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Abstract
The avian order Psittaciformes (parrots) is one the most at-risk group of birds in the world because of the combination of deforestation and overexploitation for wildlife trade. Studies to better understand and quantify the relative threats of deforestation and overexploitation are needed for conservation and management. The Central American country of Nicaragua provides an opportunistic study system towards that end. Deforestation and trade pressure have occurred consistently over multiple decades, including 1995 to 2013, a two-decade period from which population monitoring data is available. We used species-specific population data from a nation-wide parrot monitoring program to test the effects of deforestation and trade pressure and used a predictive tool to identify correlates to parrot sensitivity to deforestation. 
To understand the effects of deforestation on parrot populations, we used Normalized Difference Vegetation Index (NDVI) to determine the extent deforestation affects population trends, described by occupancy. We ran multiple profile analyses to compare distribution-specific NDVI and species-specific occupancy. Population trends explained by NDVI demonstrated a regional pattern between the Pacific and Caribbean and showed two primary connections to forest cover change. While some parrots were negatively affected by forest loss and declined, others appeared to take advantage of the resulting open habitats. 
Because of its smaller human population densities surrounded by more intact forest, we focused on the Caribbean region to better understand the dynamics of trade pressure on parrot populations. We evaluated the effect of geographic accessibility, a surrogate variable to estimate trade pressure from poacher activity, on parrot occupancy in the year 2013. We produced an accessibility metric adjusted for population density and used them as site covariates in occupancy models to explain occupancy. Geographic accessibility depressed parrot populations for some species, but not all. Accessibility was of greater relevance for species with apparent high market demand and less for species with apparent lower market demand.

