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Abstract: The niche variation hypothesis states that the population niche width expands with increasing interindividual 
differences in prey utilization (i.e., individual dietary specialization). The main ecological drivers forming this relationship 
include a) ecological opportunity, b) food limitation and exploitative competition, and c) intraguild interference. Only a 
limited number of empirical studies have tested the impact of these drivers on the niche variation–width relationship and 
focused only on vertebrates. Using molecular gut content analysis, we investigated how prey diversity (proxy for ecological 
opportunity), prey abundance (proxy for exploitative competition / food-limitation), and activity density of guild members 
(proxy for intraguild interference) affect the short-term individual dietary specialization and consequently the population 
niche width in local communities of 13 species of predatory beetles and spiders. The study took place in 10 spring barley 
fields in Sweden in 2011. We found that the niche variation and consequently the average population niche width of the spe-
cies in the predator community decreased with prey abundance but increased with activity density of guild members. The 
results indicate that intraguild interference and exploitative competition / food limitation increased dietary variation. The 
increased diet variation led to the observed population diet expansion. Our results support the niche variation hypothesis 
and, in contrast to the traditional view, show that negative intraguild interactions may act as a diversifying force.
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1 Introduction

Individual dietary specialization means that individuals uti-
lize only a subset of prey utilized by their population (Bolnick 
et al. 2003) and it occurs across animal taxa (Bolnick et al. 
2003; Traugott et al. 2008; Ingram et al. 2018). Individual 
dietary specialization has a key role in trophic niche dynam-
ics, species coexistence, and interactions in food-webs 
(Bolnick et al. 2011; Ingram et al. 2018). Among the main 
drivers of individual dietary specialization (hereafter termed 
individual specialization) are a) ecological opportunity 
(i.e., access to diverse prey resources), b) food limitation 
and exploitative competition, and c) intraguild interference 
(Araújo et al. 2011). These drivers may affect the trophic 
niche structure in various ways (Sjödin et al. 2018) depend-
ing on a population’s general environment (Evangelista et al. 
2014) and intensity of antagonistic interaction (Svanbäck & 
Bolnick 2005; Jones & Post 2016). Previous studies assess-

ing the main ecological drivers of individual specialization 
have focused primarily on vertebrates and are mostly lim-
ited to a single species (reviewed in Araújo et al. 2011 and 
Ingram et al. 2018). Therefore, it is crucial to study impact 
of ecological interactions on species’ trophic niches in taxa 
beyond vertebrates in a multi-species context to allow for 
broader generalization.

Population niches comprise within-individual component 
(WIC; i.e., average variance of resources utilized by indi-
viduals) and between-individual component (BIC; i.e., vari-
ance among individuals) (Bolnick et al. 2003; Fig. 1a); both 
components can change the niche structure independently 
or simultaneously (Sjödin et al. 2018; Fig. 1b). The niche 
variation hypothesis postulates that populations with wider 
niches are also more heterogeneous as individuals occupy 
different niches (Bolnick et al. 2007; Fig. 1B). Such relation-
ships can develop due to an increased diversity of available 
prey, i.e., due to ecological opportunity (e.g., Araújo et al. 
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2011). Increased prey diversity enables individuals within 
a predator population to specialise on certain prey types by 
exploiting them more efficiently than other individuals due 
to interindividual differences in cognitive, physiological, or 
morphological traits (Bolnick et al. 2003). Consequently, the 
total population niche width (TNW) expands with increasing 
diversity of available prey through increasing BIC, which 
may be accompanied by a decrease (i.e., extreme partition-
ing), no change (i.e., strict phenotypic differentiation), or an 
increase in WIC (i.e., dual expansion; Sjödin et al. 2018; 
Fig. 1B). However, the population niche can also respond to 
ecological opportunity differently than predicted by the niche 
variation hypothesis. For example, the population niche may 
expand with expanding WIC while the BIC remains similar 
(i.e., parallel release) or decreases (i.e., homogenizing gen-
eralization; Sjödin et al. 2018; Fig. 1B).

The traditional assumptions are that intraspecific compe-
tition increases niche variation and expands population niche 
width, while interspecific competition and predation have 
the opposite effects (Polechová & Storch 2008). However, 
it has recently been shown that resource limitation, competi-
tion (intra- and interspecific), and intraguild predation may 
have more diverse effects on niche structure, including niche 
constriction and expansion through various mechanisms 
(Svanbäck & Bolnick 2005; Bolnick et al. 2010; Jones & 
Post 2016; Sjödin et al. 2018). Intraguild predation drives 
some individuals to seek refuge in microhabitats that host 
different prey and results in population niche expansion due 
to increasing BIC (Bolnick et al. 2010). Alternatively, the 
population niche could expand from increasing WIC, i.e., 
through parallel release or homogenizing generalization, 
when individuals are food-limited due to factors such as 
exploitative competition (inter- and intraspecific) and may 
utilize sub-optimal resources (Svänback & Bolnick 2005; 
Bolnick et al. 2010).

Effects of the ecological forces driving individual spe-
cialization and niche dynamics depend on the total environ-
ment; therefore, it is likely that the effect will differ between 
ecosystems (Evangelista et al. 2014; Costa-Pereira et al. 
2019; Liang et al. 2020). Most studies have focused on how 
competition, predation, and ecological opportunity affect 
individual specialization of vertebrates in natural habitats 
(Ingram et al. 2018). Arthropods, the most diverse animal 
group, and agroecosystems, which cover 38% of the global 
surface (FAO 2021), have so far been neglected in this area 
of research. From an applied perspective, the structure of 
trophic niches may influence the importance of generalist 
consumers as a biological control of pests (Michalko & 
Pekár 2017; Michalko et al. 2021a) or the choice of control 
strategies for generalist herbivorous pests (Traugott et al. 
2008).

