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gradient, and test hypotheses for why this may occur.
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Methods: We combined range maps and habitat use data for all terrestrial vertebrates
to calculate the proportion of forest species in an area. We then used data on the
global distribution of current, recent historical, and long-term historical forest cover,
as well as maps of global disturbances and plant diversity to test our hypotheses using
generalized linear models.

Results: We identified a latitudinal gradient in the proportion of forest species
whereby the highest proportions occurred at the equator and decreased polewards.
We additionally found that the proportion of forest species increased with current
forest cover, historical deforestation, plant structural complexity, and habitat stabil-
ity. Despite the inclusion of these variables, the strong latitudinal gradient remained,
suggesting additional causes of the gradient.

Main conclusions: Our findings suggest that the global distribution of the proportion
of forest species is a result of recent ecological, as well as long-term evolutionary fac-
tors. Interestingly, high proportions of forest species were found in areas that expe-
rienced historical deforestation, suggesting a lagged response to such perturbations
and potential extinction debt.
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1 | INTRODUCTION

Global biodiversity is under threat from anthropogenic-driven
habitat loss (Giam, 2017; IPBES, 2019), and conservation action
is required to minimize the negative effects of this (Cullen, 2012;
Dinerstein et al., 2017). Identifying patterns in the distribution and
diversity of species is a key step to prioritizing areas to protect to
achieve conservation goals (Gaston, 2007). The global distribu-
tion and diversity of species have generally been well studied, and
the latitudinal biodiversity gradient (LBG) is one of the most per-
vasive and longest-studied phenomena in ecology dating back to
Humboldt (1849), Darwin (1859), and Wallace (1878). Current re-
search on this pattern continues to emphasize its generality across
nearly all terrestrial and marine taxa (Hillebrand, 2004; Menegotto
& Rangel, 2018; Smith et al., 2017; Willig et al., 2003) and different
measures of diversity (Schumm et al., 2019; Smith et al., 2017). Such
measures of diversity may however be inefficient when designating
protected areas, as they fail to incorporate the expected response
of communities to habitat loss—high-diversity communities will not
necessarily be more negatively affected by habitat loss than low-
diversity communities. Therefore, identification of whether a lati-
tudinal gradient exists in the proportion of species associated with
key ecotypes, and understanding the mechanisms which cause this,
is not only critical to furthering our understanding of biodiversity
distributions but could also inform conservation.

Forests are perhaps the world's most important terrestrial eco-
type, covering 30% of the earth's land surface, yet providing habi-
tat for approximately 80%, 75%, and 70% of terrestrial amphibian,
bird, and mammal species, respectively (FAO, 2020). Despite this,
forests are the habitat type experiencing the fastest loss, with
a third of global forest cover already lost (Ritchie & Roser, 2023).
It is, therefore, no surprise that the protection of forests, and the
ecological communities within them, is a vital part of global plans to
mitigate biodiversity loss (Arroyo-Rodriguez et al., 2020; Dinerstein
etal., 2017; Waldron et al., 2020). Species however vary in their sen-
sitivity to forest loss (Betts et al., 2014;Henle et al., 2004; Keinath
etal., 2017), with species that specifically rely on resources and con-
ditions provided by forests (forest species) expected to be the most
sensitive (Henle et al., 2004; Keinath et al., 2017). Communities with
particularly high proportions of forest species would be expected to
be most strongly affected by deforestation, and it could therefore
be proposed that areas with high proportions of sensitive species
should be protected above areas that simply have the most species.
Due to their global biodiversity and continued anthropogenic threat,
we focus on identifying global patterns in the proportion of forest
species, as well as the potential drivers of this pattern, particularly
focusing on whether the proportion of forest species follows a lati-
tudinal gradient.

For a latitudinal gradient in the proportion of forest species to
occur, the richness of forest species must decrease disproportion-
ately towards the poles compared to generalist species associated
with no particular ecotypes, or species associated with other eco-
types (e.g. grasslands, deserts). A number of factors would be ex-
pected to create such a pattern, including the global distribution of
forests, latitudinal variation in the structural complexity of forests
(Ehbrecht et al., 2021), more disturbances towards the poles (Betts
et al., 2019), higher stability at the equator (Brown, 2014; Pontarp
et al., 2019; Wiens & Graham, 2005), more species creating a ‘niche
packing’ effect (Macarthur, 1965; Sanchez Gonzalez et al., 2023),
and presence of extreme environments (Rivas-Salvador et al., 2019).
An overview of each hypothesis, its rationale, and our expectations
are outlined in Table 1.

In summary, we predict that the proportion of forest species will
increase with the amount of current and historical forest cover in
an area, as well as the stability and complexity of the forests, where
we expect higher proportions of forest species in areas which have
had few disturbances and have remained the same forest type. We
additionally expect factors which increase specialization and specia-
tion to increase the proportion of forest species towards the equa-
tor, specifically total species richness and altitude. A combination
of these factors is predicted to create a latitudinal gradient in the
proportion of forest species, likely to be most heavily driven by the
disproportionately high amounts of forest at the equator. To test
these expectations we use range and habitat use data from I[UCN
(IUCN, 2023) and Birdlife International (BirdLife International and
Handbook of the Birds of the World, 2022) to map the global distri-
bution of the proportion of forest species (described as those only
occurring in forest habitats). We then use generalized additive mixed
models to test the aforementioned hypotheses that could cause
such a pattern using data on current forest cover, recent deforesta-
tion, geological forest cover, natural disturbances, plant diversity,
altitude, and species richness. We find a clear latitudinal gradient in
the proportion of forest species, which is associated with, but not
solely explained by current global forest cover, recent deforestation,
total species richness, and geological forest stability.

