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1  |  INTRODUC TION

As global climate change alters temporal and spatial patterns of 
temperature and precipitation, many species must shift their geo-
graphic range, adapt or face extinction (Moritz & Agudo, 2013; 
Norberg et al., 2012; Radchuk et al., 2019). While changes in the 
phenology and geographic ranges of species are well documented 
in temperate regions (Parmesan, 2006), there are far fewer studies 
assessing the impact of climate change on species in the tropics 

(Feeley et al., 2017; Rosenzweig et al., 2008; Sheldon, 2019) and 
particularly in the Afrotropics (Sheldon, 2019), despite low latitudes 
harboring the majority of the world's biodiversity. Furthermore, 
tropical plant and animal species may be at greater risk of extinction 
from climate change than their temperate counterparts (Deutsch 
et al., 2008) as they are thought to be more ecologically special-
ized, have lower dispersal ability (Salisbury et al., 2012; Sheard 
et al., 2020), and have narrower elevational ranges (Janzen, 1967; 
Şekercioğlu et al., 2008).
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Abstract
Tropical mountains harbor globally significant levels of biodiversity and endemism. 
Climate change threatens many tropical montane species, yet little research has 
assessed the effects of climate change on the demographic rates of tropical spe-
cies, particularly in the Afrotropics. Here, we report on the demographic rates of 
21 Afrotropical bird species over 30 years in montane forests in Tanzania. We used 
mark– recapture analyses to model rates of population growth, recruitment, and ap-
parent survival as functions of annual mean temperature and annual precipitation. For 
over one- half of focal species, decreasing population growth rates were associated 
with increasing temperature. Due to the trend in temperature over time, we substi-
tuted a time covariate for the temperature covariate in top- ranked population growth 
rate models. Temperature was a better explanatory covariate than time for 6 of the 
12 species, or 29% of all focal species. Population growth rates were also lower for 
species found further below their elevational midpoint and for smaller- bodied spe-
cies. Changes in population growth rates were more closely tied to changes in recruit-
ment than to changes in apparent survival. There were no consistent associations 
between demographic rates and precipitation. This study demonstrates temperature- 
associated demographic impacts for 6 (29%) of 21 focal species in an Afrotropical 
understory bird community and highlights the need to incorporate the impacts of 
climate change on demographic rates into conservation planning across the tropics.
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Previous studies in the tropics have demonstrated links be-
tween demographic rates of birds and various climatic parameters 
(Oro et al., 2010; Ryder & Sillett, 2016; Saracco et al., 2016; Wolfe 
et al., 2015; Woodworth et al., 2018). However, there has been little 
research conducted in the tropics on the demographic responses 
of birds to recent climate change at a community level (Sheldon, 
2019). An important exception is a recent multi- species study of 
understory birds in the lowlands of Panama which reported a neg-
ative association between population growth rates and dry season 
length over a 33- year period for approximately one- third of the 
examined species (Brawn et al., 2017). Additionally, in the eastern 
Himalayas, temporal trends in apparent survival of understory bird 
species were shown to be related to the elevational distance of 
the study sites to species’ elevational midpoint, with species found 
closer to their warm- edge elevational range limit having decreasing 
survival rates (Srinivasan & Wilcove, 2020). Such studies are im-
portant because of the unusually high diversity and endemism in 
the tropics and particularly in montane communities (Orme et al., 
2005; Rahbek et al., 2019) where the threat of climate change 
is believed to be particularly great (Şekercioğlu et al., 2008). An 
understanding of the demographic responses of tropical birds to 
climate change is also central to assessing population viability, eval-
uating recent observed declines in tropical bird abundance (Blake 
& Loiselle, 2015; Latta et al., 2011; Lister & Garcia, 2018; Stouffer 
et al., 2020), and developing effective conservation interventions 
(Brawn et al., 2017).

In both high and low latitudes, temperature has been shown 
to be an important driver of the demographic rates of birds (Doyle 
et al., 2020; Dybala et al., 2013; Santisteban et al., 2012; Woodworth 
et al., 2018). While the magnitude of global warming— 0.18°C per 
decade (NOAA, 2019)— has been comparatively small relative to the 
range of temperatures that most tropical birds typically experience 
over a lifetime, a year, or even a day, the impact of rapid change 
in mean annual temperature over the last half- century has, none-
theless, had marked effects on the distributions (Freeman, Lee- Yaw, 
et al., 2018; Freeman, Scholer, et al., 2018; Neate- Clegg et al., 2020), 
community structure (Blake & Loiselle, 2015; Latta et al., 2011; 
Stouffer et al., 2020), and demographic rates (Srinivasan & Wilcove, 
2020; Woodworth et al., 2018) of tropical birds. Most of these doc-
umented responses of tropical birds to global warming are almost 
certainly a result of temperature- induced changes in biotic interac-
tions (Lister & Garcia, 2018; Santisteban et al., 2012) such as fruiting 
phenology (Chapman et al., 2005), prey availability (Lister & Garcia, 
2018), or predator activity (Cox et al., 2013) rather than temperature 
per se (Londoño et al., 2017).

As with temperature, precipitation in both high and low latitudes 
has been shown to impact the demographic rates of birds (Blake & 
Loiselle, 2015; Brawn et al., 2017; Doyle et al., 2020; Saracco et al., 
2016). Again, the mechanisms by which changes in precipitation 
affect bird demographic rates are very likely indirect, via changes 
in the growth patterns of plants (Hilker et al., 2014; Saracco et al., 
2016) and food availability (Dybala et al., 2013) rather than changes 
in precipitation per se. Yet despite the importance of temperature 

and precipitation on demographic rates of tropical birds, the com-
bined impact of temperature and precipitation has to date received 
little attention, especially at a community level.

In this study, we report on the association between demographic 
rates of a forest- dependent understory bird community and tem-
perature and precipitation over a 30- year period in the East (EUM) 
and West Usambara Mountains (WUM) in northeast Tanzania. We 
used mark– recapture analyses to model and estimate rates of real-
ized population growth (λ), recruitment (F), and apparent survival (φ) 
for 21 species using annual mean temperature and annual precipi-
tation as climate covariates. We compared multiple species- specific 
demographic models containing climate covariates with associated 
models that assumed demographic rates remained constant, and 
used information- theoretic model selection procedures to identify 
the models best supported by the data for each species. Finally, we 
examined the association between demographic rates and species 
traits.

