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Abstract
1. Despite the shared prediction that the width of a population's dietary niche 

expands as food becomes limiting, the Niche Variation Hypothesis (NVH) and 
Optimal Foraging Theory (OFT) offer contrasting views about how individuals 
alter diet selection when food is limited.

2. Classical OFT predicts that dietary preferences do not change as food becomes 
limiting, so individuals expand their diets as they compensate for a lack of pre-
ferred foods. In contrast, the NVH predicts that among-individual variation in 
cognition, physiology or morphology create functional trade-offs in foraging ef-
ficiency, thereby causing individuals to specialize on different subsets of food as 
food becomes limiting.

3. To evaluate (a) the predictions of the NVH and OFT and (b) evidence for physi-
ological and cognitive-based functional trade-offs, we used DNA microsatellites 
and metabarcoding to quantify the diet, microbiome and genetic relatedness  
(a proxy for social learning) of 218 moose Alces alces across six populations that 
varied in their degree of food limitation.

4. Consistent with both the NVH and OFT, dietary niche breadth increased with 
food limitation. Increased diet breadth of individuals—rather than increased diet 
specialization—was strongly correlated with both food limitation and dietary niche 
breadth of populations, indicating that moose foraged in accordance with OFT. 
Diets were not constrained by inheritance of the microbiome or inheritance of 
diet selection, offering support for the little-tested hypothesis that functional 
trade-offs in food use (or lack thereof) determine whether populations adhere to 
the predictions of the NVH or OFT.

5. Our results indicate that both the absence of strong functional trade-offs and 
the digestive physiology of ruminants provide contexts under which populations 
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1  | INTRODUC TION

Ecologists have recently come to appreciate that populations are 
often comprised of individuals that vary markedly in resource use, 
which has important implications for population and community dy-
namics (Araújo et al., 2011; Bastille-Rousseau & Wittemeyer, 2019; 
Bolnick et al., 2003, 2011). The Niche Variation Hypothesis (NVH; 
Van Valen, 1965) posits that the breadth of foods used by a popula-
tion (hereafter ‘total niche width’; sensu Roughgarden, 1972) stems 
from among-individual dietary diversity, wherein groups of indi-
viduals reduce intraspecific competition by specializing on subsets 
of food available to the population (Figure 1a; Bolnick et al., 2003; 
Roughgarden, 1974; Tinker et al., 2008). In contrast to the NVH, 
Optimal Foraging Theory (OFT) assumes that all conspecifics exploit 
foods in a similar manner (MacArthur & Pianka, 1966; Stephens & 

Krebs, 1986) and predicts that the total niche width of a population re-
flects within-individual dietary diversity (Figure 1b; Krebs et al., 1977; 
Pyke, 1984). Despite contrasting assumptions about how individ-
uals use food resources, both the NVH and OFT predict that total 
niche width expands as food becomes limiting (Figure 1a,b; Krebs 
et al., 1977; Roughgarden, 1974; Svanbäck & Bolnick, 2007), with the 
alternative pathways proposed by the NVH and OFT being repeat-
edly demonstrated in both natural and laboratory settings (Figure 1c; 
Araújo et al., 2011). Although expansion of total niche width ulti-
mately is caused by intraspecific competition, the more proximate 
mechanisms that determine whether individuals contract or expand 
their diets in accordance with the NVH or OFT are poorly understood.

Functional trade-offs that constrain individuals from broadening 
their diet have been hypothesized to promote the among-individual 
dietary diversity that underlies individual diet specialization, and 

should forage in accordance with OFT rather than the NVH. Also, because di-
etary niche width increased with increased food limitation, OFT and the NVH pro-
vide theoretical support for the notion that plant–herbivore interaction networks 
are plastic rather than static, which has important implications for understand-
ing interspecific niche partitioning. Lastly, because population-level dietary niche 
breadth and calf recruitment are correlated, and because calf recruitment can be a 
proxy for food limitation, our work demonstrates how diet data can be employed 
to understand a populations' proximity to carrying capacity.

K E Y W O R D S

behavioural plasticity, DNA metabarcoding, functional trade-off, genetic relatedness, 
microbiome, moose, Optimal Foraging Theory, social learning

F I G U R E  1   Heuristic illustration of individual dietary niches (solid curves) under food limitation according to (a) the Niche Variation 
Hypothesis (NVH), and (b) Optimal Foraging Theory (OFT). Salmon-coloured curves illustrate the total niche width (TNW) of a population 
when food is abundant, whereas teal-coloured curves represent the TNW of a population under food limitation. The width of the solid 
curves represents within-individual dietary diversity (WID) when food is limiting, whereas the distance between the peaks of the solid 
curves reflects the amount of among-individual diversity (AID) when food is limiting. The NVH predicts that groups of individuals specialize 
on subsets of food (i.e. WID is small relative to TNW; panel a). In contrast, OFT predicts that TNW is primarily a reflection of individual 
diet breadth (i.e. WID is large relative to TNW; panel b). (c) Evidence for the NVH (left side of histogram corresponding to low WID/TNW 
ratio indicating dietary specialization; panel a) and OFT (right side of histogram corresponding to high WID/TNW ratio indicating increased 
generalization; panel b). The dashed, vertical line reflects the average level of dietary specialization observed across all studies reviewed by 
Araújo et al. (2011). Figure adapted from Bolnick et al. (2003) and Araújo et al. (2011)
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thus determine whether expansion of total niche width conforms 
to the predictions of the NVH or OFT (Araújo et al., 2011; Bolnick 
et al., 2003). Functional trade-offs require that individual variation 
in cognition, physiology or morphology gives rise to variation in 
foraging efficiency, such that individuals are efficient at extract-
ing energy from some foods but not others (Araújo et al., 2009; 
Araújo & Gonzaga, 2007; Bolnick et al., 2003; Costa-Pereira & 
Pruitt, 2019; Svanback & Bolnick, 2005). Individual variation in 
cognition, physiology or morphology may be accentuated by dis-
ruptive selection to generate the dietary specializations illustrated 
in Figure 1a (Bolnick, 2004). Additionally, innovation of new for-
aging behaviours is commonplace in nature, suggesting that diet 
specializations also may arise rapidly and in the absence of disrup-
tive selection (for review, see Reader et al., 2016 and references 
within). Regardless of the mechanism by which variation in food 
use might occur, such variation promotes the increased among- 
individual dietary diversity predicted by the NVH (Figure 1a).