The present study directly addresses these important gaps 
of knowledge. We investigated how ecological opportunity, 
exploitative competition / food limitation, and intraguild 
interference (including predation and non-consumptive 

Fig. 1.  Conceptual figure of (A) components forming niche struc-
ture  (Bolnick  et  al.  2003) and (B) mechanisms  of  niche width 
expansion according to Sjödin et al. (2018). In both panels, the 
green and purple arcs indicate population and individual niches, 
respectively. The position of the arcs’ humps indicates the posi-
tion on the niche axis and the width of the arcs represents niche 
width. Population niche width may expand when WIC decreases 
while  BIC  increases  (extreme  partitioning), WIC  remains  simi-
lar  but  BIC  increases  (strict  phenotypic  differentiation),  WIC 
and  BIC  increase  (dual  expansion),  BIC  remains  similar  but 
WIC  increases  (parallel  release),  and BIC decreases  but WIC 
increases  (homogenizing  generalisation).  Extreme  partitioning, 
strict  phenotypic  differentiation,  and  dual  expansion  are  parts 
of the niche variation hypothesis (the rectangle delimited by the 
blue  dashed  line)  that  postulates  that  populations  with  wider 
niches are also more heterogeneous.
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effects) affect individual specialization and the consequent 
population niche width in local communities of 13 species 
of arthropod predators (predatory beetles, spiders) in spring 
barley fields under organic and conventional management. 
We expected i] according to the ecological opportunity 
hypothesis, niche variation and total niche width of predators 
to increase with the diversity of available prey (Araújo et al. 
2011). We also predicted that ii] according to the intraguild 
interference hypothesis, niche variation and the total popu-
lation niche width would increase with increasing density 
of guild members as, for example, individuals vulnerable 
to predation seek refuge in microhabitats with distinct prey 
composition (Bolnick et al. 2010; Sitvarin & Rypstra 2014). 
We then expected iii] according to the food limitation and 
exploitative competition hypothesis, low prey abundance 
to expand individual niches as individuals become more 
opportunistic and include sub-optimal resources (Michalko 
et al. 2021a). This may consequently either narrow, widen, 
or retain the population niche width (Svanbäck & Bolnick 
2005).

2 Material and methods

2.1 Data collection

2.1.1 Molecular gut-content analyses
All data came from previously published studies (Roubinet 
et al. 2017, 2018), where a detailed description of the meth-
ods can be found, and we only provide the necessary details 
here. The data were collected in 10 spring barley fields 
around the city of Uppsala in Sweden in 2011. The fields 
were paired in five blocks with one field under conventional 
management and the other field under organic management. 
The differences between the management types lied mainly 
in application of herbicides and inorganic fertilizers in fields 
under conventional management. Application of insecticides 
in the conventional fields was low. The data were collected in 
each field during two periods of barley growth: early period 
(barley tillering stage, 22–23 week) and late period (barley 
stem extension/heading stage, 25–26 week).

For the molecular gut-content analyses the spider and 
beetle predators (see the subsection ‘Predator groups’ in the 
section 2.2. Computation of individual specialization and 
total niche width below) were collected using dry pit-fall 
traps (Roubinet et al. 2017). In each field, 12–35 traps (num-
ber depending on predator abundances) were opened for 
24 h within each week (Period 1: weeks 22 and 23; Period 2: 
weeks 25 and 26) of the two time periods (see above). There 
was no rainfall during the 24 h periods. All arthropod preda-
tors were collected individually and to reduce potential pre-
dation within traps, clay balls were put into the traps. Prey 
remains in visually inspected traps were found in only 4% 
of the emptied traps, suggesting that within trap predation 
was minor. The molecular gut content analyses provided 

presence-absence data for the DNA of each prey type in each 
predator individual. The samples from the two weeks within 
each period were then pooled into one sample for further 
analyses, i.e. population-level information was taken per 
two-week period.

The diagnostic multiplex PCR approach was used to 
detect the prey. A first group-specific multiplex PCR assay 
(MPI) targeted aphids, dipterans, springtails, earthworms, 
lacewings, spiders, beetles, and thrips as prey groups. Two 
following additional assays enabled lower taxonomic resolu-
tion for spiders: Lycosidae, Linyphiidae, Pachygnatha; and 
for beetles: Pterostichus, Poecilus, Harpalus, Bembidion, 
Coccinella septempunctata (Linnaeus 1758).

2.1.2 Ecological drivers of niche variation
Following previous studies, we used proxies for the inten-
sity of interactions (e.g., Costa-Pereira et al. 2019). The total 
activity density of local ground-dwelling predators was used 
as a proxy for intraguild interference that may include pre-
dation as well as non-consumptive effects. We used over-
all prey abundance as a proxy for exploitative competition /  
food-limitation; prey diversity measured by the Shannon 
index (Krebs 2014) was used as a proxy of ecological oppor-
tunity (Costa-Pereira et al. 2019; Sánchez‐Hernández et al. 
2021).

The activity densities of predators were investigated 
each week during the early and late periods. The ground-
dwelling predators were collected by six pitfall traps per 
field (11.5 cm diameter × 11 cm depth). Traps were emp-
tied weekly. Activity densities of spiders and carabid beetles 
were summed for further analyses (i.e. number of individu-
als / 6 pitfall traps).

Abundances of prey in each field were investigated dur-
ing the growing season using tiller counts (aphids on 100 
tillers/week during each period, from 10 spatially clustered 
batches of 10 tillers), soil samples (springtails, earthworms, 
and thrips in 10 soil samples of 5 cm diameter × 10 cm depth 
once in each period; extracted into ethanol via a Tullgren 
funnel over 48 hours), and sweeping (Diptera, in 100 sweeps 
with sweep nets of 35 cm diameter × 80 cm shaft length) 
weekly during each period. Prey densities per sampling unit 
were averaged per week in the early and late periods for each 
field. Prey densities were estimated on the same day within 
field pairs, and within a maximum of four days among field 
pairs.

2.2  Computation of individual specialization and 
total niche width

2.2.1 Individual specialization
We distinguished eight prey types to compute the individual 
specialization and the population niche width of predators: 
earthworms, spiders, springtails, thrips, aphids, neuropter-
ans, beetles, and dipterans (Roubinet et al. 2017). These prey 
groups are the major prey of the studied predator species 

 Niche variation in arthropod predators    527



and are highly abundant in cereal crops (e.g., Sunderland 
1975; Cuff et al. 2022). We computed the V-index that is 
commonly used to quantify the individual specialization 
(Bolnick et al. 2003). The V-index is the mean Bray-Curtis 
distance between the trophic niche of each individual and 
its population (Bolnick et al. 2003). We used Bray-Curtis 
distance because the population niche was quantitative and 
because beetle and spider prey could reach values from 0 
to 4 instead of 0–1 as beetle and spider prey groups were 
clumped from a higher taxonomic resolution (see the sub-
section Molecular gut-content analyses in the section 2.1. 
Data collection, Fig. S2, and Roubinet et al. 2017). However, 
there was only 6% of predator individuals where value of 
these prey groups was higher than 1 (Fig. S2). When com-
puting the distance between an individual and its population, 
we included the diet of that individual into the population 
diet and the index can therefore reach values from the half-
open interval [0,1]. The degree of individual specialization 
increases with the V-index value (Bolnick et al. 2003). Given 
the character of the data, the index value expresses a prob-
ability that any two individuals from a population differ in 
their recent prey choice.