Finally, as a tool to predict parrot sensitivity to deforestation and understand characteristics associated with high levels of sensitivity, we generated species-specific sensitivity to deforestation values, objectively represented by the coefficient of conservatism (CoC). The CoC is empirically generated by NDVI values and parrot presence or absence. Using Bayesian statistics, we tested the sensitivity values to determine their relationship to eight biogeographic, biological, and ecological variables. Results showed that parrots are predisposed to varied responses to deforestation related to the biogeographic regions of their distributions, adaptations to habitat types, and their dispersive nature. Additionally, the results implied that species with higher CoC values ought to be given careful conservation assessment to determine if they are at increased risk because of their sensitivity to deforestation.
iv
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Multiple Responses of Neotropical Parrots to Forest Cover Change Over a Two Decade Period
Introduction
Among the many negative ecological effects of deforestation, including but not limited to ecosystem function loss (Rocha-Santos 2018), disruption to natural water cycles (Ruiz-Vásquez et al. 2020), degradation of soil function (Veldkamp et al. 2020), and the intensification of global climate change from reduced carbon sequestration and increased atmospheric concentrations of carbon dioxide (Chakravarty et al. 2012, Sedjo and Sohngen 2012), consideration of biodiversity loss is highly important. At a global scale, 411Mha of tree cover was lost between 2001 and 2020, a 10% decrease from 2000 tree cover, approximately 16% of which was classified as primary forest loss (Hansen et al. 2021), with a pantropical pattern of emerging hot spots of forest loss (Harris et al. 2017). Historical strongholds of forest such as the Amazon are increasingly threatened2019 and 2020 deforestation patches have increased in size in comparison to the previous ten years (Trancoso 2021). Areas of high endemism, which hold precarious representatives of biodiversity, such as Wallacea, are not exempt from deforestation (Voigt et al. 2021). The connection between deforestation and biodiversity loss grows more robust as it is studied (Allnutt et al. 2008) and elicits extinction estimations rising to the rhetoric of “mass extinction” (Giam 2017).
Multiple dynamics of deforestation affect forest-dependent avian communities in a variety of ways, with implications for the conservation of avian biodiversity. At the broadest scale of understanding, deforestation negatively affects forest birds directly by decreasing habitat availability. Regional studies that analyzed how deforestation affects bird diversity demonstrate that forest-dependent birds are at high risk of range reduction and of extirpation or even extinction (Sodhi et al. 2010, Patten and Smith-Patten 2012, Cooper et al. 2017, Symes et al. 2018). At a finer scale, the mechanisms of forest fragmentation and degradation shed light on the processes by which these outcomes occur. Fragmented forests, existing in isolated patches of decreasing size, can reduce forest bird species populations by 65% (Gustavo Verga et al. 2020). Whereas forest fragmentation is detrimental to birds across all latitudes, it appears to have more grave consequences for tropical forest birds, likely because of adaptive characteristics of tropical bird populations related to patchy distributions, low densities, and narrow physiological tolerances (Bregman et al. 2014). It is possible that a time lag of 20 years may pass before extirpations occur as a result of the deforestation (Shaw et al. 2013), after which the avian community must pay the “extinction debt” it has incurred. Additionally, the degradation of forest structure creates winners and losers in avian communities determined by guilds. When forest is not completely lost but is degraded in natural structure and complexity, frugivore populations suffer while omnivores are less affected and even can thrive (Thiollay 1998, Sodhi et al. 2004, Burivalova et al. 2015). Moreover, a secondary impact of deforestation may be an increased avian disease prevalence because of a rise in disease vectors, novel inter-species interactions, and deteriorated immune health (Sehgal 2010).
There is nevertheless opportunity for avian community response to either forest regrowth or forest conversion. Forest regrowth, a process including successional growth transitioning to secondary forest, is positive for forest-dependent species, as one would expect. After 20–40 years of forest regeneration, species richness of bird communities can recover to the original levels (Dunn 2004), but species recovery begins much sooner, with evidence of 11-fold increase in species richness after only four years of active forest recovery (Roels et al. 2019), and forest regrowth of even small patches benefits species recovery (Huang and Catterall 2021). 
A common cause of deforestation is forest conversion to pasture or for agricultural use, which creates a range of habitat types to be used by birds. Generalist species may adapt to the altered landscape, but often there is a net loss of biodiversity. It is estimated that 20–25% of the global bird population has been lost to habitat conversion (Gaston et al. 2003). When considering forest conversion to pasture, avian species richness and abundance is 20–33% less than that of comparable mature forest (Huang and Catterall 2021). Conversion to some small-scale agriculture types may provide levels of benefit to forest-dependent birds, but monoculture plantations are largely deleterious to biodiversity. Conversion of forest to palm oil plantations is one such example. Oil palms generate forest canopy, but these palms provide no more vegetative benefit to avian communities than pastures and agrarian land uses and, hence, provide no habitat for most forest-associated birds (Lees et al. 2015). The conversion leads to decline in avian diversity and alters community composition to favor omnivore, granivore, and carnivore feeding guilds while reducing insectivores and frugivores (Munira Azman et al. 2011).
	Along with overexploitation for wildlife trade, deforestation is credited as a major cause for the precarious global conservation situation of order Psittaciformes (hereafter parrots; Berkunsky et al. 2017, Olah et al. 2016). In many cases, however, the conservation community has described parrot populations without direct attribution to the cause of known trends. Grey Parrot (Psittacus erithacus) historic range reduction is associated with likely population declines (Tamungang et al. 2014). Turquoise-fronted Parrot (Amazona aestiva) population declines are likely linked to deforestation because of loss of nesting cavities (Berkunsky et al. 2012). High dependency of forest is estimated as a predictor of extinction for the parrots of Oceania (Olah et al. 2018). More temporally extensive work, such as a 1995–2013 population trend study of Nicaragua’s parrots, provide details on species-specific population decreases and increases but cannot explicitly link the cause of the population changes (Hille 2014). Meanwhile, human-modification of habitat is shown to be quickly encroaching on regions identified as parrot conservation hotspots (Vergara-Tabares et al. 2020).
Understanding how deforestation patterns effect family-level biodiversity allows the conservation community to apply the knowledge at a global extent. As members of an order that is considered one of the most at-risk, parrots are prime candidates for studies of the effects of deforestation on population trends. We combined a deforestation assessment from change in Normalized Difference Vegetation Index (NDVI) values with documented parrot population trends from occupancy estimates in the country of Nicaragua to determine to what extent deforestation patterns affect the observed population trends. Nicaragua presented as an opportunistic study system because of available parrot population trend data from 1995 to 2013 and the simultaneously occurring forest change (deforestation and forest regrowth) during this period. Given parrot associations with forested habitat, we hypothesized that parrot population trends will be positively associated with forest cover. When NDVI increases, we predict parrot occupancy will increase, and decreases in NDVI will be associated with reduced parrot occupancy.  
Methods
Vegetation Data Collection
We used NDVI values to estimate deforestation and to test the effect of deforestation on occupancy trends. We produced Global Inventory Monitoring and Modeling System (GIMMS) NDVI values from satellite data collected by the Advanced Very-High-Resolution Radiometer (AVHRR) instrument (Tucker et al. 2004). Data were collected in association with 81 survey transects established by Hille (2014) and are defined by the direct lines connecting the point locations in one survey route. Each transect was sampled for NDVI with the application of four buffer sizes5-km, 10-km, 20-km, and 40-km. Because NDVI represents the amount of greenness, all NDVI values from water surfaces were removed to avoid bias from sizable non-vegetated surfaces. 
We selected NDVI data from the years 1994, 1998, 2002, and 2012, years immediately prior to the years in which parrot surveys were conducted and so will give the most accurate assessment of vegetative cover that affected the parrot populations in the survey years. Data extracted were in bi-monthly intervals. Mean NDVI of each transect and its buffered area were calculated, based on all cells within the selected buffered area. 
Occupancy Estimations of Parrot Populations
We used occupancy estimates as a population parameter, the probability that a site is occupied while accounting for imperfect detection (MacKenzie et al. 2002), calculated by Hille (2014) from presence/absence surveys conducted at the previously mentioned transects stratified across three ecoregions of Nicaragua and visited in four survey years. Occupancy estimates in at least three survey years from 1995, 1999, 2004, and 2013 were available for nine species (Eupsittula nana, Eupsittula canicularis, Psittacara strenuus, Psittacara finschi, Brotogeris jugularis, Pionus senilis, Amazona albifrons, Amazona autumnalis, Amazona farinosa) and two subspecies of Amazona auropalliata treated separately because of their disjunct distributions (A. a. auropalliata and A. a. parvipes). For all survey and occupancy estimation methodology in four survey years (1995, 1999, 2004, and 2013) refer to Hille (2014).
Statistical Analysis
We used profile analysis (Simms and Burdick 1988) to compare NDVI between years and to compare NDVI and occupancy. Profile analysis tests the correlated responses between multiple dependent variables measured at the same time. In this study we test two sets of profiles: 1) mean NDVI of the 5 km, 10 km, 20 km, and 40 km buffered transects, and 2) the mean NDVI of the four buffered transects with the addition of occupancy estimates. The profile analysis ran three tests: 1) parallelism of profiles to ask if the patterns of the means are similar, with the null hypothesis that profiles are parallel, 2) difference in levels between profiles to ask if there is a difference between the means, with the null hypothesis of no difference among levels, and 3) flatness of profiles to ask if means within a profile change over time, with the null hypothesis that profiles are flat with no change over samples (Tabachnick and Fidell 2007). The profile analysis was done using R.4.1.0 (R Core Team, 2021) and the profileR (v.0.3-5, 2018) package.
We ran eleven profile analyses of mean NDVI of the four buffered transects, a single profile analysis for nine species and the two disjunct subspecies, where inclusion of mean NDVI data was determined by a geospatial overlay selection function in the software program ArcMap 10.7. Mean NDVI data was included for a species/subspecies when transects fell within described distributions estimated by Chavarria-Duriaux and Hille (2018). Mean NDVI, from each year (1994, 1998, 2003, and 2012) was included for each taxon only when occupancy estimates, from Hille (2014), were available for the corresponding survey years. Extent of distributions were consistently applied in all four years with the exception of P. finschi which exhibited an expansion of range during the study period (Portillo-Reyes et al. 2017). In response to the range expansion, we evaluated transect inclusion year-by-year and relied upon eBird data to estimate (Sullivan et al. 2009) its distribution for each year.
	We ran an additional eleven profile analyses, just as described above, but with the addition of occupancy estimates for each species/subspecies that correspond to the transects from which mean NDVI was calculated. Profile analyses with the combined mean NDVI and occupancy estimates test for the interaction of mean NDVI change and occupancy change. 
Results
NDVI summary 
Selection of NDVI data at each of the 81 transects in all four survey years resulted in 7,776 NDVI measurements, 24 at each transect in 1994, 1998, 2003, and 2012. Data were collected with all four buffer sizes applied. Annual means were calculated from the 24 bands within a year, resulting in four NDVI means for each transect (1994, 1998, 2003, and 2012) and for each buffered dataset, totaling 1,296 NDVI means, 324 from each buffered dataset. From all 1,296 NDVI means over four collection years, NDVI mean range from 0.48 to 0.87, with a mean of 0.75 (SD = 0.01; Table 1). The range of mean NDVI are classified moderate to high values indicating that within the transects there is vegetation that ranges from sparse shrubs and grasslands to dense forest.  
Profile Analysis of NDVI
Geospatially selected mean NDVI values of each buffer, for each taxon’s distribution were paired with occupancy estimates (N=11–46 in 1994, N= 11–48 in 1998, N=19–55 in 2003, and N=10–63 in 2012). Five taxa (E. nana, P. strenuus, P. finschi, A. farinosa, A. a. auropalliata, and A. a. parvipes) were missing one year of data, either 1998, 2003, or 2012, because occupancy estimates were not available to pair them with. In the case of P. finschi, sample size grew from 20 to 35 because of its expanding distribution during the study period. 
All 11 parallelism tests on mean NDVI profiles failed to reject the null hypothesis of parallelism (p > 0.05), indicating that the pattern of NDVI change among the survey years is similar in all buffers. For all taxa, the “difference in levels” test between buffers failed to reject the null, indicating that mean NDVI levels were equal in the 5-km, 10-km, 20-km, and 40-km buffers.
Describing the patterns of NDVI values on transects at the four spatial scales (buffers of 5-km, 10-km, 20-km, 40-km) would potentially help elucidate parrot trend occupancy based on surface area sampled at multiple scales. Because all buffer levels of mean NDVI were parallel in each analysis, we know that with reference to the amount of vegetative change from 1994 to 2012, the four spatial scales do not differ in demonstrating mean NDVI patterns of change. Additionally, levels of mean NDVI did not differ across spatial scales, implying that all buffers operate similarly in detection of NDVI. Therefore, inclusion of all four buffers does not aid our ability to interpret occupancy change in relation to mean NDVI change. 
For all taxa, flatness of mean NDVI profiles were rejected (p < 0.001), indicating that in all 11 distributions, mean NDVI changed between three or four years of NDVI sampling. When mean NDVI change is reported 1994–1998 (N=9) mean NDVI always decreases (range 3.22%–4.09%). In all cases when mean NDVI change 1998–2003 is reported (N=6), there is increase in mean NDVI (range 0.66%–4.07%), and similarly 2003–2012 (N=7), there is increase in mean NDVI (range 2.02%–4.25%). All distributions demonstrate similar patterns of change with decrease in mean NDVI 1994–1998 and increase 1998–2003 and 2003–2012. 
Profile Analysis of Occupancy and NDVI
	Nine taxa showed no correlated response between NDVI and occupancy while two showed a correlated relationship. Profile parallelism tests for nine taxa reject the null hypothesis (E. nana, E. canicularis, P. finschi, B. jugularis, P. senilis, A. albifrons, A. a. auropalliata, and A. a. parvipes, p < 0.001; P. strenuus, p = .003; Figure 1). For these taxa the occupancy profiles are not parallel to the NDVI profiles, and difference in levels and flatness test are not necessary. 
	For A. autumnalis, the profile parallelism test fails to reject the null hypothesis, indicating that occupancy estimates are parallel to mean NDVI and suggests a correlation. The profiles are not flat, as the null hypothesis flatness is rejected in the flatness of profiles test (p = 0.02). Therefore, patterns of occupancy of A. autumnalis and NDVI over the temporal period of the study are similar and the pattern shows significant temporal change (Figure 2a).
	Similarly, occupancy estimates for A. farinosa are parallel to mean NDVI, with failure to reject the null hypothesis of the profile parallelism test. However, the profiles also fail to reject the null hypothesis of flatness. Therefore, patterns of occupancy of A. farinosa and NDVI over the temporal period of the study are similar, but the pattern does not change temporally (Figure 2b).
Discussion
NDVI Patterns
	NDVI patterns prior to testing correlated responses with occupancy sheds light on forest cover change patterns for the entire country. However, we determined that sampling NDVI at increasing spatial scales around a transects does not elucidate finer patterns of NDVI at a transectall buffers are parallel and do not exhibit statistically significant differences in means. But NDVI does change over the study period, indicating active forest cover change that parrots are possibly responding to.
	Although levels of change appear to vary slightly in magnitude between the sampled distributions, mean NDVI within each of the eleven parrot taxa distributions follow the same general pattern of change over the study period. All distributions sampled decreased in mean NDVI 1994–1998 and subsequently increased 1998–2003 and again 2003–2012. Given that these eleven distributions cover a large portion of Nicaragua, these results imply all regions of Nicaragua experienced similar patterns of vegetative change, whether connected to the same drivers of change or not. 
	The consistent NDVI trend we observe could be explained by the forest transition model, which is defined as rapid forest loss followed by gradual stabilization of forest cover that eventually leads to some level of forest recovery (Mather 1992). The region of Central America was broadly engaged in this pattern leading up to beginning of this study. Deforestation was rapid, with steep forest loss from the 1950s to the 1970s, before slowing into the 1990s with signs of secondary succession and recovery (Kaimowitz 1996). The NDVI rise 1998–2012 recorded in Nicaragua could be the result of a regional trend of stabilization and recovery after the 1990s.    
	In the case of Nicaragua considered as a whole, the forest transition model is only partially validated. There is supporting evidence to suggest deforestation as the cause for NDVI decrease 1994–1998 for the whole country, as the model would predict. According to United Nations Food and Agriculture Organization (FAO) data, Nicaragua had a 3% annual decrease in forest cover 1990–2000 (Bray 2010). But Global Forest Watch reports a national 10% decrease 2001–2012, years in which mean NDVI increased, where all political departments experienced net tree cover loss during this period, but two regions account for 69% of the loss: Southern Autonomous Atlantic Region (RAAS) and Northern Autonomous Atlantic Region (RAAN). Additionally, Redo et al. (2012) determined Nicaragua to have experienced net deforestation during 2001–2010, a loss of 7,961 km2, representing the highest deforestation rate within Central America. Their analysis confirmed that the majority of deforestation 2001–2010 occurred in the moist forest biome of the Caribbean region, a finding also determined by Srinivasan et al. (2020) who reported a 34% loss of forest land type during 2001–2011 in the Caribbean. 
Complicating the interpretation of increased NDVI 1999–2012, FAO forest cover change data suggests that there is not a pattern of forest recovery for the entire country of Nicaragua (Bray 2010), and Redo et al. (2012) provided satellite imagery that indicated the beginning of forest recovery in the dry forest biome of the Pacific region. A report sponsored by the FAO confirms that there was a 22% increase in dry forest of the Pacific region during 2001–2011 (Srinivasan et al. 2020). So, although NDVI decrease 1994–1998 can be explained by deforestation trends, the subsequent NDVI increase 1998–2012 presents interpretive challenges for the whole of Nicaragua.