Alternatively, individuals within a population may differ mini-
mally with respect to their cognition, physiology or morphology, 
causing diet selection among individuals to be similar. Under 
these circumstances, all individuals increasingly rely on second-
ary or tertiary foods as competition for food increases, thereby 
increasing the within-individual dietary diversity consistent with 
OFT (Figure 1b; Araújo et al., 2011; Bolnick et al., 2003; Svanback 
& Bolnick, 2005). Thus, weak or non-existent functional trade-
offs should result in (a) diet selection that does not vary among 
individuals within a population; and (b) a broadening of the total 
dietary niche width (TNW) stemming from increased within- 
individual dietary diversity (Figure 1b,c; Araújo et al., 2011; Bolnick 
et al., 2003).

Ruminants are a diverse (~200 species) group of herbivorous 
mammals that rely on their gut microbiome for handling and breaking 
down cellulosic compounds (i.e. cellulose, hemicellulose, lignin) and 
chemical defences (e.g. tannins), suggesting that among-individual 
variation in diet may be linked to among-individual variation in gut 
microbiome (Barboza et al., 2010). Such specialization of the gut 
microbiome can be viewed as a direct analogue to the specialized 
feeding morphology and physiology of three-spined sticklebacks 
Gasterosteus aculeatus (Matthews et al., 2010), Eurasian perch 
Perca fluviatilis (Olsson et al., 2007) and yellow-rumped warblers 
Dendroica coronate (Afik & Karasov, 1995), each of which has en-
abled individuals of these species to specialize on subsets of food. 
Additionally, many foraging behaviours are inherited via social 
learning and improve foraging efficiency (Aplin et al., 2015; Jesmer 
et al., 2018; Leadbeater & Chittka, 2007; Slagsvold & Wiebe, 2011; 
Sweanor & Sandegren, 1989; Weigl & Hanson, 1980), suggesting 
that the among-individual variation predicted by the NVH may be 
promoted and maintained by social learning (Estes et al., 2003; 
Kopps et al., 2014; Tinker et al., 2008; van de Waal et al., 2013). 
Like social learning of diet selection, the gut microbiome may 
be transmitted from mother to offspring during parturition, and 
post-parturition through contact with maternal faeces, milk and 
skin (Barboza et al., 2010; Ducluzeau, 1983). Indeed, the gut 

microbiome has been implicated in facilitating dietary specializa-
tion in domestic goats Capra aegagrus hircus (Jones & Lowry, 1984) 
and helps maintain the dietary specializations consistent with the 
NVH in woodrats Neotoma lepida (Kohl et al., 2014). Social trans-
mission of diet selection, the rumen microbiome or both may 
therefore constrain individuals from broadening their diet when 
food is limiting and result in substantial among-individual dietary 
diversity (Figure 1a,c).

To test predictions of the NVH and OFT, we quantified whether 
and how food limitation resulted in diet shifts by a broadly distributed 
ruminant, the moose Alces alces. Specifically, we evaluated whether 
the total niche width of populations expanded under resource limita-
tion according to (a) the NVH, wherein the expansion of total niche 
width is accompanied by substantial among-individual dietary diver-
sity and individual specialization (Figure 1a), or (b) OFT, which posits 
that total niche width expands because of increased within-individual 
dietary diversity (Figure 1b). Furthermore, we tested two potential 
pathways by which individual specialization might arise: social trans-
mission of the microbiome and social transmission of diet selection 
(Figure S3). In light of the importance of social transmission in shaping 
diet selection in ruminants and other taxa, and given that moose form 
mother–offspring dyads for the first year of their lives, we expected 
any support for individual specialization (and thus the NVH) to be fur-
ther attended by inheritance of the microbiome, inheritance of diet 
selection, or both.

2  | MATERIAL S AND METHODS

2.1 | Study area

We studied six populations of moose in Wyoming, northern 
Colorado, and northern Utah, USA (Figure S1), where habitats were 
characterized by riparian shrublands dominated by Booth's willow 
Salix boothii, Geyer's willow Salix geyeriana, and planeleaf willow Salix 
planifolia. Within riparian shublands, several other willow species, 
deciduous shrubs (e.g. family Rosaceae and Betula glandulosa), cot-
tonwoods (Populus spp.) and a number of grasses (family Poaceae), 
sedges (Carex spp.) and forbs (e.g. families Asteraceae, Onagraceae) 
were also common. In addition to riparian shrublands, moose also 
used upland habitats that interspersed riparian habitats (hereafter 
‘uplands’; Baigas et al., 2010; Becker, 2008; Oates, 2016) character-
ized by mixed conifers (Abies lasiocarpa, Picea engelmannii, Pinus con-
torta, Pseudotsuga menziesii), aspen (Populus tremuloides), sagebrush 
(Artemisia spp., also family Asteraceae) and other upland shrubs in 
the subfamily Dryadoideae [i.e. mountain mahogany (Cercocarpus 
spp.) and bitterbrush Purshia tridentate]. All six populations were ex-
posed to high seasonality, with winters characterized by deep snow 
(mean February snow depth 78 ± 15 cm) and cold temperatures 
(mean February low temperature −15 ± 1°C), while summers were 
characterized by low precipitation (mean July rainfall 4 ± 1 cm) and 
mild temperatures (mean July high temperature 23 ± 2°C; Western 
Regional Climate Center).
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2.2 | Study design and sampling