To investigate the mechanism behind the relationship 
between niche variation and total niche width (Sjödin et al. 
2018), we also computed the WIC and BIC for each pop-
ulation. WIC is mean number of prey per individual and 
BIC is simply the variance of the number of prey types per 
individual.

2.2.2 Population niche width
The measure of the population niche width was computed 
using the Levin’s standardized niche width (Levin’s B) that 
accounts for the proportion of predators that fed on a cer-
tain prey type in each population. Levin’s B can reach values 
between 0 and 1; the higher the value, the wider the niche 
(Krebs 2014).

2.2.3 Predator groups
For the computation of individual specialization and total 
niche width, we considered predator populations as indi-
viduals from a predator group (see later for the definition 
of predator group) collected in a field and in a period. We 
included the populations where prey was detected in at 
least eight individuals, indicating that a population might 
theoretically individually specialize on each prey type 
equally. According to data availability, we considered the 
following 15 predator groups of spiders and predatory bee-
tles (Table 1). Individual specialization is defined as niche 
variation that is not attributed to differences in sex, age, 
and discrete morphs (Bolnick et al. 2003). We therefore 
separated the adult males and females in spiders and treated 
them as separate groups in the analyses because they could 
show distinct prey preferences and optimization criteria 
influencing prey selection.

2.3 Statistical analyses
All analyses were performed within the R environment  
(R Development Team 2021, ver. 4.0.4). We used the gener-
alized mixed effects models (GLMM) from the R package 
‘mgcv’ (Wood 2017) to investigate 1) the effect of activity 
density of guild members, prey diversity, and prey abun-
dance on individual specialization. We then tested 2) how 
the variables that affected individual specialization affected 
the population total niche width. We also used GLMM to  
3) test the niche variation hypothesis.

2.3.1 Drivers of individual specialization
We used GLMM with gamma error structure (GLMM-g) and 
inverse link function to investigate how activity density of 
guild members, prey diversity, and prey abundance affect the 
individual specialization since the values of the indices were 
continuous and heteroscedastic (Zuur et al. 2015). We also 
inversely transformed the activity density of guild members 
to account for the asymptotic trend in the data (Appendix S2).

In all analyses, we first determined the correct structure 
of the random effects (Zuur et al. 2015; Appendix S2) that 
were represented by predator group, locality, and field. The 
crossed random effects in the final models differed among 
the models (Appendix S2).

Initially, we considered management, period, prey diver-
sity (Shannon index of diversity), prey abundance, and pred-
ator activity density as the additive fixed effects. However, 
we excluded the variable ‘period’ from all analyses because 
it defined the prey abundance (LME, P < 0.001) and conse-
quently there was high collinearity among variables (vari-

Table 1.  The list of predator groups used to compute individual 
specialization.
Predator groups Family
Adult males Agyneta rurestris C. L. Koch, 1836 Linyphiidae
Adult males Oedothorax apicatus Blackwall, 
1850

Linyphiidae

Adult females O. apicatus Linyphiidae
Adult males Pardosa lugubris Walckenaer, 1802 Lycosidae
Adult females P. lugubris Lycosidae
Subadult Trochosa sp. Lycosidae
Coccinella septempunctata Coccinelidae
Bembidion lampros Herbst, 1784 Carabidae
Bembidion quadrimaculatus Linnaeus, 1761 Carabidae
Harpalus rufipes Degeer, 1774 Carabidae
Poecilus cupreus Linnaeus, 1758 Carabidae
Poecilus versicolor Sturm, 1824 Carabidae
Pterostichus melanarius Illiger, 1798 Carabidae
Pterostichus niger Schaller, 1783 Carabidae
Trechus secalis Paykull, 1790 Carabidae
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ance inflation factor = 3.3). After exclusion of the variable 
‘period,’ the collinearity among the fixed effects was at an 
acceptable level (variance inflation factor < 2.4; Zuur et al. 
2015). There still might be a possibility that the predator 
density and prey density / diversity would be interrelated but 
the pairwise correlation across fields was weak (Spearman 
ρ < −0.13). We included management among fixed effects 
to account for a possible influence on individual specializa-
tion as exposure to agrochemicals can alter prey preferences 
(Petcharad et al. 2018).

As the samples were of different quality by means of 
the number of screened individuals per population in the 
molecular gut-content analysis, we weighted each sample 
by the number of screened individuals. The final model was 
selected by backward selection and the rule of marginality 
(Zuur et al. 2015).

As top predators and mesopredators can be distinguished 
in the predator community (Roubinet et al. 2017), we also 
run the analyses separately for top predators and mesopreda-
tors to see whether they may respond differently. We used 
only the final model selected when analysed together. We 
distinguished the top predators and mesopredators based on 
their body sizes (Rypstra & Samu 2005) and trophic niche 
(Roubinet et al. 2017, 2018). The top predators (maxi-
mum body size > 12 mm) were H. rufipes, Poecilus spp., 
Pterostichus spp., and Trochosa. The mesopredators were 
(maximum body size < 12 mm): A. rurestris, Bembidion spp., 
C. septempunctata, O. apicatus, P. lugubris, and T. secalis. 
The results are presented in the supplementary material (see 
Appendix S1 in Supporting Information).

2.3.2 Drivers of population niche width
We investigated how the variables that affected individual 
specialization in previous analyses (see the above section 
Drivers of individual specialization) affected the population 
niche width. We used GLMM-g with identity link function 
for the population niche width measured by Levin’s B as the 
index values are continuous and heteroscedastic (Zuur et al. 
2015).

2.3.3 Niche variation hypothesis
We investigated the relationship between individual special-
ization and population niche width to test the niche varia-
tion hypothesis’ assertion that more generalized populations 
are also more heterogeneous (Bolnick et al. 2007). We then 
investigated the relationship between BIC and WIC to test 
the mechanism of niche expansion (Sjödin et al. 2018). We 
tested the relationship between population total niche width 
and the V-index as well as the relationship between WIC and 
BIC by GLMM-g and with identity link function as the data 
were continuous but non-normally distributed (Zuur et al. 
2015). Since gamma distribution is defined only for positive 
values, we added the lowest non-zero value (0.066) to the 
BIC that acted as the response variable.

