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Giving-up diversity (GUDiv): 

top-down effects of foraging decisions on local, landscape and regional biodiversity of resources

Abstract (150 words)

Foraging by consumers has direct effects on the community of their resource species, and may serve

as  a  biotic  filtering  mechanism of  diversity.  Determinants  of  foraging  behaviour  may  thus  have

cascading  effects  on  abundance,  diversity,  and  functional  trait  composition  of  the  resource

community. Here we propose giving-up diversity (GUDiv) as a novel concept and simple measure to

quantify  community  effects  of  foraging  at  multiple  spatial  diversity  scales.  GUDiv  provides  a

framework linking theories of adaptive foraging behaviour with community ecology. In experimental

resource landscapes we showcase effects of patch residency of foraging wild rodents on α-GUDiv, ß-

GUDiv  and  γ-  GUDiv,  and  on  functional  trait  composition of  resources.  Using  GUDiv  allows  for

prediction-based  investigation  of  cascading  indirect  predation  effects  (ecology  of  fear)  across

multiple trophic levels, of feedbacks between functional trait composition of resource and consumer

communities,  and  of  effects  of  inter-individual  differences  among  foragers  on  the  diversity  of

resource communities.

Keywords:  biodiversity, cascading effects,  giving-up density,  foraging behaviour,  functional traits,

landscape of fear, patch use, optimal foraging 
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Introduction

Since all  species are part  of  food webs, foraging decisions of  consumers have consequences for

lower trophic levels.  Habitat choice, space use and selectivity of foragers can modify population

dynamics of each of their resource species and, thus, indirectly affect biodiversity on the resource

level.  Behavioural  ecology  has  developed a  strong  theoretical  background on determinants  and

consequences of individual foraging decisions - optimal foraging theory - and provided a wealth of

experimental  tests  to  understand  and  predict  variation  in  foraging  behaviour  of  individuals

(summarized  in  Stephens  et  al.  2007,  Stephens  &  Krebs  1986).  In  parallel,  community  ecology

developed  concepts  and  theories  to  explain  biodiversity  expressed  within  a  species  pool,  and

provides tools to detect diversity patterns and to analyse and predict food web dynamics across

trophic  levels  (e.g.  Magurran  1988,  Ricklefs  &  Schluter  1993,  Thompson  et  al.  2012).  Further,

grouping species according  to functional  traits  helped to explain  general  patterns in  community

ecology  (McGill  et  al. 2006).  Functional  traits  of  resource  species  involve  attractiveness  to

consumers,  which  shapes  the  adaptive  strategy  of  resources  to  accommodate  both  predative

pressure and abiotic environmental conditions, with direct consequences on food species diversity

and  resulting  feedbacks  between  consumer  foraging  behaviour  and  their  resource  species

(Hillebrand  et al. 2007, Larios et al. 2020). Accordingly, foragers may act as biotic, environmental

filtering agents by browsing or seed predation, altering the composition of resource species in a

patch  relative  to  a  regional  species  pool  (Suzuki  et  al.  2012,  Begley-Miller  et  al.  2014).  Spatial

variability  in foraging activity may further  affect the strength of  stochastic community  assembly

(Germain et al. 2013). Thus, the two research fields – behavioural ecology and community ecology –

could  complement  each other  but  largely  developed in  separation.  As  a consequence,  they are

currently not fully profiting from theoretical advancements of each other. Here, we propose a novel,

conceptual fusion of approaches from both research fields, and a simple measure to investigate the

effects  of  individual  foraging  behaviour  and  patch  use  on  the  biodiversity  of  resource  species
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communities on different spatial and diversity scales. This approach allows quantifying predictable

modifications of biodiversity by individual foraging decisions in landscapes of risks and resources

across trophic levels, and feedback loops related to functional traits of species in a resource species

assemblage.

Based  on  foraging  theory,  optimal  and  selective  decisions  of  foragers  for  profitable  areas  (i.e.

patches  with  higher  energy  return  rates  than  the  surrounding  matrix)  can  be  expected  (e.g.

Rosenzweig 1974). Foragers further decide on how much time or effort to devote to the patches

they choose to harvest (Charnov 1976), which is based on their mobility, spatial patch layout and

profitability of patches. To quantify the use of resources by foraging animals, behavioural ecologists

have used a variety of different measures, such as giving-up times in a food patch (Krebs et al. 1974;

Hubbard & Cook 1978; Townsend & Hildrew 1980), total time spent in a patch (Cowie 1977; Hartling

& Plowright 1979), quitting harvest rates (Pyke 1978, 1980; Milinski 1979; Hodges 1981), and giving-

up density of resources (Whitham 1977; Hodges and Wolf 1981, Brown 1988). All of these measures

focus on foraging decisions from the perspective of the forager and, for simplicity, mainly predict the

exploitation of  only  one,  local  resource species.  Here,  we propose a  novel  integrated measure,

giving-up diversity (GUDiv), which quantifies the outcome of a forager’s patch use by the diversity of

the resource species assemblage after foraging, and thereby directly links behavioural ecology of

foraging to community ecology. The method is conceptually based on giving-up density (GUD), which

measures the density of food (items or mass) remaining in a depletable food patch after a forager

has ceased harvesting the patch (Brown 1988).  As a general  rule,  depletable food patches have

diminishing returns because harvesting of discrete food items requires the forager to spend time

looking for them or handling them (e.g. extract discrete food items from a substrate by digging). As a

consequence, search time per food item increases with each removed item because the density of

food items in the patch declines (Brown 1988). With diminishing returns, the patch leaving decision

(or patch residency) depends on the alternatives in the surrounding environment, i.e. its mean food

level, including neighbouring patches, determining the marginal value of a patch (Charnov 1976).
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Applying  these  general  processes  to  patches  containing  resource  species  assemblages  in  given

densities and with diminishing returns, GUDiv allows both (i) to quantify giving-up density of each

single resource species – in relation to each other species - and (ii) to quantify the diversity of the

resource species assemblage after a forager decides to leave (i.e. “give-up”) a food patch (Box 1-1). 

