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The ideal free distribution theory predicts that mobile species distribute themselves among habitat patches so as to optimize their fitness. Changes in land use alter the quality of habitat patches and thereby affect the distribution of species. Following the loss of native habitat, habitat specialists are expected to move to patches where native habitat still remains in order to survive. Competition for resources in habitat remnants should consequently increase. As generalists are able to use other habitats, generalists are expected to gradually disappear in remnants in order to avoid increasing competition with specialists. Here, we test these predictions by studying the response of habitat specialist and generalist birds to land-use change in Brazil's southern grasslands. Using a space-for-time substitution approach, we surveyed bird communities in native grassland sites (~4 ha) in 31 regions (10 × 10 km) with differing levels of conversion to agriculture (1–94%). We found a higher abundance of specialists in native grassland patches with increasing agricultural cover in the region, while the total number of individuals in remnants remained constant. At the same time, the share of generalists in total abundance and total species richness decreased. To gain insights into whether these patterns could be driven by shifts in competition, we tested whether generalists that continued to co-occur with specialists in remnants, had less dietary overlap with specialists. As a consequence of community composition in remnants, a higher proportion of generalists were omnivorous and the average generalist species fed less on seeds, whereas the average specialist species fed more on seeds when agricultural cover was high in the region. Our results, therefore, support predictions of the ideal free distribution theory. Specialists that are assumed to have a low survivorship outside of their specialized habitat, distribute to remnants of this habitat when it is converted elsewhere, while generalists, being able to survive in other habitats, disappear gradually in remnants. Such a process could partly explain the segregation of habitat specialist and generalist birds observed in many agricultural landscapes. Finally, our results suggest that native habitat remnants can be important temporary refugia for specialists.
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INTRODUCTION

The population abundance of many bird species has declined at large spatial scales over the last few decades (Rosenberg et al., 2019). Grassland birds, in particular, face high threat levels as their habitats are rapidly being converted for human land uses (Schipper et al., 2016; Stanton et al., 2018; Correll et al., 2019). While abundant empirical evidence demonstrates that generalists dominate bird communities in agricultural habitats (Lockwood et al., 2000; Devictor et al., 2008), it is much less clear how bird communities change in grassland remnants when grassland is increasingly converted to agriculture in the region. Here we study these changes in consideration of the ideal free distribution (IFD) theory (Fretwell, 1970; Tregenza, 1995).

The IFD theory predicts that mobile species, such as birds, should move between patches as habitat quality changes, so as to optimize their fitness (Tregenza, 1995). As native grassland is converted to cultivated fields, opportunities for grassland specialists to survive and reproduce are decreasing. The IFD theory therefore predicts that specialists should move to patches in which native grassland remains (Tregenza, 1995). As a result of the arrival of new specialist individuals, competition for resources in these remnants is expected to increase. Grassland birds are assumedly better at exploiting the resources they specialized on than generalists that are able to use a broad range of habitats and resources (Poisot et al., 2011; Ponge, 2013; Reif et al., 2016). The IFD theory therefore predicts that, if resources are limited, habitat generalists should gradually disappear in remnants, as they are able to use other habitats that are more relaxed from competition with specialists (MacArthur and Pianka, 1966; Tregenza, 1995).

Of all generalist species, those generalists with resource use patterns most similar to specialists are expected to be affected most by increasing specialists (MacArthur and Pianka, 1966; MacArthur and Levins, 1967). This non-randomness should lead to an observable decrease in the share of generalists in total species richness in remnants as habitat conversion increases in the region. Moreover, generalists that still co-occur with specialists in remnants should show a reduced dietary overlap with specialists. Overall, these predictions of the IFD theory would be consistent with the pattern of spatial segregation of specialists and generalists that has been observed in mosaic landscapes of disturbed and stable habitats, where specialists have been found to dominate communities in more stable habitats and generalists to aggregate in more disturbed habitats (Julliard et al., 2006; Devictor et al., 2008).

