viele Arbeit die du in dieses Projekt investiert hast. Danke für 1501 

fachliche Inputs, interessante Gespräche und deine Gesellschaft. Besonders die `Feldarbeit` mit dir 1502 

hat mir Spass gemacht und du konntest mich immer wieder mit deiner Begeisterung für 1503 

Wiederkäuer anstecken.  1504 

Michael, danke für deine Unterstützung als Doktorvater, dein Vertrauen in mich, dafür dass du 1505 

immer ein offenes Ohr für mich hattest und für viele unterhaltsame Gespräche bei dem ein oder 1506 

anderen Bier. Ich habe mich bei dir in der Abteilung sehr wohl gefühlt. 1507 

Angela, danke für deine Betreuung und die vielen interessanten Gespräche über Forschung und das 1508 

Leben. Ich habe besonders deine Fähigkeit geschätzt, Dinge aus anderen Blickwinkeln zu 1509 

betrachten wodurch du mir oft neue Inputs geben konntest. 1510 

Johanna, danke für die Betreuung während des ersten Jahres meines Doktorats. 1511 

Danke an alle die mich bei der Arbeit mit den Kameliden unterstützt haben: Ulli, Karin, Cathrin, 1512 

Daria, Jörg, Andreas – die Arbeit mit euch und den Tieren hat mir grossen Spass gemacht. 1513 

Christiana, danke für deinen unermüdlichen Einsatz bei den Versuchen in AWWP.  1514 

Thanks to the AWWP Mammal Department staff involved in the handling of the animals: Catrin 1515 

Hammer, Muthu Krishna Chellapandi Thevar, Herbert Paje, Durga Bahadur Sarki, Chrispijn Schilp 1516 

and Amrita Deb. It was a pleasure to work with you. 1517 

Dear coauthors, Chip, Cordula, Dennis, Dr. Abdi, Julia, Jürgen, Patrick, Sven, Sylvia, Tim, thank 1518 

you for your contributions to this project and the manuscripts. 1519 

Ein grosses Dankeschön an das ETH-Laborteam! Carmen, Elisabeth, Muna, Peter – ihr habt mir 1520 

unglaublich viel Arbeit abgenommen! 1521 



 
 

160 

Heidrun Barleben, Nadja Wahl und Petra Jacquemien, danke für die Analyse der unzähligen 1522 

Passageproben! 1523 

Michi Egli, danke für deine Unterstützung und deine Kreativität bei der Lösung von technischen 1524 

Problemen. 1525 

Danke an Simon Ineichen für das Mahlen der Kamelidenproben und an Ramona Deiss und Nadine 1526 

Kuster für Hilfe beim Probensammeln bei den Damagazellen. 1527 

Herr Mölich, danke für die vielen netten Telefonate und Ihre Geduld dabei mir die Geräte von Sable 1528 

Systems zu erklären. 1529 

Danke an B. Schneider und J. Wick von der Bibliothek des Tierspitals für ihre Unterstützung bei 1530 

Literaturrecherchen. 1531 

Liebe Kollegen an der ETH, Florian, Joel, Patrick, Rolf, Ruth, Sergej, Susanne M., Svenja, Tiziana, 1532 

danke für eure Unterstützung, die anregenden privaten und wissenschaftlichen Gespräche, die 1533 

netten Kaffeepausen und die Zeit die wir an gemeinsamen Anlässen oder Konferenzen zusammen 1534 

verbracht haben. 1535 

Evey and Isabelle, it was an honor to share an office with you! Thanks for making me laugh, 1536 

feeding me chocolate, shopping in Dublin and Canberra, dinners and drinks and all the fun we had 1537 

together! 1538 

Liebe Kollegen aus der Zootierklinik, Catharina (danke auch für deine Hilfe beim Kotsammeln), 1539 

Eveline, Fabia, Katharina, Jaqueline, Jean-Michel, Jessica, Sandra W., Sandra M., Samuel, 1540 

Susanne, danke für die gemeinsame Zeit, die netten Kaffeepausen und vor allem die netten Anlässe 1541 

und Ausflüge die ich mit euch erleben durfte. 1542 

Thanks to the SNF and the Swiss Zoological Society for funding parts of this project. 1543 

1544 



 
 

161 

Liebe Eltern, danke für Heissklebepistolen, Hundesitting, Abholdienste, warmes Essen und ein 1545 

Dach über dem Kopf. Kurz, danke für eure bedingungslose Unterstützung während meiner 1546 

gesamten Ausbildung! 1547 

Annie und Nic, danke für die vielen netten Abende bei und mit euch, für Rucola-Spaghetti und 1548 

spannende Gespräche.  1549 

Bettina (Bubuuu), danke für die gemeinsame Zeit, Obdach auf deinem Sofa, die endlosen 1550 

Diskussionen und dafür dass du immer da warst, bist und hoffentlich sein wirst. Deine Freundschaft 1551 

bedeutet mir wahnsinnig viel. 1552 

Heinz, danke für die vielen gemeinsamen Stunden im Sattel, auf der Kutsche oder im Reiterstübli. 1553 

Zusammen mit Domino, Nadji und Emporio hast du mir regelmässig das Gefühl gegeben eine 1554 

Woche im Urlaub verbracht zu haben, anstatt drei Stunden im Stall.  1555 

Ladies! Corinne, Sarina, Tania, Valerie, Yen, danke für eure Zeit, die Parties, die Essen, die 1556 

Gespräche, und eure Unterstützung. Schön dass ihr  in meinem Leben seid.  1557 

Dario, danke für die vielen lustigen Abende, die guten Essen, Spaziergänge und Ausflüge, deine 1558 

Ehrlichkeit, die guten Diskussionen und deine Unterstützung bei den Lamas.  1559 

Walter, danke für deine Unterstützung, die Hilfe bei den Lamas, und deine wissenschaftlichen 1560 

Anregungen während der ersten 2 Jahre meines Doktorats.  1561 

Mazzotti, unsere explosiven Abende waren herrlich! Danke für deine Freundschaft! 1562 

Judie, dear best elderly friend, thanks for your advices on horses, men, and life!  1563 

Andy, thank you for being exactly the way you are. 1564 

Bounce – no words needed. 1565 

Paul, thenk you for prove raeding! 1566 

Last but not least I would like to express my respect for the animals investigated in this study. After 1567 

all, it is them, which sustain my enchantment for the inexhaustible variety of life.  1568 
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10. Appendix 2723 

10.1 Supplementary material of chapter 4  2724 

Characterising an artiodactyl family inhabiting arid habitats by its metabolism: low metabolism and maintenance requirements in camelids 2725 