Community ecologists developed a variety of indices to quantify species diversity (e.g. Whittaker

1972, Whittaker et al. 2001) and these indices are applied at different spatial scales (Table 1). The

simplest is an assessment of local species diversity (α-diversity). This measure does not directly scale-

up to a larger regional scale because of variation among local species assemblages. By pooling data

sampled  at  several  locations,  a  regional  species  diversity  (γ-diversity)  can  be  calculated.

Furthermore, differences in species combinations among locations (β-diversity) provide a measure of

variability of species diversity across a region (Whittaker 1960, 1972, Whittaker et al. 2001).  We

propose that top-down effects of a forager on species diversity at lower trophic levels should be

assessed similarly at different spatial scales (Figure 1, Table 1), since these scales are differentially

affected by the mobility of a forager (Germain et al. 2013, Box 1-2). First, a forager affects the local

diversity of a resource species assemblage in a discrete food patch. Second, a forager using several

patches across a resource landscape affects species diversity at a regional scale. Thus, the effects of

individual foraging decisions can be quantified as giving-up diversity at local and regional scales, i.e.

as  α-,  γ-, and  β-GUDiv. Table 1 provides terminology and interpretations of diversity research for

behavioural ecology and community ecology. 

--- Figure 1 here ---

--- Table 1 here ---

When  joining  behavioural  ecologists’  and  community  ecologists’  perspectives  on  spatial  scales,

special caution should be given to the scales of ‘landscape’ and ‘region’: behavioural ecologists often

use the term ‘landscape’ in the context of ’landscape of fear’ (Brown et al. 1999). This landscape of
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fear  of  a  forager  was  famously  illustrated  by  a  study  on  wolves,  elk  and  bison  in  Yellowstone

(Laundre et al. 2001), where fear of predators modified foraging behaviour of their ungulate prey. In

this specific example, our human perception of the region coincides with large foraging landscapes

used  by  ungulates,  so  that  the  regional  scale  and  the  landscape  scale  were  exchangeable.

Meanwhile, foraging landscapes as well as landscapes of fear can be perceived by foragers of all

mobility scales, and are often much smaller than a landscape perceived by ungulates. A number of

small foraging landscapes could, alternatively, be approached as nested within an ecological region.

Then  foraging  landscapes  would  represent  the  local  samples  to  describe  regional  diversity

(landscape α-GUDiv, regional γ-GUDiv). Consequently, a landscape β-GUDiv and a regional β-GUDiv

can be used to describe variation on different spatial scales,  within a foraging landscape among

patches, and within a region among landscapes, respectively.

Patch leaving decisions depend on the properties (risk and resources) of a food patch, but also on

the properties and accessibility of alternative patches for the forager (Box 1-2). With no restrictions

on movement between patches and a complete knowledge of patches and their characteristics, ideal

foragers should exploit all patches of a landscape evenly. Under these conditions, they are predicted

to continue foraging  in a local patch with diminishing returns until the gain rate drops below the

landscape’s average rate, and only then move to another patch to forage (Charnov 1976). With this

behaviour,  also GUDiv should be evenly distributed across a landscape leading to high similarity

between the  average  local  α-GUDiv  and  the  landscape-wide  γ-GUDiv,  and  consequently  low  β-

GUDiv. Since foragers are typically not omniscient and have to trade-off foraging gain with other

fitness enhancing behaviour,  they do often not follow the proposed, optimal patch use strategy

(Pierce  & Ollason  1987).  Instead,  they  might,  for  example,  abandon some patches  earlier  than

others, or restrict movement among patches due to perceived risk while travelling or foraging (e.g.

Eccard et al. 2020), which should have direct consequences on all diversity levels. Further, foraging

decisions may also depend on the functional traits of species in the resource species assemblage,
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which may also feedback on GUDiv (Larios  et  al.  2017)  so that selective and density-dependent

foraging strategies may interact to determine the GUDiv of a patch or a landscape (Fig. 1). In Box 1,

we summarize a non-exhaustive set of testable predictions on how variation in a foragers behaviour

and in initial diversity and functional trait composition of the resource species assemblage will affect

GUDiv at different levels. 

--- Box 1 here ---

Since GUDs vary with perceived predation risk (Brown 1988), they can be used to map a forager’s

landscape of fear (e.g. Abu Baker & Brown 2014, Gaynor et al. 2019, Van der Merwe & Brown 2008).

If predation risk is unevenly distributed in space a forager will reduce patch residency in unsafe parts

of the landscape and thereby creates predictable patterns of patch exploitation across a landscape

(Madin  et  al.  2011,  Matassa  & Trussell  2011). This  spatial  variation in  foraging  effort  can have

cascading effects on the species diversity of lower trophic levels (e.g. Ripple et al. 2015, Suraci et al

2016). Since foragers adjust local patch residency to perceived predation risk, we predict GUDiv to

vary with the level and spatiotemporal distribution of perceived predation risk across a landscape

(Box 1-4). Thus, a forager under fear will produce predictable cascading effects on food resource

species diversity, which can be mapped via GUDiv (Fig. 1, Box 1-4 and 1-5).