In the absence of strong top-down forcing (i.e. predation, disease), 
rates of calf recruitment are a sensitive measure of food limitation 
for ruminant herbivores (Eberhardt, 2002; Gaillard et al., 1998; 
Jesmer et al., in press). We obtained estimates of population-level 
calf recruitment for each of the six study populations from the 
Wyoming Game and Fish Department, Colorado Division of Parks 
and Wildlife, and Utah Division of Wildlife Resources. To estimate 
calf recruitment, biologists counted and classified the age (adult, 
yearling or juvenile) and sex (male or female for yearlings and 
adults) of individual moose from helicopters and fixed wing aircraft 
during winter (i.e. December to February). Calf recruitment was 
measured as the number of calves observed per 100 cows. From 
1947 to 1987, moose were translocated from historical (native) 
populations in western Wyoming and northern Utah (i.e. Jackson, 
Sublette and Uinta) to mountain ranges in eastern Wyoming 
and northern Colorado (i.e. Bighorn, Snowy Range, North Park; 
Brimeyer & Thomas, 2004; Jesmer et al., 2018). Combined with 
variation in climate and plant productivity, these translocations 
created a threefold difference in food limitation (as indexed by calf 
recruitment) among the six populations (Jesmer et al., in press). Only 
one (i.e. Jackson) of six study populations possessed appreciable 
numbers of large carnivores. Although grizzly bears Ursus arctos 
horribilis and wolves Canis lupus in Jackson consume calves and in-
fluence recruitment (Oates, 2016), Jackson moose are also highly 
food limited (Berger et al., 1999; Jesmer et al., in press). Thus, calf 
recruitment provides an accurate proxy for food limitation across 
our study region.

To quantify diet and microbiome composition of individuals in 
each population, we collected faecal samples via stratified random 
sampling along transects within two strata: riparian shrublands and 
uplands. Faecal samples were collected over 10-day sampling peri-
ods during the winters of 2012 and 2013 and the summer of 2013. 
We constrained sampling to areas where moose were likely to occur 
(hereafter ‘core habitat’), which we modelled using random forests 
(Breiman, 2001; Evans et al., 2011; Liaw & Wiener, 2002; see site se-
lection in Appendix S1 for detailed modeling procedure) and locations 
derived from 174 GPS-collared individuals (n = 1,523,829 locations) 
distributed across the Jackson, Sublette and Snowy Range study re-
gions from 2006 to 2014 (Baigas et al., 2010; Oates, 2016). We then 
used the National Land Cover Database (Homer et al., 2015) to fur-
ther constrain sampling within core habitat to riparian shrubland and 
upland habitat strata. Within each stratum, we identified 20 loca-
tions for each population using a spatially balanced stratified random 
design (Kincaid et al., 2012; Stevens & Olsen, 2004). At each loca-
tion, we randomly selected a direction that would allow us to remain 
within the habitat strata for the entire 2-km sampling transect. We 
used detection dogs to find faecal samples along transects during 
summer when faecal samples scattered across vast areas, were hid-
den by thick vegetation, and were required to be recently defecated 
(<48 hr old) for DNA analysis (Dahlgren et al., 2012). During winter, 
however, visual detection of faecal samples was feasible because 

faeces were concentrated on winter ranges, readily detected in 
snow and were frozen shortly after defaecation by the cold winter 
conditions in our study area. All samples were collected according to 
a sterile protocol and frozen at −20°C within 8 hr.

2.3 | Genetic analyses

To identify individual moose and their sex, we developed multi-locus 
genotypes from faecal samples using nine microsatellite loci and 
a sex marker (Table S1). Genotyping errors are common, however, 
when working with low-quality DNA such as that extracted from 
faecal samples (for review, see Lampa et al., 2013; Miller et al., 2002; 
Taberlet et al., 1996). Genotyping errors have the potential to cause 
downstream errors in inference regarding inheritance of foraging 
behaviour and microbiome (Waits et al., 2001). We therefore took 
several precautionary steps to limit any potential confounds asso-
ciated with genotyping error (see mitigating the effects of poten-
tial genotyping errors in Appendix S1). Following recommendations 
for faecal DNA extraction and amplification (Lampa et al., 2013), 
we extracted DNA using a sterile protocol (Qiagen Inc.; Adams 
et al., 2011; Woodruff et al., 2014) and amplified nine microsatel-
lites and a sex marker via a standard multiplexing protocol (Qiagen 
Inc.; Table S2). We employed a multiple tubes approach, wherein a 
minimum of three PCR reactions were conducted for each faecal 
sample (Taberlet et al., 1996). All PCR products were then prepared 
for fragment analysis in a dedicated room that was physically sepa-
rated from the laboratory where DNA extraction was performed 
(Goldberg et al., 2016). Each fragment analysis was genotyped by 
two independent observers using GeneMarker® (SoftGenetics, 
LLC). We used the probability that two genotypes were indeed 
unique individuals and not simply siblings with similar genotypes [i.e. 
probability siblings (Psibs) <0.05] as a conservative measure of indi-
vidual identification (Waits et al., 2001).

To quantify diet and microbiome composition of individual 
moose identified via multilocus genotyping, we used DNA metabar-
coding. DNA was extracted from faecal samples using the MoBio 
PowerSoil htp-96 well Isolation Kit (Qiagen Inc.) according to the 
manufacturer's protocol. Diet composition was determined by se-
quencing the P6 loop of the chloroplast trnL(UAA) intron using  
c and h trnL primers (Taberlet et al., 2007; Table S1), whereas micro-
biome composition was quantified by sequencing the 16sRNA re-
gion of bacteria and archea using 515F and 806R primers (Bergmann 
et al., 2015; Taberlet et al., 2007; Table S1). See Appendix S1 for 
detailed information regarding DNA extraction, PCR conditions, and 
metabarcoding informatics.

