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Abstract
1. Ecological traps arise when animals prefer low quality habitats. Ecological trap theory assumes animals cannot escape and that traps are permanent. But variation is ubiquitous in many ecosystems, and current theory does not account for mobile animals or environmental fluctuations. 
2. Nomadic animals exploit variable environments by moving between the richest patches in a landscape. They exemplify the need to improve ecological trap theory because the effects of traps on mobile populations are unknown. Under increasing anthopogenic mediated environmental change, nomads offer urgently needed insights into how animals survive in unstable environments.
3. We develop a conceptual model that expands ecological trap theory to account for mobile animals in variable environments. We consider a hypothetical landscape with discrete source and sink habitats. Relative attractiveness of sources/sinks to nomads depends on a variable settlement cue (eg. pulsed food availability). In this scenario, habitat selection by nomads is represented as a continuum of preference, with sources at one extreme and sinks at the other. The model predicts that a population in this landscape could face three distinct scenarios depending on relative attractiveness of source versus sink habitats: (1) source/sink dynamics, (2) equal preference and (3) severe ecological traps. 
4. We test our conceptual model against six years of field data on nomadic swift parrots Lathamus discolor. A heterogeneously distributed swift parrot predator has created discrete source and sink habitats (i.e. predator absent/present respectively). We modeled parrot occupancy against annual variations in availability of their settlement cue (food) over their whole breeding range. Parrots settled wherever food was most abundant each year. By following food, swift parrots settled in both sources and sinks. Consequently, they experienced all scenarios predicted by our model within three years of the study. Because sinks predominate in the study area, swift parrots were repeatedly caught in severe or equal preference ecological traps in five of six years. 
5. Our conceptual model extends the theoretical framework for testing hypotheses about ecological traps for animals in variable environments. We show that population limitation in nomads is more complex than previously thought. We provide a novel starting point for further research into the conservation and evolutionary implications of chronically understudied nomads in unpredictable environments. 
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Introduction
Anthropogenic habitat change can lead to the creation of novel habitats, which are utilized with varying degrees of success by native species (1-3). However, a growing number of studies in degraded landscapes are reporting the occurrence of ecological traps (4, 5). An ecological trap occurs when the environmental cues used by animals to select habitat become mismatched to true habitat quality. In these cases animals prefer low quality habitat, despite the negative fitness outcomes associated with using that habitat (4, 6, 7). Ecological traps make evolved habitat selection cues maladaptive, and population decline and extinction can occur quickly (8). 
Robertson et al. (6) concluded that ecological traps can be diagnosed using three key lines of evidence: (i) individuals exhibit preference for one resource over another; (ii) a reasonable measure of individual fitness can be associated with the use of each resource and; (iii) that fitness associated with the preferred resource is lower. Two general types of ecological trap have been recognized (‘equal preference’ i.e. sources and sinks equally preferred; ‘severe’ i.e. sinks preferred over sources) (6) and both are typically reported from systems that lend themselves to detailed study over time (9, 10) or space (11-13).  

For sedentary and philopatric species, ecological traps are a serious problem because escape from traps is unlikely (4).  However many species have less predictable movement patterns than sedentary/philopatric species. For instance, mobile animals living in variable environments can undertake irregular movements over variable distances and directions to exploit temporary rich patches of resource availability (hereafter called 'nomads', 14). Nomads may either be (i) less vulnerable to ecological traps, because they can move away from trap habitats, or (ii) equally/more vulnerable to ecological traps, because in degraded landscapes they could move away from one trap habitat into another. In this context, nomads are poorly understood relative to sedentary/philopatric species (14, 15), and their movements may expose them to a wider array of threats in degraded landscapes (16, 17).  Current ecological trap theory assumes that trapped animal populations are locked into an extinction vortex because environmental conditions are stable, or animals do not move (8). However, ecosystems are already changing in response to global warming (18, 19), and nomads offer insights into how animals survive in unstable environments (17). Furthermore, recent studies have suggested that refining and improving ecological theories fundamentally depends on testing them against field data (20). This study aims to refine ecological trap theory by accounting for unpredictable environmental variation, exemplified by nomadic species. We expand ecological trap theory by explicitly addressing how environmental variation drives population limitation of nomads in degraded landscapes.