However, predicting the strength and spatiotemporal distribution of these fear effects on patch use

requires intimate knowledge about the biology of the forager (e.g. degree of dietary specialisation,

abilities to search and find food, movement ability, and mobility). For example, several proxies have

been shown to modify cascading effects of fear, such as body size (Cozzoli et al. 2019), population

size (Dieckmann et al. 2010) of the forager, and seasonal availability of food (Hefty and Steward

2019). Furthermore, not all foragers may have the same preferences or the same nutritional needs,

even  within  species  (Bolnick  et  al.  2003).  Moreover,  individual  risk-taking  behaviour  might  vary

consistently among foragers (Dammhahn & Almeling 2012, Mella et al. 2015, Steinhoff et al. 2020).

Individual foragers with different food preferences or risk-taking propensity may enhance diversity
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of resource species assemblages by their individualized signatures in diversity, that add to the overall

diversity pattern in a landscape (predictions Box 1-5)

From the perspective of a species community, i.e. assemblage of resource species, patch residency

of the forager changes quantity or density of each resource species, and might thereby alter relative

proportions  among resource species  thus  affecting species  coexistence or  trait  distribution (e.g.

Larios et al. 2013). Foragers may not extract different food species at random but selectively bias

foraging  towards  more  profitable  species  of  larger  item  size,  encounter  probability  and  higher

energetic or nutritional  content (Wang& Yang 2014,  Garb et  al.  2010),  or  shorter  handling time

(Rosenzweit  &  Sterner  1970,  Zhang  &  Zhang  2008  (endocarp)).  Differences  may  relate  to  diet

selection of  animals which is  central  to the magnitude of  competition among consumer species

(McArthur 1968, Rosenzweig & Sterner 1970, Roughgarden 1972).

Selection criteria of seed predators are related to functional traits of each resource species (McGill

et  al.  2006)  since they directly  affect  a  species  dispersal  ability,  energy  allocation,  reproductive

strategies,  and mortality rates, and, thus,  fitness. The functional trait  approach allows to deduct

general principles in community ecology (McGill et al. 2006) and, in the context here, general effects

of foraging decisions of foragers with similar food selection. Resource species with similar traits and

similar attractiveness to foragers should be exchangeable. Thus, patch residency in combination with

selectivity  of  a  forager  will  determine  the  functional  trait  distribution within  an  assemblage  of

resource species remaining in a patch. Accordingly, dynamic feedbacks are expected between the

changes in trait composition during the foraging process and the relative selectivity of the forager

(Fig. 1, Box 1-3). Individual foragers, even of the same species, may differ in their selectivity due to

individual foraging strategies or differences in state (individual niche specialisation: Bolnick et al.

2003, Araujo et al. 2011). Therefore, knowledge on food selectivity of foragers may be helpful to

predict functional trait distribution and remaining diversity patterns (see predictions Box 1-6 and 1-

29
30
31
32

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201



9

7), and vice versa, the combination of functional traits available in an assemblage of resource species

may feedback on the feeding behaviour and selectivity of the forager. 

A test case for GUDiv: seed predation experiment with free-ranging rodents 

To test and illustrate the GUDiv approach, we run a foraging experiment offering mixed-seed food

patches to free-ranging rodents as seed consumers, testing predictions of Box 1 (predictions 1, 2, 3,

4 and 7). Many rodents shape plant diversity by consuming seeds, i.e. are “seed predators”. To avoid

confusion between trophic levels in food webs, we will refer to them as “foragers” here and reserve

the term “predator” for animals preying on the foragers. 

We created resource landscapes with nine experimental food patches, each containing sand and a

mix of seeds from 8 different plant species such as sunflower or sesame, varying in functional traits

of seeds (Table 2) such as seed size, mass, nutritional value, or presence of husks. Food items were

mixed with two litres of sand of 0.1 - 0.5 mm grain size and filled in 30 cm x 30 cm plastic trays,

covered  with  Perspex  corrugated  plastic  as  rain  protection.  After  exposure  of  food  patches  to

foragers overnight, we sifted the remaining seeds from the sand and counted them by species to

obtain seed-specific giving-up density (GUD, items per liter of sand). Based on the local seed counts

we calcuted unspecific GUD, the local giving up diversity (α-GUDiv), as well as γ-GUDiv and β-GUDiv

on the landscape level. Diversities were reported as true diversity (Hill 1973) reporting  number of

effective species (nES) based on the Shannon-Weiner (SW) entropy (nES = exp(SW)), which considers

both species richness and equitability in a sample. nES  possesses a uniform set of mathematical

properties,  important for further calculations of  β-GUDiv from  α-GUDiv and  γ-GUDiv. (Jost 2006,

Keylock 2006). Camera traps (WildBlick 3.0c RL, triggered with an infrared sensor to obtain three

photos in a sequence every 90 seconds) at each tray allowed to identify foragers species and to

quantify the time spent in each patch (i.e. patch residency).
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We hypothesised that unspecific GUD and local  α-GUDiv decrease with increasing patch residency

(Box 1-1). We assumed that food items are not removed at random but by functional trait, and more

profitable  food species  are removed at  higher  rates  (Box 1-3).  We predicted that  such foraging

patterns  will  create  non-linear  dynamics  of  local  diversity  with  residency  of  the  foragers.  We

compared the empirical diversity dynamics with dynamics emerging from hypothetical  “random”

and “fully selective” seed removal. At regular removal of food species (result of a random process if

numbers of items are sufficiently large), diversity should remain high until very few seed items are

left, while a fully selective food removal in a successive depletion of species by species would result

in a linear reduction of diversity (Figure 2A). Further, we assumed that other functional traits of

seeds may further affect seed mortality (i.e. seed specific removal rates and consequently diversity

patters), such as husks and size.  Since husks need to be removed before consumption, a forager’s

handling time could potentially be prolonged for coated seeds and seed mortality reduced; on the

other hand larger seeds may be more easy to detect, collect, and store for later consumtion, and a

husk that protects from insect damage may thus increase mortality of the seed species caused by

larger, mobile foragers (Box 1-7).