Although complex, interpretation of vegetation change evinced by NDVI change during 1998–2012 is better understood when examined in context to deforestation and agricultural data in specific relation to the Pacific and Caribbean regions independently. The NDVI increase in the Pacific likely is due to forest regrowth, following the forest transition model, which is supported by multiple sources of forest cover analysis (Redo et al. 2012, Srinivasan et al. 2020). But the documented deforestation in the Caribbean (Redo et al. 2012, Srinivasan et al. 2020) is not captured by our studies’ NDVI trends and cannot be interpreted as forest regrowth. Instead, it likely is influenced by unique regional drivers of land cover change and forest conversion to agriculture. During this period, when deforestation advanced throughout the Caribbean but mean NDVI values increased, cultivation of two agricultural cash crops in the Caribbean intensified rapidly: oil palm (Elaeis guineensis) by 486% and cacao (Theobroma cacao) by 122%. Given that the NDVI signatures of these two dense tree plantations are not distinguishable from natural forest cover, it is reasonable to suggest that they account for the rise in NDVI 1998–2012 (Asubonteng 2007; Panuju and Trisasongko 2012), a forest conversion to agriculture event rather than a forest regrowth event. 
Parrot Response to Forest Cover Changes
Occupancy patterns and NDVI trends were not often correlated, and in several cases occupancy declined steadily while NDVI increased. Hence, the relationship between occupancy and NDVI observed in this study do not support our predications that occupancy will be positively associated with NDVI. However, we will provide evidence that when additional deforestation data are considered to provide regional context for NDVI interpretation it does appear that parrot population response to deforestation is detected. It is prudent to view parrot occupancy response to NDVI separately in context of the Pacific and Caribbean regions. According to these NDVI trend interpretations, all parrots in this study were exposed to forest cover loss in their Nicaraguan distributions 1995–1999. In subsequent years, 1999–2013, these parrots experienced differing patterns of vegetative change determined by the region within which they are distributed: Pacific or Caribbean. It is then reasonable to interpret the parrot population responses of each species with application of region-specific vegetation trends where all species experienced forest loss 1995–1999 followed by either forest regrowth in the Pacific or continued forest loss and forest conversion to agriculture in the Caribbean. If, then, our predictions were to be confirmed, species with distributions in the Pacific would first decrease and then increase, while species with distributions in the Caribbean would only decrease. 
The Pacific region of Nicaragua is dominated by lowland elevation dry and thorn forest and holds the primary distributions of four parrots in this study (E. canicularis, P. strenuus, A. albifrons, and A. auropalliata auropalliata). These four, separate into two observable patterns of occupancy response to NDVI: either an increase in occupancy despite the NDVI trend or an occupancy pattern that tracks similar to NDVI, but not close enough to be parallel. Despite a decrease in NDVI and documented forest loss 1995–1999 two species increase in occupancy (E. canicularis and A. albifrons). It is possible that the level of forest loss up to 1995 had not reached a scale that would lead to population decreases for these species. It also is possible that because these two species are adapted to open habitats (Juniper and Parr 2010), they can increase their population sizes in association with some loss of forest. As habitat generalists they presumably outcompete the specialists (Verga et al. 2020) in the altered habitat. Their populations rose in the midst of ongoing forest loss, but continued to rise 1999–2013 while forest recovered in the region. Given that their populations appear to increase regardless of forest loss or regrowth it seems likely that other factors are at play in support of their population increase during the study.
For two parrots in the Pacific, occupancy response to NDVI suggests that their population decreases are, in part at least, a result of forest loss and the subsequent regrowth. In both cases, there is an occupancy increase during 1999–2013 for P. strenuus, and then during 2004–2013 for A. auropalliata auropalliata, but the magnitude of increase is notably greater than is seen in NDVI. This relationship suggests that both species are responding positively to forest regrowth, most likely colonizing secondary forest quickly, an anticipated response for taxa that inhabit forest, woodland, and second growth (Juniper and Parr 2010). Nonetheless, the magnitude of occupancy increase suggests there are additional factors also benefiting these populations. 
A factor that may influence parrot population increases of the four taxa within the Pacific region, in addition to the forest regrowth, is the Nicaraguan national ban on parrot trade--legislation passed and implemented in 2004. The assumed decrease in trade pressure in the Pacific during this time period, potentially helps to account for the respective occupancy increases 2004–2013: E. canicularis (2% increase), A. albifrons (34% increase), and A. auropalliata auropalliata (119%). If decreased trade pressure during this time period were a factor, A. auropalliata auropalliata had the most to gain. Trade data from Nicaragua in the years leading up to the ban report that this species was the second most exported parrot and had the highest domestic and international value on illicit markets (Wiedenfeld et al. 1999). The disproportionate increase in occupancy may be the result of a population depressed by trade pressures that was allowed to recover with ample habitat after the trade ban became enforced. 
For the parrots primarily distributed in the forests and pine savannas of the Caribbean region, multiple patterns emerge providing evidence of opposing responses to deforestation and forest conversion. The divergent responses elucidate a pattern of decreased species richness within the parrot community. For example, we observed P. finschi, a habitat generalist adapted to open and disturbed habitat, thrive while three collocated species declined, in some cases very rapidly (P. senilis and A. auropalliata parvipes). Psittacara finschi occupancy increased 134% 2004–2013 and, even more impressively, 230% over the roughly 20-year study period (Hille 2014). The population explosion is readily explained by the documented distribution expansion of this species northward from Costa Rica through Nicaragua, reaching Honduras in 2016 (Portillo-Reyes et al. 2017), but given the species adaptability to disturbed habitats (Juniper and Parr 2010) the expansion appears to be mediated by deforestation events in the Caribbean. Meanwhile, three parrots responded negatively to the observed NDVI increase from 1999-2013 that was associated with forest conversion to agriculture. The two most drastic, P. senilis (55% decrease) and A. auropalliata parvipes (56% decrease) over the entire study period (Hille 2014), decline more rapidly 1999–2013 than 1995–1999. Not only do these two species decline when deforestation occurs, an anticipated outcome for parrots dependent on forest (Olah et al. 2016), they show no benefit from forest conversion to agriculture. Hille (2014) reports a 76% decrease in occupancy from 1999-2013 for Pyrilia hymaetotis, not included in the profile analysis, which likely responds to NDVI similarly to P. senilis and A. auropalliata parvipes. Because we know habitat generalists are not greatly affected by forest patch size or isolation and forest dependent species experience population reductions with decreasing patch size and vegetation maturity (Verga et al. 2020, Huang and Catterall 2021) we should expect to see a continued decrease in species evenness in the parrot community in the Caribbean, potentially leading to species extirpations if forest resources (e.g., fruits and seeds, nest cavities, roost sites) become too scarce. 
Additionally, the divergent responses highlight parrot use of agricultural landscapes converted from forest and inform us on frugivore guild use of monoculture plantations. Supporting evidence suggests that the observed NDVI increase 1999–2013 in the Caribbean is attributed to oil palm and cacao monoculture plantations. We know that in most cases oil palm plantations do not serve to replace lost natural forest for avian communities (Lees et al. 2015) and cannot be relied upon as a stop gap for declining parrot populations. Amazona autumnalis is the only parrot that shows an increase in occupancy 2004–2013 after a decrease 1995–2004. The occupancy response is slight and at best it implies populations were in decline as a result of deforestation and areas of forest conversion to agriculture offered a benefit to the species, perhaps allowing for some level of habitat connectivity or a resource within the oil palm or cacao plantations that the species is able to use for its benefit. In its northern extent of its range, A. autumnalis is one of few bird species documented to use cacao plantations to at least some extent within the landscape matrix (Estrada et al. 1993), although from the same region of its distribution it was concluded to be sensitive to forest disturbance (Arriaga-Weiss et al. 2008).  
In general, for these large frugivores in population decline because of deforestation, forest conversion to oil palm or cacao plantations does not serve as habitat. Forest restoration is the best hope for their population recoveries. It is consistently shown that forest-dependent birds increase in diversity when increasing forest landscape increases fruit biomass (Morante-Filho et al. 2018) and frugivore species richness increases as habitat quality increases (Espanola et al. 2016). 
Conclusion
Parrot populations trends can be evaluated independently within the Pacific and Caribbean regions and show two primary connections to forest cover change. Some are not negatively affected by forest loss and even appear to take advantage in resulting open habitats while others experience population declines as they lose necessary habitat. Additionally, the Pacific region suggests that trade bans can be effective if implemented, as evinced by the population rebound of A. auropalliata auropalliata, which is not fully explained by the levels of forest regrowth. 
Our study demonstrates the complexities of interpreting NDVI data strictly as a proxy for deforestation. Because of its inability to distinguish monoculture plantations from natural forest cover, NDVI values of oil palm or cacao plantations can mistakenly be attributed to natural forest. It was necessary for us to apply additional sources of forest cover data to interpret NDVI trends we observed. Without this, interpretations of parrot response to NDVI change run the risk of being incorrect. Additionally, our study clearly demonstrates that forest cover change cannot alone be studied as the sole driver in parrot population changes. While our study does not attempt to quantify trade pressure in Nicaragua, it does suggest that an understanding of trade pressure trends must also be considered in order to understand how it interacts with deforestation, both as variables that affect parrot populations. 
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Table 1. NDVI summary is calculated from the mean NDVI values of 81 transects in each year and for each buffer. In all years and all buffers, mean NDVI mean range from 0.48 to 0.87, with a mean of 0.75 (SD = 0.01).
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Figure 1. Occupancy profiles of nine taxa are not parallel to the NDVI profiles. Means with credible intervals for each taxa occupancy and NDVI within its distribution are presented: a) Eupsittula nana (N=27–35) b) Eupsittula canicularis (N=31–32) c) Psittacara strenuus (N=10–11) d) Psittacara finschi (N=23–35) e) Brotogeris jugularis (N=48–63) f) Pionus senilis (N=29–46) g) Amazona albifrons (N=31–32) h) Amazona auropalliata auropalliata (N=20–21) i) Amazona auropalliata parvipes (N=19–25).
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Figure 2. Occupancy profiles of two taxa are parallel to the NDVI profiles within the taxa’s distribution. Means with credible intervals for each taxa occupancy and NDVI within its distribution are presented: a) Amazona autumnalis (N=29–44) b) Amazona farinosa (N=18–26).
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Multiple Responses of Neotropical Parrots to Accessibility as an Indicator of Trade Pressure
Introduction
Avian wildlife trade is a conservation issue created by complex human and wildlife interactions, often resulting in depressed populations and unintended negative ecological repercussions. Trade pressure, the removal of wild birds from their habitats for pet trade or body part consumption, increasingly is considered as a problem in driving persecuted species towards extinction (Beastall et al. 2016, Shepard et al. 2016, Leupen et al. 2020). Trade causes indirect negative ecological effects when non-native species escape or are released from captivity to become successful biological invaders (Cardador et al. 2017, Carrete and Tella 2008, Mori et al. 2017) or disease spread is facilitated by transcontinental and international trade pathways (Karesh et al. 2007). 
It is vital to describe the effect of trade pressure on avian populations to clearly understand conservation and management implications, but it is challenging to directly measure capture rates from the wild. A range of techniques is used to quantify trade pressure in light of the challenge. Creative efforts combine traditional avian population surveys with poacher interviews, market prices, and market volumes in an effort to link population trends with market trends (Harris et al. 2015, Harris et al. 2017). Others produce a trapping pressure index or poacher selectivity indices from population surveys, species distribution models and local interviews (Biddle et al. 2020, Romero-Vidal et al. 2020). Applied techniques from an entirely different discipline, criminological research, directly analyze poacher, vendor, and consumer behaviors (Annorbah et al. 2015, Pires 2012) to assess trade pressure, sometimes collecting data from virtual marketplaces, which are increasingly prevalent locations of commerce with the advent of robust social media networks (Siriwat and Nijman 2020, Sung and Fong 2018). 
Importantly, many of these studies attempt to determine variables that drive how a species experiences trade pressure. Poacher opportunity and species demand are common and competing hypotheses in determining trade pressure. There is evidence to support both hypotheses—volume of species present at markets is related to poacher opportunity (Vall-llosera and Cassey 2017) and species demand is related to attractiveness and rarity, which correlates with market prices (Krishna et al. 2019, Tella and Hiraldo 2014). 
Within class Aves, trade pressure is disproportionately high for the avian order Psittaciformes, hereafter parrots. Across all birds, parrots are 14 times more likely to be in the pet trade (Bush et al. 2014) and studies that assess avifauna at a regional scale suggest poaching leads to as much as five times as many parrot species as non-parrots threatened with extinction (Clarke and By 2013). Conservation biologists have broadly inferred negative population-level effects from trade pressure by cautionary events such as the extinction in the wild of Spix’s Macaw (Cyanopsitta spixii, Juniper and Yamashita 1990) and knowledge that 38% of extinct parrot species were known to be kept as pets (Olah et al. 2016). Present-day documentation of population declines from trade pressure, such as the Grey Parrot (Psittacus erithacus, Annorbah et al. 2015), are not singular or isolated—the concern is global. An order-wide analysis of extinction risk across all regions discovered that trade pressure is the second highest risk for parrots, only behind habit conversion for agriculture (Olah et al. 2016). Considering only the Neotropics, Berkunsky et al. (2017) collaboratively combined studies on 192 parrot populations from 96 species and determined trade pressure is a threat to 68% of populations and is associated with population declines for 54% of populations. 
To better understand the complex dynamics of trade pressure on parrot populations we evaluated the effect of geographic accessibility (a metric based on transportation infrastructure) on parrot occupancy. We used available data from a 2013 regional survey of parrot species in the Caribbean region of Nicaragua to estimate site occupancy and determine if, and to what degree, occupancy is explained by accessibility to humans, a surrogate variable to estimate trade pressure from poacher activity. Because of increased poacher access and movement, we hypothesized that parrot populations are affected by accessibility. We predict that accessibility will be inversely related to occupancy, a sign that where parrot habitat is easier to access, their populations will be depressed. 
Methods
Study Area and Study Species
	The Central American country of Nicaragua is divided into three ecoregions (the Pacific, Central Highlands, and Caribbean) characterized by vegetation types which generally delineate biogeographic patterns of the country (Fig. 1, Taylor 1963). In this study we focused on the Caribbean, represented by humid lowland forest, cloud and elfin forest, lowland pine savanna, and mangrove forest habitats (Martínez-Sanchéz and Will 2010). The Caribbean is of particular interest to us because all six species within the country identified as species of conservation concern have distributions within the Caribbean (Chavarría-Duriaux et al. 2018, Hille 2014), and accessibility varies greatly within the region because human population centers are greatly dispersed. Of the sixteen species of parrots within the country of Nicaragua, eleven have distributions within the Caribbean: Eupsittula nana, Ara ambiguus, Ara macao, Psittacara finschi, Brotogeris jugularis, Pyrilia haematotis, Pionus menstruus, Pionus senilis, Amazona autumnalis, Amazona farinosa, and Amazona auropalliata parvipes (Chavarría-Duriaux et al. 2018).
Parrot Surveys
	Presence/absence data were used from nation-wide survey efforts conducted by Hille (2014) and all survey methodology can be referenced from their study. We used their survey data only from species with distributions in the Caribbean. For species with distributions reaching across multiple regions we only include data from survey transects within the Caribbean region (Fig. 1).
Accessibility Data Collection
We produced an accessibility metric adjusted for population density as a surrogate for trade pressure using freely available accessibility and population data and ArcGIS PRO software (ESRI 2021) tools. Accessibility data were available from the Weiss et al. (2018) dataset that produced a global map of accessibility at a spatial resolution of approximately one by one kilometer. Their accessibility metric is a 2015 representation of human travel time to the nearest urban center determined by surface factors that affect human movement: roads, railways, rivers, water bodies, land cover types, topographical conditions (slope angle and elevation), and national borders (Weiss et al. 2018). We extracted the accessibility data cells associated with each parrot survey transect at four buffer sizes surrounding the transects—5-km, 10-km, 20-km, and 40-km (Fig. 1, Fig. 2A). We defined a transect as all survey points within one route connected in succession by lines between the points, from which the buffers were measured. 
We augmented the accessibility metric with an adjustment for the local human population. We used 2013 population density estimations available from WorldPop (2018), where population density is the number of people per square kilometer (Fig. 2B). We clipped population density data to all transects and buffers and applied a multiplicative inverse property, dividing the accessibility cell value by the overlaid population density cell value resulting in a population density weighted accessibility metric (Fig. 2C). For each transect and buffer we calculated the mean accessibility metric weighted by population density, hereafter referred to as accessibility. 
Occupancy Modeling and Model Selection
