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ABSTRACT 26 

Conservation outcomes could be greatly enhanced if strategies addressing 27 

anthropogenic land-use change considered the impacts of these changes on entire 28 

communities as well as on individual species. Examining how species interactions 29 

change across gradients of habitat disturbance allows us to predict the cascading 30 

consequences of species extinctions and the response of ecological networks to 31 

environmental change. We conducted the first detailed study of changes in a 32 

commensalist network of mammals and dung beetles across an environmental 33 

disturbance gradient, from primary tropical forest to plantations, which varied in above-34 

ground carbon density (ACD) and mammal communities. Mammal diversity changed 35 

only slightly across the gradient, remaining high even in oil palm plantations and 36 

fragmented forest. Dung beetle species richness, however, declined in response to lower 37 

ACD and was particularly low in plantations and the most disturbed forest sites. Three 38 

of the five network metrics (nestedness, network specialization, and functionality) were 39 

significantly affected by changes in dung beetle species richness and ACD, but 40 

mammal diversity was not an important predictor of network structure. Overall, the 41 

interaction networks remained structurally and functionally similar across the gradient, 42 

only becoming simplified (i.e., with fewer dung beetle species and fewer interactions) 43 

in the most disturbed sites. We suggest that the high diversity of mammals, even in 44 

disturbed forests, combined with the generalist feeding patterns of dung beetles, confer 45 

resilience to the commensalist dung beetle-mammal networks. This study highlights 46 

the importance of protecting logged and fragmented forests to maintain interaction 47 

networks and potentially prevent extinction cascades in human-modified systems. 48 

 49 
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INTRODUCTION 75 

Tropical forests play a significant role in regulating climate and the carbon cycle (Malhi 76 

et al., 2014), and protection of pristine tropical forest has long been a focus for 77 

conservation (Gibson et al., 2011; Gaveau et al., 2014). However, anthropogenic habitat 78 

modification, such as logging and conversion to agriculture, results in forest 79 

fragmentation (Betts et al., 2019) and generates novel landscapes (Haddad et al., 2015; 80 

Malhi et al., 2014). In turn, this can lead to widespread species extinctions, reshaped 81 

community structure, and altered ecosystem functions.  82 

Loss of large-bodied mammals through hunting, habitat degradation, and 83 

fragmentation is one of the most ubiquitous anthropogenic impacts on biodiversity 84 

globally (Lino et al., 2019; Brodie et al., 2021). These losses also impact  tree 85 

populations through altered mutualistic and antagonistic interactions (e.g., Chanthorn 86 

et al., 2019; Granados et al., 2017). But how defaunation indirectly affects other 87 

animals, particularly commensal species, is relatively understudied (Malhi et al., 2016; 88 

but see Nichols et al., 2013b). In particular, the effects of mammal defaunation on dung 89 

beetle (Scarabaeidae) communities is an important, yet largely neglected, area (Fuzessy 90 

et al., 2021; Raine & Slade, 2019)  91 

Dung beetles primarily utilize mammal dung for feeding and breeding; in the 92 

process they perform critical ecosystem functions in tropical forests including nutrient 93 

recycling, soil bioturbation, and seed dispersal (Nichols et al., 2008).  Dung beetle 94 

community responses to forest disturbance have been well-documented (Nichols et al., 95 

2007; Nichols et al., 2013). They tend to be minimally affected by selective, low-96 

intensity logging (Slade et al., 2011; Franca et al., 2017), but to undergo altered 97 

community composition and the loss of certain functional groups in monocultural 98 

plantations (Gray et al., 2014; Beiroz et al., 2019). Indeed, land-use changes and 99 
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defaunation have strong effects on dung beetle communities globally, reducing overall 100 

abundance, richness, diversity, and mean body size (Fuzessy et al., 2021). While dung 101 

beetles are often considered to be broadly generalist, most actually exhibit preferences 102 

for particular types of dung (Frank et al., 2018; Raine & Slade, 2019; Raine et al., 103 

2019b), suggesting that the loss of particular mammals could alter the composition of 104 

dung beetle communities. However, interactions between dung beetles and mammals, 105 

and how these interactions are modulated by abiotic conditions and environmental 106 

change, remain little studied. Without quantitative data on dung beetle-mammal 107 

networks, the specificity of the interactions, and species’ plasticity in their associations, 108 

it is difficult to understand the cascading effects of mammal defaunation on dung beetle 109 

communities (Raine et al., 2018; Raine & Slade, 2019).  110 

An overlooked consequence of biodiversity loss is the collapse of ecological 111 

interactions, which often accompany or even precede species loss (Tylianakis & 112 