By experimentally providing a default local species pool - identical across all patches - to foragers,

landscape wide γ-GUDiv describes a pattern of species loss due to foraging. We hypothesised, that γ-

GUDiv will decrease with the absolute time a forager spends in the landscape (landscape residency,

cumulated from 9 patch residencies). We predicted, that β-GUDiv will be lower if patch residencies

are distributed uniformly over the landscape, while a heterogeneous distribution would produce

higher β-GUDiv (Box 1-2 and 4). Evenness of the distribution of patch residency over the landscape

as quantified by calculation the coefficient of variation (CV= landscape mean/landscape variance) for

each landscape, the smaller the value, the more even the distribution.

During autumn 2017, patch grids were placed at four sites in old fields with high vegetation (> 50  cm,

site A and B) or low vegetation (ca. 10 cm, two sites), originally aimed to measure the effect of plant
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cover (perceived predation risk for forager) on seed diversity (Box 1-2 and 1-4). After two days of

pre-baiting to attract foragers,  we found that only locations A and B were visited, and that the

majority of visitors were Norway rats (Rattus norvegicus) foraging at night. Therefore we recovered

the  foraging  landscape  from the  previous  night  during  daytime  and  prepared  a  fresh  resource

landscape for the next nights. With one grid set of cam traps available we used A and B alternatingly

over 9 nights.

Data is  provided as supplemental  material  (ESM (doi specifications will  follow during the editing

process, if the manuscript will be accepted)). Statistical analyses were done in R (R Core Team 2016),

using the packages lme4 (Bates 2010) and car (Fox and Weisberg 2019). For easier comprehension,

we  report  linear  slopes,  and  indicate  where  we  modelled  non-linear  relationships.  To  obtain

estimates of species-specific removal rates, we ran mixed-effects models of species-specific GUD and

patch residency for each food species in each food patch, using the Patch ID as random factor,

specified as random intercept, to control for spatiotemporal dependencies of foot items within the

same patch.

Unspecific GUD, α-GUDiv and selectivity of foragers in local food patches

A total of 20 food patches were visited, each for a patch residency of 0.5 to 34 min (mean ± SD: 16 ±

9 min). Unspecific GUD was 48.7 ± 16.5 (29 - 79) food items per litre of substrate. GUD decreased

with patch residency (-1.7 ± 0.2 food items per litre removed per min, Spearman’s rho = 0.92, p <

0.001). α-GUDiv ranged from 8.0 to 4.9 effective species, and also decreased with patch residency (-

0.07 ± 0.01 nES / liter / min, Spearman’s rho = 0.90, p < 0.001). The more food items rats removed

overall, the lower was α-GUDiv (-0.04 nES / food item / litre; R2 = 0.80, p < 0.001, Figure 2A; i.e. - 1

nES removed per 25 removed seeds / l (there were only 10 seeds / l of each species). The observed

pattern of species loss resulting from foraging by Norway rats was, thus, slower than expected for a

fully selective forager removing one food species after the other but faster than expected if the
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forager was removing food items at random (Fig. 1A). Meanwhile, in only one sample rats were able

to completely deplete a single food species (Fig. 2B) and nES stayed above five in all but one patch,

although up to two thirds of food items were removed. 

Harvest  rates  differed  among  food  species  (Fig.  2B,  LMM:  interaction  food  species  and  patch

residency, χ² = 94.7, df = 7, p < 0.001, Appendix Table 1). Sunflower, safflower, and hemp formed a

group of very profitable food species with seeds of large size and high caloric content (post-hoc tests,

Table 2), which were harvested at the highest rates (-0.34 to -0.27 food items / min / litre), although

these food species should have longer handling time because of their husks. Millet, flax and canary

formed a group of small to medium food species with harvest rates ranging between -0.16 to -0.19

food items / min / litre. Sesame had the lowest harvest rate (-0.03 food items / min / litre) and was

harvested in only six out of 20 food patches (Fig. 2B). Wheat, with high caloric value but no husk,

was  harvested  less  than  the  most  profitable,  husked  sunflower  seed,  but  more  than  the  least

profitable  small,  husked  seeds  (Table  2,  Fig.  2B).  Food  species-specific  harvest  rates  were  best

explained by average seed mass, rather than caloric value or seed length (separate models due to

low sample size of 8 species, Table 2).

- Figure 2  here - 

0.0Landscape-wide GUDiv

In  five out  of  nine experimental  resource landscapes,  Norway rats  had foraged for  a  landscape

residency between 4 and 90 minutes. They visited two to six food patches per landscape. To increase

sample  size  and  prolong  the  gradient  of  landscape  residencies  for  a  meaningful  analysis  of

landscape-wide  GUDiv  patterns,  we  re-shuffled  the  data  empirically  obtained  from  patches

(residencies  and  see  species  specific  GUDs,  Figure  2B)  into  12  additional,  simulated  foraging
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landscapes (Table 3) including two landscapes combining the 9 longest and the 9 shortest original

patch residencies (208 and 78 minutes landscape residency, respectively), 5 landscapes with random

combination of visited patches, and 5 random combinations of visited and non-visited patches. Thus,

we analysed food species diversity in a total of 17 foraging landscapes (Table 3). 

Giving-up diversities of seeds decreased with landscape residency (mean α-GUDiv (β = -0.40 ± 0.03

nES per hour, R2 = 0.89, p < 0.001; γ-GUDiv (β = -0.27 ± 0.04 nES per hour, R2 = 0.75, p < 0.001, Fig.