	We estimated occupancy (ψ), the probability that a site is occupied and is estimated by accounting for imperfect detection (MacKenzie et al. 2002), and detection (p) probabilities for ten parrot species with distributions in the Caribbean ecoregion of Nicaragua using the Hille (2014) data from their 2013 surveys. We used Program PRESENCE version 2.13.17 (Hines 2006) to estimate single-season occupancy and detection probabilities as a function of the accessibility site covariate (MacKenzie et al. 2006). To use the 2013 survey data in the occupancy design structure, we implemented a space for time substitution, where the transect was considered the site and all points within the transect were considered the sampling occasions (MacKenzie et al. 2002). 
	We applied a 2-stage model selection approach. Initially, we ran three models without the addition of the accessibility site covariate which included:
- constant site and constant survey detection probability, ψ(.)p(.) 
- constant site and survey-specific detection probability ψ(.)p(t) 
- constant site and time-of-day (am or pm) survey covariate, ψ(.)p(tod).     
For each species individually, the most parsimonious base model of the three was viewed as the null model for that species, or the model that applies no effect of the accessibility metric on occupancy. 
In addition to the selected null model, we added four models using accessibility data as a site covariate to explain occupancy, one for each buffer size. For each species, we ranked the five candidate models based on Akaike’s Information Criterion, adjusted for small sample size (AICc, Burnham and Anderson 2002). We assessed model goodness of fit and c-hat (ĉ) to measure model overdispersion by calculating the Pearson chi-square statistic with a parametric bootstrap procedure (N=999, MacKenzie and Bailey 2004). If ĉ >1.15 we determined the model to be poorly fitted and we subsequently ranked models on QAICc values, the quasi-likelihood adjustment for overdispersion (Burnham and Anderson 2002). We did not use models with ĉ >4.00 or a goodness of fit p-value < 0.05 because we determined them to have untrustworthy model convergence. 
Results
Accessibility Data
With available data from a 2015 global accessibility map (Weiss et al. 2018) and 2013 population density (WorldPop 2018) we were able to produce an accessibility metric, at a one-by-one-kilometer spatial resolution, that reflects both travel time from the closest urban center and population size and extracted all data within four buffers from the 39-parrot survey transects in the Caribbean region (Fig. 1). Prior to adjustment for population density, mean accessibility values within transects ranged from 9.37 to 799.16, where the lowest value represents the highest level of accessibility and mean population density within transects ranged from 2.07 to 1,103.60 people per square kilometer. When we adjusted accessibility for population density, the mean transect values ranged from 0.04 to 393.13. 
Occupancy Models and Model Selection
At least one model successfully produced estimates for seven of eleven species. Of a potential 55 models (5 candidate models for 11 species), 30 converged to produce trustworthy results (Table 1). Models were not successful for four species (P. menstruus, A. ambiguus, A. macao, and A. farinosa) because of lack of detections during field surveys. 
 Model selection suggests that there is variation in how parrot occupancy is related to human accessibility. Accessibility at survey sites best explained occupancy for three species (P. haematotis, A. autumnalis, A. auropalliata parvipes), but it was not strongly related for two species (E. nana, P. finschi), was inconclusive for B. jugularis because of confounding inferences, and for P. senilis was inconclusive because of lack of viable candidate models (Table 1). 
When occupancy is related to site accessibility the additive model weight suggests substantial support for the relationship (Table 1). For example, P. haematotis, models with accessibility site covariates have a 0.89 weight, suggesting that site increase in accessibility leads to an increase in occupancy (Fig. 3). Amazona autumnalis and A. auropalliata parvipes have a smaller probability of occurrence when humans have greater access. demonstrate the inverse pattern. Models with accessibility site covariates have combined weights, respectively, of 0.96 and 0.83 and occupancy is inversely related to accessibility (Fig. 4, Fig. 5). 
In contrast, the null models, which have no accessibility site covariates, are best supported for E. nana and P. finschi (Table 1), respectively with weights of 0.77 and 0.55. This implies that level of human access to survey sites have little to no effect on probability of occurrence for these two species. With one exception, for these two species, all models with accessibility site covariates considered have ΔAICc>4.00, implying little empirical support (Burham and Anderson 2002). The one exception is a ΔAICc of 0.43 and weight of 0.44 for the accessibility model of the 40-km buffer for P. finschi. However, given that the 5-km, 10-km, and 20-km buffer models each are weighted at less than 0.01 we assume that accessibility has lost its relevance at the higher spatial scale for P. finschi, rather than the alternative explanation that it is picking up a pattern at the largest scale not visible in the smaller spatial scales.
The effect of accessibility on occupancy is less clear for B. jugularis. Although the top selected model is the null model with a weight of 0.30, three accessibility site covariate models have ΔAICc<2.00, implying strong empirical support (Burham and Anderson 2002), with a combined weight of 0.63. Occupancy appears to be related to accessibility to some degree; occupancy increases with greater accessibility, similar to P. haematotis. (Fig. 6).	
Discussion
	Site accessibility has variable effects on parrot relative occupancy, variation that appears species-specific. Suggesting that increased poacher accessibility leads to changes in site occurrence for some parrots, but not all. For two species for whom occupancy estimations are best explained by the accessibility site covariate, occupancy is lower when accessibility is higher, implying that higher accessibility allows for increased poacher activity causing increased trade pressure on the parrot population. Two species have increased occupancy when accessibility is higher suggesting that a different force is acting upon them, correlated with accessibility but not necessarily increased trade pressure.
Accessibility Effect and Potential Drivers of Trade Pressure
	Accessibility leading to higher poaching activity and trade pressure is well documented. Geographic poaching activity is strongly facilitated by roads that provide access to source locations (de Matos Dias et al. 2020, Wilkie et al. 2000), a result suggested by two species in our study–A. autumnalis, A. auropalliata parvipes. Studies of poacher activity document the distance limits from roads they are willing to travel (Watson et al. 2013); one parrot-focused study reported a five km limit that poachers rarely travel beyond to access parrots within a forest (Harris et al. 2017). It is not surprising that we detect this influence, but rather it is interesting that not all six modeled species show this link between trade pressure from high accessibility and site occupancy. This suggests there is increased trapping effort on the two aforementioned species in comparison to E. nana and P. finschi, for whom occupancy was not explained by the accessibility site covariate, and P. haematotis and B. jugularis, which have a positive relationship between accessibility and occupancy.
The importance of accessibility for individual species may be related to how attractive the species is in the context of the pet trade. Individual studies quantify attractiveness with slight variations, but all consider parrots more attractive if they are larger bodied, multi-colored, and of greater intelligence. Of the two species in our study whose occupancy is lower when accessibility is higher (A. autumnalis and A. auropalliata parvipes): 1) their base green plumages are highlighted by two additional bright colors, compared to the relatively bland green plumages or green with only one additional color of the other species (with the exception P. haematotis), 2) they are the largest bodied parrots, and 3) they are known for their intelligence evidenced by their vocal mimicry abilities. Although we do not quantify attractiveness in our study, Tella and Hiraldo (2014) described Amazona parrots in Mexico (along with the genus Ara) as quantifiably more attractive than other parrot species, and it appears that poacher selection pressure is driven by demand for the attractive parrot species in our parrot assemblage.        
	The conclusion is then that parrots are not guaranteed to experience higher trade pressure from accessibility, but accessibility is important if they are sought after by poachers because of high demand. These results help shed light on the ongoing effort to determine selective pressures by poachers, often simplified to either opportunity versus demand hypotheses. Pressure driven by opportunity is defined by ease of removing parrots from the wild due to better access or greater population abundance, while pressure driven by demand is a result of market price or species’ attractiveness to the consumer (Pires and Clarke 2011, 2012, Pires 2015). If opportunity were the dominant selection pressure, we would see that lower occupancy is best explained by models with the accessibility site covariate. Instead, it only best explains low occupancy for two of six species, implying that selection is not driven by opportunity. Most, but not all, of the recent and complete analyses to test opportunity versus demand for poaching selection pressures on parrots agree that attractiveness is the greater poaching selection pressure (Chan et al. 2021, Pires et al. 2021, Romero-Vidal et al. 2021, Tella and Hiraldo 2014). 
	If attractiveness was the characteristic that creates high demand on species negatively affected by accessibility, we should see this reflected in the relative market prices (Romero-Vidal et al. 2021, Tella and Hiraldo 2014). Indeed, historical market data from Nicaragua, both domestic and international exports, consistently rank A. autumnalis and A. auropalliata parvipes with the highest market values of the species we modeled (Lezama et al. 2005, Perez and Zuniga 1998). 
	Although there is evidence increase in accessibility negatively affects species occurrence when the trade pressure is driven by species’ attractiveness, for other species there is a noticeable inverse pattern that suggests some aspect of accessibility leads to increased occupancy. This is the case for P. haematotis, and although we reported the model selection for B. jugularis inconclusive because of confounding inferences, there is evidence of a relationship between high occupancy and high accessibility for this species as well. Just as poaching opportunity increases with accessibility, so does deforestation (Barber et al. 2014) which generally leads to a fragmented landscape mosaic, a mixture of forest patches of varying successional stages intermixed with open habitats (Skole and Tucker 1993). Both P. haematotis and B. jugularis are classified as habitat generalists (Chapter 3), able to use a variety of open habitats (Juniper and Parr 1998). Brotogeris jugularis is even described as preferring partly deforested areas and persists in heavily human inhabited areas such town parks and gardens (Juniper and Parr 1998) and reportedly increased in occupancy throughout the country of Nicaragua from 1995 to 2013 most likely because of the advancement of deforestation (Chapter 1, Chapter 3). 
Brotogeris jugularis does not meet the criteria as an attractive species or as a species of high market value; nonetheless, it potentially could be affected by trade pressure driven by opportunity pressure, as was documented in Peruvian markets (Daut et al. 2015). This is a pattern observed in parrot trade pressure in Australia, where species with large distributions and high abundance are selected for poaching (Vall-llosera and Cassey 2017), characteristics that are true of B. jugularis in Nicaragua. However, in our data, we cannot see this opportunity trade pressure depressing B. jugularis populations in Nicaragua.
Conclusion
It does seem apparent, then, that trade pressure, assumed from accessibility, does depress parrot populations for some species, but not all. Accessibility is of greater relevance for species with apparent high demand and less for species with apparent lower demand. While poaching opportunity does lead to higher trade pressure on parrots, it is not the only outcome for how parrots are affected by landscape characteristics associated with accessibility. Forest conversion to more open habitats often occurs as an area becomes more accessible. Some parrot species responded positively to this habitat conversion. 
Studies to describe trade pressure on parrots provide value when the knowledge gained enlightens further conservation and management decisions. Fruitful research efforts in this arena have demonstrated temporal and spatial patterns of trade volume or predict geographic pressure (Biddle et al. 2020, Chan et al. 2021), all which can lead to law enforcement responses to abate poaching activity (Pires et al. 2015). Our study confirms that two species we could model are negatively affected by trade pressure, one of which is already recognized as a species of conservation concern in Nicaragua (A. auropalliata parvipes, Hille 2014). Additionally, the role that access plays to increase trade pressure needs to be carefully considered when developing conservation and management plans for reserve design. Existing accessibility maps can be used to determine placement of law enforcement stations or to identify routine checkpoints. 
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Table 1. Candidate model ranking to assess the effect of accessibility at survey sites on parrot occupancy. Null models with constant occupancy probability, ψ(.), are compared to accessibility models measured 5-km (acc5km), 10-km (acc10km), 20-km (acc20km), and 40-km (acc40km) buffers around survey transects. Site occupancy covariates were kept constant in all null models, but detection is modeled with either constant detection probability, p(.), survey-specific detection probability, p(t), or time-of-day (am or pm) survey covariate, p(tod), to choose the most parsimonious null model. AICc is Akaike’s Information Criterion adjusted for small sample size, ΔAICc is the difference in AICc from the top model, and wi is the Akaike weight.
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Figure 1. Parrot survey data were collected by Hille (2014) at 39 transects within the Caribbean ecoregion.
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Figure 2. Accessibility was measured as a surrogate to trade pressure. Accessibility (A) was extracted for the country of Nicaragua from the Weiss et al. (2018) global dataset and adjusted for the population density of Nicaragua by dividing the accessibility cell value by the overlaid population density cell value (B) resulting in a value of accessibility adjusted for population density (C). Pre- and post- adjusted accessibility values are represented by a numeric scale where decreasing numeric value represents greater accessibility, (ie. 0=most accessible). Population density is the number of people per square km.
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Figure 3. Site accessibility is positively related to occupancy of Pyrilia haematotis, best fit with a polynomial trend line.  
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Figure 4. Site accessibility is negatively related to occupancy of Amazona autumnalis, best fit with a logarithmic trend line.  
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Figure 5. Site accessibility is negatively related to occupancy of Amazona auropalliata, best fit with a linear trend line.  
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Figure 6. Site accessibility is positively related to occupancy of Brotogeris jugularis, best fit with a polynomial trend line.  
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Conservatism as a Tool to Elicit Sensitivity to Deforestation and Correlates in a Highly Endangered Avian Family
Introduction
	For over four decades the concept of species conservatism has been applied to floristic quality assessment, which estimates habitat quality of plant communities (Swink and Wilhelm 1979). Within this assessment, coefficient of conservatism (CoC) is a numeric value assigned by expert opinion to vascular plant species indicating their degree of tolerance to disturbance, where CoC values range 0–10. High CoC are assigned to species with high sensitivity to habitat degradation while low CoC are assigned to species with low sensitivity and high tolerance to disturbance (Taft et al. 1997). The CoC is used in conservation and management to assess vegetative habitat quality (Andreas et al. 2004, Cretini et al. 2012, Lopez and Fennessy 2002) and community level indication of anthropogenic influence on habitat (Bried et al. 2013, Miller and Wardrop 2006). Additionally, it has been applied to address questions of biogeographic and niche principles (Matthews et al. 2005, Zinnen et al. 2021) and attempts have been made to use it as a tool to identify biological indicator species not only from plants but also the insect order Odonata (Bried et al. 2021, Kutcher and Bried 2014).
Given the increasing causes and rate of forest loss, fragmentation, and degradation, there is a conservation need to understand scaled tolerance to deforestation in vertebrate taxa (Matricardi et al. 2020, Trancoso 2021). Identifying species sensitivity to deforestation provides information for conservation and management decisions and, in addition, provides opportunity to describe predictors of response to deforestation and potential biological indicator species. Biological and ecological correlates are shown to function as reliable predictors to a species’ response to habitat change (Kellner et al. 2019, Todd et al. 2017, Quesnelle et al. 2014, Vetter et al. 2011) and aspects of biogeography and sensitivity reveal patterns helpful in reserve planning (Orme et al. 2019).
Deforestation causes habitat change ranging from complete loss to degradation that reduces quality of habitat (Souza et al. 2013), a range that presents the opportunity to evaluate species association with forest quality or a scaled sensitivity to deforestation. Common within the ecological and conservation sciences is work to determine vertebrate sensitivity to deforestation, fragmentation, and degradation (Kellner et al. 2019, Quesnelle et al. 2014, Vetter et al. 2011). However, conservatism as measured by the CoC has not yet been used for vertebrates to determine sensitivity to deforestation, yet with access to large spatial scales of habitat data, such as remote sensing data products used to determine change in habitat and habitat quality, it is possible to apply the conservatism technique to objectively characterize species scaled sensitivity to deforestation. The application of this method to quantify a species association with habitat quality has only sparingly been applied outside of plant species assemblages—to our knowledge, on one occasion with amphibians (Micacchion 2004) and one with invertebrates (Kutcher and Bried 2014)—but not for avian assemblages.
	The avian order Psittaciformes (hereafter parrots) can be used to test the usefulness of CoC as a tool to understand vertebrate sensitivity to deforestation. This order is considered highly at-risk, generally attributed to compounding degrees of habitat loss and a popularity for the pet trade (Bush et al. 2014, Vergara-Tabares et al. 2020). Species in this order respond differently to deforestation, many having negative population trends while some with positive (Chapter 1). Therefore, it is valuable to provide an additional tool to understand parrot sensitivity to deforestation, adding to the present understanding of parrot extinction risk (Bennet and Owens 1997, Olah et al. 2016). BirdLife International assigns a categorical descriptor of forest dependency for parrots, presumably only based on qualitative data (2021).
	In this study we use the conservatism construct as a method to quantify parrot sensitivity to deforestation. We use a nation-wide parrot monitoring dataset from Nicaragua collected over two decades to produce an objective, empirical assignment of CoC determined by species occurrence in habitat where quality is defined by the indication of greenness from Normalized Difference Vegetation Index (NDVI) values. We then evaluate potential biogeographic, biological, and ecological correlates sensitivity to deforestation. 