3 Results

3.1 Drivers of individual specialization
The management type (GLMM-g, F1 = 0.06, P = 0.814) had 
no significant effect on the individual specialization. The 
diversity of potential prey, a proxy for ecological opportu-
nity, did not affect the individual specialization (GLMM-g, 
F1 = 1.04, P = 0.311). The individual specialization increased 
with activity density of guild members as a proxy for 
intraguild interference (GLMM-g, F1 = 15.14, P < 0.001; 
Fig. 2a). In line with our third hypothesis individual special-
ization decreased with increasing prey abundance as a proxy 
for food limitation and exploitative competition (GLMM-g, 
F1 = 10.82, P = 0.001; Fig 2b). The model explained moder-
ate variability (R2adj = 0.44).

Individual specialization in the mesopredators and the top 
predators showed similar patterns. Individual specialization 
of both increased with activity density of guild members but 
only individual specialization of mesopredators decreased 
with increasing prey abundance (Appendix S1).

3.2 Drivers of population niche width
The population total niche width was not significantly influ-
enced by activity density of guild members (GLMM-g, 
F1 = 0.14, P = 0.708). The total niche width decreased with 
increasing prey abundance (GLMM-g, F1 = 6.98, P = 0.001, 
R2adj = 0.19; Fig. 3).

3.3 Test of the niche variation hypothesis
The population niche increased with individual specializa-
tion (GLMM-g, F1 = 31.31, P < 0.001, R2adj = 0.15; Fig. 4a). 
The BIC component increased with the WIC component 
(GLM-g, F1 = 657.1, P < 0.001, R2adj = 0.68; Fig. 4b).

4 Discussion

We studied how activity density of guild members (a proxy 
for intraguild interference), prey diversity (a proxy of eco-
logical opportunity), and prey abundance (a proxy for 
exploitative competition and food-limitation) affect indi-
vidual specialization and niche expansion in a community 
of 13 species of arthropod generalist predators from organi-
cally or conventionally managed barley fields. We did not 
find support for our first hypothesis about the ecological 
opportunity expecting increasing niche variation and popu-
lation niche width with increasing diversity of prey. In accor-
dance with our second hypothesis, we found that individual 
specialization was higher in populations with stronger intra-
guild interference. Nevertheless, we did not find the impact 
of intraguild interference on total population niche width. In 
accordance with our third hypothesis about the food limi-
tation / exploitative competition, we found that individual 
specialization and population total niche width were higher 
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Fig. 2.  The partial graphs showing the factors driving the individual specialisation in local communities of 13 species of generalist 
predators in cereal crops. The ecological factors that drive the individual specialisation are activity density of guild members (predatory 
beetles, spiders) (a) and prey abundance (b). The thick lines are the estimated relationships and the points are individual predator 
populations. The size of points corresponds with their weights in the analyses.

Fig. 3.  The  effect  of  prey  abundance  on  the  population  niche 
width of generalist predators. The thick line is the estimated rela-
tionship, and the points are individual predator populations. The 
size of points corresponds with their weights in the analyses.

4.1  Population niche width of predators 
expanded with niche variation according to 
the dual expansion scenario

Niche width expanded with increasing niche variation so 
these results support the niche variation hypothesis. The sup-
port of the niche variation hypothesis was observed also in 
other studies on vertebrates (Bolnick et al. 2007; Sjödin et al. 
2018). In our study, BIC and WIC showed a strong posi-
tive relationship, which consequently resulted in population 
niche expansion. This corresponds with the dual expansion 
scenario (Sjödin et al. 2018), as recently observed in bird 
and frog communities (Liang et al. 2020). However, accord-
ing to a review of 15 vertebrate species and an evolutionary 
model, Sjödin et al. (2018) concluded that the dual expan-
sion scenario is unlikely because the simultaneous expansion 
of BIC and WIC is mutually exclusive when there are costs 
to individual generalization. The discrepancies between this 
conclusion and our results may be explained by the fact that 
the evolutionary model was based solely on the energy limi-
tation and fitness costs imposed on individual generalization 
(Sjödin et al. 2018). In contrast, most arthropod generalist 
predators are nutrition- rather than energy-limited (Toft et al. 
2019) and they require a certain composition of nutrition 
(Jensen et al. 2012). Therefore, they include prey species 
with distinct nutritional composition to balance the nutri-
tional intake (Toft & Wise 1999; Michalko et al. 2021b) as 
a single prey species rarely contains an optimal nutritional 
composition (Toft & Wise 1999). Hence, there are fitness 
costs connected not only to individual generalization but also 
to specialization in generalist predator species (Toft & Wise 
1999; Michalko et al. 2021b). Further evolutionary models 

in populations with lower prey abundance. The results there-
fore suggest that intensified intraguild interactions, intraguild 
interference, and exploitative competition / food-limitation 
increased individual specialization in the local predator pop-
ulations, which consequently resulted in niche expansions. 
The population niches expanded due to the dual expansion of 
the between- and within-individual components.
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that include fitness costs also for individual specialists may 
find types of niche expansions that have been considered 
unlikely by the model in Sjödin et al. (2018).

4.2  Intensifying intraguild interactions increase 
individual specialization and expand 
population trophic niche

4.2.1 Intraguild interference increases individual 
specialization

The activity density of guild members increased individual 
specialization. Our results agree with previous studies on 
philodromid spiders (Michalko & Pekár 2014), sticklebacks 
(Bolnick et al. 2010), and frogs (Costa-Pereira et al. 2019) 
that showed that intensifying intraguild predation hetero-
genized population niches.

The overall activity density of predators is a rather broad 
proxy of intraguild interference as it includes consumptive 
and non-consumptive interactions with various degrees of 
asymmetry in pair-wise interactions (Roubinet et al. 2017) 
and community-level effects (i.e., multiple-predator effect; 
Sitvarin & Rypstra 2014). We aim to disentangle these com-
plex interactions by further study. The individual specializa-
tion of mesopredators and top predators responded similarly 
to the activity densities of guild members. Mesopredator indi-
viduals in a population often differ in exposure to predation 
risk (Toscano et al. 2016), responsiveness to a predation-risk 
(Steinhoff et al. 2020), and vulnerability (Rypstra & Samu 
2005) resulting in higher individual specialization (Toscano 
et al. 2016). Responsive and vulnerable mesopredator indi-

viduals may change microhabitats (e.g., by climbing from 
the ground onto vegetation or by seeking more complex veg-
etation; Sitvarin & Rypstra 2014) or may alter their activ-
ity patterns and hunting strategy. Changes in microhabitat 
use and hunting strategy might then result in dietary changes 
and trophic niche separation between responsive and non-
responsive individuals (Toscano et al. 2016).