3B) and the number of patches visited, i.e. the mobility of rats (number of trays foraged: mean α-

GUDiv: β = -0.1 ± 0.03 nES per hour, R2 = 0.57, p < 0.001; γ-GUDiv: β = -0.07 ± 0.02 nES per hour, R2 =

0.46,  p <  0.001).  Residency distribution became more even (inverse  CV of  distribution of  patch

residency by Norway rats) if the foragers were more mobile, i.e. visited more patches (R2 = 0.86

(linear), p < 0.001) and if foragers stayed longer in the landscape (CV and landscape residency, R 2 =

0.70 (linear), p < 0.001, Fig. 3A).

- Figure 3  here - 

The longer Norway rats had foraged in a landscape higher was the variation in diversity across the

landscape (ß-GUDiv; linear model: by landscape residency: β ± SE =  0.020  ±  0.007, R2  = 0.32, p =

0.009,  Fig.  3C).  However,  non-linear  models  explained  more  variation  in  the  data;  e.g.  when

assuming a saturation of ß-GUDiv over landscape residency (logistic model: 0.020 ± 0.005, R2 = 0.56,

p < 0.001) or for assuming a peak at intermediate (70 – 170 min) patch residency (polynomial model:

R2 = 0.66, p < 0.001, Fig. 3, estimates in Appendix). A landscapes with only few foraged patches

showed an uneven distribution of patch residency (higher CV) but a low  β-GUDiv, because many

patches  remained  unvisited  and  were  thus  very  similar  to  each  other,  while  longer  landscape
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residencies and visitation of many patches created a higher beta diversity and a higher eveness

among residencies (i.e. lower CV value, β-GUDiv by CV: -0.02 ± 0.009, R2 = 0.22, p = 0.039)).

For completeness and future comparisons, regional diversity after one night of rat foraging, based

on the landscapes as local samples were: mean α-GUDiv = 7.29 nES, γ-GUDiv = 7.87 nES and β-GUDiv

= 1.04 nES.

Discussion 

Here we introduced GUDiv as a novel concept and simple measure to quantify cascading effects of

foraging  behaviour  of  a  consumer  on  the  diversity  of  resource  species  communities  on  local,

landscape and regional scale (predictions Box 1). GUDiv can be used as a tool to connect patterns of

foraging behaviour to resource diversity of different spatial scales (Table 1). A study on wild Norway

rats foraging in artificial seed communities provided first illustrative evidence for predictions on how

variation in their foraging behaviour has cascading effects on biodiversity of their resources; and on

feedbacks between functional trait composition of the resource species assemblage and foraging

behaviour (Box 1). Specifically, we showed that (i) longer patch residency decreased local α-GUDiv,

(ii) landscape residency affected diversities on all spatial levels  (Box 1-1 diversity effects of foraging

behaviour), (iii) higher mobility among patches affected diversity on all spatial levels (Box 1-2); (iv)

rats  were  not  foraging  in  high-risk  landscapes,  which  therefore  remained  untouched,  and

maintained their high α- and γ-diversity and a low β-diversity (Box 1-4 cascading effects of perceived

predation risk on forager), and (v) rats foraged selectively and preferred heavier seeds over lighter

ones (Box 1-3 on selectivity and 1 -7 on functional traits). Diversity measures on a regional scale

based on the landscape as sample sites showed, that through overnight foraging of Norway rats

hardly any resource species were lost.

Local resource diversity and functional traits of food species
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The time a forager spent in a patch reduced local GUDiv of the resource species community in a

patch. For each resource species, removal functions followed typical patterns of diminishing returns,

albeit with species-specific slopes (Fig. 2B). A qualitative comparison of empirical patterns with two

extreme foraging tactics (completely random and completely selective) revealed that  foragers did

not deplete single most preferred species before using the next preferred species. Indeed, functional

depletion of species-based diversity ranged between selective and random foraging (Fig. 1A).  Post-

hoc grouping of removal rates per food species exposed similarities and differences in attractiveness

among the eight food species provided as perceived by the foragers, corroborating the importance

of functional traits over seed identity (McGill et al. 2006). Variation in attractiveness may relate to

handling time (e.g. Rosenzweig & Sterner 1970, Zhang & Zhang 2008), encounter probability, and

caloric value (e.g. Garb et al. 2010, Wang& Yang 2014) and is a strong determinant of diet selection

of  animals,  which  in  turn  has  a  fundamental  impact  on  competition  among  consumer  species

(McArthur 1968, Rosenzweig & Sterner 1970, Roughgarden 1972).

From the resource species perspective, differences in attractiveness to foragers ought to be a key

functional  trait  for  its  survival  probability.  In  the  dynamic  process  of  foraging,  a  consumer  is

predicted to respond to the functional trait’s average of resources in a patch but also to relative trait

differences between resource species within a patch. Thus, the combination of functional traits of

resource species and the relative proportions thereof will result in predictable, frequency dependent

patterns of resource species community dynamics as a result of foraging.  Plant ecologists are well

aware  of  the  importance  of  consumers  (e.g.  seed  predators)  for  altering  species  coexistence,

community structure and invasion patterns (Larios et al. 2017). The GUDiv approach offers a chance

to  entangle  the  relative  importance  of  specific  functional  traits  and  will,  thus,  help  trait-based

generalizations  of  community  patterns  (McGill  et  al.  2006)  by  experimentally  offering  resource

communities  with  defined combinations and relative  proportions  of  functional  traits  in  foraging

landscapes (Box 1). 
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In our experiment, rodents removed food species with heavier seeds at a higher rate from the local

patch than the lighter seeds, and post-hoc grouping of removal rates (Figure 2B, Table 2) indicated

that there were five partly overlapping categories of attractiveness of seeds for Norway rats. The

smallest, apparently least attractive seed species (sesame, Fig.  2B) was consumed only after the

most attractive group (sunflower, safflower, hemp) had largely been removed. This most attractive

group was unified by a combination of large seed size and presence of husk, and were preferred

over other seeds despite the (assumed) increased handling time for de-husking (Zhang & Zhang

2008). The husk, on the other hand, may have increased the encounter probability of the seed by

further enhancing item size (Garb et al. 2000). 