Methods
Study Area and Study Species
	We conducted our study in the Central American country of Nicaragua, a tropical country ecologically described by several habitats: thorn forest and scrub, deciduous forest (dry forest), humid lowland forest, cloud and elfin forest, highland pine or pine-oak forest, lowland pine savanna, and mangrove forest habitats (Martínez-Sanchéz and Will 2010). These terrestrial habitats are contained within distinct biogeographic regions: Pacific, Central Highlands, and Caribbean (Figure 1, Taylor 1963).
	The avian family Psittacidae is represented by 16 species within its political boundaries (Chavarría-Duriaux et al. 2018), of which 11 are included in this study (nomenclature follows AOS 2022): Eupsittula nana, Eupsittula canicularis, Psittacara strenuus, Psittacara finschi, Brotogeris jugularis, Pyrilia haematotis, Pionus senilis, Amazona albifrons, Amazona autumnalis, Amazona farinosa, and Amazona auropalliata. We treated the two subspecies of A. auropalliata, A. a. auropalliata (Pacific) and A. a. parvipes (Caribbean), separately because they are disjunct and distributed wholly within either the Pacific or Caribbean biogeographic region. In total, then, our study includes 12 taxa, all of which are either primarily distributed in the Pacific or Caribbean regions, with the exception of E. canicularis which equally splits its continuous distribution between both regions. 
NDVI Data Collection
We used Normalized Difference Vegetation Index (NDVI) values as a method to quantify forest cover, where NDVI > 0.500 is viewed as dense vegetation associated with forest, increasing in density up to 1 (Dalezios et al. 2001). We used Global Inventory Monitoring and Modeling System (GIMMS) NDVI values from satellite data collected by the Advanced Very-High-Resolution Radiometer (AVHRR) instrument. Data were collected in association with 81 survey transects established by Hille (2014), defined by the direct lines connecting the point locations in one survey route. Each transect was sampled for NDVI while applying four buffer sizes5-km, 10-km, 20-km, and 40-km. Because NDVI represents the amount of greenness, all NDVI values from water surfaces were removed to avoid bias from sizable non-vegetated surfaces. 
We selected NDVI data from the years 1994, 1998, 2002, and 2012, years directly prior to the years in which presence/absence parrot surveys were conducted and so will give the most accurate assessment of vegetative cover that affected the parrot presence or absence in the survey years. Data extracted were in bi-monthly intervals. Mean NDVI of each transect and its buffered area were calculated based on all cells within the selected buffered area for the entire year in order to avoid introduction of phenological bias.
Generation of CoC as Sensitivity to Deforestation Values
We generated species-specific sensitivity to deforestation values, objectively represented by the coefficient of conservatism (CoC; Kutcher and Bried 2014). The empirically generated species-specific parrot CoC uses NDVI values to define most- and least-disturbed habitats at transects where parrot surveys took place. 
For each species, we prepared training data by selecting the NDVI values in all transects within a species’ reported distribution (Chavarria-Duriaux and Hille 2018) and in the four years earlier specified (1994, 1998, 2002, and 2012). We calculated the mean NDVI of each transect from all four pre-survey years and sorted mean NDVI from lowest to highest, labeling the first quartile as most disturbed, the fourth quartile as least disturbed, and the second and third quartiles as intermediately disturbed. Training data was prepared independently for each species and for each of the four buffers to create a total of four CoC values for each species. The CoC term is based on a species’ affinity for least-disturbed and most-disturbed habitat and is calculated by (Dufrene and Legendre 1997):
(NLD/N) + (1-NMD/N) 
2
X 10

