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1  |  INTRODUC TION

Climate change has exposed biodiversity to unprecedented condi-
tions, significantly altering ecosystem structure and resilience in most 
regions (Hoegh- Guldberg et al., 2018). In the last decades, among 

thousands of species spread across terrestrial, marine and freshwa-
ter systems, half to two- thirds have shifted their range in response to 
warming (Chen et al., 2011; Pecl et al., 2017; Pörtner et al., 2022). As 
a result, climate- induced distributional shifts have caused severe de-
clines in nearly half of all studied populations (Pörtner et al., 2022). 
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Abstract
Climate- driven biodiversity erosion is escalating at an alarming rate. The pressure 
imposed by climate change is exceptionally high in tropical ecosystems, where spe-
cies adapted to narrow environmental ranges exhibit strong physiological constraints. 
Despite the observed detrimental effect of climate change on ecosystems at a global 
scale, our understanding of the extent to which multiple climatic drivers affect popu-
lation dynamics is limited. Here, we disentangle the impact of different climatic stress-
ors on 47 rainforest birds inhabiting the mountains of the Australian Wet Tropics using 
hierarchical population models. We estimate the effect of spatiotemporal changes in 
temperature, precipitation, heatwaves, droughts and cyclones on the population dy-
namics of rainforest birds between 2000 and 2016. We find a strong effect of warming 
and changes in rainfall patterns across the elevational- segregated bird communities, 
with lowland populations benefiting from increasing temperature and precipitation, 
while upland species show an inverse strong negative response to the same drivers. 
Additionally, we find a negative effect of heatwaves on lowland populations, a pattern 
associated with the observed distribution of these extreme events across elevations. 
In contrast, cyclones and droughts have a marginal effect on spatiotemporal changes 
in rainforest bird communities, suggesting a species- specific response unrelated to 
the elevational gradient. This study demonstrated the importance of unravelling the 
drivers of climate change impacts on population changes, providing significant insight 
into the mechanisms accelerating climate- induced biodiversity degradation.
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The degree of population loss and biodiversity erosion is highest in 
the tropics, where local extirpation is more common than anywhere 
else in the world (Pörtner et al., 2022). Within tropical ecosystems, 
montane species have suffered significant losses across their lower 
elevational limit, increasing their geographical isolation and proba-
bility of extinction (Freeman et al., 2018; Neate- Clegg et al., 2021; 
Pounds et al., 1999; Williams & de la Fuente, 2021).

Understanding the mechanisms behind species' responses to cli-
mate change is critical in an era of increasing biodiversity loss. Most 
studies have focussed on quantifying the magnitude of ecological 
responses to climate change by studying species' range shifts (Chen 
et al., 2011). Despite the important efforts of documenting how spe-
cies track global warming (Freeman et al., 2021), we still lack a compre-
hensive understanding of the extent to which different components 
of climate change impact natural populations (Parmesan, 2006; 
Parmesan et al., 2000; Pearce- Higgins et al., 2015). By examining 
the mechanisms underlying climate- induced ecological responses, 
we can gain insights into how best to conserve and protect vulnera-
ble species in the face of ongoing environmental changes.

In the Wet Tropics of North Queensland, Australia, rainforest 
bird populations have long been predicted to experience significant 
biodiversity loss due to climate change (Williams et al., 2003). These 
predictions are now coming true with extraordinary spatiotemporal 
shifts in bird species distributions and abundance in response to cli-
mate change in just a few decades (Williams et al., 2016; Williams & 
de la Fuente, 2021). Lowland species have increased their abundance 
by 190% at higher elevations, indicating a marked upward shift. In con-
trast, upland species have proportionally declined across their entire 
distribution, resulting in nearly 50% population loss (Williams & de la 
Fuente, 2021). Similarly, the populations of rainforest ringtail possums 
are collapsing at an alarming rate in the highlands of the region over 
the same period (de la Fuente & Williams, 2022), evidencing the high 
vulnerability of tropical upland ecosystems. The accelerated biodiver-
sity loss in the Australian Wet Tropics rapidly translated into an urgent 
call for conservation actions (Williams & de la Fuente, 2021), with one- 
third of the studied species being incorporated into national and inter-
national priority conservation lists (Garnett & Baker, 2021). However, 
adequate and targeted management plans will rely on our understand-
ing of the mechanistic drivers impacting rainforest bird populations, as 
conservation strategies can markedly vary depending on the nature of 
the climatic stressor (Garcia et al., 2014).