Here we test whether such predictions based on the IFD theory are supported by empirical evidence from bird communities in Brazil's southern grasslands, which face a very recent and intensive conversion to agriculture (Overbeck et al., 2015; de Oliveira et al., 2017). We used a space-for-time substitution approach and surveyed local bird communities in grassland remnants of 31 regions with differing levels of agricultural cover. First, we test whether total species abundance and the abundance of specialists (i.e., grassland birds) in native grassland remnants changes with increasing agricultural cover in the region. Second, we test for specialist-generalist segregation by assessing whether the share of generalists (i.e., non-grassland birds) in total species richness is lower in remnants when regional agricultural cover is high. Third, we test whether generalist species that continue to co-occur with specialists in remnants, have a reduced dietary overlap with specialists.



METHODS


Study Region

We studied bird communities within the South Brazilian grassland region in Rio Grande do Sul (RS), Brazil's southernmost state. Climate in RS is humid subtropical with warm summers and no pronounced dry seasons (Alvares et al., 2013). In the last four decades, ~50% of natural grasslands in the region have been converted to agriculture, i.e., mainly to soybeans and rice (Cordeiro et al., 2009; de Oliveira et al., 2017). This rapid conversion rate and lack of sufficient protection give these grasslands the highest Conservation Risk Index of all Brazilian biomes (Overbeck et al., 2015).



Study Sites and Bird Sampling

We identified suitable sampling regions by assessing the spatial distribution of land use/cover types in the entire territory of RS. For this, we georeferenced and visually interpreted Landsat 5 satellite images (from 2009) (Hasenack and Weber, 2010). We adopted a 10 × 10 km grid used by the Brazilian Ministry of the Environment for national forest inventories, and calculated the percentage of different land uses in each grid cell (henceforth referred to as region). We selected 31 regions (Supplementary Figure 1; Supplementary Table 1) to represent a gradient of regional agricultural cover (1–94% agricultural cover) and the distribution of native grasslands in RS.

In each region, we conducted bird surveys at three local sites within native grassland remnants. Local site selection followed judgement by botanists (presence of native grassland) and operational criteria (accessibility and permission). Each of the three local sites per region was surveyed once with one point count covering an area of ~ 4 ha (fixed radius of 112 m) for 15 min. This time of detection is sufficient, as it is common for grassland habitats to be sampled with only 5-min point counts (Ralph et al., 1995). We acknowledge, however, that by surveying only three points within remnants per region, we may have missed species and/or undercounted individuals. Mean minimum and maximum distance between the three local sites was 538 and 1,125 m, respectively, where the recommended minimum distance between point counts is 200 m to reduce the probability of the same bird being counted at different points (Sutherland et al., 2004).

All point counts were carried out by the same team of six experienced observers during the Austral spring to summer (i.e., during the breeding season of birds in southern Brazil; October–February). In order to standardize time and reduce temporal variation, all point counts were conducted under similar weather conditions either before 10:00 a.m. or after 16:00 p.m. when birds are most conspicuous (but note that during the breeding season grassland birds can be easily detected over the whole day). Observers recorded the presence of all birds seen and heard (see Supplementary Material for more details) and their abundance (i.e., the maximum number of individuals per species) at each local site. We did not correct for imperfect detection, as we were not able to assign distance bands to all individuals. Our counts therefore present relative and not absolute abundance measures. Sampling of the 31 regions took 3 years starting in 2011 until 2014.



Classification of Birds
 
Generalist vs. Specialist Species

Grassland bird species were characterized sensu Azpiroz et al. (2012). That is, species that are restricted to or make extensive use of grassland habitats—thus thought to be particularly sensitive to native grassland conversion—were classified as grassland specialists (51 of 106 species). The remaining birds were considered as non-grassland specialists and henceforth referred to as generalists (Supplementary Table 2, for all species and classification).