where NLD is the number of least-disturbed transects a species was detected, NMD is the number of most-disturbed transects a species was detected, and N is the total number of transects in which a species was detected. Occurrence data were collected by Hille (2014) and survey methodology can be referenced from their study. The CoC value range describes species occurrence in the most-disturbed to least-disturbed habitat on a 0 to 10 scale, where 0 represents a species that occurs only in most-disturbed habitat and 10 represents a species that occurs only in least-disturbed habitat. 
Database Compilation of Explanatory Variables
	We compiled a database of eight biogeographic, biological, and ecological variables to test as correlates to sensitivity to deforestation. Table 1 lists all variables used with their sources. We simplified categorical variables into dichotomous options when necessary. Although Nicaragua is fully described by three biogeographic regions (Chavarría-Duriaux et al. 2018), the Central Highlands were not considered in the biogeographic region variable because surveys in our study do not adequately cover this region. In the case of B. jugularis, which is equally distributed between Pacific and Caribbean, we calculated separate CoC from each region to accurately test the region affect. We simplified the IUCN statuses to two categories: least concern and conservation concern, where conservation concern includes near threatened, vulnerable, and critically endangered. We used BirdLife International’s definitions of habitat (level 2). Diets were categorized as either generalists, when described as such, or specialists when either only fruit or only tree seeds were listed as their preferred food source. We described nest type as either generalist, when multiple suitable nest types were reported, or specialist when only one of the following was listed as the primary nest type—termitaria, rock crevices, hardwood trees.
Statistical Analysis
We tested the difference of CoC means of the categorical explanatory variables (biogeographic region, diet, nesting, motility, and IUCN) using the Bayesian comparison of means, a Bayesian estimation for two groups (Kruschke 2013). We analyzed the relationship of the continuous explanatory variables (body size, generation time, and number of habitats) to the CoC using a Bayesian beta regression. For both tests we pooled CoC values from all buffers (N=48), with the exception of the comparison of means for region because B. jugularis was split into two regions (N=52), with different CoC for each region. 