If multiple faecal samples belonged to the same individual, we 
randomly selected a single faecal sample to represent the diet and 
microbiome of that individual over the preceding ~48–72 hr. To 
ensure that our single sample estimates of diet selection were ap-
propriate for evaluating individual specialization, we followed the 
recommendations of Araújo et al. (2011): (1) that stomach samples 
have multiple foods, (2) these multiple foods represent independent 
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foraging decisions, (3) the sampled diet is representative of the 
overall diet of the individual, (4) individuals being compared must 
be drawn from a small spatial range and a single point in time. The 
digestive physiology and movement behaviour of moose inherently 
align with recommendations 1 and 2 because digesta is mixed in the 
gut for ~48–72 hr, thereby causing faecal samples of moose to rep-
resent tens of foraging bouts (Clauss et al., 2007; Hofmann, 1989; 
Meyer et al., 2010). Moose traverse their home ranges ~1 time per 
day (Noonan et al., 2020), meaning faecal samples for this species 
likely represent the overall seasonal diet of the individual (recom-
mendation 3). And lastly, we ensured individual samples were col-
lected across small spatiotemporal windows (recommendation 4) by 
collecting samples within the seasonal ranges of each population 
over short periods of time (i.e. 10 days) to avoid changes in diet 
related to changing plant phenology.

2.4 | Statistical analyses

Distinct metabolic demands of male and female moose (and other 
ruminants) combine with seasonality to shape diet selection 
(Barboza & Bowyer, 2000). Therefore, we used multivariate analy-
sis of variance to test for differences in diet among years, seasons 
and sexes. Additionally, DNA metabarcoding techniques recover 
both highly digested foods and rare operational taxonomic units 
(OTUs; i.e. taxonomic order, family, or genus; Taberlet et al., 2007), 
meaning diet compositions may contain large numbers of OTUs 
that contribute little (<0.01%) to overall composition. We there-
fore calculated cumulative read curves and omitted all plant 
OTUs that did not contribute to the top 95% of cumulative reads 
(Bergmann et al., 2015).

To estimate total niche width, and among and within-individual  
dietary diversity (hereafter, ‘niche components’; sensu Roughgarden, 
1972), we used package RInSp in Program R (R Core Team, 2018; 
Zaccarelli et al., 2013). We converted the number of plant OTU reads 
into proportions for each individual so that individuals (i.e. faecal 
samples) with greater total OTU reads would not have undue influ-
ence on estimates of total niche width, among-individual dietary di-
versity, or within-individual dietary diversity (Zaccarelli et al., 2013). 
We then used the Shannon–Weaver approximation of within-in-
dividual and among-individual variance in resource use, which sum 
to equal the total niche width of a population (Bolnick et al., 2002; 
Roughgarden, 1979). Lastly, we estimated individual specialization as 
the ratio between the amount of within-individual dietary diversity 
and total niche width (i.e. WID/TNW). The WID/TNW ratio provides 
a measure of the relative degree of specialization and results in values 
between zero and one. When WID/TNW values approach zero, with-
in-individual dietary diversity is small and among-individual dietary 
diversity is high, indicating a high degree of specialization (Figure 1a). 
In contrast, when WID/TNW values approach one, populations are 
comprised of generalized individuals that use a more complete range 
of foods available to the population (Figure 1b; Bolnick et al., 2002; 
Roughgarden, 1979).

We conducted a sensitivity analysis to ensure that among-popu-
lation differences in sample size did not influence inference regard-
ing the relationship between food limitation and niche components 
(see assessing relationship between sample size and niche compo-
nents in Appendix S1). We tested predictions of the NVH and OFT 
by regressing total niche width, among-individual dietary diversity, 
within-individual dietary diversity and individual specialization on 
food limitation (as indexed by calf recruitment). We tested for dif-
ferent intercepts and slopes between seasons when assessing the 
relationship between total niche width, among-individual dietary 
diversity and within-individual dietary diversity by including season 
as a fixed effect and assessing statistical support for an interaction 
between season and the aforementioned niche components.

We evaluated support for cognitive and physiological trade-offs 
by quantifying the relationship between individual diets, rumen 
microbiome, and genetic relatedness while accounting for spa-
tial autocorrelation in diet composition by fitting spatially explicit 
structural equation models (SEMs; Lamb et al., 2014; Figure S3). 
We quantified pairwise relatedness following the methodology of 
Lynch and Ritland (1999) implemented in GeneAlEx 6.5 (Peakall 
& Smouse, 2012), and we used Jaccard dissimilarity to estimate 
pairwise differences in diet and microbiome composition. Spatially 
explicit SEMs apply non-spatial SEMs to subsets of data within dis-
tance bins, thereby incorporating spatial autocorrelation into the 
SEM and testing the null hypothesis that diets are more similar 
among close relatives simply because relatedness and foods are 
spatially autocorrelated. We developed a simple SEM to test the 
relationship between relatedness, diet selection and microbiome 
composition (Figure S3) and fit the SEM within lag distances corre-
sponding to twice the diameter of a moose home range (7 km; i.e. 
the distance at which two individuals were unlikely to have overlap-
ping home ranges; Baigas, 2008; Becker, 2008; Oates, 2016). If diet 
or microbiome were inherited via mother–offspring transmission, 
we expected pairwise dissimilarity to decline with increased relat-
edness (i.e. a negative path coefficient). If diet was constrained by 
microbiome composition, we expected diet dissimilarity to increase 
with microbiome dissimilarity (i.e. a positive path coefficient). In 
other words, individuals with more similar diets would have more 
similar microbiomes.