Table S4.1. Published data on dry matter intake (DMI) from experiments where at least one camelid and one ruminant species received the same diet. 2726 
Summarised data given as means ± standard deviation. 2727 
Diet Camelid  Daily DMI Ruminant Daily DMI Source 
 species g kg-0.75 g kg-0.90 g kg-1 species (breed) g kg-0.75 g kg-0.90 g kg-1  
Grass hay C3 Alpaca 29 15 10 Goat (Boer) 62 37 27 Sponheimer et al., 2003 
Grass hay C4 Alpaca 28 15 10 Goat (Boer) 68 41 29 Sponheimer et al., 2003 
Oat hay Alpaca 40 23 16 Sheep (Corriedale) 58 33 23 Fernández Baca and Novoa, 1966 
Scripus sp. Alpaca 33 19 13 Sheep (Corriedale) 36 21 14 Fernández Baca and Novoa, 1966 
Six pastures Alpaca 48 ± 10 - 17 ± 

4 
Sheep (Corriedale) 68 ± 19 - 26 ± 

7 
San Martin, 1987 

Various diets Alpaca - - 19 ± 
5 

Sheep (-) - - 24 ± 
6 

inaccessible literature cited in San Martin 
and Bryant, 1989 

Lucerne hay Alpaca 39 21 14 Sheep (Romney) 74 42 29 Pinares-Patiño et al., 2003 
Ryegrass/clover 
pasture 

Alpaca 34 18 12 Sheep (Romney) 70 39 27 Pinares-Patiño et al., 2003 

Lotus pasture Alpaca 40 22 14 Sheep (Romney) 128 72 49 Pinares-Patiño et al., 2003 
Ryegrass (3 
stages) 

Guanaco 48 ± 7 23 ± 3 15 ± 
2 

Sheep (Welsh 
Mountain x Merino) 

49 ± 5 26 ± 2 17 ± 
2 

Fraser and Baker, 1998 

Grass hay C3 Llama 53 26 16 Goat (Boer) 62 37 27 Sponheimer et al., 2003 
Grass hay C4 Llama 49 24 15 Goat (Boer) 68 41 29 Sponheimer et al., 2003 
Alfalfa hay Llama 40 20 12 Goat (Boer-cross) 62 34 23 Robinson et al., 2006 
Grass hay C3 Llama 52 23 14 Goat (Boer-cross) 31 17 11 Robinson et al., 2006 
Grass hay C4 Llama 39 19 11 Goat (Boer-cross) 46 25 17 Robinson et al., 2006 
Grass hay Llama 44 21 13 Goat (Danish 

Landrace) 
40 22 16 Jalali et al., 2012 

Grass seed straw Llama 26 12 8 Goat (Danish 
Landrace) 

37 21 14 Jalali et al., 2012 

Alfalfa hay Llama - - 18 Sheep (-) - - 35 Riera and Cardozo, 1968 
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Diet Camelid  Daily DMI Ruminant Daily DMI Source 
 species g kg-0.75 g kg-0.90 g kg-1 species (breed) g kg-0.75 g kg-0.90 g kg-1  
Alfalfa silage Llama 62 33 21 Sheep (Corriedale) 100 61 43 Riera and Cardozo, 1970 
Six pastures Llama 47 ± 11 - 15 ± 

4 
Sheep (Corriedale) 68 ± 19 - 26 ± 

7 
San Martin, 1987 

Six pelleted diets Llama 53 ± 5 26 ± 2 16 ± 
2 

Sheep (Corriedale) 81 ± 18 46 ± 11 31 ± 
8 

San Martin, 1987a 

Various diets Llama - - 21 ± 
2 

Sheep (-) - - 28 ± 
4 

inaccessible literature cited in San Martin 
and Bryant, 1989 

Grass hay Llama 55 27 17 Sheep (-) 51 27 17 Dulphy et al., 1994 
Grass hay Llama 60 30 19 Sheep (Texel) 65 35 23 Lemosquet et al., 1996 
Cocksfoot hay Llama 56 28 18 Sheep (Texel) 63 33 22 Lemosquet et al., 1996 
Fescue hay Llama 47 23 14 Sheep (-) 46 24 16 Dulphy et al., 1997b 
Early mountain 
hay 

Llama 53 25 17 Sheep (-) 59 32 21 Dulphy et al., 1997a 

Late mountain hay Llama 53 26 17 Sheep (-) 53 29 18 Dulphy et al., 1997a 
Fescue hay Llama 39 20 12 Sheep (-) 44 23 15 Dulphy et al., 1997a 
NH3-treated wheat 
straw 

Llama 49 26 17 Sheep (Merino) 62 34 23 Cordesse et al., 1992 

Lucerne hay Llama 59 31 20 Sheep (Merino) 83 46 31 Cordesse et al., 1992 
Grass hay Llama 38 19 12 Sheep (Texel) 49 26 17 Vernet et al., 1997 
NH3-treated wheat 
straw 

Llama 34 17 11 Sheep (Texel) 45 24 16 Vernet et al., 1997 

Grass hay Llama 44 21 13 Sheep (Shropshire) 54 28 18 Jalali et al., 2012 
Grass seed straw Llama 26 12 8 Sheep (Shropshire) 37 19 13 Jalali et al., 2012 
Grass hay Llama 26 - - Sheep/Goats (-) 36 - - Nielsen et al., 2010 
Ryegrass straw Llama x 

Guanaco 
39 19 12 Sheep (Romney) 36 19 13 Warmington et al., 1989 

Various vegetation Unspecified 
SAC 

53 ± 22 26 ± 11 16 ± 
7 

Goats (Cashmere x 
feral) 

64 ± 26 35 ± 14 23± 
10 

Fraser and Gordon, 1997 

Berseem hay Dromedary 50 19 10 Sheep (Barki) 48 29 21 Gihad et al., 1989 
Berseem hay Dromedary 50 19 10 Goat (Desert) 49 27 19 Gihad et al., 1989 
avalues in organic matter. SAC South American camelids 2728 
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 2784 
 2785 
Table S4.2 2786 
Body mass (BM), metabolic rate (MR, calculated from oxygen consumption during the complete 2787 
stay in the respiratory chamber) and resting metabolic rate (RMR, calculated from the 20 lowest 2788 
measurements during the stay in the respiratory chamber, as means ± standard deviation) of the 2789 
individual alpacas, llamas and Bactrian camels measured in the present study. 2790 
Species Age Sex BM MR RMR  MR RMR 