Morris, 2017). However, the extent to which biodiversity loss affects the interactions 113 

among species remains poorly understood (Heleno et al., 2020; Poisot et al., 2021). The 114 

effects of habitat modification on biodiversity, particularly in tropical ecosystems, are 115 

often assessed by measuring species richness and diversity – metrics that do not 116 

adequately account for the ecological roles of, and interactions among, the species in 117 

the community (Van Der Putten et al., 2004). Moreover, the focus on individual species 118 

or trophic groups has meant that important community-level information on interaction 119 

diversity, identity, and resilience is often missed (Pillai et al., 2011).  120 

Ecological networks describe the structure of a community based on the 121 

distribution and strength of interactions. Extracted metrics and models can calculate 122 

differences at the network level (Tylianakis & Morris, 2017), determine important 123 

species both within habitats and at the landscape-scale (Hackett et al., 2019), and help 124 
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predict how a community will respond to perturbation (Bartley et al., 2019). For 125 

example: Weighted nestedness quantifies the amount by which the interactions of 126 

specialist species are a subset of those of generalists. If specialist species are lost from 127 

a highly nested network, the generalist core of the network can be retained, potentially 128 

increasing the probability of species coexistence (Rohr et al., 2014). However, it is less 129 

clear how this equates to network stability over time (Mariani et al., 2019; Landi et al., 130 

2018 ). Network specialization measures how specialized the interactions are across the 131 

network (Blüthgen et al., 2006) based on the degree of resource partitioning across all 132 

interacting species. Interaction evenness calculates the degree of homogeneity in 133 

interaction frequencies across the network and can indicate dominance by particular 134 

species. Generality gives the weighted ratio of lower trophic levels (e.g., mammal dung) 135 

to upper trophic levels (e.g., dung beetle species), and vulnerability gives the weighted 136 

ratio of higher trophic levels (e.g., dung beetle species) to lower trophic levels (e.g., 137 

mammal dung). (Schoener, 1989; Tylianakis et al., 2007).  138 

The majority of networks studied are antagonistic networks, where one species 139 

benefits at the cost of another (e.g. host-parasitoid networks (Morris et al., 2014)), or 140 

mutualistic networks where both organisms benefit (e.g. pollinator-plant interactions 141 

(Dalsgaard et al., 2011)). Commensalist networks, involving interactions where one 142 

species benefits without causing affecting the fitness of the other (e.g. dung beetle-143 

mammal dung (Raine et al., 2018), remoras attached to sharks (Mougi, 2016), and 144 

epiphytes with their host trees (Sayago et al., 2013)), have been far less studied. 145 

Moreover, unlike antagonistic or mutualistic interactions, studies on commensalist 146 

networks have tended to focus on single study sites or habitats, resulting in a limited 147 

understanding of how commensalist networks change across disturbance gradients. 148 
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This is a critical knowledge gap, given the myriad of interactions in nature that are 149 

commensal (Poisot et al., 2021). 150 

Here we investigated how a commensalist network responded to changes across 151 

a broad disturbance gradient in the tropical forests of Sabah, Malaysia, providing the 152 

first quantitative dung beetle-mammal dung interaction networks for Asian forests. We 153 

assessed how changes in mammal diversity and above-ground carbon density (ACD) 154 

from primary forest to logged and fragmented forest to rubber and oil palm plantations 155 

affected the structure of dung beetle-mammal interaction networks. As dung beetles are 156 

known to be affected by logging, hunting of mammals, and conversion of forest to 157 

agriculture (Fuzessy et al., 2021; Nichols et al., 2007), we predicted that dung beetle 158 

diversity would decrease with increasing disturbance, leading to changes in network 159 

structure. We predicted that specialist interactions would be most prone to loss, 160 

resulting in the networks becoming more nested and less even, with higher generality 161 

and lower functionality (see Methods for detailed predictions on each network metric). 162 

However, as the abundance and diversity of mammals and dung beetles often remains 163 

high in selectively logged forest (Deere et al., 2017; Granados et al., 2016; Slade et al., 164 

2011), we expected changes in the network metrics to be strongest in the most disturbed 165 

(fragmented forest and plantation) habitats. We therefore predicted that the dung beetle-166 

mammal dung networks would remain relatively similar in their metrics in primary and 167 

logged forests but that they would become simplified (i.e., fewer dung beetle species 168 

and interactions) in the most disturbed sites and where mammal diversity was low. In 169 

other words, we predicted a threshold after which the network structure would change 170 

considerably in response to forest disturbance. 171 

 172 

 173 
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MATERIAL AND METHODS 174 

Study Site  175 

The study was carried out in a 261,000 ha landscape in the Tawau Region of Sabah, 176 