To visualize how diet selection changed as a function of food 
limitation, and to facilitate comparison between moose diet com-
position and classical tests of the NVH based on prey size (Bolnick 
et al., 2007; Roughgarden, 1974), we converted our categorical diet 
data into a continuous variable by ranking diet items by their impor-
tance in the study-level diet. We ranked the most important food as 
zero and all subsequent ranks as increasingly negative and positive 
integers. By ranking the diet data in this way, we were able to plot 
categorical diet data as a smoothed histogram (i.e. a density plot de-
picting relative frequency of use) and visualize our categorical data in 
the same manner that several authors have graphically dichotomized 
predictions of the NVH and OFT (e.g. Araújo et al., 2010, Bolnick 
et al., 2003, Bolnick et al., 2007, Newsome et al., 2009; see also 
Figure 1).
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3  | RESULTS

3.1 | Sampling and genetic analyses

We obtained genotypes for 709 of 1,176 (60%) faecal samples 
across populations, seasons and years representing 218 individuals 
(Table 1). Consistently, the diet composition of moose shifted from 
season to season (PERMANOVA, p-values ranged from <0.01 to 
0.05) and occasionally among years (p < 0.01–0.35) but was similar 
between males and females (p = 0.07–0.79; Table S4). We therefore 
subset the data from each population by season and year, but pooled 
data between sexes. The mean number of individuals identified per 
population-year-season was 11.75 ± 1.53 SE. Population-level niche 
components stabilized when population-level datasets included six 
or more diet samples (Figure S5). Thus, we excluded 2 of the 24 sea-
son by year datasets because they had fewer than six samples (see 
Table 1).

Microsatellite polymorphism was variable across loci (range = 3–6; 
Table S3). Genotyping error was low and consisted primarily of allelic 
dropout and false alleles (Table S3). Metabarcoding of the trnL ampli-
con identified 143 OTUs of plants (107 orders, 4 families, 32 genera). 
Analysis of cumulative read curves resulted in winter diets char-
acterized by 37 OTUs and summer diets characterized by 24 OTUs 
(Figure S4). Metabarcoding of 16sRNA primers identified 4,411 OTUs 
of bacteria and archea (33 phyla and 66 classes). Analysis of cumu-
lative read curves resulted in the microbiome being characterized by 
500 OTUs in both winter and summer faecal samples.

3.2 | Food limitation and components of the 
dietary niche

During summer, increased food limitation resulted in a near dou-
bling of total niche width between the most and least food lim-
ited populations (Figure 2a; β = −0.03, p < 0.01, R2 = 0.92). For 
populations with greater food limitation (i.e. calf:cow decreased), 

individual specialization did not increase (Figure 2b; β = −0.003, 
p = 0.15), yet within-individual dietary diversity increased and ex-
plained nearly all variation in total niche width among populations 
(Figure 2d; β = −0.024, p < 0.01, R2 = 0.98). Among-individual di-
etary diversity was not associated with food limitation (Figure 2c; 
β = −0.004, p = 0.37).

During winter, food limitation did not explain observed variation 
in total niche width (Figure 2e; β = 0.00, p = 0.98), individual spe-
cialization (Figure 2f; β = 0.00, p = 0.79), among-individual dietary 
diversity (Figure 2g; β = 0.00, p = 0.88), or within-individual dietary 
diversity (Figure 2h; β = 0.00, p = 0.99). Interestingly, average total 
niche width, among-individual dietary diversity and within-individual  
dietary diversity during winter was similar to that of the most food 
limited populations during summer (Figure 2). Neither the strength 
nor directionality of relationships between food limitation and total 
niche width, among-individual dietary diversity, within-individual 
dietary diversity and individual specialization were altered by 
sub-setting each population's dataset to six samples (Figure S6).

The intercept, but not the slope, of the relationship between 
total niche width and individual specialization differed between 
seasons (Figure 3a; p < 0.01 and p = 0.48 respectively). Neither 
intercept nor slope differed between seasons when assessing 
the relationship between total niche width, among-individual di-
etary diversity and within-individual dietary diversity (Figure 3b,c; 
p = 0.17–0.90). Contrary to the NVH, as the total niche width of 
a population increased, individuals became increasingly gener-
alized in both summer and winter (Figure 3a; β = 3.74, p = 0.03, 
R2 = 0.43). Although among-individual dietary diversity increased 
with increased total niche width (Figure 3b; β = 2.33, p < 0.01, 
R2 = 0.48), within-individual dietary diversity again explained 
nearly all variation in total niche width among populations 
[Figure 3c; β = 1.17, p < 0.01, R2 = 0.93; note that total R2 for 
the two aforementioned models is >1.0 because among-individual 
dietary diversity and within-individual dietary diversity are cor-
related (r = 0.44)]. Together, our results indicate that the increased 
total niche width observed under increased food limitation 

Herd

Summer Winter

2012 2012 2013

F M Total F M Total F M Total

Bighorn 14 11 25 13 1 14 7 4 11

Jackson 2 4 6 11 7 18 4 5 9

North Park 9 6 15 8 5 13 3 5 8

Snowy range 9 10 19 5 2 7 3 2 5a 

Sublette 10 4 14 4 2 6 3 3 6

Uintab  14 15 29 6 6 12 1 0 1a 

aNote that less than six individual diet samples were obtained for the Uinta and Snowy Range 
populations during winter of 2013. Those samples were therefore omitted from the dataset prior 
to statistical analysis.
bAlso note that no recruitment data were available for Uinta in 2013, so those data were omitted 
from summer analysis.