   kg kJ h-1  kJ kg-0.75 day-1 

Vicugna pacos 2 F 50 128 67 ± 18  163 86 ± 23 

Vicugna pacos 4 F 53 247 190 ± 12  302 232 ± 14 

Vicugna pacos 3 F 64 257 176 ± 20  273 186 ± 21 

Vicugna pacos 15 F 71 165 124 ± 7  162 122 ± 7 

Vicugna pacos 10 M 79 190 101 ± 21  172 91 ± 19 

Lama glama 4 F 110 429 269 ± 16  303 190 ± 12 

Lama glama 7 M 140 453 205 ± 35  267 121 ± 21 

Lama glama 4 F 140 469 294 ± 8  277 173 ± 5 

Lama glama 11 M 150 462 365 ± 5  259 205 ± 3 

Lama glama 5 F 160 378 210 ± 9  202 112 ± 5 

Lama glama 7 M 190 551 386 ± 37  258 181 ±17 

Camelus bactrianus 13 M 590 1513 1190 ± 19  303 239 ± 4 

Camelus bactrianus 5 M 600 1491 1174 ± 35  295 232 ± 7 

Camelus bactrianus 6 M 640 1296 1084 ± 48  244 204 ± 9 

Camelus bactrianus 7 M 700 1070 889 ± 14  189 157 ± 2 

Camelus bactrianus 7 F 760 1255 769 ± 43  208 127 ± 7 
F female; M male. 2791 
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 2820 
Fig. S4.1. Relationship between dietary neutral detergent fibre (NDF) content and voluntary intake of ruminants (left column) and camelids (right 2821 
column), expressed per unit of body mass to the power of 0.9 (BM0.90; GLM with ruminant intake as dependent and camelid intake and diet NDF as 2822 
independent covariables yielded for camelid intake F1,33 = 4.847; P = 0.035 and NDF F1,33 = 4.142, P = 0.050). c, d) expressed per unit body mass 2823 
(BM1.00; camelid intake F1,39 = 8.135; P = 0.007 and NDF F1,39 = 4.750; P = 0.036). Data from sources given in Table S4.2. 2824 
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10.2 Supplementary material of chapter 5 2825 

 Investigating allometric relationships in ruminants: methane emission by different gazelle species 2826 
 2827 
 2828 
Supplementary Table S5.1. Data on methane production from different ruminant species used for the comparative analyses in this study. 2829 
 2830 
Source Species BM DMI dNDFI GEI Methane production 

 Common name Scientific name kg kg d-1 kg d-1 kJ d-1 L d-1 L kg-1 
BM 

L kg-1 
DMI 

L kg-1 
dNDFI 

% of 
GEI 

Galbraith et al. (1998) American bison Bison bison 195.7 4.10 0.90 73333 121.0 0.62 30.1 128.6 6.6 

Galbraith et al. (1998) Wapiti Cervus elaphus 
canadensis 151.3 3.90 1.00 66923 87.0 0.58 23.5 86.3 5.2 

Galbraith et al. (1998) White tailed deer Odocoileus 
virginianus 34.4 1.30 0.30 40000 33.0 0.96 15.0 113.6 3.3 

Hindrichsen et 
al.(2006)  Domestic cattle Bos taurus 611.0 13.50 5.25 249750 451.1 0.74 33.4 85.5 7.1 

Hironaka et al. (1996) Domestic cattle Bos taurus 302.0 5.46  98783 166.6 0.55 30.5  6.7 
Hironaka et al. (1996) Domestic cattle Bos taurus 272.0 4.86  89501 155.4 0.57 32.0  6.9 
Klevenhusen et al. 
(2011) Domestic cattle Bos taurus 649.0 13.50 5.48 235400 472.1 0.73 35.0 85.3 7.9 

Kurihara et al. (1999) Domestic cattle Bos taurus 358.5 5.33 2.50 91650 258.4 0.72 48.5 103.3 10.9 
Podesta et al. (2013) Domestic cattle Bos taurus 606.0 12.02   354.2 0.58 24.8   
Podesta et al. (2013) Domestic cattle Bos taurus 606.0 13.34   385.5 0.64 27.1   
Podesta et al. (2013) Domestic cattle Bos taurus 606.0 14.65   435.8 0.72 29.1   
Podesta et al. (2013) Domestic cattle Bos taurus 606.0 14.80   469.2 0.77 31.7   
Ritzman & Benedict 
(1938) Domestic cattle Bos taurus 610.0    279.3 0.46    

Staerfl et al. (2012) Domestic cattle Bos taurus 545.5 15.10 6.20 269395 415.0 0.76 27.6 66.9 6.3 
Animut et al. (2008) Domestic goat Capra hircus 33.5 0.65  11800 26.2 0.78 40.4  8.8 
Islam et al. (2000) Domestic goat Capra hircus 33.3 0.99  18740 22.9 0.69 23.1  4.8 
Puchala et al. (2005) Domestic goat Capra hircus 40.0 0.67   14.8 0.37 22.1   
Puchala et al. (2012a) Domestic goat Capra hircus 32.5 0.91  15710 17.2 0.53 19.0  4.7 



 
 

193 

Source Species BM DMI dNDFI GEI Methane production 

 Common name Scientific name kg kg d-1 kg d-1 kJ d-1 L d-1 L kg-1 
BM 

L kg-1 
DMI 

L kg-1 
dNDFI 

% of 
GEI 

Puchala et al. (2012b) Domestic goat Capra hircus 37.3 0.76  14310 16.3 0.44 21.4  5.3 
Vermorel (1997) Domestic goat Capra hircus 100.0    67.0 0.67    
Vermorel (1997) Domestic goat Capra hircus 60.0    40.0 0.67    
Archimede et al. 
(2013) Domestic sheep Ovis aries 48.2 1.06   23.9 0.50 22.5   

Archimede et al. 
(2013) Domestic sheep Ovis aries 59.2 1.26   29.0 0.49 23.1   

Archimede et al. 
(2013) Domestic sheep Ovis aries 46.9 0.93   27.1 0.58 29.3   

Archimede et al. 
(2013) Domestic sheep Ovis aries 40.3 0.77   24.4 0.61 31.8   

Carulla et al. (2005) Domestic sheep Ovis aries 33.7 0.96 0.32 18267 25.1 0.74 26.1 77.3 5.4 
Franz et al. (2010) Domestic sheep Ovis aries 98.7 1.34 0.31 21428 29.1 0.29 21.6 93.0 5.4 
Franz et al. (2010) Domestic sheep Ovis aries 92.7 1.36 0.44 21639 33.7 0.36 24.8 76.3 6.2 
Franz et al. (2010) Domestic sheep Ovis aries 90.6 0.82 0.26 13004 28.1 0.31 34.4 106.8 8.5 
Fraser et al. (2013) Domestic sheep Ovis aries 72.6 1.29   28.9 0.40 22.4   
Fraser et al. (2013) Domestic sheep Ovis aries 43.6 0.92   22.3 0.51 24.3   
Fraser et al. (2013) Domestic sheep Ovis aries 67.4 1.08   27.2 0.40 25.2   
Fraser et al. (2013) Domestic sheep Ovis aries 59.7 0.90   24.2 0.41 27.1   
Hammond et al. 
(2011) Domestic sheep Ovis aries 45.3 1.10  19360 34.2 0.76 31.1  7.0 