2  |  MATERIAL S AND METHODS

2.1  |  Study sites

The study was conducted in the East and West Usambara Mountains 
(EUM, WUM) in northeastern Tanzania, which are part of the Eastern 
Arc Mountains biodiversity hotspot (Myers et al., 2000). The two 
massifs are separated by a 17.5 km wide non- forested valley 290 m 
in elevation. The EUM and WUM have experienced extensive defor-
estation and fragmentation over the past two centuries (Newmark, 
2002; Newmark & McNeally, 2018), with a 25% loss of forest cover 
between 1955 and 2000 (Hall et al., 2009).

Since 1987, understory bird communities have been monitored 
annually across 14 study sites in the EUM and WUM (see Fig 1. 
Korfanta, Newmark, & Kauffman, 2012). Here we restrict our analy-
ses to the two largest forest blocks in our study system –  640 ha in 
the EUM and 908 ha in WUM, with mean elevations of 1037 m and 
1301 m, respectively –  to reduce the known spatial and temporal 
effects of fragmentation on understory bird species demography 
(Korfanta, Newmark, & Kauffman, 2012; Newmark, Jenkins, Pimm, 
McNeally, & Halley, 2017). Based on tea estate records, the ages 
of the two study sites (i.e., time since forest blocks were isolated 
through the clearing of adjacent forest), were 48 years in the EUM 
and c. 123 years in the WUM. Both forest blocks are bordered by 
small-  and large- scale agriculture (tea) and Eucalyptus plantations 
(Korfanta et al., 2012).”

We assessed change over time in forest area and matrix habitat 
composition of the two forest blocks by comparing Google Earth 
historic aerial imagery (1987, 1988) having a spatial resolution of 
30 m (Landsat/Copernicus) with more current aerial imagery (2002, 
2017) having a spatial resolution of 0.5– 1.5 m (CNES/Airbus; Figure 
S1). Aerial imagery was extensively ground- truthed during three de-
cades of field work at the two study sites (Newmark & McNeally, 
2018). Forest boundaries and adjacent matrix habitat types within 
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500 m of the forest edge of the two study sites were hand- digitized 
and matrix habitat types were classified as either forest, small- scale 
agriculture, large- scale agriculture (tea), or Eucalyptus plantation 
(Brodie & Newmark, 2019).

When we compared historic to current aerial imagery of the 
two study sites (Figure S1), we found that forest block area has 
not changed over the last three decades. Similarly, when we com-
pared historic to current aerial imagery (Figure S1), we found that 
matrix habitat composition within 500 m of the forest edge has 
changed over the last three decades by <1.8% or 13.3 ha adjacent 
to the study site in the EUM, and has not changed adjacent to the 
study site in the WUM. The change in matrix habitat composition 
in the EUM was due to conversion of small- scale agriculture to 
Eucalyptus plantations. We can also exclude insecticide use in ag-
ricultural tea and in Eucalyptus plantations over the last three de-
cades in matrix habitats because insecticides have not been used 
in the cultivation of these commercial crops at our study sites in 
the EUM and WUM.

2.2  |  Bird sampling

Understory bird species were sampled annually between 1987 
and 2016 in the EUM and between 1989 and 2016 in the WUM 
(with the exception of 2014 and 2015). All samples were collected 
with mist nets (12.0 × 2 m and 12.8 × 2 m, 36 mm mesh, four tier) 
during the cool, dry season from July to September, prior to the 
breeding season of most species. Sampling effort was constant 
between study locations and across years. Over all samples, we 
erected 988 m of mist nets in each forest block. Three mist net 
lines were operated within the EUM forest block, ranging in length 
from 208 to 442 m, and two mist net lines, each 494 m in length, 
were operated within the WUM forest block. The five mist net 
lines began at and ran perpendicular to the forest edge. Across all 
samples and years, mist nets were placed at the same location and 
were operated from dawn until dusk (12 h) for three consecutive 
days (36 h total) and were checked every 30 min. Forest blocks 
in the EUM and WUM were sampled in the same order over all 
years to maintain a constant 12- month interval between samples. 
The mean (±SE) temporal midpoint of a sample across all years in 
the EUM and WUM forest blocks was 12 August (±4.9 days) and 
25 August (±4.3 days), respectively. During heavy rains, nets were 
closed and reopened for an equivalent duration on day four. All 
birds were banded (National Band and Tag Company, Newport, 
Kentucky, USA; I.Ö. Mekaniska AB, Bankeryd, Sweden) to allow 
re- identification.

2.3  |  Climate data

Annual mean temperature at the two study sites was derived from 
monthly mean temperature data available at half- degree grid cell 
resolution (cruts V 4.01) from the Climatic Research Unit (CRU), 

University of East Anglia (Harris et al., 2014). It should be noted 
that the two study sites are 19 km apart, which is small relative 
to the half- degree grid cell resolution (55 km × 55 km) of the CRU 
data. Because of elevational differences between the EUM and 
WUM study sites, we estimated location- specific temperature 
based on the recorded lapse rate of 0.68°C per 100 m. The lapse 
rate was calculated by placing temperature loggers at 310, 600, 
950, and 1265 m in the EUM and WUM and simultaneously record-
ing temperature at 2- h intervals over a 22- month period between 
November 1997 and September 1999 (Newmark, 2002). On- site 
temperature logger data were also used to validate mean monthly 
temperature data from CRU, and temporal variation between 
study sites and CRU data and were highly correlated (Pearson's 
r = 0.96; r = 0.92, respectively). As part of this analysis, we also 
compared CRU temperature data with CHELSAcruts data (Karger 
et al., 2017), having a much higher spatial resolution (~55- fold), 
and these were highly correlated (r = 0.95). However, because the 
CHELSAcruts dataset only includes monthly minimum and maxi-
mum temperature rather than mean temperature we selected the 
CRU dataset.