TA B L E  1   Number of individual moose 
identified per herd, sex, season and year 
via faecal DNA
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stemmed from individuals broadening their diets (i.e. increased 
within-individual dietary diversity; Figures 2 and 3), thereby sup-
porting the predictions of OFT (Figure 1b).

During summer, populations with abundant food (as indexed 
by calf production) foraged largely on willows (Salix spp.; Figure 4) 
and exhibited narrower total niche widths and less within-individual 

F I G U R E  2   Relationship between resource limitation (number of calves per 100 cows; lower values represent stronger resource limitation) 
and (a, e) total niche width (TNW), (b, f) individual specialization (WID/TNW), (c, g) among-individual diversity (AID) and (d, g) within-
individual diversity (WID). Summer data for each population are represented by circles, whereas winter data are represented by diamonds. 
Uinta was excluded from summer analysis because recruitment surveys were not completed. Black lines represent statistically significant 
relationships, whereas grey lines represent non-significant relationships. During winter of 2012 and 2013, average total niche was broad (e), 
which is consistent with strong resource limitation, but resource limitation did not explain patterns of individual specialization (f), among-
individual diversity (g) or within-individual diversity (h). Winter 2013 data for both Uinta and Snowy Range were excluded from analysis 
because of <6 estimates of individual diets. During summer, and in accordance with both the NVH and Optimal Foraging Theory (OFT), total 
niche width increased as resource limitation increased (a). In contrast with the NVH, however, increased resource limitation did not result in 
increased individual specialization or among-individual diversity (b, c). Instead, and in accordance with OFT, increased total niche width under 
resource limitation stemmed primarily from increased within-individual diversity (d)

F I G U R E  3   Relationship between total niche width (TNW) and (a) individual specialization (WID/TNW), (b) among-individual diversity (AID), 
and (c) within-individual diversity (WID). Summer data for each population are represented by circles, whereas winter data are represented by 
diamonds. In panel a, separate lines were fit for winter and summer because intercepts were statistically significant (see Section 3). The NVH 
predicts that TNW increases because individual specialization increases (i.e. WID/TNW decreases), whereas Optimal Foraging Theory (OFT) 
predicts that TNW increases because individuals broaden their diets (i.e. WID/TNW increases). In both summer and winter, TNW increased 
because of increased WID/TNW (panel a) primarily because of increased WID (panel c)
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dietary diversity than individuals during winter. As food limitation 
intensified, individuals reduced willow consumption and broadened 
their diet to include greater amounts aspen and cottonwood (Populus 
spp.), willow herbs (Onagraceae; Epilobium spp.), grasses (family 
Poaceae) and species from the subfamily Rosoideae [e.g. cinque-
foil (Potentilla spp.)]. Individuals within populations facing the most 
severe food limitation (i.e. the Sublette and Jackson populations) 
further broadened their diet by also increasing use of species from 
the family Maloideae [e.g. serviceberry (Amelanchier spp.)] and the 
diverse Ericaceae family (Figure 4).

During winter, willow continued to dominate diets, yet with-
in-individual dietary diversity increased compared to summer 
(Figure 2d,h) and among-individual dietary diversity remained 

negligible (Figures 2g and 5). During this time of food limitation, in-
dividuals consumed less willow than during summer and relied more 
heavily on fir (Abies spp.), species from the subfamily Dryadoideae 
[e.g. mountain mahogany (Cercocarpus spp.), bitterbrush (Purshia 
tridentate)], pine (Pinus spp.), grasses, sedges (Carex spp.) and spe-
cies within the family Rhamnaceae [e.g. ceanothus (Ceanothus spp.); 
Figure 5].

3.3 | Functional trade-offs

Both spatially explicit and non-spatially explicit SEMs indicated 
that among-individual variation in microbiome composition and 

F I G U R E  4   Density plots of the 25 
most frequently used foods used during 
summer. Foods were ranked from most 
used (centre of x axis) to least used (left 
and right-hand sides of x axis). Density  
(y axis) reflects relative frequency of foods 
in diets. Panels are presented in increasing 
order of resource limitation (decreasing 
calf:cow). Individuals were plotted in order 
from those with the highest proportion of 
their diet consisting of willow to lowest. 
Individual density plots were set to 50% 
transparency, so more saturated colours 
indicate greater overlap among individuals 
and less saturated colours indicate rare 
foraging strategies within a population. 
(a–e) Diet composition of individuals 
within each of the five populations for 
which resource limitation data (calf:cow) 
were available in 2013. (f) Population-
level diet composition. Expansion of total 
niche width (TNW) is driven by within-
individual dietary diversity (WID) rather 
than from increased among-individual 
dietary diversity (AID; also see Figures 1 
and 2). Note that individuals from 
resource-limited populations increasingly 
incorporate ‘novel’ foods into their diets
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relatedness explained <1% of among-individual variation in diet com-
position (R2 < 0.01). The spatially explicit SEM indicated weak rela-
tionships between diet similarity, microbiome similarity and genetic 
relatedness (all b < 0.04). In accordance with the results of the spatially 
explicit SEM, the non-spatial SEM also indicated weak relationships 
between diet similarity, microbiome similarity and genetic relatedness 
(all b < 0.012).

During both winter and summer, diet and microbiome were sig-
nificantly correlated at some lag distances, but effect sizes were 
small (b < 0.04) and the directionality of the relationship was not 
consistently positive or negative (Figure 6a,b). In winter, the effect 
of relatedness on diet dissimilarity was consistently small (b < 0.02) 

across all distance lags and directionality of the relationship was 
not consistent (Figure 6d). More closely related individuals in close 
proximity to each other tended to have more similar microbiomes in 
summer (i.e. a negative path coefficient), but the effect of related-
ness on microbiome similarity was small (b < 0.005; Figure 6e). The 
effect of genetic relatedness on microbiome similarity was similarly 
small in winter (b < 0.01) and related individuals tended to have more 
distinct microbiomes across most lag distances (Figure 6f). Together, 
these results suggest that a lack of strong functional trade-offs (i.e. 
social transmission of foraging behaviour or microbiome) promotes 
within-individual dietary diversity and thus foraging in accordance 
with OFT (Figures 1–3).