Trophic Niches

Foraging attributes were obtained for 96 out of the 106 recorded species (91% of species) from the Elton traits database (Wilman et al., 2014). We focused on two foraging attributes to test for reduced trophic niche overlap between generalists and specialists: seed use and omnivory (Supplementary Table 2). We a priori expected grassland specialists to be superior competitors for seeds, one of the main resources of grasslands. As a response variable we therefore used the percentage of seeds in a species' diet (column “Diet-Seed” in Elton trait database; esapubs.org/archive/ecol/E095/178/metadata.php) averaged across all generalist species (and separately across all specialist species) per site. We expected a decreasing average seed consumption by generalists and an increasing average seed consumption by specialists in remnants, as agricultural cover increases in the region. Because omnivores with broad trophic niches can opportunistically forage on any available food item as per capita resource availability declines, we expected an increasing share of co-occurring generalist species to be omnivorous, as agricultural cover increases in the region. In the Elton trait database, species are defined as omnivores if they have a score of <=50% in all four diet categories (i.e., Plant and Seeds; Fruits and Nectar, Invertebrates; Vertebrates, Fish and Carrion; see column “Diet-5Cat” on esapubs.org/archive/ecol/E095/178/metadata.php). We calculated the proportion of generalist species (and separately specialist species) that are omnivores in each community.




Statistical Analysis

The focal explanatory environmental variable in all following models is regional agricultural cover (%), henceforth referred to as percent agriculture. Response variables are the average of the respective community parameter across the three local sites per region in all subsequent analyses. We model the average because the allocation of the three local sites per region was not standardized across regions due to the aforementioned operational criteria for site selection (i.e., limited accessibility and owner permission requirements prohibited entry to space sites equally across regions).


Change in Total and Specialist Abundance

We used Poisson regression models to predict total abundance and specialist abundance with percent agriculture in the region, including an observation-level random effect to account for over-/underdispersion (Harrison, 2014). Models were fitted using the function “glmer” from the LME4 package (Bates et al., 2014). Two species, Vanellus chilensis and Myiopsitta monachus, were observed in large flocks of 200 and 94 individuals, respectively. This led to outliers in total and specialist abundance (Supplementary Figures 2A,B). We thus leveled those counts to the mean number of individuals across all other sites these species occupied, rounded to the nearest integer (cf. Julliard et al., 2006). Results were robust when the unlevelled data were analyzed (Supplementary Figure 2C).



Spatial Segregation of Specialists and Generalists

To test whether changes in land use induce a spatial segregation of specialists from generalists, we tested (1) whether percent agriculture influences total richness, and (2) whether percent agriculture predicts the share of generalists in total species richness. Proportions of generalists were calculated for each local site individually and then averaged for each region. Averaged proportions were regressed on percent agriculture with a beta regression model using the BETAREG package (Zeileis et al., 2010). The relationship between total species richness and percent agriculture was assessed using the same model as for abundance.



Trophic Niche Overlap Between Generalists and Specialists

First, we modeled the percent use of seeds averaged across all generalist species (and separately across all specialist species) with percent agriculture as predictor. Second, we regressed the proportion of generalist and specialist species with an omnivorous diet on percent agriculture. Again, we calculated these response variables as the average of the three local sites. These values were regressed again on percent agriculture using a beta regression model. To accommodate 0/1 values, percent use of seeds was transformed to the open unit interval (0, 1) using a continuity correction (y*(n − 1) + 0.5)/n, where n is the sample size (Smithson and Verkuilen, 2006; Zeileis et al., 2010).



Influence of Native Grassland in the Immediate Surroundings

We tested whether the amount of native grassland in the immediate surroundings of the three local sites has an effect on community parameters. Within a 1 km radius of the three local sites' centroid, native grassland area was on average 2,500 ha (ranging from 540–3,100 ha). We added native grassland area within this radius to all the above models as an explanatory variable (Pearson correlation of native grassland area and agricultural cover in the region was ρ = −0.35). We used the asymptotic likelihood ratio test, as implemented by the function “LRTEST” from the LTEST package (Hothorn et al., 2019) to test whether adding this variable improved the statistical fit of the model.