Annual precipitation (October– September) at our study sites was 
calculated from on- site daily precipitation records at the Marikitanda 
Tea Research Station in the EUM and the Ambangulu Tea Estate in 
the WUM.

In our analyses, climate data are presented for the 12- month pe-
riod (October– September) prior to and including the annual sampling 
period (July– September). In preliminary analyses, we considered 
multiple potential climate covariates. However, we found many of 
these covariates were highly correlated (e.g. annual mean tempera-
ture vs. breeding season temperature: r = 0.81; annual precipitation 
vs number of rainy days: r = 0.73). Consequently, so as to avoid mul-
ticollinearity issues, we narrowed the set of covariates to include 
only annual mean temperature and annual precipitation over the 12- 
month period prior to and including the sampling period. We chose 
these metrics because they (i) more effectively integrated annual 
demographic changes in bird populations than the other potential 
climate covariates and (ii) reduced the number of estimable param-
eters, hence reducing model degrees of freedom. Although the 
combined effects of temperature and precipitation on demographic 
rates of birds have also been assessed by collapsing multiple covari-
ates in a PCA analysis (Grosbois et al., 2008), we chose to assess 
the effects of temperature and precipitation separately because it 
is easier to interpret and evaluate their independent effects on de-
mographic rates.

Over the 30- year study period, annual mean temperature in-
creased by 0.58°C (linear model: R2 = 0.40, p < 0.001) across the two 
study sites, with a range of 1.25°C (Figure 1a). Annual precipitation 
over the study period was relatively constant in the EUM (Figure 1b, 
p > 0.20) but decreased by ~670 mm or 29% in the WUM (R2 = 0.16, 
p < 0.03). Over the study period, annual precipitation was 318 mm 
higher in the WUM than the EUM (p = 0.009) and varied greatly 
between years (1090– 3278 mm in the EUM; 1134– 3632 mm in the 
WUM) (Figure 1b).
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2.4  |  Demographic analyses

In the demographic analysis, we included any species that had either 
>100 individuals or encounter probabilities >0.1. We also only in-
cluded species if >10% of individuals were captured more than once. 
All remaining species for which we present results (n = 21) had >70 
individuals with >90 captures (Table S2). We used mark– recapture 
models implemented in program MARK (Cooch & White, 2006) to 
estimate demographic parameters and their associated 95% con-
fidence intervals. Following Korfanta et al. (2012), we employed a 
two- step analysis. We first modeled and estimated apparent survival 
and encounter probabilities using Cormack– Jolly– Seber (CJS) mod-
els (Cormack, 1964; Jolly, 1965; Lebreton et al., 1992; Seber, 1965). 
We then conditioned on the best- supported model structure from 
the CJS analysis and used this structure in Pradel models (Pradel, 
1996) to estimate recruitment and realized population growth rates. 
This approach was adopted because the number of permutations 
of model structures becomes extremely large and unwieldy when 

models for survival and encounter probabilities are evaluated si-
multaneously with models for recruitment and population growth 
within the Pradel model framework.

A standard open population CJS model (Cormack, 1964; Jolly, 
1965; Lebreton et al., 1992; Seber, 1965) estimates apparent sur-
vival (φ) and encounter probability (p), where φ is the product of 
true survival and the probability of remaining in the study area and 
available for capture. Under a constant model, φ(.) p(.), φ, and p are 
constrained to be constant across all capture occasions and among 
all individuals. More general models relax these constraints by intro-
ducing covariates to assess their influence on estimated φ and p. We 
used a logit link to model φ as a linear function (on the logit scale) 
of annual mean temperature (hereafter “temperature”) and/or an-
nual precipitation (hereafter “precipitation”). These covariates were 
based on annual temperature and precipitation values (October– 
September) rather than estimates derived from trend lines and thus 
the models explicitly incorporated interannual variation (Figures 1 
and 3). To ensure the effect size of coefficients were comparable, 
we rescaled temperature and precipitation to have a mean of 0 and 
a standard deviation of 1. We also hypothesized that temperature 
could interact with precipitation (e.g., hotter weather may exacer-
bate the effect of drought on survival) and thus included the interac-
tion term in the general model.

We included a binary location covariate to account for possible 
differences between the EUM and WUM not reflected by differ-
ences in the climate covariates. These differences could be due to a 
variety of factors including elevation, forest block area, habitat com-
position, matrix composition, predation pressure, etc. We did not 
include a location interaction term in the model set because we ex-
pected the effects of temperature and precipitation on demographic 
rates to be similar between locations, and we found little statistical 
support for an interaction of climate covariates with location in a 
preliminary analysis. We also modeled p as a function of location to 
account for possible differences in encounter probability between 
study locations.

Thus, for each species, the starting point for our two- step analy-
sis was the general CJS model:

For each species, we tested the goodness- of- fit of the gen-
eral CJS model using the program RELEASE embedded within the 
program MARK. RELEASE tests several important assumptions of 
mark– recapture including issues relating to transient individuals. We 
found that we did not need to account for transient individuals in our 
data. We also tested for overdispersion using the Median-ĉ routine 
in MARK. A model is overdispersed when ĉ > 1; ĉ is used to scale 
the deviance when calculating AICc such that the quasi- likelihood 
adjusted AICc (QAICc) is more heavily penalized by the number of 
parameters (Cooch & White, 2006). If the confidence intervals of 
the estimated ĉ for a general model did not overlap 1, the estimated 
ĉ was used in all subsequent model permutations. When the general 

� (temperature+precipitation+temperature: precipitation+ location)

p (location) .

F I G U R E  1  Variation in (a) annual mean temperature and (b) 
annual precipitation (October– September) in the East and West 
Usambara Mountains (1987– 2016). Temperature data were taken 
from the Climatic Research Unit (cruts V 4.01), University of East 
Anglia and precipitation data were recorded on- site



    |  5NEATE- CLEGG ET AL.

model failed to numerically converge onto reasonable point and 
error estimates (see below), we estimated ĉ using the most general 
nested model (Table S1) that successfully converged.