The individual specialization in top-predator populations 
might arise from mesopredators becoming more available as 
prey for top-predators (Roubinet et al. 2017). Individual top-
predators often differ in their willingness to capture danger-
ous mesopredator prey that can seriously harm or kill them 
(Michalko & Pekár 2017). Therefore, only some individual 
top-predators might expand their niches by incorporating 
mesopredators into their diet. The intensifying intraguild 
interference might therefore reinforce the individual special-
ization through inter-individual differences in an anti-preda-
tor response of mesopredators and different prey preferences 
among top-predator individuals.

4.2.2 Exploitative competition and food-limitation 
increase individual specialization and population 
niche width

Individual specialization and population niche width 
decreased with increasing prey abundance. Prey diversity 
had no significant effect on individual specialization. This 
contrasts with previous studies showing that niche variation 
and width increase with ecological opportunity (Evangelista 
et al. 2014; Sánchez‐Hernández et al. 2021). Instead, our 
results correspond with the studies showing that exploita-

Fig. 4.  Test of the niche variation hypothesis. The relationship between individual specialisation and the population total niche width 
(a) and the relationship between within-individual component (WIC, mean number of prey types per individual) and between-individual 
component (BIC, variance in the mean number of prey types per individual) (b). The thick lines are the estimated relationships and the 
points are individual predator populations. The size of points corresponds with their weights in the analyses.
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tion and food limitation increase niche variation and width 
(Svanbäck & Bolnick 2005).

The increasing inter-individual differences (i.e., BIC) 
occurred as some individuals incorporated more prey types 
than other individuals. The pattern is similar to that of a 
philodromid spider species where individuals from prey-
rich patches in an apple orchard have their trophic niches 
nested in the niches of individuals from prey-poor patches 
(Michalko & Dvoryankina 2019). Therefore, the results 
correspond with the optimal foraging theory that generalist 
predators are selective and primarily utilize high-quality prey 
or few complementary prey if they are not prey-limited. But 
if generalist predators are prey-limited they become opportu-
nistic and hunt also sub-optimal prey (Stephens et al. 2008).

Management of the barley fields had no significant effect 
on individual specialisation. The nonsignificant effect of 
management in this study might result from the fact that the 
conventional management used in our studied barley fields 
was not typical because the usage of insecticides was low.

4.3 Study limitations
Our approach does not allow precise quantification of 
individual specialization and we could miss some impor-
tant details lying in proportional changes of utilized prey. 
However, our approach still enables inter-population com-
parisons based on the presence or absence of major prey 
types utilized by the predator species. Our approach basi-
cally expresses a probability that any two individuals from 
a population differ in their very recent prey choice and we 
expect that the probability is higher in populations where the 
utilization of prey resources is more heterogeneous. Another 
limitation is that we investigated the presence of only eight 
prey groups and we might miss niche expansion towards 
other prey. The eight groups, however, represent the major 
prey of the studied predators and are highly abundant in 
cereal crops (Sunderland 1975; Cuff et al. 2022). These prey 
groups also differ in major traits such as body size, defen-
siveness, dangerousness and nutritional content that drive 
prey choice in generalist predators (Michalko et al. 2019). 
The observed niche expansion, therefore, represents expan-
sion in the trait space of prey utilized by the predators and we 
believe that the observed niche expansion also mirrors the 
overall niche expansion. However, the combination of novel 
molecular gut content analyses such as prey-group specific 
metabarcoding and individual-based stable isotope analyses 
could provide a more detailed picture in the future.

4.4 Conclusions
We investigated how ecological opportunity, exploitative 
competition / food limitation, and intraguild interference 
affect individual specialization in local communities of 
13 species of arthropod generalist predators in spring bar-
ley fields. The intensifying negative intraguild interactions 
(interference, exploitative competition), rather than ecologi-

cal opportunity, increased niche variation and consequently 
expanded the population niche widths. We have demon-
strated that intraguild interactions can drive the positive 
niche variation–width relationship (Bolnick et al. 2007) 
in arthropod food-webs. A test of these hypotheses using 
empirical data from a real-world system for arthropods was 
previously missing and we encourage further studies on this 
topic to test the generality of the current findings. However, 
we found that the population niche expansion was due to 
the dual expansion of between- and within-individual com-
ponents of population niche. The dual expansion has been 
considered unlikely by a previous theoretical model based 
on energy-limitation and imposed fitness costs on individual 
generalization (Sjödin et al. 2018). Most arthropod gener-
alist predators are nutrient- rather than energy-limited (Toft 
et al. 2019), which may explain the discrepancy between the 
theoretical model and our results. Generalist predators com-
bine various prey to balance their nutritional intake if there is 
not enough high-quality prey that would meet all their nutri-
tional demands (Jensen et al. 2012). Future theoretical mod-
els should therefore include context-dependent fitness costs 
to individual specialization. Overall, the study supports the 
niche variation hypothesis and, in contrast to the traditional 
view, shows that negative intraguild interactions may act as 
a diversifying force. 

Acknowledgements: We would like to thank Alisa Royer 
Selivanova for English editing. We want to thank Jordan Cuff and 
the anonymous reviewers for their helpful comments on the earlier 
version of the manuscript.