Model Validation and Spatial Autocorrelation

Generalized linear mixed effect models were validated with DHARMA scaled residual plots (Hartig, 2017) and beta regression models with BETAREG diagnostic plots (Zeileis et al., 2010). To test for spatial autocorrelation we performed the Moran's I test on all models.





RESULTS


Change in Total and Specialist Abundance

We found that total species abundance in grassland remnants did not change clearly with agricultural cover in the region (χ2 = 0.65, p = 0.42). However, analyzing grassland specialists separately from generalists showed a statistically clear increase in specialist abundance with increasing regional land use (χ2 = 4.4, p = 0.036; Figure 1; Supplementary Table 3). Correspondingly, the share of generalists in total abundance declined with increasing agriculture in the region (χ2 = 4.58, p = 0.032; Supplementary Figure 3).


[image: Figure 1]
FIGURE 1. Relationship between percent agriculture in the region and (A) total abundance (i.e., the combined number of individuals of specialists and generalists), and (B) specialist abundance in grassland remnants. Transparent ribbon represents the 95% confidence interval around the mean. Ribbon and regression line are dashed when p ≥ 0.05.




Spatial Segregation of Specialists and Generalists

While total species richness in remnants remained constant (χ2 = 0.9, p = 0.342), the contribution of generalist species to total species richness decreased by more than 50% with increasing agricultural cover in the region (χ2 = 5, p = 0.025; Figure 2; Supplementary Table 3).


[image: Figure 2]
FIGURE 2. Relationship between percent agriculture in the region and (A) total species richness (i.e., specialists and generalists), and (B) the proportion of generalist species (to total species richness) in grassland remnants. Transparent ribbon represents the 95% confidence interval around the mean. Ribbon and regression line are dashed when p ≥ 0.05.




Trophic Niche Overlap Between Generalists and Specialists

As a consequence of species composition in remnants, the percent use of seeds averaged across generalist species strongly decreased from above 30 to <10% with more agriculture in the region (χ2 = 7.63, p = 0.005) (Figure 3A; Supplementary Table 4). In contrast, we found a marginally significant increase in the average percent use of seeds by specialists with more agriculture in the region (χ2 = 3.67, p = 0.055) (Figure 3B). The proportion of generalist species with an omnivorous diet doubled (χ2 = 4.17, p = 0.041), while the proportion of omnivorous specialist species remained constant with increasing regional agriculture (χ2 = 0, p = 0.86) (Figures 3C,D; Supplementary Table 4).


[image: Figure 3]
FIGURE 3. Relationship between percent agriculture in the region and percent use of seeds averaged (A) across generalist species and (B) specialist species, and with an omnivorous diet in (C) generalists and (D) specialists. Transparent ribbon represents the 95% confidence interval around the mean. Ribbon and regression line are dashed when p ≥ 0.05.


None of the models improved significantly when native grassland amount in the surrounding landscape was added as a second explanatory variable (Supplementary Table 5). Residuals did not show spatial autocorrelation in any model (Supplementary Figure 2).




DISCUSSION

Using data from bird communities in native grassland remnants, we studied the response of grassland specialist and generalist birds to the increasing conversion of native grasslands to agriculture. While total species abundance and richness was constant, specialist abundance increased and the contribution of generalist species to total species abundance and richness decreased in grasslands remnants with increasing agriculture in the region. Furthermore, generalist species that continued to co-occur with specialists had a smaller dietary overlap with specialists. Together, these results support the predictions of the ideal free distribution theory: specialists that are assumed to have a low survivorship outside of their preferred habitat move away upon habitat conversion to patches where this habitat remains, while habitat generalists that are able to use other habitats, gradually disappear from these remnants.