Results
NDVI Data Summary
The NDVI for each transect provided sufficient data to represent habitat quality, based on forest cover. For each buffer, we calculated 324 mean NDVI values comprised of four temporally varied (1994, 1998, 2003, and 2012) values for each of the 81 transects. The buffer of 5-km mean NDVI values ranged 0.48–0.87 (median = 0.74, SD = 0.08), 10-km values ranged 0.68–0.81 (median = 0.74, SD = 0.08), 20-km values ranged 0.62–0.77 (median = 0.74, SD = 0.07), and 40-km values ranged 0.63–0.75 (median = 0.73, SD = 0.07). Mean NDVI data selected for each taxon, to correspond to survey locations within their distributions, ranged from N = 32 to N = 212, depending on the number of survey sites and distribution size for each.
CoC values, Explanatory Variables, and Their Relationship 
	We calculated CoC for 12 taxa, the range of which showed a scaled sensitivity to deforestation. The CoC for parrots, including all buffers, ranged 3.9–6.8 (mean = 5.4, SD = 0.8; Table 2). Mean CoC for individual species, calculated from the four CoC, one from each buffer for a single species, ranged 4.2–6.4. The two subspecies of A. auropalliata had the two lowest mean CoC while P. senilis had the highest mean CoC (Figure 2). Across buffers, CoC for a species appear to have tight associations, however, the 40-km buffer produced apparent outlier CoC for P. strenuus and P. senilis (Figure 2).
Explanatory variables we compiled varied sufficiently which allowed us to test them as correlates to CoC values. Of the twelve taxa, seven are distributed in the Caribbean, four in the Pacific, and one species shares its distribution between both. Eight are classified by the IUCN as least concerned and four have a threatened status we classified as conservation concern (near threatened = 1, vulnerable = 1, critically endangered = 2). In addition to three generalists, six taxa nest in hardwood trees, two in termitaria, and one in rock crevices (specified as specialists). Three taxa are fruit specialists and three are tree seed specialists while the remaining six are generalists. Three exhibit nomadic and or intraregional migrations (specified as dispersive) while the remaining nine do not (specified as sedentary). Number of habitats used range 2–8 (median = 5; SD = 1.8). According to Bird Life International data (2021), habitats parrots used include subtropical/tropical moist lowland forest, subtropical/tropical moist montane forest, subtropical/tropical dry forest, subtropical/tropical heavily degraded former forest, subtropical/tropical moist shrubland, subtropical/tropical dry shrubland, subtropical/tropical mangrove vegetation above high tide level, subtropical/tropical swamp, savanna (moist), savanna (dry), plantations, pastureland, arable land, rural gardens, and urban areas. Body sizes range 18–39 cm (median = 27; SD = 6.8) and generation times 3.7–15.35 years (median = 7; SD = 3.7).
	Four of eight explanatory variables showed a relationship to parrot CoC. The Bayesian comparison of means identified the variables biogeographic region, motility, and IUCN status to explain parrot sensitivity to deforestation (each have a difference of means great enough that the proportion of the posterior distribution away from zero is ≥0.95) (Table 3). The CoC is higher for parrots distributed within the Caribbean biogeographic region, exhibit dispersive motility, and are described with a “least concern” status by the IUCN. The Bayesian beta regression identified that parrots that use a greater number of habitats have lower CoC (Table 4). 
Discussion
Vertebrate sensitivity to deforestation and species-level correlates to sensitivity is valuable to understand for conservation and management. Our study demonstrates the successful use of CoC to evaluate scaled sensitivity to deforestation for a highly endangered vertebrate group when presence/absence surveys and forest assessment data are available. Our results support the idea that parrots are predisposed to display a varied response to deforestation related to the biogeographic regions of their distributions, adaptations to habitat types, and their dispersive nature. Additionally, our results imply that species with higher CoC values ought to be given careful conservation assessment to determine if they are at increased risk because of their sensitivity to deforestation. 
Niche Breadth Correlates 
	By including the diet, nesting requirements, and number of habitats used explanatory variables, we examined the niche breadth gradient effect—generalist vs. specialist. There is evidence that birds with greater niche breadth, considered generalists, are less sensitive to habitat degradation (Kellner et al. 2019). In our study, we detected a relationship between habitat specialization and sensitivity to deforestation. Parrot habitat specialists, those that use a smaller number of habitat types, are more sensitive to deforestation while habitat generalists, those that use a greater number of habitats are relatively less sensitive. 
	In our study, parrot habitat specialists were qualified by a lower number of habitats they use, generally types of forest, not open or disturbed habitats. High sensitivity of parrot habitat specialists signifies a preference for forest over disturbed areas, a result supported by various avian studies which demonstrate the effects of forest loss, degradation, and fragmentation on habitat specialists. Increased forest fragmentation and degradation cause declines in habitat specialists’ abundance and richness (Verga et al. 2020; Huang and Catterall 2021). Meanwhile, species documented to use open habitats, demonstrating a larger niche breadth, are affected less by forest fragmentation (Vetter et al. 2011) resulting in community composition of open areas containing more generalists than specialist (Scott et al. 2006).
Conservation and Management Implications
Parrots distributed in the Caribbean region of Nicaragua generally have higher sensitivity to deforestation than those in the Pacific, signifying that they have greater forest dependency whereas parrots in the Pacific are more likely adapted to open habitats at some level. A notable exception is A. albifrons, a Pacific species with high sensitivity to deforestation. Forest dependency is a known predictor of extinction risk for parrots (Olah et al. 2016) and therefore should be considered in conservation and management decisions. In this case, identification of deforestation-sensitive parrots in the Caribbean can be used to make decisions about protected area establishment and management. For multiple decades, the criteria for designing protected areas has elicited robust discussions on size, coverage, and placement, to name a few, (Simberloff and Abele 1976, Brooks et al. 2004, Bax and Francesconi 2019) and even after establishment, protected area management is not guaranteed to be successful (Leverington et al. 2010, Cazalis et al. 2020). Deeper understanding of sensitivity to deforestation within an avian community benefit protected area design (Orme et al. 2019) and resource allocation decisions to improve the management of existing reserves, especially given that cost-effective indicators are coveted when making conservation decisions (Bal et al. 2020).
Also of conservation interest is that eight parrots with an IUCN “least concern” status have greater sensitivity to deforestation than the four labeled as “near threatened” (A. farinosa), “vulnerable” (E. canicularis) or “critically endangered” (A. auropalliata, both subspecies). This result should not call into question the threatened status of these four as there is a complexity of different factors that can lead to parrot populations declines other than deforestation (Berkunsky et al. 2017), and it is worth noting that A. farinosa did receive a high CoC mean score of 6.1. However, it does question if the conservation status is accurately defined for all parrot species. This is perhaps best exemplified by Pionus senilis (CoC mean = 6.4) and Pyrilia haematotis (CoC mean = 5.8). Not only does CoC show that they are relatively sensitive to deforestation but these two species reportedly experienced significant populations declines from 1995 to 2013 (Hille 2014) bringing into focus that the CoC indicates their conservation status should be carefully considered to determine if they warrant greater concern. Furthermore, BirdLife International categorizes forest dependency of P. senilis as “moderate” and that of A. farinosa as “low”, which raises concerns that not all forest dependency rankings are validated when empirically determined. This demonstrates that our methodology could improve efforts for global conservation assessments of entire taxonomic groups such as this.
Methodology Considerations
	Although our study successfully demonstrates utility of CoC to describe a species’ sensitivity to deforestation, increase our understanding of species-specific traits related to sensitivity, and inform conservation and management decisions, study design adjustments can yet be made to improve the inference power from CoC. One example of bias in our study comes from the NDVI data we used to characterize the level of disturbance to forest, or deforestation. Although NDVI values will signify forest cover, high density tree cover is not necessarily natural forest but can be biased by monoculture plantations such as oil palm (Elaeis guineensis) and cacao (Theobroma cacao), whose NDVI signatures are not distinguishable from natural forest cover (Asubonteng 2007, Panuju and Trisasongko 2012). It is proposed that at least a small portion of >0.50 NDVI values in the Caribbean region of Nicaragua during the second half of our study represent the dense tree of cover of plantations rather than natural forest (Chapter 1). Because our training data spans likely only has a few sites where plantations replaced forest towards the end of the study it is unlikely that the bias greatly affects CoC calculations. This potential bias does help to explain high CoC for P. finschi (CoC mean = 5.97), which is intuitively inaccurate. This is a species that is well adapted to open or disturbed habitats (Juniper and Parr 1998), to the extreme that it has experienced major expansion of its distribution northward through Nicaragua to Honduras following opened habitat from deforestation (Portillo-Reyes et al. 2017, Chapter 1). It stands to reason that removing the monoculture plantation bias from the NDVI dataset would produce more accurate sensitivity evaluation. 
	Even though our dataset works successfully to produce CoC that show relationships to explanatory variables, the relationships would most likely produce stronger signals for inference with a greater inclusion of taxa. We test CoC for 12 taxa within the political boundaries of one country. With the use of citizen science data from sources such as eBird and forest coverage data from a source such as the Global Forest Watch (Hansen et al. 2013) it would be possible to calculate CoC for avian taxonomic groups with much broader spatial resolution in order to amplify the usefulness of the CoC technique. 
Conclusion
Our study demonstrates the value of CoC to assess vertebrate tolerance to habitat disturbance, a form of measuring sensitivity to deforestation when using NDVI values to assess habitat quality. We demonstrate the success of this technique to score sensitivity to deforestation, a tool useful to determine habitat quality, assess species-specific traits as correlates to sensitivity, and inform conservation and management decisions. Whereas our study demonstrates the application of this technique with only a small dataset, the use of larger datasets will magnify the value of this technique. 
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Table 1. Explanatory variables in the statistical analysis to explain CoC values. 
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Table 2. Coefficients of conservatism (CoC) for 12 parrot taxa in Nicaragua and the number of training sites where taxa were detected; LD = least-disturbed, ID = intermediately disturbed, MD = most-disturbed, total = total number of sites with a detection, and total possible = total number of sites surveyed.
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Table 3. Results of a Bayesian comparison of means (i.e. an analog to a two-sample ANOVA or t-test) for species-specific attributes of Nicaraguan parrots on species’ coefficient of conservatism. HDI refers to the Bayesian highest density credible interval, proportion >0 refers to the proportion of the posterior distribution positive (or negative), and η of moderate or higher magnitude. Boldface type highlights minimal (<5%) overlap of the posterior distribution with 0.
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Table 4. Results of Bayesian beta regression for species-specific attributes of Nicaraguan parrots on species’ coefficient of conservatism. HDI refers to the Bayesian highest density credible interval, proportion >0 refers to the proportion of the posterior distribution positive (or negative), and η is effect size (estimated from Bayesian correlation). Boldface type highlights minimal (<3%) overlap of the posterior distribution with 0.
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Figure 1. Three biogeographic regions—Pacific, Central Highlands, and Caribbean—broadly categorize the ecological communities within the country of Nicaragua.
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Figure 2. The mean coefficient of conservatism (CoC) with standard deviation, based on CoC calculations for each buffer size (5-km, 10-km, 20-km, and 40-km) is presented. The median CoC (5.4) is represented by the gray horizontal line. A species above or below the median indicate differing scaled sensitivity to deforestation (higher CoC = greater sensitivity, lower CoC = greater tolerance).
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61.63 0.66 0.17