Meanwhile, traits affecting seed predation (e.g. seed size) are viewed in how they influence 

immediate consumption rates and thus whether and how they act as a biotic, environmental filter 

on plant diversity (e.g. Larios et al. 2013). However, the same traits (or other non-independent traits 

– such as seed size or carbohydrate contend) might simultaneously affect growth patterns or 

competitive abilities in various other life stages of the food species and thereby counteract trait 

effects on seed predation. We suggest rigorous experimentation to entangle importance of  food 

species’ functional traits along plant life history stages to understand plant diversity and trait-based 

community assemblages.

Biodiversity and cascading effects

The longer foragers used a landscape, the more even  they distributed their foraging effort across

patches. This pattern indicates that rodents in our case study were not switching among patches, as

predicted by optimal foraging theory, but rather depleted one patch to unacceptably low returns

before moving on to the next patch. Reasons for such a subsequent foraging pattern may include, for

example, travelling costs among patches (Charnov 1976) or food hoarding and transporting it back to
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a central place (Kacelnik 1984), incomplete knowledge of food density at other patches (e.g. Hefty

and Steward 2019), a Bayesian approach to predation risk with a preference for known, safe patches

relative to yet unknown (Welton et al. 2003), or an underestimation of missed opportunity costs by

the foragers  (e.g.  Eccard & Liesenjohann 2008,  but see also Pierce  and Ollason 1987).  Foraging

landscapes are a shaped product of cascading effects of forager behaviours, so that the movement

restrictions of  foragers  by  fear  of  predation (landscape of  fear)  may result  in  higher  GUDiverse

landscapes.  Difference  in  landscape-wide  GUDiv  cannot  directly  reveal  causes  for  movement

restrictions  of  foragers,  as  for  example  perceived  predation  risk,  heterogeneity  of  cover  or  of

surrounding resource levels. Meanwhile, causes (or dterminants) of uneven distribution of foraging

effort  should  be  of  interest  for  community  ecologists  because  they  affect  the  landscape-wide

diversity  dynamics  of  food  species  (see  Box  1). Therefore,  rigid  experimentation is  required  to

investigate  the  driving  forces  behind  cascading  effects  of  foraging  behaviour  on  resource  level

biodiversity. 

In the case study, rodents did not deplete the same food species everywhere, so that t he difference

among local depletion patterns created landscape wide  γ-GUDivs that were higher than the mean

local  α -GUDivs.  Foragers  may  thus  produce  heterogeneity  in  diversity  across  a  landscape  and

increased  ß-diversity,  without  differences  in  predation risk  conceivable  to  us.  Our  data  suggest

further  that  β-GUDiv  may  follow  a  hump  shape,  with  highest  values  at  intermediate  patch

residencies, which is when not all patches were yet visited. Thus, a reason not to visit all patches,

such as risk distribution in a landscape, proves to be important for overall diversity in a landscape.

Understanding foraging behaviour and its effects on resource diversity may also be of importance

related to anthropogenic disturbances (Speziale et al. 2008, Bleicher & Rosenzweig 2018), such as in

cases of urbanized landscapes, where there is an active anthropogenic effort to repel some pest

foragers  (Krijger  et  al  2017,  Mahlaba  et  al  2017),  or  with  conservation  measures,  such  as  the

reintroduction of species (Ripple & Beschta 2004, Kujiper et al 2013) or the manipulation of fear in
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consumers which may affect biodiversity in their  resource species assemblage (e.g.  Suraci  et  al.

2016). Further, with climate change affecting the distribution of food resources it may shape the

GUDiv of foragers generating a bottom-up effect on the predator and forager’s diversity (Riginos

2014). 

Conclusions

GUDiv  is  a  tri-tropic  approach  (predator,  consumer,  resources)  to  biodiversity  of  food  species

assemblages measured on the lowest trophic level; and  may offer a theoretical and experimental

tool  to connect foraging behaviour as a process to patterns in community ecology.  With a non-

optimal, uneven use of food within a foraging landscape the complexity and dynamics of resource

species assemblages may increase. Factors modifying resource exploitation patterns of consumers

are well studied in behavioural ecology and include heterogeneity of predation risk, the avoidance of

places perceived as dangerous or intra-specific territoriality. GUDiv can be used to experimentally to

rigorously  test  predicted  effects  of  variation  among  foragers  in  efficiency  of  foraging,  food

preferences, or perception of risk, and of changes in the consumer community on biodiversity of

resource species (Box 1). Further, functional traits of resource species may affect emerging diversity

patterns. Thus, using the GUDiv approach proposed here allows both theoretical and experimental

insights into cascading effects, behavioural patterns, and interaction with trait-based ecology and

their effects on biodiversity of assemblages of resource species.
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Tables:

Table 1:  Joining the behavioural ecologists’ and the community ecologists’ perspectives on terms,
scales, and interpretations of species diversity research 

Behavioural Ecology Community Ecology

Temporal

scale  of

observation

Short term result of foraging process Long  term  patterns  of  species

composition

Local scale A discrete food patch Single  sample  of  a  local  species

assemblage (sampling site)

Landscape

scale

Foraging  landscape:  A  set  of  food

patches  after  being  used  by  a  set  of

defined  foraging  agents,  such  as  an

individual,  a  group,  a  population or  a

community. Its spatial scale depends on

movement/mobility  of  the  defined

forager(s).

Resource  landscape:  Distribution  of

resources  before  the  (experimental)

foraging process.

Landscape of fear  5  : Spatial distribution

of perceived predation risk of a forager;

predators  are  involved  in  shaping

foraging decisions of the forager.