F I G U R E  5   Density plots of the 25 
most frequently used foods used during 
winter. (a–e) Foods were ranked from 
most used (centre of x axis) to least 
used (left- and right-hand sides of x 
axis). Density (y axis) reflects relative 
frequency of foods in diets. Individuals 
were plotted in order from those with the 
highest proportion of their diet consisting 
of willow to lowest. Individual density 
plots were set to 50% transparency, so 
more saturated colours indicate greater 
overlap among individuals and less 
saturated colours indicate rare foraging 
strategies within a population. (a–e) Diet 
composition of individuals within five 
populations across 2 years (2012–2013) 
for which resource limitation data 
(calf:cow) were available. (f) Population-
level diet composition. Niche components 
and calf:cow ratios are reported as the 
2-year mean. Note that average total 
niche width (TNW) and average within-
individual dietary diversity (WID) across 
populations in winter is approximately 
25% greater than in summer (see Figures 2 
and 4) 
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4  | DISCUSSION

Despite the shared prediction that total niche width should expand 
as food becomes limiting, the NVH (Van Valen, 1965) and OFT (Krebs 
et al., 1977; MacArthur & Pianka, 1966; Stephens & Krebs, 1986) 
offer contrasting views about how animals should alter diet selec-
tion when intraspecific competition for food intensifies (Figure 1). 
In accordance with both the NVH and OFT, the total niche width of 
moose in the Intermountain West, USA, increased as food became 
more limited (Figures 2 and 4). Increased total niche width arose pri-
marily from increased within-individual dietary diversity rather than 
increased among-individual dietary diversity and individual speciali-
zation (Figures 2 and 3), thereby supporting the predictions of OFT 
(Figure 1b). Accordingly, we demonstrated that the total niche width 
expanded as a consequence of individuals adding ‘novel’ foods to their 
diet rather than forming groups of specialized individuals that foraged 
on narrow subsets of foods available to the population (Figure 4).

Optimal foraging for ruminants may be distilled into a single rule: 
maximize energy and nutrient intake while minimizing ingestion 
of plant chemical defences (Afik & Karasov, 1995; Belovsky, 1978; 
Freeland & Janzen, 1974). The co-evolution of plants and herbivores 
has resulted in nearly all plants possessing chemical defences (Bryant 
et al., 1983; Bryant & Kuropat, 1980; Karban & Agrawal, 2002). 
Although ruminants counteract these defences with proline-rich 
saliva and symbiotic gut microbes capable of breaking down plant 
toxins (Bryant et al., 1991; Hofmann, 1989), chemical defences nev-
ertheless limit energy and nutrient assimilation (Barboza et al., 2010; 
McArt et al., 2009). As such, ruminants forage on a diverse array 
of plants to prevent over-ingestion of any single defence compound 
(Barboza et al., 2009; Parikh et al., 2017) and we observed such di-
etary diversity in our study (Figures 4 and 5). Reconstructing moose 
diets with DNA metabarcoding resulted in 24 families and genera of 
plants contributing to the top 95% of the diet in summer, and more 
than 37 families and genera in winter (Figure S4). Ruminant diet 

F I G U R E  6   Path coefficients for 
the relationship between (a, b) diet 
dissimilarity and rumen microbiome 
dissimilarity, (c, d) diet dissimilarity 
and relatedness, and (e, f) microbiome 
dissimilarity and relatedness. Dissimilarity 
and relatedness measures are pairwise 
associations between individuals during 
summer (left panels) and winter (right 
panels). Error bars represent 95% 
confidence intervals for unstandardized 
path coefficients. Note small effect 
sizes (all path coefficients <0.04). 
Total variation in among-individual diet 
dissimilarity explained by microbiome and 
relatedness combined is <1% (R2 < 0.01)
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selection should be flexible to match phenological changes in the 
composition, quality and quantity of plants (Provenza et al., 2003). 
We observed such flexibility in our study, with total niche widths 
and within-indvidual dietary diversity increasing approximately 25% 
from summer to winter (Figures 2, 4 and 5). Moreover, average total 
niche width, among-individual dietary diversity and within-individual 
dietary diversity during winter was similar to that of the most food 
limited population during summer (Figure 2), indicating that a flexible 
diet capable of exploiting seasonal shifts in food availability likely 
is adaptive. Consequently, moose did not specialize on subsets of 
food and therefore did not adhere to predictions of the NVH. We 
hypothesize that specializing on subsets of plants is physiologically 
costly for ruminants (Parikh et al., 2017); doing so would require re-
formulation of the microbiome and detoxification mechanisms to in-
gest relatively small subsets of chemical defences in large quantities 
(for review, see Barboza et al., 2010; Forbey & Foley, 2009; Forbey 
et al., 2009). The digestive constraints of an herbivorous lifestyle 
may therefore represent one context under which foraging in accor-
dance with OFT should be expected (Figure 1c).