2 | METHODS
2.1 | Map projections

All map data in this study were projected to Behrmann Equal Area
projection at the native resolution of 96 x96km pixels, including
conversion to raster format if the data were not already of this type.
For brevity, any mention of projecting maps in the methods refers to
Behrmann Equal Area projection at 96 x 96km pixel size. We chose
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TABLE 1 Outline of hypothesis expected to affect the global distribution of the proportion of forest species, giving rationale as to how
and why it is expected to create a latitudinal gradient, and linking to similar hypotheses within the LBG literature as defined in Fine (2015).

Hypothesis name

Current forest cover

Historical deforestation

Forest stability

Forest complexity

Natural disturbances

Altitude

Niche packing

Rationale

Increased proportion of total area available
to forest species, and decreased area
available for species associated with
other ecotypes (Matthews et al., 2014;
Pimm & Askins, 1995)

Areas with historically high proportions of
forest cover are expected to have higher
proportions of forest species due to
the increased forested area previously
available to them and known lagged
responses of species to environmental
changes (Tilman et al., 1994; Chen &
Peng, 2017; Liao et al., 2022)

Long-term persistence of environmental
conditions is known to increase
speciation rates and is a central
hypothesis of the traditional LBG
(Brown, 2014; Pontarp et al., 2019;
Wiens & Graham, 2005). Increased
speciation rates in forested
environments would be expected to
increase the number of forest species,
and thus increase the proportion of
forest species in the area

More species occur in areas with more
structurally complex forests, due to
the greater number of available niches.
More species in forested environments
means more forest species, which
increases the proportion of forest
species in the area

Higher numbers of generalist species have
been found in disturbed regions (Betts
etal., 2019), likely due to the lack of
stable habitat types, which increases
the extinction rates of specialist species.
Hence the proportion of forest species
is expected to decrease in areas which
have experienced natural disturbances

Extreme environments such as mountains
increase the specialization of species
(Rivas-Salvador et al., 2019), as well
as creating physiological barriers
to dispersal which further increase
speciation and niche partitioning
(Janzen, 1967). Both of these factors
could increase the number of forest
species in an area, and thus the
proportion of forest species

As species richness increases, niches must
be further partitioned and therefore
the proportion of specialist species
increases (Macarthur, 1965; Sanchez
Gonzalez et al., 2023). If these species
inhabit forested areas, then we would
expect a higher proportion of forest
specialist species in areas with higher
species richness

0

Latitudinal expectation

Increase the proportion of forest species as
latitude decreases since contemporary
forest cover is skewed towards the
equator (Hillebrand, 2004; Saupe, 2023;
Willig et al., 2003)

No effect on the latitudinal distribution
of the proportion of forest species as
historical forest cover was relatively
uniformly spread globally (Betts
etal., 2017)

Increase the proportion of forest species
as latitude decreases since the tropical
forests of the equator have generally
been stable over the last 55 million
years (Fine & Ree, 2006), whilst forests
at higher latitudes have changed
between tropical, temperate, and boreal
conditions (Fine & Ree, 2006)

Increase the proportion of forest species as
latitude decreases since alpha diversity
of plants in forests, and therefore
structural complexity, increases towards
the equator (Sabatini et al., 2022)

Increase the proportion of forest species
as latitude decreases since natural
disturbances are skewed towards higher
latitudinal regions (Betts et al., 2019)

Increase the proportion of forest species as
latitude decreases as extreme altitudes
are skewed towards low latitude regions

Increase the proportion of forest species
as latitude decreases since species
richness is known to follow a latitudinal
gradient whereby the number of
species increases from the poles to the
equator (Allen & Gillooly, 2006; Willig
et al, 2003)

LBG analogue

Geographic area

Geographic area

Climatic stability, Time

Spatial heterogeneity

Climatic stability

Narrow physiological
tolerance

Niche width
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to use an equal area projection to ensure that the proportion of spe-

cies per area is comparable across the globe.

2.2 | Proportion of forest species

We obtained distribution range maps and habitat data for four taxa:
ampbhibians, birds, mammals, and reptiles from IUCN (IUCN, 2023)
and BirdLife International (BirdLife International and Handbook of
the Birds of the World, 2022). For a small number of species habitat
data were not available (0.07%), these were removed from further
analysis. We also removed areas of the distribution range classified
as presence uncertain; non-native origin and seasonality descriptors
other than ‘Resident’ or ‘Breeding’, which removed a further 1.3% of
the initial species. Lastly, we removed all marine species which left
a final total species count of 6963 amphibians, 10,041 birds, 5619
mammals, and 9477 reptile species.