Next, we ran all model permutations nested within the general 
model (Table S1) yielding a total of 20 models (ten φ formulae x two p 
formulae) per species including the general and constant models. For 
species found only in one of the two study locations, we omitted the 
location covariate and thus the candidate model set for these spe-
cies included only five models (five φ formulae × one p formula). We 
also censored models that failed to numerically converge onto rea-
sonable point and error estimates— examples being models with an 
error estimate on coefficients of 0 or that were unrealistically large, 
or models with point estimates for φ or p whose confidence intervals 
converged toward both limit boundaries (i.e., 0 and 1). For some spe-
cies with small sample sizes, certain models failed to converge, thus 
not all covariate coefficients in a model set could be estimated for 
these species. We excluded species from the analysis having identi-
fied problems within program outputs such as unrealistic point esti-
mates or standard errors, or warning messages indicating failure of 
the numerical optimization routine.

We next used Pradel models (Pradel, 1996) implemented in pro-
gram MARK to estimate recruitment rates (F) and realized popula-
tion growth rates (λ). Pradel models take a reverse- time approach, 
estimating the rate at which individuals join, rather than leave the 
population (Nichols et al., 2000; Pradel, 1996). F incorporates ad-
ditions to the population through both recruitment (i.e., born and 
survived) and immigration and is defined as the per capita rate of 
additions to the population (Cooch & White, 2006). For example, if 
F = 0.5, then the number of new individuals entering the population 
between time t and t + 1 is half the number of individuals already in 
the population at t. Although estimates of F incorporated both births 
and immigration, out of >10,300 recaptures over the three- decade 
survey period we recorded only 13 instances of birds dispersing 

within the two study systems from smaller to the larger study sites 
(see Figure 1, Korfanta et al. 2012), and we did not record any birds 
dispersing between the EUM and WUM study systems (Korfanta 
et al., 2012). Thus, we believe our estimates of recruitment largely 
reflect the contribution of births and juvenile survival rather than 
immigration.

Realized population growth, λ, is the sum of F and φ and rep-
resents the proportional change in population size between times 
t and t + 1. For example, if λ = 0.9, then the population size at time 
t + 1 will be only 90% of the population size at time t. Importantly, 
changes in λ are not the same as changes in population size. λ can be 
constant over time (e.g., 0.9) and result in population declines (Figure 
S2[iv]). Conversely, λ can decrease over time without the population 
declining if λ remains greater than 1 (Figure S2[ii]). We used the same 
10 formulae to model λ and F as were used to model φ in the CJS 
models (Table S1). Although Pradel models estimate φ and p, we con-
strained these parameters by conditioning on the formulae for φ and 
p from the top- ranked CJS model for each species (Korfanta et al., 
2012). Consequently, in the Pradel candidate model set, formulae 
for λ or F varied across models but formulae for φ and p remained 
constant across models.

For each species, we selected the top- ranked model for φ (CJS 
models) and for F and λ (Pradel models) from the candidate model sets 
based on (Q)AICc (Burnham & Anderson, 2002), and extracted the co-
efficient estimates and 95% confidence intervals from the top- ranked 
models. We also calculated R2_Dev as a measure of the proportion of 
variation explained by the model covariates (Grosbois et al., 2008), 
as well as the model weight which gives the strength of evidence for 
that model relative to all the other models in the model set (Burnham 
& Anderson, 2002). We based our inferences on coefficients from 
the top- ranked model rather than model- averaged coefficients be-
cause coefficients cannot be validly averaged across models (Cade, 
2015). Model rankings are provided in Table S6. We considered a 

F I G U R E  2  The association between 
demographic rates and temperature 
and precipitation for 21 understory bird 
species between 1987 and 2016 in the 
East and West Usambara Mountains, 
Tanzania. The effects of climate covariates 
are displayed in relation to (a) realized 
population growth rates, (b) recruitment 
rates and (c) apparent survival rates. 
Coefficients and 95% confidence intervals 
(CI) are displayed for the top- ranked 
model for a given parameter. If the 
95% CI on coefficients overlap 0, point 
estimates and CI are displayed in gray. If 
a top- ranked model for a species does 
not contain a climate covariate, point 
estimates and CI are not presented 
for the species. Species code follows 
Table 1
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covariate to be an important predictor variable for a demographic 
parameter if the confidence interval on its coefficient did not overlap 
0. We assessed the relative importance of covariates across species 
by tabulating the frequency that a covariate, with a confidence inter-
val that did not overlap 0, appeared in the top- ranked model. When 
plotting species- specific coefficients (Figure 2), we display only the 
coefficients from the top- ranked model. If the top- ranked model for 
a given species did not contain a particular climate covariate, neither 
a point estimate nor confidence interval are presented. For species 
with smaller sample sizes, it was not always possible to estimate 
every covariate coefficient at least once, as indicated in the results. 
We also present average estimates for λ, F, and φ from the constant 
models (Figure S3a; Table S2), as well as average estimates of λ by 
location (EUM vs. WUM) to compare locations (Figure S3b).

2.5  |  Trait analyses

It has been hypothesized that in response to global warming the 
demographic rates of tropical montane bird species found further 
below their elevational range midpoint should be lower than the de-
mographic rates of species found closer to their elevational range 
midpoint. This is because global warming should more adversely 
impact demographic rates of species found closer to their warm- 
edge elevational range limit than species found further from their 
warm- edge elevational range limit (Srinivasan & Wilcove, 2020). It 
has also been hypothesized that species with smaller body mass may 
be more sensitive than large- body mass species to changes over time 
in environmental temperature due to their higher surface- area- to- 
volume ratio and/or sensitivity to temperature- induced changes in 
food availability (Srinivasan & Wilcove, 2020).

We assessed these two hypotheses by regressing estimates of 
λ from the constant Pradel model (n = 21) in a linear mixed model 
against the difference between mean elevation of the study loca-
tions (1169 m) and the elevational range midpoint of each species 
(hereafter “midpoint difference”) as well as against species’ log(body 
mass). Data for both explanatory variables were taken from a global 
dataset of bird traits (Şekercioğlu et al., 2019). Both variables were 
scaled to have a mean of 0 and a standard deviation of 1. We also 
included taxonomic family in the model as a random effect to ac-
count for possible phylogenetic differences. We then constructed a 
second model having the same structure, but in which the response 
variable was replaced with the temperature coefficients for λ from 
the top- ranked λ model that contained temperature. We again 
deemed explanatory variables to be statistically important if the 
95% confidence intervals on the coefficients did not overlap 0.