Malaysian Borneo (4 28’ N to 5 06’ N; 116 49’ E to 1et1730’ E) (Figure 1). Annual 177 

rainfall averages ~3,000 mm and mean temperatures vary between 24oC and 31oC with 178 

a relatively aseasonal climate (UNDP, 2012). The primary forest in this area consists 179 

of Virgin Jungle Reserves (mostly on steep slopes) and some areas within Class I 180 

(Protected) Forest Reserves. While parts of these primary forests may have undergone 181 

limited human disturbance and localised timber felling, they remain largely intact 182 

(Milne et al., 2021; UNDP, 2012). The rest of the forest has been logged and degraded 183 

to various degrees, demonstrating widespread spatial variation in residual ACD (Asner 184 

et al., 2018). There are fragments of forest in the north that are in areas of natural forest 185 

management or are in the process of being converted to mosaic plantations. The 186 

landscape as a whole forms an important linkage between three flagship protected areas 187 

in Sabah: Maliau Basin Conservation Area (58,840 ha) to the West, Danum Valley 188 

Conservation Area (43,800 ha) to the East, and Imbak Canyon Conservation Area 189 

(30,000 ha) to the North (UNDP, 2012) (Figure 1).  190 

We sampled 12 sites (mean distance: 28.32 ± 1.69 km; median: 27.35 km, range 191 

4-60km) across the disturbance gradient between February and April 2018 (Figure 1; 192 

Table S1). Sampling sites captured landscape-scale variability in ACD (range = 9-209 193 

Mg ha-1; derived from Asner et al., (2018), which was adopted as a proxy for habitat 194 

condition (Milne et al., 2021; Osuri et al., 2020) (Table S1). At each site, eight trapping 195 

points were established along a 1.6 km transect, with 200 m between points, giving 96 196 

trapping locations in total. The authors declare no ethics approval was needed in this 197 

study. 198 



9 
 

Dung collection  199 

Dung from a representative selection of mammals that occur in the study area was 200 

collected from local zoos and rehabilitation centres. We aimed to collect dung across 201 

all trophic guilds of mammals (herbivores, omnivores, carnivores). There were, 202 

however, few carnivores available to sample from zoos, so we collected domestic cat 203 

(Felis catus) dung from a pet shop, assuming that this would be similar to native leopard 204 

cat (Prionailurus bengalensis) dung. Using dung from captive rather than wild animals 205 

was necessary as it is impossible to find large quantities of fresh dung in the wild. Dung 206 

from captive animals has been used in previous studies (e.g. Raine et al., 2018; 207 

Wurmitzer et al., 2017), and it is assumed that small differences in dung odour and 208 

quality are unlikely to have consequential effects on the attractiveness of the dung for 209 

the beetles, although further investigation is required to confirm this.  210 

Twelve dung samples each from eight species were collected: elephant (Elephas 211 

maximus), sambar deer (Rusa unicolor), Bali cattle (Bos javanicus × B. taurus hybrid), 212 

and common palm civet (Paradoxurus hermaphroditus) were obtained from Lokawi 213 

Wildlife Park; sun bear (Helarctos malayanus) and orangutan (Pongo pygmaeus) dung 214 

were collected from the Bornean Sun Bear Conservation Centre and Sepilok Orangutan 215 

Rehabilitation Centre, respectively; and domestic pig (Sus scrofa domesticus) dung was 216 

collected from a local farm near Kota Kinabalu, Sabah. All dung samples were 217 

collected fresh, immediately after defecation, from multiple animals, to prevent the 218 

arrival of coprophagous animals. The natural mass of each dung sample was recorded 219 

and the mean mass per species calculated to standardize the mass used for each dung 220 

type in the pitfall traps described below (Table S2). All samples from each type of dung 221 

were then mixed thoroughly and homogenized to minimize the possible differences 222 

among individual dung samples in terms of physical or chemical composition (Raine 223 
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et al., 2018; Raine et al., 2019). The homogenized dung samples were divided into 12 224 

samples each with a weight equal to the mean mass of dung for each species (Table S2) 225 

before freezing to kill pathogens.  226 

 227 

Dung beetle collection 228 

Because systematic sampling of dung beetles in naturally occurring dung was not 229 

possible, we constructed dung-baited pitfall traps as a proxy for direct dung beetle-230 

mammal dung interactions (see Raine et al., 2018; Raine & Slade, 2019; Raine et al., 231 