We developed a conceptual model of population limitation for nomads in landscapes where they might be exposed to ecological traps. In our model, anthropogenic change (e.g. an introduced predator) heterogeneously degrades some areas of habitat, creating patches of discrete sink (low fitness) and source habitats (high fitness). Nomads use environmental cues (eg. food availability) to evaluate the relative attractiveness of different locations, and settle in the richest patch (21). Our model assumes that these settlement cues are unaffected by anthropogenic change, and allows the perceived attractiveness of sources and sinks to vary over space and time (as might occur due to pulses of food availability in a variable environment). Ecological traps occur when sinks are more attractive than sources (6) and in our model, both habitat types can vary in their relative attractiveness. Our model improves current ecological trap theory by representing settlement choices of nomads as a continuum of preference (determined by settlement cues) for sources at one extreme and sinks at the other. Our model predicts that nomads could encounter three scenarios:  
(1) Source/sink dynamics would occur if settlement cues made sources more attractive than sinks. Nomads would preferentially settle in sources, thereby making an adaptive choice. 
(2) Equal preference ecological traps would occur if sources and sinks were equally attractive due to equal occurrence of the settlement cue. Half of the nomads would make an adaptive settlement choice (by preferring sources), and the other half would make a maladaptive choice (by preferring sinks).
(3) Severe ecological traps would occur if settlement cues made sinks more attractive than sources. Nomads would preferentially settle in sinks, thereby making a maladaptive choice.  
Our model shows how nomads experience different fitness outcomes depending on their settlement choices over time and space. Relative to sedentary/philopatric species, fluctuating environmental conditions and the attractiveness of sources and sinks have unusually complex demographic consequences for nomads. This refinement to ecological trap theory provides a foundation for understanding how demographic processes vary over space and time within a single mobile population.

To evaluate the efficacy of our model, we test it against field data collected from a multi-year research program on an endangered nomadic bird. Compared to the scarce ecological data available for most nomads (22), there have recently been major advances in knowledge about the ecology of swift parrots Lathamus discolor. Food availability (flowering trees) determines swift parrot settlement patterns (23), and they select the richest patch of flowering to nest in (16). Depending on where flowering/settlement occurs, nesting birds can suffer intense predation by sugar gliders Petaurus breviceps (24). Sugar glider gliders are heterogeneously distributed across the swift parrot breeding range, occurring at all breeding sites on the Tasmanian mainland, but not on offshore islands. In this study, we: (1) show that environmental cues used by nomads can lure populations into and out of ecological traps, (2) demonstrate dramatic inter-annual variation in population limitation processes for nomads in degraded landscapes, (3) show that availability of sink habitats relative to source habitats at broad spatial scales influences the likelihood of being caught in ecological traps, and (4) provide the first evidence for complex and variable demographic consequences of habitat degradation on nomads.

Methods
Study species and study area
We studied swift parrots over six years over their entire potential breeding range in Tasmania, Australia (Fig. 1, 16, 23-25). Swift parrots are small (60-80 g) nectarivorous nomadic migrants that exploit patchily distributed, ephemeral flowering of blue Eucalyptus globulus and black gums E. ovata for food when nesting (23). By moving to the richest patch, swift parrots rear similar numbers of nestlings, irrespective of where nesting occurs (16). Sugar gliders are small, volant arboreal marsupials which were likely introduced to Tasmania (26, 27). Sugar gliders are sympatric with swift parrots on mainland Tasmania (28, 29) and are their major predator (24). Recent analyses indicates that swift parrots are critically endangered by glider predation (25), which intensifies with deforestation (24, 25). Sugar gliders were not introduced to Tasmania’s offshore islands, so island nesting swift parrots have high breeding success (24). Consequently we consider islands as source habitat, and the Tasmanian mainland as sink habitat.

Modeling approach
We test our conceptual model against field data collected by Webb et al. (23) and Stojanovic et al. (24) for wild swift parrots. Using the evidence framework presented by Robertson et al. (6) to demonstrate the occurrence of an ecological trap, we consider tree flowering as the settlement cue used by swift parrots to select nesting habitat (23), and breeding success (i.e. the number of fledglings produced) as the outcome of settlement choices (16). We compared and modeled occupancy of source and sink habitats to diagnose which scenario (source/sink dynamics, equal preference or severe ecological traps) swift parrots experienced each year. 
 