Margan et al. (1988) Domestic sheep Ovis aries 58.8 1.62  29370 50.6 0.86 31.6  6.7 
Nolan et al. (2010) Domestic sheep Ovis aries 38.6 0.86   25.7 0.67 29.8   
Ritzman & Benedict 
(1938) Domestic sheep Ovis aries 58.1    32.5 0.56    

Ritzman & Benedict 
(1938) Domestic sheep Ovis aries 47.2    27.5 0.58    

Ritzman & Benedict 
(1938) Domestic sheep Ovis aries 44.0    23.6 0.54    

Ritzman & Benedict 
(1938) Domestic sheep Ovis aries 39.9    21.5 0.54    
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Source Species BM DMI dNDFI GEI Methane production 

 Common name Scientific name kg kg d-1 kg d-1 kJ d-1 L d-1 L kg-1 
BM 

L kg-1 
DMI 

L kg-1 
dNDFI 

% of 
GEI 

Ritzman & Benedict 
(1938) Domestic sheep Ovis aries 40.0    15.1 0.38    

Ritzman & Benedict 
(1938) Domestic sheep Ovis aries 42.2    14.5 0.34    

Ritzman & Benedict 
(1938) Domestic sheep Ovis aries 58.7    12.4 0.21    

Sun et al. (2013) Domestic sheep Ovis aries 32.4 0.79   21.6 0.67 27.3  6.3 
Tiemann et al. (2008) Domestic sheep Ovis aries 26.2 0.63 0.24 10480 19.5 0.74 31.1 82.8 7.4 
Vermorel (1997) Domestic sheep Ovis aries 110.0    57.0 0.52    
Vermorel (1997) Domestic sheep Ovis aries 60.0    36.0 0.60    
Vermorel (1997) Domestic sheep Ovis aries 27.0    23.0 0.85    
Vermorel (1997) Domestic sheep Ovis aries 37.0    34.0 0.92    
Vernet et al. (1997) Domestic sheep Ovis aries 65.1 1.15 0.39 20833 32.5 0.50 28.9 84.8 6.2 
Zhao et al. (2013) Domestic sheep Ovis aries 43.0 0.96   18.0 0.42 18.8   
present study Idmi gazelle Gazella gazella 16.5 0.36 0.03 5847 11.2 0.68 31.3 327.1 7.6 
present study Idmi gazelle Gazella gazella 16.9 0.36 0.06 5868 10.7 0.64 29.9 177.2 7.2 
present study Idmi gazelle Gazella gazella 14.2 0.28 0.06 4625 10.1 0.71 35.7 166.3 8.7 
present study Idmi gazelle Gazella gazella 18.0 0.44 0.10 7261 13.8 0.77 31.1 141.0 7.5 
present study Idmi gazelle Gazella gazella 15.9 0.34 0.06 5556 10.9 0.69 32.0 178.0 7.8 
present study Speke's gazelle Gazella spekei 11.1 0.31 0.05 5124 9.2 0.83 29.9 183.0 7.1 
present study Speke's gazelle Gazella spekei 13.6 0.27 0.04 4533 9.6 0.71 35.5 266.3 8.4 
present study Speke's gazelle Gazella spekei 10.9 0.28 0.05 4657 7.7 0.71 27.8 156.4 6.6 
present study Speke's gazelle Gazella spekei 13.0 0.31 0.05 5211 10.9 0.84 34.9 204.1 8.3 
present study Speke's gazelle Gazella spekei 13.6 0.26 0.04 4325 8.2 0.60 31.6 202.4 7.5 

present study Phillip's dikdik 
Madoqua 
saltiana 
phillipsi 

2.1 0.04 0.01 779 1.3 0.64 29.9 211.2 6.8 

present study Phillip's dikdik 
Madoqua 
saltiana 
phillipsi 

2.0 0.06 0.01 1090 1.5 0.74 23.6 166.4 5.4 
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Source Species BM DMI dNDFI GEI Methane production 

 Common name Scientific name kg kg d-1 kg d-1 kJ d-1 L d-1 L kg-1 
BM 

L kg-1 
DMI 

L kg-1 
dNDFI 

% of 
GEI 

present study Phillip's dikdik 
Madoqua 
saltiana 
phillipsi 

1.7 0.05 0.01 830 1.1 0.65 23.0 149.2 5.3 

present study Phillip's dikdik 
Madoqua 
saltiana 
phillipsi 

2.2 0.05 0.01 887 1.3 0.59 25.2 171.8 5.7 

present study Phillip's dikdik 
Madoqua 
saltiana 
phillipsi 

2.0 0.06 0.01 968 1.5 0.77 27.6 172.5 6.3 

present study Phillip's dikdik 
Madoqua 
saltiana 
phillipsi 

2.0 0.06 0.01 991 1.8 0.89 31.0 202.2 7.1 

present study Phillip's dikdik 
Madoqua 
saltiana 
phillipsi 

1.9 0.05 0.01 955 2.1 1.12 38.8 247.0 8.8 

present study Soemmerring's 
gazelle 

Nanger 
soemmerringii 40.1 1.17 0.25 19637 14.8 0.37 13.3 62.6 3.1 

present study Soemmerring's 
gazelle 

Nanger 
soemmerringii 36.2 0.95 0.21 15938 10.8 0.30 12.0 55.2 2.8 

present study Soemmerring's 
gazelle 

Nanger 
soemmerringii 36.1 0.75 0.17 12656 10.9 0.30 14.5 62.3 3.4 

present study Soemmerring's 
gazelle 

Nanger 
soemmerringii 39.3 1.06 0.21 17903 16.1 0.41 15.4 78.1 3.6 

present study Soemmerring's 
gazelle 

Nanger 
soemmerringii 29.9 0.67 0.15 11328 14.8 0.50 22.0 96.0 5.2 

present study Soemmerring's 
gazelle 

Nanger 
soemmerringii 28.9 0.63 0.14 10493 12.3 0.43 20.0 87.2 4.7 

BM body mass; DMI dry matter intake; dNDFI digestible neutral detergent fibre intake; GEI gross energy intake. 2831 
 2832 
 2833 
 2834 
 2835 
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10.3 Supplementary material of chapter 6 2916 