In this study, we unravelled the drivers of climate change impacts 
on rainforest birds in the Australian Wet Tropics, representing a sub-
stantial advance in our understanding of how climate change leads to 
population changes. We analysed the long- term population dynamics 
of rainforest birds and their relationship with multiple climatic stress-
ors. We used spatially and temporally explicit climate data to develop 
predictors capturing regional changes in temperature and precipita-
tion. Long- term climate change included overall changes in average 
temperature and precipitation patterns, while short- term climatic vari-
ables accounted for extreme weather events, such as extreme heat-
waves and intense droughts. Additionally, we incorporated a dynamic 
vegetation index that captured the apparent forest structural damage 

caused by tropical cyclones across the study area. We analysed the 
population dynamics using a hierarchical model, estimating spatio-
temporal abundance changes while accounting for imperfect detec-
tion. We aimed to examine the hypothesis that regional warming is 
causing strong population changes across rainforest bird communities 
(Urban, 2018; Williams & de la Fuente, 2021). However, we also ex-
pected a substantial proportion of the observed population changes 
to be explained by a combination of multiple climatic drivers, as the 
effect of different climatic factors could act synergistically.

2  |  MATERIAL S AND METHODS

2.1  |  Study area

The Wet Tropics of Queensland stretches along the northeast coast 
of Australia, encompassing approximately 7000 km2 of mixed tropi-
cal rainforest (Figure 1). The outstanding biodiversity that character-
izes the bioregion persists in large, unfragmented areas of protected 
rainforest in the rugged terrain dominated by mountain ranges, ta-
blelands, foothills and a lowland coastal plain (Figure S1). The strong 
elevational gradient defines the biodiversity composition and eco-
logical processes in the region (Williams et al., 1995), segregating 
species into three predominant communities: lowland (0– 300 m), 
midland (300– 900 m) and upland community (>900 m).

2.2  |  Population data

The bird monitoring scheme in the Australian Wet Tropics was estab-
lished in 1996 and expanded in 2000 to cover a total of 124 survey 
locations distributed across 24 independent sites (Figure 1; Table S1). 
Sites were established in large, unfragmented patches of rainforest 
away from edges and covered the elevational gradient of the four 
main mountain ranges in the region (Spec Uplands, Atherton Uplands, 
Carbine Uplands and Windsor Uplands). An intensive monitoring ef-
fort was conducted across all sites between 2000 and 2016, compil-
ing a total of 1977 samples in 495 independent surveys (de la Fuente 
et al., 2023). Two observers surveyed 150 m long transects for 30 min 
within 2 h of sunrise. All individual birds were identified by call or ob-
servation, and the weather conditions during the survey were recorded 
to account for potential detection bias. Of the 54 species monitored, 
analyses of spatiotemporal population dynamics were possible for 47 
species with robust data across sites and years (Table S2). Further de-
tails of survey methods, total species observed, sites characteristics 
and species traits can be found in Williams and de la Fuente (2021); 
Williams, VanDerWal, et al. (2010); Williams, Shoo, et al. (2010).

2.3  |  Environmental data

Spatially and temporally explicit environmental variables were derived 
from gridded climatology data at 0.05° (~5 km) resolution, using daily 
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maximum and minimum temperature (Bureau of Meteorology, 2021) 
and daily precipitation (Frost et al., 2018) between 1965 and 2019. 
We used a longer climatic time series compared to the ecological 
data (1965– 2016 vs. 2000– 2016) to better capture the long- term re-
gional climate change. The accuracy of the interpolated climatic grids 
was validated against observed data from regional weather stations 
(Cairns' airport, 3 m a.s.l., and Walkamin Research Station, 594 m a.s.l.), 
obtaining 96% and 99% correlation for temperature and precipitation 
data respectively.