ψ(acc40km), p (tod)

61.65 0.68 0.17
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image20.png
Variable Description Unit of Measure Source of Data

Biogeographic region Distribution of species within Nicaragua Pacific or Caribbean Chavarria-Duriaux et al. (2018)
IUCN status Threatened status of species across its entire distribution threatened or least concern IUCN (2021)

Body size Length of species cm Forshaw (2010)

Number of habitats ~ Total number of habitats used abosulute count (8 possible habitats)  Bird Life International (2021)
Motility Dispersive behavior dispervsive or sedentary Bird Life International (2021)
Diet Main food items consumed generalist or specialist Juniper and Parr (1998)

Nest type Main nest type used specialist or not Juniper and Parr (1998)

Generation time

Mean generation length

years

Bird Life International (2021)





image21.emf
Training Sites

Species Buffer size CoC  LD ID MD Total Total possible

Pionus senilis 5 km 6.6 19 37 1 57 128

10 km 6.5 23 28 6 57 128

20 km 6.5 22 30 5 57 128

40 km 6.0 18 32 7 57 128

average 6.4 20.5 31.8 4.8

Amazona albifrons 5 km 6.3 24 40 6 70 134

10 km 6.1 24 37 9 70 134

20 km 6.0 24 36 10 70 134

40 km 6.4 24 41 5 70 134

average 6.2 24.0 38.5 7.5

Amazona farinosa 5 km 6.3 8 9 3 20 89

10 km 6.3 8 9 3 20 89

20 km 6.0 6 12 2 20 89

40 km 6.0 7 10 3 20 89

average 6.2 7.3 10.0 2.8

Psittacara finschi 5 km 5.6 10 15 6 31 78

10 km 5.8 10 16 5 31 78

20 km 6.1 11 16 4 31 78

40 km 6.3 11 17 3 31 78

average 6.0 10.5 16.0 4.5

Pyrilia haematotus 5 km 6.1 8 6 4 18 92

10 km 5.3 7 5 6 18 92

20 km 5.8 7 7 4 18 92

40 km 6.1 7 8 3 18 92

average 5.8 7.3 6.5 4.3

Amazona autumnalis 5 km 5.6 23 34 14 71 130

10 km 5.5 22 34 15 71 130

20 km 5.6 22 35 14 71 130

40 km 5.3 19 37 15 71 130

average 5.5 21.5 35.0 14.5

Eupsittula nana 5 km 5.1 17 36 15 68 129

10 km 5.3 18 36 14 68 129

20 km 5.3 17 38 13 68 129

40 km 5.3 16 40 12 68 129

average 5.3 17.0 37.5 13.5

Eupsittula canicularis 5 km 5.3 26 39 21 86 123

10 km 5.4 26 41 19 86 123

20 km 5.4 26 40 20 86 123

40 km 5.2 25 40 21 86 123

average 5.3 25.8 40.0 20.3

Psittacara strenuus 5 km 4.1 2 5 4 11 84

10 km 3.6 2 4 5 11 84

20 km 4.6 3 4 4 11 84

40 km 6.8 4 7 0 11 84

average 4.8 2.8 5.0 3.3

Brotogeris jugularis 5 km 4.6 19 55 26 100 204

10 km 4.5 17 55 28 100 204

20 km 4.4 18 52 30 100 204

40 km 4.6 20 52 28 100 204

average 4.5 18.5 53.5 28.0

Amazona auropalliata parvipes 5 km 4.5 6 16 9 31 69

10 km 4.0 5 15 11 31 69

20 km 4.4 6 15 10 31 69

40 km 4.7 7 15 9 31 69

average 4.4 6.0 15.3 9.8

Amazona auropalliata auropalliata 5 km 4.0 6 16 13 35 84

10 km 3.9 6 15 14 35 84

20 km 4.0 8 12 15 35 84

40 km 4.9 9 16 10 35 84

average 4.2 7.3 14.8 13.0


image22.emf
comparison mean 1 mean 2     difference (HDI) proportion >0 (<0)       η

region: Caribbean vs. Pacific 5.55 5.12    0.43 (-0.07, 0.93) 0.956 (0.044) 0.526

diet: generalist vs. specialist 5.45 5.32    0.13 (-0.39, 0.66) 0.696 (0.304) 0.152

nesting: specialist vs. generalist 5.12 5.47   -0.36 (-0.95, 0.22) 0.107 (0.893) -0.425

motility: dispersive vs. sedentary 5.71 5.26    0.45 (0.05, 0.88) 0.984 (0.016) 0.616

IUCN: least concern vs. not 5.57 5.00    0.57 (0.02, 1.12) 0.979 (0.021) 0.671


image23.emf
predictor slope (HDI) proportion >0 (<0)       η

body size -0.007 (-0.02, 0.007) 0.175 (0.825) -0.137

generation time  0.003 (-0.02, 0.03) 0.587 (0.413) 0.030

number of habitats -0.05 (-0.11, 0.001) 0.024 (0.976) -0.294
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