Like the socially learned foraging behaviours underlying individ-
ual specialization in California sea otters (Enhydra lutris nereis; Estes 
et al., 2003; Tinker et al., 2008), juvenile moose spend the first year of 
their life in mother–offspring dyads (Bubenik, 2007) and may learn to 
select forage from their mothers (Edwards, 1976). While social learn-
ing early in life is important for the survival of juveniles (Thornton 
& Clutton-Brock, 2011), such learned behaviour may erode overtime 
in long-lived vertebrates as they experience variable environmental 
conditions (Teitelbaum et al., 2018). Furthermore, rigid adherence to 
socially learned diet selection may prove maladaptive in changing en-
vironments (Keith & Bull, 2017; Laland & Williams, 1998), such that 
behavioural plasticity or trial-and-error learning are better foraging 
strategies for long-lived species experiencing variation in environ-
mental conditions throughout their lifetime (Galef & Whiskin, 2001; 
Provenza & Balph, 1987; Stephens et al., 2007). Accordingly, diet simi-
larity in moose was weakly correlated with relatedness (Figure 6c), in-
dicating that even if social transmission of diet selection occurred early 
in life, such learned behaviour dwindled as individuals foraged outside 
their natal ranges and as environmental conditions shifted over time. 
Because diet selection was either not inherited or adherence to inher-
ited diet selection waned over time, individual specialization in moose 
did not occur (Figures 2 and 3). Instead, we hypothesize that flexible 
diets are promoted by the presence of plant chemical defences and a 
diverse rumen microbiome; and such flexibility facilitates increased 
within-individual dietary diversity under food limitation (Figures 2–4).

Although transmission of the microbiome has been demonstrated 
to constrain diet selection and promote individual specialization (e.g. 
Kohl et al., 2014), the plethora of digestive enzymes produced by the 
rumen microbiome may facilitate a flexible diet and minimize phys-
iological constraints that lead to individual specialization. We found 
weak association between diet and microbiome composition in moose 
(Figure 6a; see also Bergmann et al., 2015), a finding supported by pre-
vious research indicating that the core microbiome of ruminants across 
the globe is comprised of orders Bacteroidales (phylum Bacteroidetes), 

Clostridiales (phylum Firmicutes) and Methanobacteriales (phylum 
Euryarchaeota) despite different diets within and among species 
(Henderson et al., 2015; Sundset et al., 2007). The lack of strong as-
sociation between microbiome and diet was nevertheless surprising 
because, as with domestic goats, desert woodrats and two-toed sloths 
Choloepus hoffmanni, ‘secondary’ (non-core) microbial groups play an 
important role in promoting ingestion of novel foods and foods with 
abundant chemical defences (Dill-McFarland et al., 2016; Jones & 
Lowry, 1984; Kohl et al., 2014). As individual moose diversified their 
diets when food became limiting (Figures 2, 4 and 5), more diverse 
microbiomes were expected. In contrast to this expectation, our work 
demonstrates that changes in moose diet do not require large con-
comitant changes in the microbiome (Figure 6a,b), suggesting that the 
cellulolytic and detoxifying capacities of a diverse microbiome facili-
tate the dietary flexibility required to expand and contract diets with 
changing levels of food abundance.

An emergent notion in ecology and evolutionary biology is 
that individual specialization, and thus the NVH, stems from inter- 
individual differences in cognition, physiology or morphology that 
cause diet selection to vary among individuals (see examples within 
Araújo et al., 2011; Bolnick, 2004). Yet the reciprocal notion—that a 
lack of functional trade-offs should yield support for predictions of 
OFT—has received considerably less attention. We found support 
for the predictions of OFT in moose (Figures 1–3), suggesting that 
functional trade-offs are weak or absent. In accordance with this no-
tion, moose foraging was not constrained by either of the two key 
functional trade-offs for ruminants: (a) social learning of diet selec-
tion (Figure 6c,d), or (b) social transmission of the gut microbiome 
(Figure 6e,f). The natural history and ecophysiology of ruminants has 
resulted in foraging strategies that promote continuous sampling of 
foods so that individuals can adjust to ever-changing plant quan-
tity and quality (Provenza, 1995; Stephens et al., 2007). Therefore, 
specializing on a subset of plants may be challenging for ruminants 
(Figures 4 and 5), which may limit rigid constraints on diet selection. 
Instead, the broadening of individual diets (i.e. within-individual di-
etary diversity) as a mechanism to reduce intraspecific competition 
likely represents a more adaptive strategy than individual specializa-
tion in ruminants (Figures 2–4; Provenza & Balph, 1987; Provenza 
et al., 2003; but see Pansu et al., 2019). Our work therefore sup-
ports the hypothesis that the occurrence of cognitive, physiological 
or morphological constraints on diet selection should at least partly 
determine whether the predictions of the NVH or OFT are upheld.

Regardless of the mechanisms underlying expansion of total 
niche width, total niche width increased with increased food lim-
itation (Figure 2a), a result with at least two basic and applied im-
plications. First, expansion of total niche width is hypothesized to 
reduce intraspecific competition when food is limiting (Bolnick, 2004; 
Roughgarden, 1972; Svanbäck & Bolnick, 2007). Niche expansion 
should, however, increase the potential for interspecific compe-
tition because of diet overlap with heterospecifics (MacArthur & 
Levins, 1967; Pringle et al., 2019). For example, Kartzinel et al. (2015) 
and Pansu et al. (2019) used bipartite networks to quantify plant–
herbivore interactions across a community of ruminants in East Africa. 
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Our results suggest that such plant–herbivore networks are dynamic, 
shifting over time as density dependence and variable abiotic condi-
tions cause food limitation to ebb and flow. Thus, the notion that a 
species' or population's total niche width is plastic, rather than static, 
should be considered in future research. Second, and since the time of 
Aldo Leopold (1933), wildlife ecologists have sought tools for detect-
ing food limitation to inform harvest and conservation programmes 
(e.g. see Ali et al., 2017; Boertje et al., 2009; Jesmer et al., in press). 
Because total niche width and within-individual dietary diversity were 
strongly correlated with calf recruitment, diet data can be used to 
quantify food limitation and thus proximity to nutritional carrying ca-
pacity. In summary, our work contributes to a growing literature indi-
cating that food limitation alters intra- and interspecific interactions, 
which in turn has important implications for understanding the ecol-
ogy of individuals, populations and communities.
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