We developed four climatic predictors that captured long- term 
climatic changes and short- term seasonal extreme events across the 
spatiotemporal range of the study (2000– 2016; Figure S2– S6). Long- 
term changes in mean temperature and precipitation were obtained 
using a 25- year window average. Short- term seasonal climatic indices 
(i.e. extreme heatwaves and intense droughts) were obtained by calcu-
lating the area under the curve defined between the climatic variable 

and a biologically relevant threshold (de la Fuente et al., 2021). The 
threshold to define the curve was derived from the 97.5th and 2.5th 
percentile of daily maximum temperature and monthly precipitation 
across the species' climatic envelope respectively. Thus, these indices 
represent the intensity and duration of extreme conditions (tempera-
tures above 35°C and monthly precipitation below 10 mm) at a spe-
cific site and time relative to the species' environmental range, with 
a high index indicating intense and prolonged exposure. In contrast, a 
low index indicates sites close to the lowest species exposure across 
its distribution at a specific time (de la Fuente et al., 2023).

In addition to the climatic predictors, we included a spatiotemporal 
normalized difference vegetation index (NDVI) index generated using 
cloud- free images from the Landsat 5 TM and Landsat 8 OLI/TIRS sat-
ellites (Foga et al., 2017; Li et al., 2010). We created annual compos-
ites of all the images within a natural year between 1987 and 2021 
and extracted the median values of NDVI for each 30 m pixel within 
the Australian Wet Tropics. A detailed explanation of how the annual 
composites were obtained can be found in Navarro et al. (2021). To 
avoid errors associated with using single pixels (e.g. pixels that fall 
within roads or water features), we applied a buffer of 0.01° (~1 km) 
around each of our study sites and calculated the median value of all 
the pixels within the buffer. The NDVI predictor aimed to capture 
the structural vegetation changes across sites impacted by tropical 
cyclones (Figure S2), accounting for potential cyclone- induced mor-
tality and the recovery time of the rainforest vegetation. Short- term 
extreme events and NDVI fluctuation were included in the model with 
1 year delay as we expected a potential immediate effect on popula-
tion dynamics (observable during the following survey season).

2.4  |  Statistical analysis

We used a binomial N- mixture model to analyse the temporal 
variation in rainforest bird populations in response to the explicit 
spatiotemporal effect of climatic changes (Kéry et al., 2009; Kéry 
& Royle, 2020). The N- mixture model is a hierarchical model that 
uses replicated count data to obtain realistic ecological estimates 
of species abundance while accounting for imperfect detection 
(Royle, 2004). Thus, the hierarchical model comprises two linked 
components, explicitly describing the ecological and observation 
processes (Goldstein & de Valpine, 2022; Royle, 2004).

The ecological process assumes that abundance (Nit) at site i and 
year t follows a Poisson distribution with mean λit:

The expected abundance was then modelled as the response to cli-
mate change in its multiple dimensions:

where α defines the model's intercept, βc represents the effect of the 
c- th covariate with value xitc (see Section 2.3) and ωi accounts for the 
unmodelled spatial variation in abundance.

Nit
∼ Poisson

(

λit
)

.

log
(

�it
)

= � + �cxitc + �i ,

F I G U R E  1  The Australian Wet Tropics World Heritage Area 
and its location within Australia. The colour gradient represents 
the main elevational bands that define species assemblages across 
the region. White points depict the location of the survey sites 
established in the four main mountain ranges of the bioregion 
(Table S1).
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The observation process assumes that detection probability ρ is 
represented by the observed counts (yit) sampled from the local popu-
lation (Nit) in each replicate j (Cijt), described by a binomial distribution:

The expected detection probability was then modelled as the response to 
the weather conditions during the survey to account for adverse weather 
affecting bird detection (rain and wind; Robbins (1981)). Additionally, we 
included the date when the survey was conducted to account for sea-
sonal variation in detection probability (linear and quadratic effect):

where αt defines the intercept for detection fitted for each year, βd 
represents the effect of the d- th detection covariate with value xijtd and 
εijt accounts for the extra unexplained heterogeneity among surveys.

We fitted the open- population N- mixture model using Bayesian 
inference. Markov Chain Monte Carlo methods were used to sam-
ple the joint posterior distribution (Thompson & Brooks, 2003) using 
JAGS software (Plummer, 2003), called from R (R Core Team, 2021), 
with the jagsUI package (Kellner, 2021). We ran three parallel chains 
of 200,000 iterations each, used the first half as burn- in, and thinned 
the rest by one in 100 to obtain 3000 samples of the joint posterior 
distribution. The sampling process led to acceptable convergence of all 
parameters (�R − 1 < .1, Gelman & Hill, 2006). We examined the ade-
quacy of the model by computing a Bayesian p- value, with values close 
to .5 (0.47 ± 0.036) indicating a good fit for all species modelled. We 
expressed the absence of prior information about the model parame-
ter by implementing vague priors. We selected uniform distributions 
(−5, 5) for the effect of covariates, uniform distribution (0, 1) for the 
intercepts and a normal distribution for the overdispersion factor in 
the abundance and detection model, with a mean of 0 and precision 
derived from a standard deviation defined by a uniform distribution 
(0,100). The JAGS code is available in Supporting Information.