We used the spatially explicit models outlined in Webb et al. (23) to generate occupancy predictions for swift parrots at all surveyed sites for each year of the study. In these zero-inflated binomial models, a spatially explicit term was included in the occupancy component of the models (see 23 for further details).  We then used interpolation (kriging with ~2 km pixel size, 5 neighbours and 2.5 km search radius) to generate a raster spatial layer of these predictions (implemented in Manifold Systems Professional V8 GIS Software). We used this relatively fine scale interpolation to try and minimize the effect of Tasmanian mainland predictions on island predictions and vice versa. Flower scores recorded at each site were treated in the same way and included as covariates in the models described below.

High occupancy areas are a good representation of where swift parrots nest in a given year (16) so we excluded any cell where occupancy was < 0.5.  To provide a baseline of annual settlement choices, we first compared occupancy on islands to that on the Tasmanian mainland using simple boxplots and t-tests. However, in recognition of the importance of flowering in determining swift parrot settlement, we then constructed a suite of models, using occupancy (p) as the response variable with interpolated flower score (F) and location (i.e. island/source or mainland/sink) as predictor variables. In these models, the sign and effect size of the location covariate provide an indication of swift parrot preferences for sources (island sites) or sinks (mainland sites) in each year. Therefore, in years when there was a strong preference for sink habitats (i.e. higher occupancy), the location coefficient was positive with a relatively large effect size, and the inverse was true when source habitats were preferred.

We first fitted a range of generalized linear models of occupancy against flower and location (implemented using R package stats::glm in R version 3.1.2; 30). Model diagnostics indicated that the best models for each year had a Gaussian distribution with an identity link.  However, these models did not take into account potential spatial autocorrelation in the data (see also 24). To address this we fitted Generalized Additive Models (GAMs- using R Package mgcv::gam; 31) and added a bivariate smooth term based on the centre latitude and longitude of each cell (s(latitude, longitude)). We fitted these models using both a Gaussian distribution and a Gamma distribution (both with an identity link), the latter to provide more flexibility in modeling the error structure. We also fitted a model with the smooth term grouped by location (s(latitude,longitude, by=location)) to try and improve model fit and reduce the potential for mainland sites to influence island sites, and vice versa. Again, model diagnostics indicated that the model with the Gaussian distribution and identity link was the best fit to the data in each year. To account for potential over fitting issues associated with GAMs, we also tried other methods of accounting for spatial autocorrelation, including simultaneous autoregressive models (SAR) (implemented in the R-package spdep::spautolm and GLMs using a spatial autocovariate generated using spdep::autocov_dist; 32). Finally, we used a Bayesian framework to fit Gaussian distributed GLMMs with Markov Chain Monte Carlo (MCMC) methods (using the R package MCMCglmm::MCMCglmm; 33). In these models we included each cell as a random effect (i.e. unit level random effect).
To evaluate the fitness consequences of swift parrot settlement choices, we compared the number of fledglings produced in source and sink habitats each year using boxplots and t-tests.

Results
The direct comparisons of occupancy on island and the mainland sites provide evidence of all three scenarios predicted by our conceptual model.  In 2009, 2012 and 2013 there appeared to be equal preference in settlement between the two regions; in 2010 there was a clear preference for island sites and in 2011 and 2014 there was strong evidence that swift parrots preferentially settled on the mainland (Fig. 2).  