Methane emission in camelids 2917 
 2918 
 2919 
Table S6.1. Dataset including the literature data used for statistical comparison of camelids and 2920 
ruminants.  2921 
Species Source BM CH4 
   kg l d-1 l kg-1 DMI l kg-1 dNDF % DEI 
Camelids       
Vicugna pacos [1] * 42.0 2.5 4.2 20.2 1.6 
Vicugna pacos [2] * 48.0 2.9 5.7 24.6  
Vicugna pacos [3] * 63.3 20.8 24.7 130.9  
Vicugna pacos [4] 64.0 22.4 22.4   
Lama glama [5] * 64.0 51.6 32.1 77.1  
Lama glama [6] 100.8 33.7 28.5 81.1 12.6 
Camelus dromedarius [7] * 330.0 69.7 15.9   
Ruminants       
Capra hircus [8] 32.5 17.2 19.0  8.9 
Capra hircus [9] 33.3 22.9 23.1  8.6 
Capra hircus [10] 33.5 26.2 40.4  13.3 
Capra hircus [11] 37.3 16.3 21.4  7.9 
Capra hircus [12] 40.0 14.8 22.1   
Capra hircus [13] 60.0 40.0   13.2 
Capra hircus [13] 100.0 67.0   13.2 
Ovis aries [14] 26.2 19.5 31.1 82.8 13.8 
Ovis aries [13] 27.0 23.0   11.0 
Ovis aries [15] 32.4 21.6 27.3   
Ovis aries [16] 33.7 25.1 26.1 77.3 7.5 
Ovis aries [13] 37.0 34.0   12.0 
Ovis aries [17] 38.6 25.7 29.8   
Ovis aries [18] 39.9 21.5    
Ovis aries [18] 40.0 15.1    
Ovis aries [19] 40.3 24.4 31.8   
Ovis aries [18] 42.2 14.5    
Ovis aries [20] 43.0 18.0 18.8   
Ovis aries [21] 43.6 22.3 24.3   
Ovis aries [18] 44.0 23.6    
Ovis aries [22] 45.3 34.2 31.1   
Ovis aries [19] 46.9 27.1 29.3   
Ovis aries [18] 47.2 27.5    
Ovis aries [19] 48.2 23.9 22.5   
Ovis aries [18] 58.1 32.5    
Ovis aries [18] 58.7 12.4    
Ovis aries [23] 58.8 50.6 31.6  11.9 
Ovis aries [19] 59.2 29.0 23.1   
Ovis aries [21] 59.7 24.2 27.1   
Ovis aries [13] 60.0 36.0   13.2 

2922 
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Table S6.1. continued. 2923 
Species Source BM CH4 
   kg l d-1 l kg-1 DMI l kg-1 dNDF % DEI 
Ovis aries [6]   65.1   33.4 28.9   84.8 13.4 
Ovis aries [21]   67.4   27.2 25.2   
Ovis aries [21]   72.6   28.9 22.4   
Ovis aries [24]   90.6   28.1 34.4 106.8 15.8 
Ovis aries [24]   92.7   33.7 24.8   76.3 10.0 
Ovis aries [24]   98.7   29.1 21.6   93.0 11.0 
Ovis aries [13] 110.0   57.0   13.2 
Bos indicus [25] 358.5 258.4 48.5 103.3 20.0 
Bos taurus [26] 272.0 155.4 32.0  11.2 
Bos taurus [26] 302.0 166.6 30.5  10.6 
Bos taurus [27] 545.5 415.0 27.6   56.2   7.7 
Bos taurus [28] 606.0 354.2 24.8   
Bos taurus [28] 606.0 385.5 27.1   
Bos taurus [28] 606.0 435.8 29.1   
Bos taurus [28] 606.0 469.2 31.7   
Bos taurus [18] 610.0 279.3    
Bos taurus [29] 611.0 451.2 33.4   59.2 10.6 
Bos taurus [30] 649.0 472.1 35.0   65.6 12.1 
BM body mass; DMI dry matter intake; dNDF digestible neutral detergent fibre; DEI digestible energy 2924 
intake. 2925 
 2926 
 2927 
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10.4 Supplementary material of chapter 7 3005 

Digesta kinetics in gazelles in comparison to other ruminants: evidence for taxon-specific rumen 3006 

fluid throughput to adjust digesta washing to the natural diet 3007 

 3008 

Marie T. Dittmann, Jürgen Hummel, Sven Hammer, Abdi Arif, Christiana Hebel, Dennis W. H. 3009 

Müller, Julia Fritz, Patrick Steuer, Angela Schwarm, Michael Kreuzer, Marcus Clauss 3010 

 3011 

 3012 

Supplementary Table S7.1 Feces sampling intervals in the passage experiments perfomed for 3013 
this study per sampling day in hours. Note that the method of calculating retention times used in 3014 
this study is, as demonstrated by Van Weyenberg et al. (2006), independent of the sampling 3015 
intervals 3016 
Species Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 

Nanger dama* 2 3-4 3-4 5-6 5-6 11 11  
Nanger soemmerringi 
(2009) 

4 4 6 6 6 12 12  

Nanger soemmerringi 
(2012) 

4 4 4 4 4 4 4  

Gazella subgutturosa 
marica 

4 4 6 6 6 8 8 8 

Gazella gazella 4 4 4 4 4 4 4  
Gazella spekei 4  4 4 4 4 4 4  
Madoqua saltiana 
phillipsi 

4 4 6 8 12 12   

*Feces were only sampled during daytime; night intervals where no sampling took place were 13 h each. 3017 
 3018 
 3019 
 3020 
 3021 
 3022 
 3023 

3024 
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Supplementary Table S7.2 Sources for retention times measures in ruminants used in the 3025 
comparative evaluation, the percentage of grass (%grass) used as a proxy for ruminant feeding type, 3026 
and the sources for the information on the natural diet 3027 
Species MRTparticle

GIT 
MRTsolute

GIT 
MRTparticle

RR 
MRTsolute

RR 
MRT sources 

Addax nasomaculatus x x x x 39 
Alces alces x x x x 35; 37; 50; 75; 80 
Antilope cervicapra x x x x 40 
Bos indicus x - x - 42 
Bos javanicus x x x x 79 
Bos taurus x x x x 1; 2; 4; 6; 7; 9; 13; 14; 27-30; 