3  |  RESULTS

The climate of the Australian Wet Tropics has markedly changed dur-
ing the last five decades. The annual mean temperature has linearly 
increased in the region at a rate of 0.013 ± 0.002°C/year, a pattern 
conserved across latitude and elevation (Figure S3). Rainfall pat-
terns showed high year- to- year variability within sites, resulting in a 
marginal overall long- term change (0.07 ± 0.11 mm/year; Figure S4). 
The derived pattern in extreme heatwaves showed marked differ-
ences across elevation but no latitude, with lowland sites showing 
a stronger increase in the frequency and intensity of heatwaves 
compared to the more stable upland sites (0.23 ± 0.07°C/year for 
the lowlands; 0.07 ± 0.02°C/year for the uplands; Figure S5). A trend 
in intense droughts was not evident across the study area, although 
an overall marginal decrease was observed in lowland sites (i.e. pre-
cipitation has increased during the dry season; −0.04 ± 0.02 mm/

year; Figure S6). The NDVI time series showed the predicted ‘val-
leys’ associated with the two high- magnitude tropical cyclones that 
hit the eastern rainforest areas in the region in 2006 (cyclone Larry) 
and 2011 (cyclone Yasi), indicating substantial damages to the forest 
structure. However, the NDVI index suggested a full apparent veg-
etation recovery within a year (Figure S2).

The population dynamics of rainforest birds in the Australian 
Wet Tropics showed strong responses to the observed spatiotem-
poral climatic changes (Figure 2). The effects of climate change on 
population dynamics were markedly strong at the community level 
(Figure 2), denoting a high synchronization in the species' responses 
across elevation. The synchronic responses to climate change were 
especially significant within mountaintops and lowland communi-
ties, while species inhabiting the midlands gradually shifted in their 
response across the elevational gradient (Figure 2). The gradual shift 
in the response of midland species resulted in a weak community ef-
fect, cancelling the mean community response (Figure 2; Figure S7).

Long- term changes in rainforest bird populations were strongly 
driven by gradual regional warming, with 72% of all rainforest birds 
showing a significant response to the increase in mean annual tem-
perature (Table 1). The observed increase in temperature across the 
bioregion induced a highly symmetric response across the elevational 
gradient. Communities inhabiting rainforests below 600 m showed a 
strong positive effect to an increase in temperature, while mountain-
top species showed an inverse, marked negative response to warming 
(Figure 2a). A similar pattern was observed for the impact of changes 
in rainfall patterns (Figure 2b), with communities inhabiting more sea-
sonally drier lowland areas showing a positive response to an increase 
in precipitation, while communities restricted to wetter upland for-
ests showed a negative response. Short- term extreme events showed 
a weaker effect on bird population dynamics (Table 1; Figure 2c– e). 
However, lowland birds revealed an overall negative response to heat-
waves (Figure 2c), suggesting that despite the positive influence of 
long- term warming, lowland species could be susceptible to the ob-
served increase in the frequency of extreme temperatures in the re-
gion. The response of rainforest birds to changes in NDVI and drought 
intensity showed great uncertainty among communities (Figure 2d,e). 
Thus, the local effect of cyclones and rainfall patterns during the dry 
season (Figure S2; Figure S6) suggested a marginal effect on the over-
all observed changes in rainforest bird communities across elevation.

The variability in detection probability for rainforest birds was 
largely captured by the weather conditions during the survey. Species 
showed a decrease in detectability with an increase in rain and 
wind, as expected for survey methods relying on animal vocalization 
(Figure S8). Additionally, the date variables showed strong but hetero-
geneous responses among species (Figure S8), indicating that the time 
of the season when detection was maximized was species specific.