2.6  |  Post- hoc analysis

Because temperature generally increased over time (Figure 1a), asso-
ciations between demographic rates and temperature may be spuri-
ous and artifacts of both being correlated with time. Consequently, 

in a post- hoc analysis, we substituted a linear time covariate for the 
temperature covariate in the top- ranked λ models that contained tem-
perature. We reasoned that if a linear trend over time was a better 
predictor than temperature, then there was insufficient evidence that 
temperature was a driver of the observed changes in the demographic 
rate; whereas if temperature was a better predictor than time, then 
this provided evidence that temperature likely either directly or in-
directly drove changes in the demographic rate, because it explained 
additional variation that time alone could not explain.

All analyses were carried out in R version 3.2.4 (R Core Team, 
2020) using the package RMark (Laake & Rexstad, 2006) for mark– 
recapture analyses which interfaces with program MARK (Cooch & 
White, 2006).

3  |  RESULTS

Over the 30- year study period, 16,624 birds of 63 species were 
captured of which there were sufficient sample sizes (>100 individu-
als or encounter probability >0.1) to estimate demographic rates for 
21 species (Table 1). Of these 21 species, 18 species occurred both 
in the EUM and WUM (Table 1). Under a constant model for these 
21 species (Table S2), population growth rates (λ) ranged from 0.91 
(Red- capped Forest- warbler) to 1.01 (Little Greenbul) with a mean of 
0.98 ± 0.01 (±SE; Figure S3a). Recruitment rates (F) ranged from 0.17 
(Olive- headed Bulbul) to 0.64 (Red- headed Bluebill) with a mean of 
0.31 ± 0.02 (Table S2). Apparent survival rates (φ) ranged from 0.37 
(Red- headed Bluebill) to 0.78 (Olive- headed Bulbul) with a mean of 
0.67 ± 0.02 (Table S2). Encounter probabilities (p) ranged from 0.09 
(Olive- headed Bulbul) to 0.63 (Red- headed Bluebill) with a mean of 
0.23 ± 0.03 (Table S2).

Across the 21 focal species, the most important climate covari-
ate associated with λ was annual mean temperature, which appeared 
in the top- ranked model for 13 species (62%; Figure 2a; Table 1). For 
these 13 species, we also compared the top- ranked model with com-
peting models that had similar support (i.e., ΔAICc <2). For two of 
the 13 species, the top- ranked model was the only model for which 
ΔAICc <2, while for eight species all models for which ΔAICc <2 also 
contained temperature (Table S3). These results indicate support for 
temperature across competing models. For 12 species (57%), the co-
efficient for temperature was negative and the confidence interval 
did not overlap 0, indicating that λ was negatively associated with 
temperature for more than one- half of all focal species (Figures 3 
and 4, Figure S4). Because temperature generally increased over time 
(Figure 1) and thus is correlated with time, in a post- hoc analysis we 
replaced the temperature covariate with a time covariate (year) for the 
12 species that contained temperature in their top- ranked λ model 
and for which the confidence interval on the temperature coefficient 
did not overlap 0. We then compared the two models (Table S4). For 
six species, the model containing temperature performed better than 
the model containing time (ΔAICc >2; Table S4); for three species, the 
models were equivocal (|ΔAICc| ≤2); and for three species the model 
containing time performed better (ΔAICc < −2).
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Annual precipitation appeared in the top- ranked λ model for five 
species (24%; Figure 2a; Table 1) and in all cases the confidence in-
terval on the coefficient did not overlap 0. For these species, pop-
ulation growth rates fluctuated with precipitation (Figure 4; Figure 
S4), although the coefficients were on average a third of the size 
of the temperature coefficients. The precipitation coefficient was 
positive for two species and negative for three. The interaction term 
between temperature and precipitation did not appear in any of the 
top- ranked λ models.

Temperature was also the most important climate covariate as-
sociated with recruitment (F). Across focal species, temperature ap-
peared in the top- ranked model for 12 species (Figure 2b; Table 1). For 
10 species (48%), the confidence interval on the coefficient for tem-
perature did not overlap 0 and F was negatively associated with tem-
perature (Figures 3 and 4; Figure S5). Precipitation appeared in the 
top- ranked F model for five species (29%), although the effect sizes 
were again much smaller than for temperature (Figure 2b; Table 1). 
For two species (17%), the confidence interval on the coefficient for 

F I G U R E  3  The relationships between 
demographic rates and temperature for 
understory bird species in the East and 
West Usambara Mountains, Tanzania. 
Population growth rates (λ) are plotted 
as a function of temperature in the (a) 
West Usambara Mountains and the (b) 
East Usambara Mountains. Recruitment 
rates (F) are also plotted as a function of 
temperature in the (c) West Usambara 
Mountains and the (d) East Usambara 
Mountains. Each line represents the 
predicted values of a demographic rate 
as a function of temperature for a species 
whose top- ranked model contained 
temperature. Values are presented over 
the range of temperatures observed at 
each study location

F I G U R E  4  Interannual variation in point estimates of realized population growth rate (λ) and recruitment rate (F) as a function of the 
climate covariates and location in the top- ranked Pradel models for four representative species in the East and West Usambara Mountains. 
Results for apparent survival rates are not displayed because apparent survival was relatively unaffected by either temperature or 
precipitation. Similar plots for other focal species are provided in Figures S4, S5, and S6
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precipitation did not overlap 0, and the coefficient was positive for 
one species (Figure S5). The interaction term appeared in the top- 
ranked model for one species (Olive- headed Bulbul), where the con-
fidence interval on the coefficient did not overlap 0.

The association of temperature and precipitation with φ was 
inconsistent across species (Figure 2c; Table 1). Although tempera-
ture appeared in the top- ranked models for eight species (38%), for 
only three species did the confidence intervals for coefficients not 
overlap 0 and these coefficients were positive for one species and 
negative for two (Figure S6). Similarly, precipitation appeared in the 
top- ranked φ models for five species (20%) of which the confidence 
intervals on the coefficients did not overlap 0 for three species and 
the coefficients were positive for two species and negative for one 
(Figure S6). The interaction term appeared in 3 of 19 top- ranked 
models (14%) and in all cases the confidence interval on the coeffi-
cient did not overlap 0 and the coefficient was negative.