Regional scale May  contain  one  or  many  foraging

landscapes

A set of species/communities unified

by  defined  similarities  in  e.g.

geography, land use, geology etc.

α-Diversity α-GUDiv  is  the  diversity  of  the

assemblage of resource species within a

local food patch as a result of foraging

by a forager/foragers, i.e. consumer(s);

it  represents  a  marginal  diversity

affected by marginal patch residency.

Species  diversity  of  a  local

assemblage  (sampling  site),

sometimes  generalised  by  the

combination of functional traits of the

species.

γ-Diversity γ-GUDiv  is  the  diversity  of  the

cumulated  assemblages  of  resource

species left in a foraging landscape. Can

also be calculated on a larger regional

scale  combining  several  foraging

landscapes.

Species  diversity  at  a  given  region

based  on  the  cumulative  data  of

species presence from the defined set

of sampling sites.

β-Diversity β-GUDiv  is  the  variability  in  diversity

among assemblages of resource species

left  in  food  patches  of  a  foraging

landscape. Can also be calculated on a

regional  scale,  i.e.  diversity  across

Variability in species diversity among

local assemblages in a region.
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foraging landscapes.

Species pool Initial set of resource species available

to the forager, provided experimentally

or present in nature5.

Regional  species  pool,  into  which

assemblages can be nested, e.g.  due

to  isolation or  due  to  differences  in

land use1,2, or an environmental (e.g.

latitudinal)  gradient  with  spatial  or

temporal species turnover3,4.
1Sedalgo 2008; 2Ulrich et al. 2008; 3Baselga 2010; 4Ulrich et al. 2010, 5Germain et al. 2014, 6Brown 1999

Table 2: Experimental assemblage of resource species, provided to Norway rats (Rattus norvegicus)

as foragers, consisted of seeds of eight plant species differing in functional traits (weight, length,

caloric value based on USDA (United States Department of Agriculture) or package information, and

presence/absence of  husks).  Species  are  ordered according  to  attractiveness  (based on removal

rates) to wild Norway rats foraging in 20 patches with equal shares of seeds provided. Empirical

species-specific  removal  rates  are  expressed  here  as  linear  slopes  for  comprehension,  but  see

exponential slopes in Fig. 2B and effect size and errors in Table 2). Shown are adjusted R 2-values of

single regression models of removal rates (link  function) by functional trait  variable,  significance

levels as **p < 0.01, ***p < 0.001; post-hoc grouping of removal rates refers to the residency time by

resource species interaction in a linear mixed-effects model (GUD of each resource species nested

within patches, Table LMM Appendix).

Seed species   Husked Mass (mg)
Length

(mm)
Caloric value (J) 

Removal rate

(seeds/min/l) 

Post-hoc

grouping

 for removal rates

Sunflower Helanthus annuus Yes 58.5 10 1100 -0.34 a

Safflower Carthamus tinctorius Yes 37.6 7 760 -0.29 ab

Hemp Cannabis sativa Yes 14.4 4 230 -0.27 ab

Wheat Triticum aestivum No 40.0 7 540 -0.25 b

Millet Pennisetum glaucum No 5.9 2 100 -0.19 bcd

Flax Helcdnthus cdnnuus Yes 6.8 5 160 -0.17 cd

Canary gras Heldnthus dnnuus Yes 7.6 5 80 -0.16 d

Sesame Helenthus ennuus No 2.6 3 90 -0.03 e

Regression by removal rate, n = species (transformation)   0.81** (log) 0.44 * 0.77** (log)    
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Table 3: Foraging landscapes created by Norway rats overnight in experimental landscapes with 9 

food patches containing 8 seed species with 20 seeds each. Rats exploited a total of 20 patches in 5 

landscapes (first line) offered at two sites, and we obtained giving-up density (GUD) data for each 

seed species within each patch. The empirical patch data were reshuffeled on patch level  to obtain 

additional landscape-wide giving-up diversity (GUDiv) data

Empirical  data  of  patch
residencies  (lighter  patches
indicate  longer residencies)  A
and B refer to site

Reshuffeling of empirical data:

Extreme residency:  9  patches
combining  either  longest  or
shortest patch residencies

Random  residency:  Random
combination  of  all-visited
patches

Random  visits:  random
combination  of  visited  and
unvisited patches
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Figures

Figure  1: Foraging  decisions  of  a  consumer  indirectly  affect  diversity  and  functional  trait

distribution of an assemblage of resource species in a food patch, which can be measured as

Giving-Up diversity, i.e. the diversity at which the consumer quits foraging on different spatial

and  diversity  scales.  Black  arrows:  direct  effects,  dotted  arrows:  indirect  effects,  solid  line:

feedback loop. Internal factors include state, selectivity and perceived predation risk, i.e. the

landscape of fear (Brown et al. 1999), and may differ among individual foragers. The distribution

of functional traits within the resource assemblage may directly feedback on foraging behaviour.
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Figure 2A Local α-GUDiv (Giving-up diversity) in experimental food patches with 160 food items

of  eight  species  (20 items each)  mixed in  2  litre  of  sand,  exploited by  Norway rats  ( Rattus

norvegicus) A) Number of effective species (Hill number, Hill 1973) in relation to the (unspecific)

food  density  left  in  the  patch  (Giving-up  density  GUD,  expressed  as  items per  litre).  Lines:

Predictions  for  GUDiv  for  two  extreme  foraging  strategies:  equal  removal  of  food  species

(broken line); selective removal of one food species after the other (solid line), inset: Norway rat

handling a sunflower seed caught on camera trap. 2B Species-specific GUDs for 8 seed species in

mixed seed patches exploited by wild Norway rats by patch residency. Exponential exploitation

patterns are typical for diminishing returns. Patch residency values are displayed as rug-plot with

marks along the x-axis. Symbol sizes relate to seed size.
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Figure.  3: Foraging  landscapes  created  by  Norway  rats  (Rattus  norvegicus)  in  experimental

landscapes with 9 food patches with 20 food items of 8 food species per patch (see Table 3).