4  |  DISCUSSION

Climate change is eroding the bird community of the Australian 
Wet Tropics at an accelerating rate. Our results indicate, with high 

Cijt ∣ Nit
∼Binomial

(

Nit, pijt
)

.

logit
(

pijt
)

= �t + �d xijtd + �ijt,
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confidence, that rainforest bird abundances have changed in re-
sponse to a substantial increase in temperature, followed by changes 
in precipitation patterns and an increase in extreme heatwaves in 

the lowlands. Contrastingly, cyclones and intense droughts have a 
marginal effect on population dynamics at the community level. By 
separating the effects of multiple climatic stressors on the rainforest 

F I G U R E  2  Rainforest bird communities' response to climate change in the Australian Wet Tropics. Values represent the posterior mean 
and 95% credible interval of the effect of the climatic variables on 47 bird species across the elevational gradient (left) and across the 
elevational- segregated communities (right). Panels (a) to (e) represent the response of rainforest birds to changes in mean temperature, 
precipitation, heatwaves, droughts, and cyclones, respectively.
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bird community of the Australian Wet Tropics, our results provide 
a substantial advance in understanding the mechanisms behind 
climate- induced biodiversity erosion.

The steady increase in temperature in the bioregion 
(0.673– 0.731°C between 1965 and – 2019) aligns with the observed 
global trends (Hoegh- Guldberg et al., 2018) and regional forecasts 
(Suppiah et al., 2007). In line with early predictions (Shoo et al., 2005; 
Williams et al., 2003), our results indicate that the rapid increase in 
average temperature in the Australian Wet Tropics strongly affects 
bird communities (Figure 2a). Bird populations show a clear pattern 
of an ‘escalator to extinction’ (Marris, 2007; Urban, 2018), where 
lowland species benefit from an early increase in temperature as 
they expand into higher elevations (Williams & de la Fuente, 2021). 
Contrastingly, upland- restricted species experience a niche con-
traction that leads to marked population declines (Williams & 
de la Fuente, 2021), leaving mountaintop species restricted to a 
smaller area with a higher risk of extinction (Pörtner et al., 2022; 
Urban, 2018). These results concur with the overwhelming evidence 
worldwide, with 50% of all studied populations showing a decline 
attributable to an increase in temperature, with extirpations becom-
ing more common (55%) in tropical ecosystems (Pörtner et al., 2022).

Aligning with regional climate forecasts (Suppiah et al., 2007), 
rainfall has shown marked oscillations during the last decades in 
the Australian Wet Tropics. Our results suggest a tight association 
between long- term rainfall changes and population dynamics, po-
tentially revealing the bottom- up effect that rainfall could impose 
on bird populations through primary productivity (Williams, Shoo, 
et al., 2010). For example, Schuur (2003) suggests that changes in 
rainfall and temperature could induce contrasting patterns in pro-
ductivity in tropical montane ecosystems. Thus, an increase in rainfall 
could reduce primary productivity in the uplands due to water satu-
ration while increasing productivity in the lowlands due to a reduc-
tion in water stress (Clark et al., 2001; Girardin et al., 2010; Schuur 
& Matson, 2001). This pattern matches the prediction of Albrecht's 
curve (Albrecht, 1957), with forest productivity increasing from the 
seasonally drier lowlands to a maximum at intermediate precipita-
tion levels in the midlands and then declining in the wetter uplands. 
The potential decrease in productivity with precipitation in the high-
lands of the regions could thus be related to the decline in soil fer-
tility as precipitation exceeds potential evapotranspiration (Cramer 
& Hoffman, 2015; Huston, 2012). The expected relationship be-
tween rainfall and primary productivity in tropical mountains aligns 
with the inverse response to precipitation shown by lowland and 

mountaintop bird communities in this study (Figure 2b). Moreover, 
van de Weg et al. (2014) suggest that the relationship between gross 
primary productivity and rainfall is unrelated to drought intensity, 
potentially explaining the weaker link between droughts and bird 
population dynamics across the elevational gradient (Figure 2d). 
Thus, combined, the strong impact of long- term rainfall and the mar-
ginal effect of drought intensity on rainforest birds reinforces the 
expected association between primary productivity and population 
dynamics in tropical mountains (Williams, Shoo, et al., 2010).