34; 41; 45; 49-52; 56; 58-61; 
63; 65-69; 72; 73; 75; 78; 81; 
83-86; 88; 89; 95 

Boselaphus 
tragocamelus 

x x x x 40 

Bubalus bubalis x x x  2; 3; 42; 60 
Bubalus depressicornis x x x x 24 
Capra hircus x x x x 25; 48; 51; 55; 83; 88; 89 
Capra ibex x x x x 31 
Capreolus capreolus x x x x 5; 36 
Cephalophus maxwelli x - - - 16 
Cephalophus monticola x x x x 12; 57; 93 

Cephalophus silvicultor x x x x 12 
Cervus elaphus x - x x 26; 43; 75; 82 
Connochaetes taurinus x x x x 83 
Gazella gazella x x x x (this study) 
Gazella spekei x x x x (this study) 
Gazella subgutturosa x x x x (this study) 
Giraffa camelopardalis x x x x 11; 32; 78 
Hippotragus niger x x x x 83 
Kobus ellipsiprymnus x x x x 83 
Madoqua saltiana x x x x 33; this study 
Nanger dama x x x x (this study) 
Nanger soemmerringii x x x x (this study) 
Odocoileus hemionus - - - x 82 
Odocoileus virginianus - - - x 76 
Okapia johnstoni x x x x 38 
Oryx gazella x x x x 83 
Ovibos moschatus x x x x 50 
Ovis ammon x x x x 5 
Ovis aries x x x x 2; 3; 8; 10; 14; 18-23; 34; 44; 

46-48; 51; 53; 54; 57; 62; 64; 
70-74; 77; 83; 87-92; 94 

Pudu puda x - - - 16 
Rangifer tarandus x x x x 50; 90 
Sylvicapra grimmia x x x x 12 
Syncerus caffer nanus x x x x 83 
Tragulus javanicus x x x x 17 
Tragulus napu x    15 
Different data subsets have different numbers of species depending on whether information on dry matter 3028 
intake and various retention measures were available, and due to different species cover in the two 3029 
phylogenetic trees employed 3030 
 3031 
 3032 
 3033 
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Supplementary Table S7.3 Sources the percentage of grass (%grass) and the average value used as 3266 
a proxy for ruminant feeding type 3267 
Species %grass %grass sources 
Addax nasomaculatus 80.0 34 
Alces alces 5.0 97 
Antilope cervicapra 79.4 33; 45; 57; 103 
Bos indicus 70.0 27; 32; 53; 58 
Bos javanicus 25.0 11 
Bos taurus 69.7 19; 39; 50; 51; 80; 81; 84; 85; 89; 92; 96; 99; 103; 106 
Boselaphus tragocamelus 35.2 59; 99; 103 
Bubalus bubalis 51.0 11 
Bubalus depressicornis 38.5 7; 91 
Capra hircus 38.6 5; 12; 35; 37; 52; 73; 74; 81; 88; 102; 103; 108 
Capra ibex 84.5 62 
Capreolus capreolus 5.3 22 
Cephalophus maxwelli 1.0 34 
Cephalophus monticola 1.0 34 
Cephalophus silvicultor 1.0 34 
Cervus elaphus 39.1 13; 20; 29; 36; 47; 48; 56; 70; 79; 82; 85; 89; 94; 112 
Connochaetes taurinus 87.5 34 
Gazella gazella 61.2 4 
Gazella spekei 50.0 34 
Gazella subgutturosa 
marica 

38.4 83; 95; 113 

Giraffa camelopardalis 0.9 18; 38; 42; 49; 68; 71; 90 
Hippotragus niger 85.0 34 
Kobus ellipsiprymnus 84.0 34 
Madoqua saltiana 10.0 34 
Nanger dama 47.5 34 
Nanger soemmerringii 50.0 34 
Odocoileus hemionus 12.0 2; 3; 6; 10; 16; 20; 23; 25; 28; 30; 39-41; 48; 54; 60; 61; 66; 69; 

70; 72; 81; 82; 101; 111 
Odocoileus virginianus 9.9 1; 3; 12; 15; 17; 26; 43; 45; 56; 78; 81; 93; 99; 100; 105; 109; 110 
Okapia johnstoni 0.0 44; 66 
Oryx gazella 75.0 34 
Ovibos moschatus 50.0 55; 63-65; 87; 107 
Ovis ammon 35.0 75 
Ovis aries 55.7 12; 21; 35; 39; 46; 52; 67; 81; 85; 89; 96; 106; 108 
Pudu puda 3.0 31 
Rangifer tarandus 33.1 9; 24; 55; 64; 76; 77; 98; 104 
Sylvicapra grimmia 12.0 34 
Syncerus caffer nanus 58.1 8; 14 
Tragulus javanicus 0.0 cited in 86 
Tragulus napu 0.0 extrapolated from T. javanicus 
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 3500 
Supplementary Table S7.4 Body mass, food intake and retention measurements in the two 3501 
different  groups  of  Soemmerring’s  gazelles  (Nanger soemmerringii) of this study 3502 
 3503 

Year of experiment (n animals) 2009 (5) 2012 (6) 

Diet L, GH, P L 

Body mass (kg) 36.7 ± 3.0 34.6 ± 4.2 

DMI (kg d-1) 0.71 ± 0.21 0.87 ± 0.22 

rDMI (g d-1 kg-0.85) 33.4 ± 10.6 42.2 ± 7.0 

MRTparticleGIT (h) 35.7 ± 5.81a 28.0 ± 4.1b 

MRTsoluteGIT (h) 25.5 ± 5.5 24.0 ± 3.8 

SF GIT 1.42 ± 0.18a 1.17 ± 0.08b 

MRTparticlesRR (h) 21.0 ± 2.6a 15.2 ± 2.1b 

MRTsoluteRR (h) 10.8 ± 1.7 11.3 ± 2.1 

SF RR 1.97 ± 0.30a 1.37 ± 0.17b 
Note. DMI, dry matter intake; rDMI, relative dry matter intake calculated as DMI divided by BM0.85; 3504 
MRT, mean retention time; GIT, gastrointestinal tract; SF, selectivity factor (ratio of MRTparticle to 3505 
MRTsolute); RR, reticulorumen; diet: L fresh lucerne, GH grass has, P pelleted feed 3506 
Different superscript letters indicate significant differences between species within a row. 3507 
 3508 
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Supplementary Table S7.5 Allometric regressions (based on log-transformed data) corresponding to y = a BMb for comparative datasets of ruminant 3509 
species. 3510 
Dep. var. n Model λ a (95%CI) t P b (95%CI) t P 