References

Araújo, M. S., Bolnick, D. I., & Layman, C. A. (2011). The ecologi-
cal causes of individual specialisation. Ecology Letters, 14(9), 
948–958. https://doi.org/10.1111/j.1461-0248.2011.01662.x

Bolnick, D. I., Amarasekare, P., Araújo, M. S., Bürger, R., Levine, 
J. M., Novak, M., … Vasseur, D. A. (2011). Why intraspe-
cific trait variation matters in community ecology. Trends in 
Ecology & Evolution, 26(4), 183–192. https://doi.org/10.1016/j.
tree.2011.01.009

Bolnick, D. I., Ingram, T., Stutz, W. E., Snowberg, L. K., Lau, O. L., 
& Paull, J. S. (2010). Ecological release from interspecific com-
petition leads to decoupled changes in population and individ-
ual niche width. Proceedings. Biological Sciences, 277(1689), 
1789–1797. https://doi.org/10.1098/rspb.2010.0018

Bolnick, D. I., Svanbäck, R., Araújo, M. S., & Persson, L. (2007). 
Comparative support for the niche variation hypothesis that 
more generalized populations also are more heterogeneous. 
Proceedings of the National Academy of Sciences of the 
United States of America, 104(24), 10075–10079. https://doi.
org/10.1073/pnas.0703743104

Bolnick, D. I., Svanbäck, R., Fordyce, J. A., Yang, L. H., Davis, 
J. M., Hulsey, C. D., & Forister, M. L. (2003). The ecology 
of individuals: Incidence and implications of individual spe-

532    Radek Michalko et al.

https://doi.org/10.1111/j.1461-0248.2011.01662.x
https://doi.org/10.1016/j.tree.2011.01.009
https://doi.org/10.1016/j.tree.2011.01.009
https://doi.org/10.1098/rspb.2010.0018
https://doi.org/10.1073/pnas.0703743104
https://doi.org/10.1073/pnas.0703743104


cialization. American Naturalist, 161(1), 1–28. https://doi.
org/10.1086/343878

Costa-Pereira, R., Araújo, M. S., Souza, F. L., & Ingram, T. (2019). 
Competition and resource breadth shape niche variation and 
overlap in multiple trophic dimensions. Proceedings. Biological 
Sciences, 286(1902), 20190369. https://doi.org/10.1098/rspb. 
2019.0369

Cuff, J. P., Tercel, M. P., Drake, L. E., Vaughan, I. P., Bell, J. R., 
Orozco‐terWengel, P., … Symondson, W. O. (2022). Density‐
independent prey choice, taxonomy, life history, and web char-
acteristics determine the diet and biocontrol potential of spiders 
(Linyphiidae and Lycosidae) in cereal crops. Environmental 
DNA, 4(3), 549–564. https://doi.org/10.1002/edn3.272

Evangelista, C., Boiche, A., Lecerf, A., & Cucherousset, J. (2014). 
Ecological opportunities and intraspecific competition alter 
trophic niche specialization in an opportunistic stream preda-
tor. Journal of Animal Ecology, 83(5), 1025–1034. https://doi.
org/10.1111/1365-2656.12208

Food and Agriculture Organization of the United Nations (2021). 
http://www.fao.org/home/en/

Ingram, T., Costa‐Pereira, R., & Araújo, M. S. (2018). The dimen-
sionality of individual niche variation. Ecology, 99(3), 536–549. 
https://doi.org/10.1002/ecy.2129

Jensen, K., Mayntz, D., Toft, S., Clissold, F. J., Hunt, J., 
Raubenheimer, D., & Simpson, S. J. (2012). Optimal forag-
ing for specific nutrients in predatory beetles. Proceedings. 
Biological Sciences, 279(1736), 2212–2218. https://doi.org/ 
10.1098/rspb.2011.2410

Jones, A. W., & Post, D. M. (2016). Does intraspecific competition 
promote variation? A test via synthesis. Ecology and Evolution, 
6(6), 1646–1655. https://doi.org/10.1002/ece3.1991

Krebs, C. J. (2014). Ecological Methodology (3rd ed.).
Liang, D., Yang, S., Pagani-Núñez, E., He, C., Liu, Y., Goodale, 

E., … Hu, J. (2020). How to become a generalist species? 
Individual niche variation across habitat transformation gradi-
ents. Frontiers in Ecology and Evolution, 8, 597450. https://doi.
org/10.3389/fevo.2020.597450

Mestre, L., Narimanov, N., Menzel, F., & Entling, M. H. (2020). 
Non‐consumptive effects between predators depend on the 
foraging mode of intraguild prey. Journal of Animal Ecology, 
89(7), 1690–1700. https://doi.org/10.1111/1365-2656.13224

Michalko, R., & Dvoryankina, V. (2019). Intraspecific phenotypic 
variation in functional traits of a generalist predator in an agri-
cultural landscape. Agriculture, Ecosystems & Environment, 
278, 35–42. https://doi.org/10.1016/j.agee.2019.03.018

Michalko, R., Gibbons, A. T., Goodacre, S. L., & Pekár, S. (2021a). 
Foraging aggressiveness determines trophic niche in a general-
ist biological control species. Behavioral Ecology, 32(2), 257–
264. https://doi.org/10.1093/beheco/araa123

Michalko, R., & Pekár, S. (2014). Is different degree of individual 
specialization in three spider species caused by distinct selection 
pressures? Basic and Applied Ecology, 15(6), 496–506. https://
doi.org/10.1016/j.baae.2014.08.003

Michalko, R., & Pekár, S. (2017). The behavioral type of a top 
predator drives the short-term dynamic of intraguild preda-
tion. American Naturalist, 189(3), 242–253. https://doi.org/ 
10.1086/690501

Michalko, R., Pekár, S., & Entling, M. H. (2019). An updated 
perspective on spiders as generalist predators in biological 
control. Oecologia, 189(1), 21–36. https://doi.org/10.1007/
s00442-018-4313-1

Michalko, R., Uhrinec, M., Khum, W., & Sentenská, L. (2021b). 
The benefits of intraguild predation for a top predator spi-
der. Ecological Entomology, 46(2), 283–291. https://doi.org/ 
10.1111/een.12960

Petcharad, B., Košulič, O., & Michalko, R. (2018). Insecticides 
alter prey choice of potential biocontrol agent Philodromus ces-
pitum (Araneae, Philodromidae). Chemosphere, 202, 491–497. 
https://doi.org/10.1016/j.chemosphere.2018.03.134

Polechová, J., & Storch, D. (2008). Ecological Niche. In S. E. 
Jorgensen & B. D. Fath (Eds.), Encyclopedia of Ecology, 2, 1088–
1097. https://doi.org/10.1016/B978-008045405-4.00811-9

Roubinet, E., Birkhofer, K., Malsher, G., Staudacher, K., Ekbom, 
B., Traugott, M., & Jonsson, M. (2017). Diet of generalist 
predators reflects effects of cropping period and farming system 
on extra‐ and intraguild prey. Ecological Applications, 27(4), 
1167–1177. https://doi.org/10.1002/eap.1510

Roubinet, E., Jonsson, T., Malsher, G., Staudacher, K., Traugott, 
M., Ekbom, B., & Jonsson, M. (2018). High redundancy as well 
as complementary prey choice characterize generalist predator 
food webs in agroecosystems. Scientific Reports, 8(1), 8054. 
https://doi.org/10.1038/s41598-018-26191-0