2019). We used pitfall traps baited with realistic sizes of native mammal dung sources 232 

to give similar odour cues to droppings found in the wild (see Table S2). 233 

Pitfall traps were constructed from plastic containers of various sizes 234 

(depending on the size of the dung bait) buried flush to the ground with the dung baits 235 

hung above the centre of the trap (Figure S1). All baits were defrosted prior to 236 

placement in the field. A polystyrene plate was placed above the container of each 237 

pitfall trap as protection from rain and falling debris. The plastic containers were half-238 

filled with a solution of water, detergent, and salt (Gray et al., 2014). The placement of 239 

each dung type used in the pitfall traps was randomized between the eight points on 240 

each of the 12 sites. The traps were baited and left for 48 hours. Dung beetles were 241 

collected into 75% ethanol and stored in a freezer until being identified to species level 242 

at Universiti Malaysia Sabah (UMS) using reference collections housed in the 243 

Borneensis collection and advice from taxonomists at Oxford University Museum of 244 

Natural History (OUMNH). A full reference collection from this study is housed in the 245 

Borneensis collection. 246 

 247 

 248 
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Mammal diversity 249 

All mammals whose dung types (or proxy dung types) were represented in the networks 250 

were recorded in the study landscape (Table S3). For each dung beetle sampling site, 251 

we estimated the species richness and Shannon diversity of mammals in the vicinity 252 

using data from motion-triggered camera traps. The 195 cameras were deployed across 253 

the study landscape in a nested grid design, with one camera in every other 1 km2 cell 254 

within 8 x 8 km grids. Cameras were unbaited, attached to trees ~30-50 cm above the 255 

ground, and active for an average of 90.7 (±3.4 SE) days. As the camera traps were set 256 

as part of a different study, the traps did not overlap exactly with the dung beetle sites; 257 

however, the distances to the sites were within the range that mammals were known to 258 

move across the landscape. The distance between the nearest camera trap and the dung 259 

beetle transect ranged from 70 m to 6.8 km (mean distance: 1.9 km ± 0.6; median: 0.7 260 

km). We grouped the data into five-day sampling intervals to reduce the number of 261 

zeros (i.e., sampling intervals with no detections) in the dataset (Brodie et al., 2018). 262 

We then constructed species-by-sample matrices for each camera station and estimated 263 

mammal species richness and Shannon diversity using the iNEXT package (Chao et al., 264 

2014; Hsieh et al., 2016) in R (R Core Team, 2020). As beetle sampling was aggregated 265 

at the transect level for constructing the networks, for each transect we calculated 266 

species richness of mammals (SRM) and Shannon diversity of mammals (SDM) as 267 

weighted averages across all camera stations, with the weight being the inverse of the 268 

Euclidean distance between the midpoint of the transect and each camera station. The 269 

two diversity metrics were calculated based on Hill Numbers that readily account for 270 

differences in sampling effort across cameras. As SDM and SRM were correlated 271 

(Pearson’s r = 0.79, p = 0.002), we selected the Shannon diversity for use in the analysis 272 
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as it accounts for both richness and evenness of the species present (Chiarucci et al., 273 

2011; Spellerberg & Fedor, 2003).  274 

 275 

Network Metrics  276 

Dung beetle-mammal dung interaction networks were constructed for each site from a 277 

weighted matrix of mammal dung and dung beetle species abundances and the 278 

frequencies of interactions between them (Blüthgen, 2010). We then calculated five 279 

network metrics to explore the specialism and structure of the networks: weighted 280 

nestedness (WN), network specialization (H2’), interaction evenness (IE), generality 281 

(G), and functionality (F) (a version of vulnerability) using the package bipartite 282 

(Dormann et al., 2008) in R.  283 

(1) Weighted nestedness. We predicted that the most diverse dung beetle communities 284 

would contain more specialist species and interactions not nested within the generalist 285 

interactions. Therefore, as the diversity of dung beetles declines, the networks would 286 

become more nested as specialist interactions were lost and the network became more 287 

generalist. 288 

(2) Network Specialization. We predicted that the frequency of specialist interactions 289 

would be highest where dung beetle and mammal diversity were highest (e.g., in the 290 

less disturbed sites) if the optimal dung type was available and dung beetles were 291 

exercising choice. Alternatively, if dung beetle and mammal diversity was lower in 292 

disturbed sites, fewer dung types might be used, resulting in higher network 293 

specialization in the disturbed networks. 294 

(3) Interaction evenness. We predicted that interaction evenness would be highest in 295 

the less disturbed sites with higher dung beetle and mammal diversity, as interaction 296 
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evenness has been shown to decline with increasing habitat modifications (Tylianakis 297 

et al., 2007). 298 

(4) Generality. High generality indicates that each dung beetle species feeds on multiple 299 

mammal dung types. As we predicted that both mammal and dung beetle diversity 300 