MRTparticleGIT 
37 OLS - 26.0 (23.8; 28.2) 29.2 <0.001 0.12 (0.07; 0.17) 4.64 <0.001 
36 PGLS1 0a 25.7 (23.5; 27.9) 29.0 <0.001 0.12 (0.07; 0.18) 4.77 <0.001 
35 PGLS2 0a 23.5 (21.3; 25.7) 27.4 <0.001 0.14 (0.09; 0.19) 5.42 <0.001 

          

MRTsoluteGIT 
32 OLS - 19.6 (17.5; 21.8) 30.8 <0.001 0.09 (0.04; 0.13) 3.91 0.001 
32 PGLS1 0a 19.6 (17.5; 21.8) 30.8 <0.001 0.09 (0.04; 0.13) 3.91 <0.001 
31 PGLS2 0a 19.5 (17.4; 21.7) 29.3 <0.001 0.09 (0.04; 0.13) 3.85 0.001 

          

SF GIT 
32 OLS - 1.15 (-1.02; 3.32) 1.4 0.172 0.07 (0.02; 0.11) 2.97 0.006 
32 PGLS1 0.74a 1.14 (-1.16; 3.44) 0.8 0.535 0.05 (0.00; 0.11) 2.04 0.050 
31 PGLS2 0.72a 1.12 (-1.22; 3.45) 0.6 0.428 0.05 (0.00; 0.10) 1.94 0.062 

          

MRTparticleRR 
33 OLS - 16.2 (13.9; 18.6) 15.1 <0.001 0.13 (0.04; 0.22) 3.24 0.003 
33 PGLS1 0a 16.2 (13.9; 18.6) 15.1 <0.001 0.13 (0.04; 0.22) 3.24 0.003 
32 PGLS2 0a 16.3 (14.0; 18.7) 14.4 <0.001 0.13 (0.04; 0.22) 3.10 0.004 

          

MRTsoluteRR 
34 OLS - 11.2 (8.8; 13.6) 11.6 <0.001 0.06 (-0.04; 0.15) 1.19 0.242 
34 PGLS1 0.96b 12.3 (9.5; 15.2) 6.7 <0.001 0.09 (-0.02; 0.19) 1.62 0.115 
33 PGLS2 0.96b 12.4 (9.4; 15.3) 6.1 <0.001 0.08 (-0.03; 0.19) 1.43 0.163 

          

SF RR 
32 OLS - 1.38 (-0.91; 3.67) 2.0 0.050 0.07 (0.00; 0.14) 1.97 0.059 
32 PGLS1 0.61a 1.24 (-1.21: 3.70) 1.0 0.340 0.07 (-0.01; 0.14) 1.74 0.089 
31 PGLS2 0.62a 1.19 (-1.31; 3.69) 0.7 0.479 0.07 (-0.01; 0.15) 1.76 0.093 

Note. MRT, mean retention time; GIT, gastrointestinal tract; SF, selectivity factor (ratio of MRTparticle to MRTsolute); RR, reticulorumen; OLS Ordinary least squares; 3511 
PGLS Phylogenetic generalised least squares 1using the tree of (Bininda-Emonds et al. 2007, 2008); 2using the tree of (Hassanin et al. 2012); a λ  significantly   3512 
different from 1; b λ  significantly  different  from 0. 3513 
differences in n depending on the representation of species in the phylogenetic trees 3514 

3515 
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Supplementary Table S7.6 Linear regressions (based on untransformed data) corresponding to y = a + b rDMI for comparative datasets of ruminant 3516 
species. 3517 
Dep. var. n Model λ a (95%CI) t P b (95%CI) t P 

MRTparticleGIT 
34 OLS - 61.6 (43.8; 79.3) 6.80 <0.001 -0.47 (-0.95; 0.01) -1.91 0.065 
32 PGLS1 0.0a 59.3 (42.0; 76.6) 6.71 <0.001 -0-39 (-0.86; 0.07) -1.67 0.106 
32 PGLS2 0.0a 62.2 (8.9; 79.7) 6.98 <0.001 -0.48 (-0.96; -0.01) -2.00 0.054 

          

MRTsoluteGIT 
30 OLS - 31.7 (20.9; 42.4) 5.78 <0.001 -0.08 (-0.39; 0.23) -0.52 0.604 
29 PGLS1 0.62a 31.6 (19.4; 43.9) 5.05 <0.001 -0.09 (-0.37; 0.19) -0.62 0.540 
31 PGLS2 0.54a 33.0 (20.9; 45.3) 5.32 <0.001 -0.11 (-0.39; 0.18) -0.74 0.467 

          

SF GIT 
30 OLS - 1.63 (1.09; 2.16) 5.99 <0.001 -0.001 (-0.016; 0.014) -0.10 0.925 
28 PGLS1 0.78ab 1.46 (0.84; 2.08) 4.61 <0.001 0.000 (-0.013; 0.013) 0.01 0.991 
29 PGLS2 0.79ab 1.42 (0.32; 2.05) 4.44 <0.001 0.000 (-0.012; 0.013) 0.05 0.962 

          

MRTparticleRR 
29 OLS - 39.9 (20.5; 59.4) 4.03 <0.001 -0.25 (-0.80; 0.30) -0.89 0.382 
27 PGLS1 1.00 36.3 (7.2; 65.3) 2.45 0.021 -0.18 (-0.69; 0.33) -0.69 0.499 
27 PGLS2 0.34 38.7 (17.7; 59.8) 3.60 0.001 -0.24 (-0.24; 0.27) -0.88 0.387 

          

MRTsoluteRR 
29 OLS - 20.0 (11.4; 28.6) 4.57 <0.001 -0.13 (-0.37; 0.11) -1.05 0.303 
27 PGLS1 0.57 20.6 (10.9; 30.2) 4.18 <0.001 -0.11 (-0.34; 0.12) -0.97 0.339 
27 PGLS2 0.42 20.8 (11.5; 30.2) 4.37 <0.001 -0.12 (-0.35; 0.10) -1.07 0.295 

          

SF RR 
27 OLS - 1.77 (0.84; 2.71) 3.70 0.001 0.007 (-0.020; 0.034) 0.49 0.626 
26 PGLS1 0a 1.77 (0.83; 2.71) 3.70 0.001 0.006 (-0.020; 0.034) 0.49 0.626 
31 PGLS2 0a 1.79 (0.87; 2.72) 3.78 <0.001 0.006 (-0.020; 0.033) 0.46 0.653 

Note. MRT, mean retention time; GIT, gastrointestinal tract; SF, selectivity factor (ratio of MRTparticle to MRTsolute); RR, reticulorumen; OLS Ordinary least squares; 3518 
PGLS Phylogenetic generalised least squares 1using the tree of (Bininda-Emonds et al. 2007, 2008); 2using the tree of (Hassanin et al. 2012); a λ  significantly   3519 
different from 1; b λ  significantly  different  from  0. 3520 