To test these scenarios in more detail, by taking into account the effect of a strong settlement cue (i.e. flowering) and spatial autocorrelation, we selected two types of models. Firstly, we considered Markov Chain Monte Carlo GLMMs with the unit level random effect superior to the simple GLMs because they account for inherent, unmeasured variation in occupancy at the cell (i.e. pixel) level. Secondly, GAMs with smooth bivariate spatial terms grouped by the location parameter appeared to be the only models that successfully accounted for spatial autocorrelation in both the island and mainland regions independently. By effectively creating separate spatial smooths for island and mainland sites, this method partitioned spatial autocorrelation in a way that the other methods (i.e. SAR models and simple GAMs) could not. Model diagnostics (residuals vs fitted values, q-q plots, residual histograms) also indicated the GAMs with the separate spatial smooths fitted the data better. In both the MCMC GLMMs and GAMs reported on here, the flowering term and the spatial covariate (in the case of the GAMs) were significant in each year (see Table S1 for all model summaries). While these terms were useful in improving our models, hereafter, we focus on the direction and effect size of the location term in order to test our ecological trap predictions.  	Comment by Aleks Terauds: To come in the next day or so

In the MCMC GLMMs the effect size of location indicated that there was equal settlement preference in 2013 and very weak settlement preference for mainland sites in 2009 and 2012 (Fig 3a). In all three of these years we interpreted this as evidence of an equal preference ecological trap. The models indicated a clear preference for mainland sites in 2011, and given there was no occupancy higher than 0.5 on islands in 2014, both of these years were interpreted as severe ecological trap years. Only in one year (2010) was there evidence that swift parrots preferentially settled on island sites, indicating that they experienced source/sink dynamics. In contrast, there was no evidence of this scenario when spatial autocorrelation was taken into account using GAMs, with equal preference for mainland and island areas observed in most years (2009-2012) and a strong preference for mainland sites in 2013 (Fig 3b). However we interpret the results of the GAMs with some caution, as there is potential for these models to ‘overfit’ with the spatial smooth term explaining a disproportionate amount of the variation in some years.

The fitness consequences of these scenarios are clearly illustrated by Figure 3, where the overall number of chicks produced on islands was significantly higher than the mainland (t=6.15, p<0.001; Fig 4). For further detail, we have provided annual swift parrot productivity in Supplementary Materials Figure S1.

Discussion
We proposed a conceptual model to predict the demographic consequences for nomadic species living in degraded landscapes. Using data from a unique research program on a nomadic bird, we test our conceptual model against the dynamic and complex demographic processes acting on wild swift parrots. The model predicts that nomadic animals in variable, anthropogenically degraded environments face three potential outcomes: (1) source/sink dynamics, (2) equal preference or (3) severe ecological traps. Based on resource availability and settlement patterns of swift parrots, our preferred models (MCMC GLMMs) indicated that swift parrots experienced all possible scenarios within the first three years of our study (Fig 3a). Over all, swift parrots were repeatedly caught in severe or equal preference ecological traps, but only once experienced source/sink dynamics. Even when spatial autocorrelation was taken into account, swift parrots were repeatedly caught in equal preference and severe ecological traps. 

The modelled predictions of ecological traps and source sink dynamics were corroborated by data on swift parrot reproductive success. Swift parrots nesting in source habitats produced more fledglings than birds in sinks (Fig. 4). Despite this, our models show that swift parrots selected where to settle based on flowering, and in most cases, this was a ‘mistake’ in fitness terms. Our study clearly demonstrates that our conceptual model predicted the full range of demographic scenarios imposed on swift parrots each year by variable environmental conditions. 

The strong performance of our model against field data for swift parrots represents an important refinement to ecological trap theory. We break new ground in testing hypotheses about population limitation of mobile species, and our model can be easily generalised to other systems. Our model improves the capacity of land managers to diagnose ecological traps and understand the effects of anthropogenic change both on nomads and philopatric/sedentary species in a changing climate. Resource phenology is a critical cue for all migratory species (34), and accounting for the fitness consequences of phenological change (35) is an important global issue for conservation science. We provide a sound theoretical framework for testing hypotheses to address this challenge.

Our study also has important ramifications for the evolution of nomadic species in degraded landscapes. Temporary formation of source/sink dynamics (as might occur if flowering was most abundant on offshore islands) releases swift parrots from the negative effects of ecological traps until the next trap occurs. Most studies that consider the evolutionary capacity of animals to escape ecological traps deal with systems where traps are perennial and there is no respite (5, 8). Variation in the reliability of flowering as a settlement cue may inhibit the evolution of escape mechanisms for swift parrots. Their small population size, long generation time and high predation rates (25) may mean that evolution of an escape mechanism is highly unlikely, if not impossible. The evolutionary consequences of intermittently adaptive and maladaptive habitat selection open a fascinating avenue for further research.