For the 18 focal species that occurred in both the EUM and 
WUM, differences in average λ between locations varied inconsis-
tently across species (Figure S3b). However, for the 10 species found 
both in the EUM and WUM and for which the temperature covariate 
was contained within the top- ranked λ model, λ was 2% higher on 
average in the WUM than the EUM (Figure S3b). The location covari-
ate appeared in the top- ranked λ model for 10 species (57%; Table 1). 
For nine species (48%), the confidence interval on the location co-
efficient did not overlap 0. For eight of these species, the location 
covariate appeared in combination with the temperature covariate 
in the top- ranked model. Without the location covariate, average λ 
would have been much higher in the WUM due to the cooler tem-
peratures. However, the presence of the negative location coeffi-
cient reduced the average difference in λ between locations (Figure 
S3b). Thus, λ estimates were more similar between locations (Figures 
3 and 4; Figure S4) than predicted by the absolute difference in tem-
perature alone (Figure 1a).

The location covariate appeared in the top- ranked F model for 11 
species (52%; Table 1) and in all cases the confidence intervals on the 
coefficient did not overlap 0. For nine of these species, the location 
covariate appeared in combination with the temperature covariate in 

the top- ranked model. Again, the presence of the negative location 
coefficient reduced average differences in F between sites. Thus, 
F estimates were more similar between the EUM and WUM study 
locations (Figures 3 and 4; Figure S5) than predicted by the absolute 
difference in temperature between locations (Figure 1a). The loca-
tion coefficient associated with φ appeared in the top- ranked model 
for two species (10%), and in both cases the coefficients had confi-
dence intervals that did not overlap 0, and φ was higher in the WUM. 
For encounter probability (p), the location coefficient appeared in 
the top- ranked model for seven species (38%) and in all cases the 
confidence intervals on the coefficients did not overlap 0 (Table S5).

Estimates of λ from the constant models were negatively asso-
ciated with midpoint difference (−0.017, 95% CI: −0.027 to −0.007), 
indicating that species in the EUM and WUM occurring further 
below their elevational midpoint had lower population growth rates 
on average than species found closer to their elevational midpoint 
(Figure 5a). Estimates of λ from the constant models were also posi-
tively associated with body mass (0.012, 95% CI: −0.022 to −0.002), 
indicating that smaller- bodied species had lower population growth 
rates on average than larger- bodied species (Figure 5b). Temperature 
coefficients for λ from the top- ranked λ models were not significantly 
associated with body mass (0.092, 95% CI: −0.023 to 0.207 ± 0.115 
CI) or the midpoint difference (−0.062, 95% CI: −0.167 to 0.043).

4  |  DISCUSSION

As global climate changes, species may find themselves in increas-
ingly unfavorable environments. Knowledge of demographic rates 
is key to understanding population- level responses of species to 
climate change yet few studies have investigated this across com-
munities in the tropics, especially in montane regions or in Africa 
(Sheldon, 2019). Here we report a negative association between 
realized population growth rates and annual mean temperature 
for 57% of focal species (Figures 2a and 3) meaning that, for these 
species, population growth rates averaged lower in warmer years. 
As temperatures increased over time, population growth rates 

F I G U R E  5  The relationships between population growth rates and elevational range and body mass for understory bird species in the 
Usambara Mountains, Tanzania. Estimates of λ from constant models (n = 21) were regressed against (a) the difference between the mean 
elevation of the study sites and the elevational midpoint of species and (b) log(body mass) in a linear mixed model. Dashed vertical lines 
illustrate the elevation of the study locations in the East and West Usambara Mountains
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consequently decreased over time for these species (Figure 4; Figure 
S4). Of the 12 species having this negative association, the popu-
lation growth rates of nine species averaged below 1 (Figure S3a), 
meaning that their population sizes also declined over the 30- year 
period and at an accelerating rate as λ decreased. The remaining 
three species may also see shrinking population sizes in the future if 
population growth rates continue to decrease.

Estimates of λ under the constant models were negatively asso-
ciated with the difference between the mean elevation of the study 
sites and the elevational midpoint of species (Figure 5a). This result 
indicates that species at our study locations found below their eleva-
tional midpoint and closer to their warm- edge elevational range limit 
had on average lower population growth rates than species found 
closer to their elevational midpoint, resulting in declining population 
sizes (Figure 5a). This result also corroborates findings from a re-
cent study from the eastern Himalayas (Srinivasan & Wilcove, 2020) 
that found temporal trends in apparent survival rates of understory 
bird species were negatively associated with the difference be-
tween study location elevation and the elevational range midpoint 
of species. In the Usambara Mountains, bird species with smaller 
body masses also tended to have lower population growth rates 
(Figure 5b) than bird species having larger body masses. We sus-
pect this observed positive relationship between λ and body mass 
is most likely a result of the greater sensitivity of smaller- bodied 
species to temperature- induced changes in food availability (see 
below; Srinivasan & Wilcox, 2020). While results were very similar 
in direction of effect when we replaced λ estimates under the con-
stant model with the temperature coefficients from the top- ranked 
λ model, the 95% confidence intervals did overlap 0. This latter re-
sult, however, is not particularly surprising due to the comparatively 
smaller sample size (n = 13).

The negative association between population growth rate and 
temperature was shared among species that also varied widely in 
terms of other species traits. Population growth rates were neg-
atively associated with temperature for both common (Olive 
Sunbird) and uncommon (Oriole Finch) species; edge- tolerant 
(Little Greenbul) and edge- averse (Spot- throat) species; terres-
trial (Usambara Thrush) and midstory (Yellow- streaked Greenbul) 
species; and among multiple feeding guilds— insectivores (Yellow- 
throated Woodland- warbler), nectarivores (Usambara Double- 
collared Sunbird), granivores (Oriole Finch), and frugivores 
(Olive- headed Bulbul). These patterns indicate that associations 
between population growth rates and increasing temperatures over 
the last three decades were widespread across the Usambara un-
derstory bird community.