3521 
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Supplementary Table S7.7 Linear regressions (based on untransformed data) corresponding to y = a + b %grass for comparative datasets of ruminant 3522 
species. 3523 
Dep. var. n Model λ a (95%CI) t P b (95%CI) t P 

MRTparticleGIT 
37 OLS - 38.1 (31.5; 44.7) 11.32 <0.001 0.15 (0.01; 0.28) 2.18 0.037 
36 PGLS1 0a 38.0 (31.4; 44.7) 11.22 <0.001 0.16 (0.02; 0.29) 2.26 0.030 
35 PGLS2 0a 37.8 (30.9; 44.8) 10.71 <0.001 0.16 (0.02; 0.30) 2.23 0.032 

          

MRTsoluteGIT 
32 OLS - 28.8 (24.6; 33.0)) 13.55 <0.001 -0.01 (-0.09; 0.07) -0.19 0.848 
32 PGLS1 0a 28.8 (24.6; 33.0) 13.55 <0.001 -0.01 (-0.09; 0.07) -0.19 0.848 
31 PGLS2 0a 29.4 (25.1; 33.6) 13.59 <0.001 -0.01 (-0.10; 0.07) -0.34 0.733 

          

SF GIT 
32 OLS - 1.28 (1.11; 1.45) 15.09 <0.001 0.007 (0.003; 0.010) 4.00 <0.001 
32 PGLS1 0.52a 1.27 (0.98; 1.56) 8.48 <0.001 0.007 (0.003; 0.010) 3.84 <0.001 
31 PGLS2 0.57a 1.26 (0.94; 1.59) 7.70 <0.001 0.007 (0.003; 0.010) 3.78 <0.001 

          

MRTparticleRR 
33 OLS - 24.3 (17.5; 31.1) 6.96 <0.001 0.16 (0.02; 0.29) 2.27 0.030 
33 PGLS1 0a 24.3 (17.5; 31.1) 6.96 <0.001 0.16 (0.02; 0.29) 2.27 0.030 
32 PGLS2 0 a 24.6 (17.7; 31.5) 6.99 <0.001 0.16 (0.02; 0.29) 2.25 0.032 

          

MRTsoluteRR 
34 OLS - 15.6 (12.3; 18.8) 9.41 <0.001 0.00 (-0.07; 0.06) -0.05 0.957 
34 PGLS1 0.98b 17.1 (7.2; 27.0) 3.39 0.002 0.01 (-0.06; 0.08) 0.31 0.755 
33 PGLS2 1.00b 18.2 (7.0; 2.4) 3.18 0.003 -0.03 (-0.10; 0.04) -0.89 0.380 

          

SF RR 
32 OLS - 1.39 (1.10; 1.68) 9.39 <0.001 0.013 (0.008; 0.019) 4.63 <0.001 
32 PGLS1 0a 1.39 (1.10; 1.68) 9.39 <0.001 0.013 (0.008; 0.019) 4.63 <0.001 
31 PGLS2 0a 1.39 (1.10; 1.68) 9.29 <0.001 0.013 (0.008; 0.019) 4.61 <0.001 

Note. MRT, mean retention time; GIT, gastrointestinal tract; SF, selectivity factor (ratio of MRTparticle to MRTsolute); RR, reticulorumen; OLS Ordinary least squares; 3524 
PGLS Phylogenetic generalised least squares 1using the tree of (Bininda-Emonds et al. 2007, 2008); 2using the tree of (Hassanin et al. 2012); a λ  significantly   3525 
different from 1; b λ  significantly  different  from  0. 3526 



 

  

  

  

 
Supplementary Figure S7.1 Schematic illustration of the interpretation of different combinations 
of the phylogenetic signal O and significance in either Ordinary least squares (OLS) or Phylogenetic 
generalised least squares (PGLS). No phylogenetic structure in the dataset (A,B), without (A) or 
with (B) a significant relationship between traits A and B. Phylogenetic structure in the dataset (C-
F), without significant relationship between traits A and B (C,D), with a significant relationship in 
OLS but not in PGLS (E), and with a significant relationship in both OLS and PGLS (F). 
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10.5 Supplementary material of chapter 8 

Digesta retention patterns of solutes and different-sized particles in camelids compared to other foregut fermenters 
 
Supplementary Table S8.1. Sources for retention times measures of 2mm (see Table S7.2 for more complete ruminant sources for 2mm and solute 
markers), 10mm, and 20mm particles in ruminants, camelids and non-ruminant foregut fermenters used in the comparative evaluation.  
Species Herbivore 

type 
MRT2mmGIT MRT10mmGIT MRT20mmGIT MRT2mmFS MRT10mmFS MRT20mmFS MRT sources 

Camelus 
dromedarius 
 

Camelid x  x x  x Heller et al. (1986a) 
Lechner-Doll et al. (1990) pers 
comm 

Lama glama Camelid x  x x  x Heller et al. (1986b) 
Alces alces Ruminant x x x x x x Lechner et al. (2010) pers comm 
Bos javanicus Ruminant x x  x x  Schwarm et al. (2008) 
Bos taurus Ruminant x x x x x x Lechner-Doll et al. (1990) pers 

comm 
Lirette & Milligan (1989) 

Capra hircus f. 
domesticus 

Ruminant x  x x  x Lechner-Doll et al. (1990) pers 
comm 

Ovibos moschatus Ruminant x x x x x x Lechner et al. (2010) pers comm 
Ovis aries Ruminant x  x x  x Lechner-Doll et al. (1990) pers 

comm 
Rangifer tarandus Ruminant x x x x x x Lechner et al. (2010) pers comm 
Colobus angolensis 
adolfi-frederici 

NRFF 
 

x x  x x  Schwarm et al. (2009) 

Colobus polykomos NRFF x x  x x  Schwarm et al. (2009) 
Hexaprotodon 
liberiensis 

NRFF 
 

x x  x x  Clauss et al. (2004) 
Schwarm et al. (2008) 

Hippopotamus 
amphibius 

NRFF 
 

x x  x x  Clauss et al. (2004) 

Macropus rufus NRFF x x  x x  Schwarm et al. (2009) 
Presbytis johnii NRFF x x  x x  Schwarm et al. (2009) 
Tayassu tajacu NRFF x x  x x  Schwarm et al. (2009) 
MRT mean retention time; GIT gastrointestinal tract; FS forestomach; NRFF non-ruminant foregut fermenter. Different data subsets have different numbers of 
species depending on whether information on dry matter intake and various retention measures were available
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