Rypstra, A. L., & Samu, F. (2005). Size dependent intraguild pre-
dation and cannibalism in coexisting wolf spiders (Araneae, 
Lycosidae). The Journal of Arachnology, 33(2), 390–397. 
https://doi.org/10.1636/CT05-10.1

Sánchez‐Hernández, J., Finstad, A. G., Arnekleiv, J. V., Kjærstad, 
G., & Amundsen, P. A. (2021). Beyond ecological opportu-
nity: Prey diversity rather than abundance shapes predator 
niche variation. Freshwater Biology, 66(1), 44–61. https://doi.
org/10.1111/fwb.13606

Sitvarin, M. I., & Rypstra, A. L. (2014). The importance of intra-
guild predation in predicting emergent multiple predator effects. 
Ecology, 95(10), 2936–2945. https://doi.org/10.1890/13-2347.1

Sjödin, H., Ripa, J., & Lundberg, P. (2018). Principles of niche 
expansion. Proceedings. Biological Sciences, 285(1893), 
20182603. https://doi.org/10.1098/rspb.2018.2603

Steinhoff, P. O., Warfen, B., Voigt, S., Uhl, G., & Dammhahn, M. 
(2020). Individual differences in risk‐taking affect foraging 
across different landscapes of fear. Oikos, 129(12), 1891–1902. 
https://doi.org/10.1111/oik.07508

Stephens, D. W., Brown, J. S., & Ydenberg, R. C. (Eds.). (2008). 
Foraging: Behavior and Ecology. University of Chicago Press.

Sunderland, K. D. (1975). The diet of some predatory arthropods 
in cereal crops. Journal of Applied Ecology, 12(2), 507–515. 
https://doi.org/10.2307/2402171

Svanbäck, R., & Bolnick, D. I. (2005). Intraspecific competition 
affects the strength of individual specialization: An optimal 
diet theory method. Evolutionary Ecology Research, 7, 993–
1012. Retrieved from https://www.evolutionary-ecology.com/
abstracts/v07/1846.html

Toft, S., Cuende, E., Olesen, A. L., Mathiesen, A., Meisner Larsen, 
M., & Jensen, K. (2019). Food and specific macronutrient limi-
tation in an assemblage of predatory beetles. Oikos, 128(10), 
1467–1477. https://doi.org/10.1111/oik.06479

Toft, S., & Wise, D. H. (1999). Growth, development, and survival 
of a generalist predator fed single- and mixed-species diets 
of different quality. Oecologia, 119(2), 191–197. https://doi.
org/10.1007/s004420050776

Toscano, B. J., Gownaris, N. J., Heerhartz, S. M., & Monaco, 
C. J. (2016). Personality, foraging behavior and specialization: 
Integrating behavioral and food web ecology at the  individual 

 Niche variation in arthropod predators    533

https://doi.org/10.1086/343878
https://doi.org/10.1086/343878
https://doi.org/10.1098/rspb.2019.0369
https://doi.org/10.1098/rspb.2019.0369
https://doi.org/10.1002/edn3.272
https://doi.org/10.1111/1365-2656.12208
https://doi.org/10.1111/1365-2656.12208
http://www.fao.org/home/en/
https://doi.org/10.1002/ecy.2129
https://doi.org/10.1098/rspb.2011.2410
https://doi.org/10.1098/rspb.2011.2410
https://doi.org/10.1002/ece3.1991
https://doi.org/10.3389/fevo.2020.597450
https://doi.org/10.3389/fevo.2020.597450
https://doi.org/10.1111/1365-2656.13224
https://doi.org/10.1016/j.agee.2019.03.018
https://doi.org/10.1093/beheco/araa123
https://doi.org/10.1016/j.baae.2014.08.003
https://doi.org/10.1016/j.baae.2014.08.003
https://doi.org/10.1086/690501
https://doi.org/10.1086/690501
https://doi.org/10.1007/s00442-018-4313-1
https://doi.org/10.1007/s00442-018-4313-1
https://doi.org/10.1111/een.12960
https://doi.org/10.1111/een.12960
https://doi.org/10.1016/j.chemosphere.2018.03.134
https://doi.org/10.1016/B978-008045405-4.00811-9
https://doi.org/10.1002/eap.1510
https://doi.org/10.1038/s41598-018-26191-0
https://doi.org/10.1636/CT05-10.1
https://doi.org/10.1111/fwb.13606
https://doi.org/10.1111/fwb.13606
https://doi.org/10.1890/13-2347.1
https://doi.org/10.1098/rspb.2018.2603
https://doi.org/10.1111/oik.07508
https://doi.org/10.2307/2402171
https://www.evolutionary-ecology.com/abstracts/v07/1846.html
https://www.evolutionary-ecology.com/abstracts/v07/1846.html
https://doi.org/10.1111/oik.06479
https://doi.org/10.1007/s004420050776
https://doi.org/10.1007/s004420050776


level. Oecologia, 182(1), 55–69. https://doi.org/10.1007/s00442- 
016-3648-8

Traugott, M., Schallhart, N., Kaufmann, R., & Juen, A. (2008). The 
feeding ecology of elaterid larvae in central European arable 
land: New perspectives based on naturally occurring stable iso-
topes. Soil Biology & Biochemistry, 40(2), 342–349. https://doi.
org/10.1016/j.soilbio.2007.08.013

Wood, S. N. (2017). Generalized Additive Models: An Introduction 
with R (2nd ed.). Chapman and Hall/CRC. https://doi.org/ 
10.1201/9781315370279

Zuur, A. F., Hilbe, J. M., & Ieno, E. N. (2015). A Beginner’s guide 
to GLM and GLMM with R. A frequentist and Bayesian perspec-
tive for ecologists. Highland Statistics Ltd.