While 21 species were included in the analysis presented here— 
one of the largest such community- wide mark– recapture analyses to 
be conducted in the tropics— an additional 42 species were captured 
over the course of the study for which sample sizes were too small 
or encounter probabilities too low to estimate demographic rates. 
However, we believe that, based on the species traits of the more 
common temperature- sensitive species in the Usambara understory 
bird community, temperature- associated declines have very likely 

also occurred among many of the rarer species in this same commu-
nity as well as among many of the common and uncommon under-
story bird species occurring in other nearby Eastern Arc Mountains 
(see Figure 1, Newmark & McNeally, 2018) that share similar bird 
communities. Elsewhere in the tropics, there is evidence that recent 
climate change has contributed to community- wide declines of bird 
species in lowland (Blake & Loiselle, 2015; Lister & Garcia, 2018; 
Stouffer et al., 2020) and in other montane communities (Latta et al., 
2011), to elevational range contractions (Neate- Clegg et al., 2020), 
and to mountaintop extinctions (Freeman, Scholer, et al., 2018).

For 12 of the 21 focal species for which population growth 
rates were not associated with temperature, three of these spe-
cies’ population growth rates were associated with annual precipi-
tation (Figure 2a). However, the association of precipitation with λ 
was inconsistent in terms of the direction of the effect. This result 
contrasts with that observed in lowland Panama where population 
growth rates for approximately one- third of species in the observed 
community (n = 20) were found to be negatively associated with the 
length of the dry season (Brawn et al., 2017). Annual precipitation 
in the EUM and WUM (Figure 1) is, however, less seasonal than in 
Panama. In Panama, 10% of the annual precipitation falls on aver-
age in the dry season which extends from mid- December to late 
April (Kupers et al., 2019). In contrast, at the study sites in the EUM 
and WUM 28% and 30%, respectively, of annual mean precipita-
tion (Figure 1b) fell during the two dry seasons (January– February; 
July– October) over the course of this study. Thus, we suspect re-
source availability during the dry seasons for understory birds in the 
Usambara Mountains is less constraining than in Panama.

In a post- hoc analysis, we replaced the temperature covariate 
with a time covariate (year) for the species that contained tempera-
ture in their top- ranked λ model (n = 12). For six of these species, a 
temperature covariate performed better than a time covariate, for 
three species results were equivocal, and for another three species 
the time covariate performed better than the temperature covari-
ate. These results indicate there is strong support for an association 
between decreasing population growth rates and rising temperature 
for over one- quarter of the focal understory species. For the spe-
cies for which results were equivocal (|ΔAICc| ≤2), additional data 
may provide evidence for even broader community- wide impacts. 
Furthermore, even when the time model performed better than the 
temperature model, temperature cannot be ruled out as the driver 
behind decreases in λ. It is possible, for example, that temperature- 
driven changes in habitat and resource availability accrue very 
slowly over time (Feeley et al., 2011) and consequently changes in 
demographic rates may not closely track interannual fluctuations in 
temperature (Neate- Clegg et al., 2020; Srinivasan & Wilcove, 2020).

Yet could other confounding factors affect population growth 
rates and recruitment rates among understory bird species over 
time? We can exclude two of the more likely confounding factors 
for observed declines in λ: change in forest block area and matrix 
habitat composition. Based on a comparison of historic and cur-
rent aerial imagery of the two study sites, forest block area has not 
changed in the EUM and WUM while matrix habitat composition has 
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changed minimally (<1.8%) in the EUM and has not changed in the 
WUM (Figure S1). To our knowledge, the only anthropogenic- driven 
change during the study period has been the increase in temperature. 
Thus, because temperature tended to predict population growth 
rates better than time, and because of the lack of plausible alter-
native hypotheses, we believe that temperature- mediated effects 
are the most parsimonious explanation for the negative association 
we observed between temperatures and the demographic rates of 
over one- quarter of all focal species in the Usambara Mountains. 
We expect that climate change will exacerbate the negative effects 
of increasing temperature we observed through continued global 
warming.

Changes in the population growth rates of focal species were 
driven largely by changes in recruitment rates rather than apparent 
survival rates which is consistent with findings in the Neotropics 
(Blake & Loiselle, 2015; Brawn et al., 2017). Apparent survival rates 
were relatively unaffected by changes in temperature or precipi-
tation (Figure 2c), contrary to results from Himalayan birds that 
linked temperature increases to decreases in survival over time 
(Srinivasan & Wilcove, 2020). On the other hand, recruitment rates 
for understory bird species in the Usambara Mountains had a pro-
nounced negative association with temperature for almost one- 
half of all focal species (Figure 2b). Although little is known about 
the direct effects of increased temperature on juvenile tropical 
birds, there is evidence from higher latitudes that altricial chicks 
may be vulnerable to warming (Greño et al., 2008). Yet, there is 
also evidence that adult birds in the tropics are not constrained 
by their physiological tolerance to temperatures (Freeman, 2016; 
Londoño et al., 2017). Moreover, parents can thermally buffer 
eggs and nestlings through nest site selection, nest structure, and 
nest materials (Heenan, 2013). Hence, we believe indirect effects 
are a more likely mechanism for the negative association between 
recruitment and temperature as a result of potential changes in 
food supply (Chapman et al., 2005; Ferger et al., 2014; Lister & 
Garcia, 2018; Powell et al., 2015), breeding season length (Brawn 
et al., 2017), and/or predation pressure (Ghalambor et al., 2013), 
which, in turn, may be climate sensitive (Blake & Loiselle, 2015; 
Williams & Middleton, 2008).