Our results add to a mounting body of evidence that the effects of ecological traps in nature are less clear-cut than traditional theories imply. Trap habitats created by degradation of high quality habitats have severe demographic consequences (5), but anthropogenic habitat changes are diverse and typically cumulative. In the case of swift parrots, there are likely to be synergistic interactions between multiple threatening processes over time and space. For instance, Stojanovic et al. (24) found that predation risk decreased as cover of mature forest increased in the landscape surrounding a nest. This effect is likely to further complicate potential fitness outcomes predicted by our conceptual model. Differential rates of deforestation across the Tasmanian mainland may create a gradient of predation intensity within sinks (24) so that some low quality sites are riskier than others. Our data also indicate that the proportion of sink habitat available in the landscape may play a role in increasing vulnerability to traps. The source habitats in our study were two relatively small islands, which are dwarfed by the Tasmanian mainland. In a landscape where source habitats are limited, swift parrots are more likely to be repeatedly trapped in sinks because these areas provide more potential habitat. Further testing of our model against field data is urgently needed to refine and improve its sensitivity to other factors that limit fitness. 	Comment by Dejan Stojanovic: Inclined to delete this para. Thoughts?	Comment by Aleks Terauds: I actually don’t mind it, you could consolidate it a bit, but I think the link to anthropgenic change needs to be included somewhere in the discussion

Our conceptual model provides strong evidence that facultative migrants can make maladaptive settlement choices in anthropogenically-degraded landscapes. Ecological trap theory, which was developed around sedentary/philopatric species in stable environments, may be inadequate to describe the conditions faced by nomadic species in variable environments. Our study expands ecological trap theory to explain how spatiotemporal resource variation creates dynamic and ephemeral ecological traps and source-sink dynamics over time and space. By collapsing these complex processes into one axis, we provide a simple, testable and generalised model with broad applicability. Refining ecological theory against real world data is crucial, and our study represents an important step toward understanding how environmental variation impacts evolution and population limitation of animals. 
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Figure Legends
Fig. 1. Map of the study area, showing where Swift Parrot nests were monitored. The regions are: (1) Devonport; (2) the Eastern Tiers; (3) Wielangta; (4) Buckland; (5) the Meehan Range; (6) Bruny Island; (7) the Southern Forests and; (8) Maria Island. The two islands are source habitats (sugar gliders absent), whereas all Tasmanian mainland sites are sinks (sugar gliders present). 
Fig. 2. Annual comparison (including t-tests) of swift parrot settlement patterns (as indicated by interpolated occupancy predictions –see Webb et al 2014) across source (island) and sink (mainland) habitats. 
Fig. 3. Settlement preferences of swift parrots in each year plotted onto a conceptual model of habitat selection by nomadic animals, using (a) Markov Chain Monte Carlo Generalized Linear Mixed Models, and (b) Generalized Additive Models. Settlement preference was determined by the direction and size of the location coefficients in each of the models, which also took into account annual variation in attractiveness (determined by food availability) of source and sink habitats. Nomads may experience (1) source/sink dynamics (blue) if they prefer source habitats, (2) equal preference ecological traps (yellow) if they equally prefer sources and sinks, or (3) severe ecological traps (red) if they prefer sinks.  

Fig. 4. Comparison of the median (boxplots) and mean (t-tests) number of nestlings produced per year by swift parrots nesting in source (island) or sink (mainland) habitats from 2010 to 2014. Over all, reproductive success was highest in sources because sugar gliders caused the failure of swift parrot nests in sinks.

Supplementary Materials Fig. S1. Annual number of fledglings produced by swift parrots. Swift parrots nesting in sources produced more than double the number of chicks per year than those in sinks. The difference in productivity between sources and sinks was the result of predation by sugar gliders on parrot nests across the Tasmanian mainland.
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Supplementary Materials Fig. S1.










Biosketch
Dejan Stojanovic is a conservation biologist, and this research was undertaken as part of his PhD research on the swift parrot. His research focuses on the conservation and management of threatened species and their habitat, with a focus on how threatened species cope with habitat loss.
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