would decline across the gradient, we correspondingly predicted an increase in network 301 

generality in the most disturbed sites as specialist species were lost. 302 

(5) Functionality is a version of vulnerability, a metric originally proposed for predator-303 

prey food webs (Schoener, 1989; Tylianakis et al., 2007). Here, we calculated the 304 

number of beetle species that interacted with each mammal dung type. This metric 305 

therefore describes how the loss of interactions might affect the removal of dung from 306 

the ecosystem, and so the of loss of potential ecological functionality in the system. For 307 

example, low functionality corresponds to a loss of dung beetles using the dung, and so 308 

potentially to reduced ecosystem functioning. Conversely, high functionality indicates 309 

that each dung type supports a large number of dung beetle species, thus the system 310 

would be considered less sensitive to perturbation. As we predicted that both mammal 311 

and dung beetle diversity would decline across the gradient, we correspondingly 312 

predicted a decrease in functionality of the system in the most disturbed sites. 313 

 314 

Data Analysis  315 

We investigated how changes in ACD and Shannon diversity of mammals (SDM) 316 

impacted dung beetle diversity (species abundance, species richness, and Shannon 317 

diversity) using regression models with ACD, SDM, and their statistical interaction as 318 

predictor variables (ACD and SDM were not correlated; Pearson’s r = 0.068, p = 0.83). 319 

We used non-rarefied effective Shannon diversity (eH’), by taking the exponential form 320 

of Shannon diversity (Jost, 2006), because it accounts for evenness in species 321 
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abundance and because, for most networks, the number of individuals was below the 322 

threshold of 100 needed for rarefaction (Frank et al., 2018). For species diversity, we 323 

used linear models with Gaussian errors, while for species abundance and species 324 

richness we used generalized linear models with Quasipoisson (species abundance) and 325 

Poisson (species richness) error structures. We selected the best-fitting models using 326 

likelihood ratio tests. Model residuals were tested for adherence to model assumptions 327 

such as homogeneity of variances and normally distributed residuals. 328 

The network metrics chosen were not highly correlated (Pearson’s coefficient 329 

values  |0.5|; Figure S2). To test the significance of the network metrics, we compared 330 

the observed values to those obtained by 1,000 randomized networks generated by 331 

Patefield’s r2dtable and the swap method (see Dormann et al., 2008). The Patefield 332 

method generates relatively unconstrained null models controlling only for the network 333 

dimensions and the condition that marginal totals remain identical to the observed 334 

network. The swap method additionally constrains the null model to retain the 335 

connectance and interaction distribution of the observed network, which reduces Type 336 

I error and generates more conservative P-values (Dormann et al., 2009; Dalsgaard et 337 

al., 2011). For each metric in each site, the divergence of the observed value from the 338 

distribution of randomly derived values from both null models were calculated. The 339 

network metric values were considered significant at p < 0.05. Pearson correlation 340 

coefficients, averaged across all indices, were calculated between the observed values 341 

and the two null models to compare the fits of the null models. If the swap model was 342 

a better fit to the observed data than the Patefield model, this would suggest that there 343 

were properties of the network aside from changes in species abundances and the 344 

numbers of links that were important in structuring the network. In addition, as the swap 345 

model was a more constrained model, the results generated are more conservative, so 346 
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if the results are still significant using this model we can be confident in the differences 347 

between observed and null network metrics. Graphical representations of the 348 

interaction networks were generated using the package bipartiteD3 (Terry, 2021) in R 349 

version 3.5.2 (R Core Team, 2020). 350 

To investigate how the network metrics were associated with changes in ACD 351 

and mammal diversity, we fitted individual linear models for each network metric as a 352 

function of ACD, SDM, dung beetle species richness (SR), and all possible interactions. 353 

Species richness was fitted as a covariate in the models as it showed significant changes 354 

across the gradient with ACD but not with SDM (Table 1; Figure 2a). Model selection 355 

was carried out using backward selection and likelihood ratio tests; model residuals 356 

were tested for adherence to model assumptions. To quantify the overall variance 357 

explained by each variable, as well as variance after controlling for the other variables, 358 

for each metric we fitted the models with each of SR, SDM, and ACD fitted either first 359 

or last in the model (i.e. after removal of variation explained by the other two variables) 360 

in the model. Metric scores were standardized using a z-transformation so that the 361 

magnitudes of the coefficients would be directly comparable (Schielzeth, 2010). 362 