In montane habitats in the Afrotropics, temperature has been 
shown to influence fruit and flower productivity (Potts et al., 2020) 
and phenology (Chapman et al., 2005), and thus changes in tempera-
ture could indirectly impact food availability for frugivores, necti-
vores, and granivores. Changes in temperature could also affect food 
availability for insectivores as evidenced by recent temperature- 
associated declines of arthropods in the Neotropics. In Puerto Rico, 
mean maximum temperatures increased by 2.0°C between 1976 
and 2012. During this same time period, dry weight biomass of ar-
thropods decreased by 4 to 8 times in sweep samples and 30 to 60 
times in sticky traps (Lister & Garcia, 2018). Changes in temperature 
may also alter the phenology of peak insect abundance (Ovaskainen 
et al., 2013), leading to mismatches in food availability (Renner & 
Zohner, 2018; Visser & Gienapp, 2019). When resources are scarce, 
adult birds may provide less food to their young (Ghalambor & 

Martin, 2001; Tieleman et al., 2008), and this under- provisioning 
could extend into the post- fledging period (Tarwater & Brawn, 
2010). Additionally, newly independent juveniles may have greater 
difficulty locating and acquiring food for themselves (Tarwater et al., 
2011; Weathers & Sullivan, 1989; Wheelwright & Templeton, 2003), 
also reducing post- fledging survival.

Changes in temperatures may also mediate competitive inter-
actions. The elevational ranges of many tropical montane species 
are influenced by congeneric competitors (Boyce & Martin, 2019; 
Freeman et al., 2016; Jankowski et al., 2010; Srinivasan et al., 2018). 
Climate- induced changes in the abundance of species may poten-
tially alter patterns of competition among species affecting nest- site 
selection, parental energy expenditure, or food provisioning, and 
thus recruitment (Martin & Martin, 2001). However, in our study 
system, there were only two focal species— Sharpe's Akalat and 
Montane Tiny Greenbul— that have congeners with partially over-
lapping ranges. Yet for neither of these two focal species were re-
cruitment rates associated with temperature.

Finally, increased temperatures may increase nest predation 
pressures and/or predation risk which, in turn, can influence provi-
sioning rates (Ghalambor et al., 2013) and juvenile survival (Tarwater 
et al., 2011), thus impacting recruitment. In our study system, nest 
predation accounts for >97% of all nest failures (Newmark & Stanley, 
2011) with snakes being the dominant nest predator (Newmark, 
2018). Annual snake activity patterns are also highly seasonal at our 
study locations (1037 and 1301 m) with considerably lower activity 
levels during the cold season (March– September) than the hot sea-
son (October– February; Newmark, personal observation) and this is 
consistent with reported activity patterns for snakes elsewhere in 
montane habitat in the tropics (Marques et al., 2006). Locomotor 
performance, movement, and length of annual activity period of 
snakes have been shown to be associated with increased tempera-
tures (Gerald et al., 2008; Moreno- Rueda et al., 2009; Peterson et al., 
1993) and increased movement of snakes, in turn, has been shown to 
be positively associated with increased nest predation rates in birds 
(DeGregorio et al., 2015; Sperry et al., 2008, 2012). Furthermore, 
nest predation by snakes and birds in temperate regions is also 
shown to be positively associated with increasing temperature over 
a recent decadal period (1997– 2010; Cox et al., 2013).

Although population growth rates were higher on average in 
the WUM, the higher elevation location, differences in population 
growth and recruitment rates of temperature- sensitive bird species 
between the EUM and WUM (Figure 4) tended to be smaller (Figure 
S3b) than predicted based on the absolute difference in temperature 
between study locations (Figure 1a). There are a number of reasons 
why average demographic rates may be more similar than expected 
between study locations. First, the location covariate in the general 
model captures unmeasured differences between the locations (e.g., 
resource availability, fragment isolation, predation pressure), dis-
tinct from temperature and precipitation, that may affect average 
demographic rates. Consequently, these other location- specific dif-
ferences may be masking the effect of temperature on demographic 
rates between locations.
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Second, most tropical montane bird species can physiologically 
tolerate a much broader range of temperatures than they currently 
experience (Khaliq et al., 2014; Londoño et al., 2017; Pollock et al., 
2020). In the Usambara Mountains, the elevational range for most 
of the 21 focal species extends from 600 to 2100 m (Stuart, 1983). 
Thus, most of our focal species can tolerate a wide range of tem-
peratures. Moreover, these spatial temperature gradients have ex-
isted for tens of thousands of years in the Eastern Arc Mountains of 
Tanzania and Kenya (Lovett & Wasser, 2008), providing ample time 
for species to adapt. By contrast, small annual changes in average 
temperature as a result of global warming have accrued at a rapid 
rate over recent decades (NOAA, 2019), and can have large effects 
on tropical bird populations (Latta et al., 2011; Stouffer et al., 2020) 
and distributions (Freeman, Lee- Yaw, et al., 2018; Freeman, Scholer, 
et al., 2018) as a result of indirect biotic interactions. For example, 
increasing temperatures over time could drive declines in inverte-
brate abundance (Lister & Garcia, 2018) at both study locations, re-
ducing the provisioning rates of adults to nestlings and fledglings. 
Alternatively, increasing temperatures could increase snake activity 
(DeGregorio et al., 2015; Gerald et al., 2008; Moreno- Rueda et al., 
2009; Sperry et al., 2008, 2012) and as a result nest predation rates 
at both locations (Cox et al., 2013). In summary, our results empha-
size the importance of comparatively sudden annual increases in 
temperature over time as drivers of demographic rates of under-
story birds in the Usambara Mountains as opposed to spatial varia-
tion in temperature between locations.

In this study, we found temperature- associated decreases in pop-
ulation growth rates for 6 (29%) of 21 focal species in an Afrotropical 
understory bird community, driven largely by changes in recruitment 
rates. In addition, population growth rates were lower, and populations 
therefore declined more, for species occurring further below their el-
evational midpoint and for species with smaller body mass. However, 
our knowledge of how increases in temperature are integrated into 
vital rates of tropical bird species clearly remains poor. Understanding 
the proximate mechanisms mediating demographic changes in tropical 
understory bird species is critical for developing effective conserva-
tion interventions and thus should be a high priority in future research 
in the tropics. Over the next four decades, annual mean temperature 
across Tanzania is predicted to increase by 1.0– 2.7°C while annual 
precipitation is also projected to increase (McSweeney et al., 2013). 
Thus, the effects of climate change on tropical bird species demogra-
phy will almost certainly continue to increase over time.
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