Empirical data (dashed frame (A) and white circles (B and C) and simulated landscapes from re-

shuffled empirical patch data (no frame in A and coloured circles in B and C). (A) Evenness of

landscapes (inverse coefficient of variation among patch residencies) by landscape residency

(cumulated over patches of a landscape). Each symbol represents a landscape composed of 9

patches, lighter patch colours indicate longer patch residencies. (B) Giving-up diversities (GUDiv)

of food species assemblages in foraging landscapes exploited by Norway rat foragers. Shown are

the mean local scale diversity (mean α-GUDiv) and the landscape-wide diversity (γ-GUDiv); (C)
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Between patch variation in giving-up diversity (β-GUDiv). Circle size refers to CV in landscape

residency of a landscape (the larger circle size the more uneven distribution)
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---Text Box 1----

Box 1: Non-exhaustive list of testable predictions on A) how variation in foraging behaviour of

consumers have cascading effects on biodiversity of resource species and on B) feedbacks between

functional trait composition of the resources species assemblage and foraging behaviour of the

consumer. 

A) Variation in foraging behaviour of consumers affect giving-up density of single food species (GUD)

and giving-up diversity (GUDiv) of the remaining assemblage of resource species on different diversity

levels (α-GUDiv, γ-GUDiv and β-GUDiv).

Potential factors modifying foraging behaviour of the consumer and resulting GUD and GUDivs:

1. Patch residency: With increasing residency in a food patch both GUD and α-GUDiv decrease. 

2. Mobility among patches: With increasing mobility (i.e. patch change frequency) patches are

homogenised resulting in low β-GUDiv. Further, if foragers are selective, single food species

may disappear across a region, i.e. both α-GUDiv and γ-GUDiv may decrease.

3.  Selectivity: The  higher  the  selectivity  of  a  forager  for  certain  functional  traits  (e.g.

profitability,  energy content, nutrient content, or handling time), the faster local resource

species diversity (i.e. α-GUDiv) decreases with patch residency. Local depletion of preferred

resources will motivate faster patch changes, resulting in higher variation between patches

(increased β-GUDiv) at medium time scales when not all patches have been visited by the

forager, but lower β-GUDiv at long time scales, i.e. when foragers homogenised α-GUDiv

among patches.

4. Perceived predation risk (“fear”): 

a. Risk-heterogeneous landscapes: Landscapes of fear that restrict foraging to areas

perceived  as  safe  by  the  forager  may  create  diversity  patterns  reflecting  the

heterogeneous  distribution  of  risk  in  a  landscape.  With  foraging  effort  unevenly

distributed across a landscape, local diversity of resource species assemblages (i.e. α-

GUDiv) should differ among patches, while resource species are conserved across the

landscape at dangerous locations. Thus, landscape-wide γ-GUDiv is predicted to be

higher than mean local α-GUDiv and ß-GUDiv of the landscape should be high. 

b. Risk uniform landscapes: 

i.  At  uniformly  distributed  low  risk,  optimal  foragers  deplete  local  food

patches evenly, resulting in low α-GUDiv. Due to long patch residencies and

safe  travel  among  patches,  α-GUDiv  is  homogenised  among  patches,

121
122
123
124

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679



32

resulting in  low mean  α-GUDiv  and similar  low landscape wide  γ-GUDiv;

correspondingly among-patch variation in biodiversity (β-GUDiv) is also low. 

ii. At uniformly distributed high risk, local depletion rates can be very uneven

(Eccard and Liesenjohann 2008, 2014) since foragers behave sub-optimally

and deplete single locations to low levels, due to incomplete information or

due to avoiding risky travelling among locations. This behaviour ought to

result in high variation in α-GUDiv, but should maintain high landscape wide

γ-GUDiv and high β-GUDiv.

5. Fear and selectivity: Selectivity decreases local α-GUDiv, while fear prevents homogenisation

of landscape-wide mean α-GUDiv. Thus, high selectivity and great fear produce the highest

variability among patches (high ß-GUDiv).

6. Inter-individual differences among foragers: 

a. In selectivity: Among-individual variation in selectivity should result in a mosaic of

assemblages with similar local α-GUDiv, but high variation among local assemblages

resulting in higher γ-GUDiv and higher β-GUDiv (compared to a landscape where all

foragers behave similarly).

b. In  fear: Among-individual  variation  in  fear  should  result  in  great  differences  in

distribution of foraging effort. Fearful foragers deplete single, safe patches resulting

in heterogeneous patterns and, thus, low α-GUDiv, high γ-GUDiv and high β-GUDiv,

while fearless forgers should produce more homogeneous foraging landscapes (low

α-GUDiv, low γ-GUDiv and low β-GUDiv).

B) Dynamic feedbacks between resource trait combinations and forager’s behaviour on GUDiv: 

7. Higher diversity of functional traits in the assemblage of resource species should result in

faster/stronger decrease in local α-GUDiv. Diversity patterns at the regional level (γ-level) will

depend on whether all foragers select the same food species. 

8. Absolute and relative abundance of resource species: 

a. When patches are similar, foragers may specialise on the most abundant food and

increase  landscape-wide  γ-GUDiv  and β-GUDiv  and  thereby facilitate  an  increase

when rare effects (Garb et al. 2000). 

b. If patches are dissimilar, flexible foragers may homogenise landscape-wide species

pool (decreasing γ-GUDiv and β-GUDiv).
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