We examined the roles of each dung beetle as an indicator species for dung of 363 

particular mammal species or habitat types using indicator valuation in the R package 364 

labdsv (Roberts, 2019), with a random reallocation procedure of 999 permutations. This 365 

allowed us to assess the degree of specificity (uniqueness to a particular site or dung 366 

type) and fidelity (frequency of occurrence) (Sullivan et al., 2018). Species of dung 367 

beetles were considered indicator species of a particular mammal dung or habitat type 368 

if the IndVal value was greater than 0.75 (indicator scores) and were considered to have 369 

a preference for a particular dung or habitat if they had a value greater than 0.25 370 

(preference scores) (Legendre, 2013, Sullivan et al., 2018).  371 
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The relative attractiveness of dung types and habitat types was quantified as 372 

Ni/Nmax, where Ni is the total number of dung beetle individuals captured on dung type 373 

on in a particular habitat i and Nmax is the maximum number of dung beetles found for 374 

any dung type or habitat in the network. The relative species attractiveness was 375 

recorded as Si/Smax, where Si is the dung beetle species richness on a dung type or in a 376 

habitat i and Smax is the maximum dung beetle species richness found for any dung type 377 

or habitat in the network (Frank et al., 2018).  378 

An interaction accumulation plot was generated to identify the completeness of 379 

feeding interactions of dung beetle species. To test for sampling completeness across 380 

dung types and dung beetle communities in each site, we used rarefaction or 381 

extrapolation to a given degree of sample completeness using sample coverage (Chao 382 

& Jost, 2012; Hsieh et al., 2016) using the package iNEXT. A bootstrap method based 383 

on 50 replications was used to construct 95% confidence intervals for the expected 384 

interpolated and extrapolated curves in any given sample coverage.  385 

 386 

RESULTS 387 

In total, 9,236 individuals of 50 species of dung beetles were collected from 96 dung-388 

baited pitfall traps using eight mammal dung types. The interaction accumulation plot 389 

plateaued at approximately 500 individuals, and even low sample sizes had several 390 

interactions, suggesting that sample size was not limiting in our study (Figure S3). Most 391 

mammal dung types recorded a high sample coverage (80-100%) across the gradient, 392 

even in plantations and highly disturbed forest sites, suggesting that the data were 393 

robust in terms of the numbers of dung beetle species attracted to each mammal dung 394 

type (Figure S4). The one exception was sun bear dung, which had low coverage in 395 

some logged, fragmented forest sites (33-49% coverage). Sun bear dung (in primary 396 
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forest: site 1, disturbed, logged-over forest: site 11, plantation: sites 9 & 12) and civet 397 

dung (moderate condition logged-over forest: site 3, and plantation: site 9 & 12) did 398 

not attract any beetles. A total of 31 mammal species was detected in 17,680 sampling 399 

days across all camera stations. Mammal diversity and abundance changed little across 400 

the habitat gradient, with similar diversity in primary forest and plantation, and the 401 

highest values in heavily logged and fragmented forests (Table S1 and S3). 402 

Correlations between observed and null model means increased slightly from 403 

Patefield (|r|=0.8949±0.37; Pearson correlation coefficient of null model vs. observed, 404 

averaged across all indices ± 1 SE) to swap (|r|=0.8981±0.33), indicating that 405 

connectance and interaction distribution were important in structuring in the networks. 406 

The majority of the network metrics differed significantly from the null expectation 407 

under random association (P < 0.05) for both null models (Figure S5), indicating that 408 

the results were robust. Overall, networks were significantly more specialized, less 409 

general, more even, had less functionality, and, in some sites, had lower nestedness than 410 

expected by chance (i.e., by a random assembly of interactions across the majority of 411 

forest sites). In the most disturbed plantation sites, however, only the Patefield model 412 

was significantly different for several of the metrics (network specialization, interaction 413 

evenness, generality, and functionality). This suggests that the networks in the most 414 

disturbed sites were defined by the abundance and number of species, rather than the 415 

network properties (e.g. connectance, interaction distribution) themselves. Indeed, the 416 

loss of both dung beetle species, and the numbers of interactions in the most disturbed 417 

sites can be seen in Figure 3 (e.g. Site 11 & 12) where some dung types have no 418 

interactions at all.  419 

Dung beetle abundance and diversity were not predicted by either ACD or 420 

SDM. However, dung beetle species richness significantly increased with increasing 421 
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ACD (Figure 2a; Table 1 & S1). Overall, the dung beetle-mammal dung networks did 422 

not vary greatly across the disturbance gradient, and only decreased in complexity (i.e. 423 

lower numbers of species and fewer links) and more simplified in the plantation sites 424 

(Sites 11 and 12) (Figure 3). ACD and SR significantly explained the changes in only 425 

three of the five network metrics (nestedness, network specialization, and 426 

functionality). Networks generally had a low network specialization and high 427 

interaction evenness and generality. Interaction evenness and generality did not 428 

significantly vary with ACD, mammal diversity or dung beetle species richness (Table 429 