The rising number of hot days leads to more intense and fre-
quent extreme heatwaves in the Australian Wet Tropics, which 
are responsible for severe population declines of tropical mon-
tane vertebrates in the region (de la Fuente & Williams, 2022). 
Heatwaves are becoming widespread at lower elevations, aligning 
with the predicted early emergence of extreme temperatures in 
tropical ecosystems due to the low interannual temperature vari-
ability (Hoegh- Guldberg et al., 2018). The effect of heatwaves 
shows high inter- specific variability across populations, but com-
munity averages indicate an overall negative effect on lowland 
species (Figure 2c). These results suggest that extreme heatwaves 
could be causing rapid population declines in lowland communities 
near their upper thermal limit. Interestingly, our results highlight 
the contrasting effects of long- term and short- term temperature 
changes on rainforest bird communities. On the one hand, lowland 
species could benefit from long- term warming due to an upward 
habitat expansion (de la Fuente et al., 2022). On the other hand, 
extreme heatwaves could cause direct population declines, affect-
ing the year- to- year population fluctuation. Lowland species' sen-
sitivity to extreme temperatures could result in an overall lowland 
biotic attrition (Colwell et al., 2008), with no species available to 
fill the emptying niches in lowland rainforests.

NDVI dynamics had a marginal effect on bird communities 
during the study period, suggesting a species- specific response un-
related to elevation. In this regard, the observed negative response 
to an increase in NDVI shown by some species could be related to 
forest gap preference (Schemske & Brokaw, 1981). This pattern is 
well exemplified by species such as the spangled drongo (Dicrurus 
bracteatus; NDVI mean effect (95% credible interval) = −0.28 (−0.52, 
−0.03)), which avoids dense and interior rainforest, as their feeding 
strategy and breeding behaviour are strongly linked to clearings 
(Briggs, 2016; Higgins et al., 2006). Thus, the observed fast veg-
etation recovery after cyclones (Figure S2) could explain the neg-
ative influence of NDVI on species that benefit from forest gaps, 

Climatic driver

Overall response (%) Significant response (%)

Negative Positive Negative Positive Total

Mean temperature 24 (51%) 23 (49%) 18 (38%) 16 (34%) 34 (72%)

Precipitation 34 (72%) 13 (28%) 9 (19%) 1 (2%) 10 (21%)

Heatwaves 26 (55%) 21 (45%) 3 (6%) 0 (0%) 3 (6%)

Droughts 18 (38%) 29 (62%) 1 (2%) 5 (11%) 6 (13%)

Cyclones 30 (64%) 17 (36%) 7 (15%) 1 (2%) 8 (17%)

TA B L E  1  Summary response of 47 
rainforest bird species to multiple climatic 
drivers in the Australian Wet Tropics. The 
overall response refers to the percentage 
of species sharing a positive/negative 
slope (posterior mean). The significant 
response refers to the percentage of 
species sharing a positive/negative slope 
with a 95% CRI not overlapping zero.
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highlighting the impact of cyclone- induced gap dynamics on the bird 
community structure (Schemske & Brokaw, 1981).

This study demonstrates the importance of unravelling the 
drivers of climate change impacts on communities (Pearce- 
Higgins et al., 2015), providing significant insight into the mech-
anisms accelerating climate- induced biodiversity degradation 
(Parmesan, 2006; Parmesan et al., 2000). The climate- driven biodi-
versity emergency is alarming in the Australian Wet Tropics World 
Heritage Area (de la Fuente & Williams, 2022; Williams & de la 
Fuente, 2021), a fully protected and well- managed ecosystem. The 
response of rainforest birds to environmental changes shown in this 
study is not unique. Our results align with the observed impacts of 
climate change across many regions and taxa (Brawn et al., 2017; 
Chen et al., 2011; Couet et al., 2022; Freeman et al., 2018, 2021; 
Neate- Clegg et al., 2018, 2021), suggesting a widespread pattern 
of biodiversity impoverishment in montane ecosystems worldwide 
(La Sorte & Jetz, 2010). Near- term warming reduction in the fol-
lowing decades might now be beyond reach (Pörtner et al., 2022), 
threatening the imminent extirpation of mountaintop communi-
ties (Colwell et al., 2008; Freeman et al., 2018). The ubiquitous 
pattern of ecosystem erosion worldwide is particularly concerning 
in tropical mountains, as they hold a disproportionate amount of 
global biodiversity (Quintero & Jetz, 2018) and host unique eco-
system services (Korner & Spehn, 2019).
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