Manuscript received: September 14, 2023
Revisions requested: January 30, 2024
Revised version received: February 27, 2024
Manuscript accepted: February 28, 2024

The pdf version (Adobe JavaScript must be enabled) of 
this paper includes an electronic supplement: 
Figure S1–S4, Appendix S2

534    Radek Michalko et al.

https://doi.org/10.1007/s00442-016-3648-8
https://doi.org/10.1007/s00442-016-3648-8
https://doi.org/10.1016/j.soilbio.2007.08.013
https://doi.org/10.1016/j.soilbio.2007.08.013
https://doi.org/10.1201/9781315370279
https://doi.org/10.1201/9781315370279




Supplementary Material 


 


Negative intraguild interactions drive niche variation in arthropod predators 


 


Short title: Niche variation in arthropod predators 


 


Radek Michalko1*, Klaus Birkhofer2, Michael Traugott3 & Mattias Jonsson4  


 


1Department of Forest Ecology, Faculty of Forestry and Wood Technology, Mendel 


University in Brno, Zemědělská 3, Brno 613 00, Czech Republic 


2Department of Ecology, Brandenburg University of Technology, Konrad-Wachsmann-Allee 


6, 03046 Cottbus, Germany 


3Department of Zoology, University of Innsbruck, Technikerstrasse 25, 6020 Innsbruck, 


Austria 


4Department of Ecology, Swedish University of Agricultural Sciences, PO Box 7044, 750 07 


Uppsala, Sweden 


 


*Corresponding author: radar.mi@seznam.cz 


  







Appendix S1 


 


Study design 


 


Fig. S1: Schematic illustration of sampling design. Note that the two samples collected within each 


period (early, late) were pooled for further statistical analyses (see the main text).  


  







Obtaining individual specialization of a predator population from molecular gut content 


analysis 


 


Fig. S2: Illustrative example of how individual specialization of a population was computed from the 


data on molecular gut content analysis (MGCA). **Araneae and Beetles could reach values from 0 to 


4 instead of 0 and 1 as the other six prey groups, but only 6% of all individuals reached values higher 


than 1 (see the main text).  


  







Individual specialization in mesopredators and top predators.  


As top predators and mesopredators can be distinguished within the predator community (Roubinet et 


al. 2017), we also ran the analyses separately for top predators and mesopredators to see whether they 


responded differently. We used only the final model selected when analysed together. We 


distinguished the top predators and mesopredators based on body size (Rypstra & Samu 2005). The 


top predators (maximum body size > 12 mm) were H. rufipes, Poecilus spp., Pterostichus spp., and 


Trochosa. The mesopredators were (maximum body size < 12 mm) A. rurestris, Bembidion spp., C. 


septempunctata, O. apicatus, P. lugubris, and T. secalis.    


 


Individual specialization of mesopredators increased with activity density of guild members (GLMM-


g, F1, = 8.13, P = 0.007; Fig. S1a) and decreased with prey abundance (GLMM-g, F1, = 9.21, P = 


0.004; Fig. S1b). Management (GLMM-g, F1, = 0.18, P = 0.673) and prey diversity (GLMM-g, F1, 


= 0.49, P = 0.487) had no significant effect on individual specialization of mesopredators measured 


by V-index.   


 


Fig. S3: The partial graphs show the factors driving individual specialization in local communities of 


mesopredators in cereal crops. Individual specialization was measured using V-index. The ecological 


factors that drive individual specialization are (a) activity density of guild members (predatory beetles, 







spiders) and (b) prey abundance. The black lines are the estimated relationships and the points are 


individual predator populations. The size of points corresponds with their weights in the analyses. 


 


Individual specialization of top predators increased with activity density of guild members (GLMM-g, 


F1, = 11.85, P = 0.0012; Fig. S4). The effects of management (GLMM-g, F1, = 0.03, P = 0.869), 


prey abundance (GLMM-g, F1, = 2.56, P = 0.116), and prey diversity (GLMM-g, F1, < 0.01, P = 


0.993) were not significant.  


 


Fig. S4: The relationship between the individual specialization of top predators and activity density of 


guild members (predatory beetles, spiders). The black line is the estimated relationship and the points 


are individual predator populations. The size of points corresponds with their weights in the analyses. 


  







Appendix S2 


 


R codes for analyses  


Abbreviations 


all.prey – prey abundance 


IS – individual specialisation measured by V-index 


nw - niche width measured by Levins’ B  


pred.a – activity density of guild members 


shannon – prey diversity  


 


## Drivers of individual specialisation measured by V-Index  


m1<-
gam(IS~s(factor(group),bs='re')+s(factor(field),bs='re')+I(1/pred.a)+shannon+all.prey+management,w
eights=inds,Gamma) 


anova(m1) 


m2<-
gam(IS~s(factor(field),bs='re')+I(1/pred.a)+shannon+all.prey+management,weights=inds,Gamma) 


anova(m2) 


m3<-gam(IS~s(factor(field),bs='re')+I(1/pred.a)+shannon+all.prey,weights=inds,Gamma) 


anova(m3) 


m4<-gam(IS~s(factor(field),bs='re')+I(1/pred.a)+all.prey,weights=inds,Gamma) 


anova(m4) 


summary(m4) 


 


##Population niche width measured by Levins’ B 


m1<-gam(nw~s(factor(group),bs='re')+s(factor(locality),bs='re')+s(factor(field),bs='re')+pred.a+ 
all.prey,weights=inds,Gamma(identity)) 


anova(m1) 


m2<-
gam(nw~s(factor(group),bs='re')+s(factor(field),bs='re')+pred.a+shannon+all.prey+management,weigh
ts=inds,Gamma(identity)) 


anova(m2) 


m3<-
gam(nw~s(factor(group),bs='re')+s(factor(locality),bs='re')+all.prey,weights=inds,Gamma(identity)) 







anova(m3) 


summary(m3) 


 


 


##The relationship between population niche width (Levins’ B) and individual specialisation (V-
index) 


m1<-
gam(nw~s(factor(group),bs='re')+s(factor(locality),bs='re')+s(factor(field),bs='re')+IS,weights=inds,G
amma(identity)) 


anova(m1) 


m2<-gam(nw~s(factor(group),bs='re')+s(factor(locality),bs='re')+IS,weights=inds,Gamma(identity)) 


anova(m2) 


summary(m2) 


 


##The relationship between BIC and WIC 


m1<-
gam(bic+0.066~s(factor(group),bs='re')+s(factor(locality),bs='re')+s(factor(field),bs='re')+wic,weights
=inds,Gamma(identity)) 


anova(m1) 


m2<-
gam(bic+0.066~s(factor(group),bs='re')+s(factor(locality),bs='re')+wic,weights=inds,Gamma(identity)
) 


anova(m2) 


m3<-gam(bic+0.066~s(factor(group),bs='re')+wic,weights=inds,Gamma(identity)) 


anova(m3) 


m4<-gam(bic+0.066~wic,weights=inds,Gamma(identity)) 


anova(m4) 


summary(m4) 


 