2). Generality was highly variable across the network (Table 2, Figure 4). Network 430 

specialization decreased significantly with ACD. However, it showed the opposite 431 

pattern with dung beetle species richness, where network specialization was highest 432 

(and dung beetle richness lowest) in oil palm plantations (Table 2, Figure 4). 433 

Decreasing ACD was associated with significant decreases in functionality and 434 

nestedness (Table 2, Figure 4). The decrease in functionality across the carbon gradient 435 

appeared to be driven by changes in species richness (which were highly significant), 436 

with the lowest functionality and the lowest richness of beetles being found in oil palm 437 

plantations. ACD was only associated with increases in nestedness when the former 438 

was placed first in the models, suggesting that it was not a strong predictor of changes 439 

in nestedness. Mammal diversity (SDM) did not explain any of the network metrics 440 

(Table 2). 441 

Corresponding to the overall low network specialization and high generality, 442 

the indicator value analysis demonstrated low indicator scores. No species had IndVal 443 

scores > 0.75, suggesting that most dung beetle species have wide niches (i.e., are 444 

present in a variety of dung and habitat types). We identified 11 dung beetle species 445 

with significant preference scores in different habitat types. In particular, several dung 446 
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beetle species (e.g., Copris agnus, Onthophagus rorarius, Onthophagus aphodiodes) 447 

were associated with less disturbed sites (Figure 3; Table S4). There were 14 dung 448 

beetle species with significant preference scores among dung types (IndVal > 0.25; see 449 

Table S4 & S5). No species showed strong preferences for any dung type in rubber or 450 

oil palm plantation. Attractiveness across animal dung types (Ni/Nmax: F7,88 = 31.912, P 451 

< 0.0001; Si/Smax: F7,88 = 16.66, P < 0.0001) and across habitats (Ni/Nmax: F11,84 = 4.18, 452 

P < 0.0001; Si/Smax: F11,84 = 3.55, P = 0.0004) varied significantly. Pig dung was the 453 

most attractive while sun bear dung was the least (Figure 2b).  454 

 455 

DISCUSSION 456 

Dung beetle-mammal dung interaction networks in the tropical rainforests of Borneo 457 

remained structurally similar in forests that had been moderately disturbed by logging. 458 

Beyond a threshold, however, networks became simplified, with decreases in dung 459 

beetle species richness and the non-utilization of several dung types in oil palm 460 

plantations. This resulted in fewer dung beetle-mammal dung interactions and more 461 

specialized networks in the most disturbed habitats (Figure 3). Although most dung 462 

beetle species were fairly generalist across dung types, dung beetle species richness 463 

changed across the disturbance gradient in response to variation in ACD, driving 464 

changes in some of the network metrics. However, dung beetle total abundance did not 465 

change significantly across the disturbance gradient, a pattern that has been found 466 

globally and appears to be driven by an increase in abundance of generalist species in 467 

disturbed habitats (Fuzessy et al., 2021).  468 

Our results are novel relative to prior work in Brazil, where defaunation led to 469 

a decrease in dung beetle species richness associated with lower diversity and 470 

availability of dung types (Culot et al., 2013; Fuzessy et al., 2021). In our study, 471 
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mammal diversity varied little across the disturbance gradient. Hunting pressures are 472 

low in this region of Sabah and mammal diversity and abundances are generally high 473 

(Deere et al., 2017; Granados et al., 2016). We suggest that this high diversity of 474 

mammals, even in the most heavily logged sites, and the generalist feeding patterns of 475 

dung beetles, resulted in few changes to the overall structure of the networks until they 476 

were severely perturbed (e.g., in oil palm plantation). Similarly, simplification of 477 

networks in highly disturbed habitats has been found in antagonistic plant-herbivore 478 

and mutualistic plant-pollinator networks, where agricultural intensification altered 479 

interaction structure and robustness (Morrison et al., 2020; Tylianakis et al., 2007).  480 

Dung beetle richness and ACD together explained changes in several network 481 

metrics (Figure 4). Nestedness was lowest at high beetle diversity, corresponding to the 482 

highest ACD sites. This indicates undisturbed sites had more specialized, non-nested 483 

interactions, with some beetles preferring specific dung types that more generalist 484 

species were not utilizing (e.g., civet, sun bear, sambar deer; Figure 3). However, many 485 

of the sites with the highest nestedness did not differ from the randomized networks, 486 

suggesting that there were few specialist interactions that were not nested within the 487 

more generalist network structure. Together, these results reveal that some specialist 488 

species and interactions may be lost when forests are disturbed by logging and 489 

conversion to plantations but that, overall, the communities and networks will remain 490 

relatively stable as long as the diversity and abundances of beetles remains high.  491 