While our results are in support of the IFD theory, our study has several limitations. We did not directly study temporal changes and instead base our inference on space-for-time substitution. Thus, we do not unequivocally show that bird communities in grassland remnants are indeed changing in response to regional land-use intensification. Moreover, we were not able to measure what individual birds were eating and whether birds changed their individual diets. We could therefore not unequivocally demonstrate that competition is driving the patterns found in this study (Dhondt, 2011). In addition, biological communities respond slower than the rate at which humans change the environment (Damgaard, 2019). Especially in our study area, land use change is very recent and rapid (Cordeiro et al., 2009), such that the patterns we found here may be transient and not stable in the long-term.

Within these limitations, we found that local species richness and total abundance of birds did not decrease in grassland remnants with increasing regional land-use change. It is likely that communities in grassland remnants show simply a lagged response (Tilman et al., 1994; Kuussaari et al., 2009). That is, species loss in intensive agriculture (Hendershot et al., 2020) and widespread negative population trends of birds (Rosenberg et al., 2019) are likely to translate to declines in richness and abundance in remnants too. However, our results suggest that at least temporarily, native habitat remnants could play an important role in sustaining the populations of some species. We found that the abundance of grassland specialists is increasing in remnants when natural habitat is increasingly converted in the region. Thus, the preservation of native habitat remnants could be an important conservation tool for sustaining populations of species that are facing loss of their specialized habitat.

The stability of total species abundance in remnants could furthermore indicate a carrying capacity and that resources are limited in remnants. The arrival of new specialist individuals is therefore likely to move the remnant beyond carrying capacity and increase the competition for resources. Since specialists are assumedly superior competitors for the resources of their specialized habitat (Reif et al., 2016), their arrival may act to replace generalists. Indeed, we found that the relative abundance and species richness of generalists has declined in remnants. Moreover, we found that within the generalist sub-assemblage, species with similar resource use pattern to specialists gradually disappeared. We therefore hypothesize that competition could indeed play a role in explaining such a replacement pattern.

The replacement of generalists by specialists, which we infer here, contrasts with biotic homogenization, the process by which rare, specialist species are widely replaced by common, generalist species owing to human activities (Lockwood et al., 2000; Mimet et al., 2019). However, given the lack of temporal data in this study, future research on mobile organisms is needed to determine whether this is a more general pattern found in matrices of agriculture and habitat remnants. For example, land-use history can influence processes underlying community change (Isbell et al., 2019; Mimet et al., 2019). In our study region, habitat remnants are still close to a pristine state (i.e., no changes in land-use occurred in the recent past) and thus more likely to support specialists. These conditions may be different in agricultural landscapes of, for example, Europe where land use change has a much longer history (Goldewijk, 2001).

Nonetheless, also in European agricultural landscapes where bird communities should have stabilized in response to land-use history, generalists seem to spatially segregate from specialists in mosaics of perturbed and more stable sites (Julliard et al., 2006; Devictor et al., 2008). While generalists dominate communities in human-modified, disturbed sites, specialists dominate in stable, more natural sites (Devictor et al., 2008). Although the mechanism behind this spatial segregation is still largely unclear, our results suggest this segregation is consistent with predictions of the IFD theory. Both specialists and generalists seek to escape declines in resources; specialists likely in response to native habitat conversion and generalists likely in response to consequent increases in specialists in habitat remnants.

We draw two conclusions from our study. First, our results support predictions of the IFD theory. Specialized birds that are assumed to have little prospect of surviving outside of their specialized habitat, increased in remnants of this habitat when it was converted elsewhere. In accordance with our hypothesis that this may increase competition in remnants, generalists with similar resource use patterns to specialists gradually disappeared in remnants. The IFD theory could therefore help explain aspects of bird community change, such as specialist-generalist segregation, in response to land-use change. Second, our results indicate that remnants of native grassland embedded in regions devoted primarily to human activities may buy time for the conservation of grassland birds (Silva et al., 2015). Considering that ongoing agricultural intensification may eventually significantly reduce local bird diversity (Hendershot et al., 2020) preserving remnants of native habitat merits more consideration in strategies to conserve biodiversity.
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