Overall, the dung beetle-mammal dung networks had low network 492 

specialization. The most specialized networks were generally found in sites with high 493 

ACD, but also increased with decreasing dung beetle species richness. Increased 494 

network specialization in the plantations was likely due to the loss of interactions and 495 

lower beetle richness. This results in some dung types not being used and therefore, a 496 
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more even distribution of interactions (Figure 3). Similarly, the interaction networks 497 

showed decreasing functionality across the carbon gradient with the lowest 498 

functionality in oil palm plantations, with some dung types being unused. Interestingly, 499 

the comparison with the randomized networks showed that all networks across the 500 

gradient were more specialized, less even, and less general than expected by chance. 501 

Together, these results indicate that while most dung beetle species are capable of 502 

consuming many dung types. This is something that should be investigated further with 503 

food-choice experiments (e.g. Raine et al., 2019b). Thus, while the overall species 504 

richness and composition across the dung types may have varied only minimally until 505 

the networks became severely perturbed, the abundances of individual species on the 506 

different dung types changed (Figure 2b). Similarly, the indicator species analysis 507 

showed few specific indicator species for each habitat or dung type. The species 508 

remaining in the oil palm were common taxa that occurred across the gradient (Figure 509 

3). However, the indicator analysis suggested that some of the less disturbed sites did 510 

have species that were specifically associated with them; these species may therefore 511 

be more vulnerable to forest loss (Figure 3; Table S4). This is consistent with previous 512 

work suggesting that dung beetle communities are similar between primary and logged 513 

forests, but there is a loss of species once forests are converted to oil palm with a subset 514 

of the forest species increasing in abundance and becoming dominant (Edwards et al., 515 

2013; Gray et al., 2014; Slade et al., 2011). 516 

Previous work on insect-parasitoid networks across a disturbance gradient from 517 

forest to agriculture, found that there were few changes in food web metrics except in 518 

the most severely modified habitats, such as pasture and rice (Tylianakis et al., 2007). 519 

Our study therefore adds to the evidence that, although communities may tolerate 520 

moderate levels of disturbance, there are likely to be thresholds beyond which they 521 
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become simplified and no longer resemble those of the original habitat. In our study, 522 

the similarity in network structure across the disturbance gradient was most likely 523 

driven by many species showing opportunistic feeding preferences, rather than relying 524 

on specific dung types. This type of ‘rewiring’ (Ramos-Jiliberto et al., 2012) and 525 

plasticity of interactions in perturbed communities can allow for enhanced resilience 526 

(Noreika et al., 2019). However, we note that as species richness decreases in the face 527 

of multiple perturbations, the system may react strongly, shifting towards a simplified 528 

network with fewer interactions (also see Grass et al., 2018). This change from diverse, 529 

complex networks to species-poor, simplified networks with disturbance has been 530 

demonstrated theoretically (Fortuna and Bascompte, 2006) and supported empirically 531 

(Lever et al., 2014; Biella et al., 2020; Baldock et al., 2019) but has rarely been 532 

validated in natural communities (Tylianakis et al., 2007). 533 

Building multiple interaction networks over large spatial scales is challenging 534 

and time-consuming. While we sampled networks across a wide landscape (~261,000 535 

ha) spanning a substantial gradient in forest carbon and land conversion, we had no 536 

temporal replication; understanding how networks respond to disturbances over time 537 

would be an important extension of our work. Mammal diversity did not show large 538 

changes across most of the study landscape. Repeating this study across a landscape 539 

more heavily impacted by defaunation would enable the importance of the loss of large 540 

mammals on the networks to be explored in greater depth, potentially allowing us to 541 

disentangle the effects of defaunation from forest quality.  542 

Nevertheless, our study provides some of the first evidence of changes in 543 

commensalist interaction network structure across a disturbance gradient that is 544 

representative of many (if not most) forested landscapes in Southeast Asia. This allows 545 

us to begin to predict the effects of habitat disturbance on dung beetle-mammal 546 
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networks in the face of logging, forest conversion, and defaunation. Our results suggest 547 

that with appropriate management and low levels of hunting, logged forests and forest 548 

fragments can retain ecological assemblages and interactions that are structurally and 549 

functionally similar to those in primary and minimally disturbed forest. However, the 550 

complexity and stability of interaction networks show marked changes when habitats 551 

are severely modified, and once these thresholds are passed, the system may have a 552 

limited capacity to respond to further environmental changes. 553 
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