We then designated species as forest or non-forest based on the
habitats that were defined as suitable for them by the IUCN. Forest
species only had forest habitats (category 1 in the IUCN Habitats
Classification Scheme) described as suitable, whilst non-forest spe-
cies either had a mixture of forest and non-forest habitat types, or
only non-forest habitat types defined as suitable. We then projected
the ranges of all species and used these to create maps of the total
species richness and the total forest species richness of each taxon
in each 96 x96km pixel. From these rasters we then calculated the
proportion of forest species in each pixel by dividing the forest spe-

cies richness by the total species richness.

2.3 | Current forest cover (proportion of current
forested land area)

We used the Hansen tree cover dataset (Hansen et al., 2013), which
describes the approximate percentage of tree cover in a 30x30m
pixel for the year 2000. While these data are now over 20years old,
they still represent the best estimate of global tree cover and are
unlikely to affect our results as the IUCN and BirdLife range maps
were created over a similarly coarse temporal and spatial scale. We
reclassified pixels into forest or non-forest categories using a 70%
cut-off value (i.e. pixels with at least 70% tree cover were classified
as forest). A cut-off of 70% was chosen as a conservative categoriza-
tion of forest as the definition of a forest varies nationally between
datasets (e.g. 60% of tree cover is determined as forest in Brazil's
mapBiomas, 20% in the United States USGS National Land Cover
Database, and 70% in the Copernicus Global Land Cover Dataset)
(Buchhorn et al., 2020; Souza et al., 2020; Yang et al., 2018). The
Hansen dataset also contained a land mask that classifies pixels as
land or not land (i.e. oceans). We projected both the forest and land
data to our larger 96 x 96 km pixel size, summing their total area to
calculate a total forest area and total land area per 96 x 96 km pixel.
We then divided the total forest area by the total land area to cal-
culate the proportion of current forest cover per pixel, and the total

land area by the total area of our larger pixels to calculate the pro-

portion of land area per pixel.

2.4 | Historical deforestation (historical
proportion of deforested land area)

The historical proportion of deforested land area was calculated
using a map of predicted forest cover prior to human activities,
which had had the areas of current forest cover removed, this map
was also already categorized as forest or non-forest, available from
Betts et al. (2017) at 0.009° pixel resolution. This map was gener-
ated using a random forest regression model which predicted the
distribution of historical forest as a function of 19 bioclimatic vari-
ables from the WorldClim database (Fick & Hijmans, 2017), and
the coordinates of forest loss from the Hansen tree cover dataset
(Hansen et al., 2013). The maps were projected and the total de-
forested area was calculated by summing the area of the forested
pixels. The historical proportion of deforested land area was calcu-
lated by dividing the total deforested area by the total land area.
Note that due to the different initial pixel sizes of the land area raster
and the deforested raster some pixels contained values greater than
one. Most of these were removed during the ‘Data Preparation’ pro-
cess described below, but 85 of 5434 pixels for amphibians (1.6%,
mean value >1 (SD)=1.13+0.317), 125 out of 9571 pixels for birds
(1.3%, mean value >1 (SD)=1.13+0.305), 125 out of 9435 pixels for
mammals (1.3%, mean value >1 (SD)=1.13+0.305), and 101 out of
6125 pixels for reptiles (1.6%, mean value >1 (SD)=1.05+0.087) re-
mained with values above one, and as such these were all set to a
value of one since the proportion of land area deforested cannot be

greater than the total land area present.

2.5 | Natural disturbances

Maps of historical naturally occurring disturbance areas caused
by fire (Lavorel et al., 2007), glaciation (University of Geneva,
Switzerland et al., 2001), and storms (Location of tropical cy-
clones, 2024) were extracted from relevant sources where they
were generated by expert opinion (Lavorel et al., 2007; University of
Geneva, Switzerland et al., 2001) and satellite observation (Location
of tropical cyclones, 2024). These layers were projected and then
combined by summing the occurrence of disturbances to create a
single raster including all three disturbance types, with pixel values
between O and 3 depending on the number of disturbances in the

pixel.
2.6 | Maximum geological forest time and
geological forest stability

Maps of predicted forest type (tropical, temperate, or boreal) from
five geological epochs (Holocene, Pliocene, Miocene, Oligocene,
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and Eocene) were hand digitized from Fine and Ree (2006) into
five vector layers. These layers were projected and pixels were
then given values based on two measures of temporal stability of
the forest type present. Firstly, we calculated the ‘maximum geo-
logical forest time’, which we define as the approximate amount
of time the pixel could have remained the same forest type since
the Holocene (Omya). The period assigned to each of the epochs is
as follows, Holocene=0mya, Pliocene=5mya, Miocene=23mya,
Oligocene=33mya, and Eocene=55mya. For example, a pixel not
classified as tropical forest in the Eocene but then classified as
tropical forest throughout the Oligocene, Miocene, Pliocene, and
Holocene would have a value of 33 (the Oligocene started roughly
33 million years ago), which represents how long the area could have
been continuously covered by tropical forest. Secondly, we calcu-
lated the ‘geological forest stability’, which we define as the num-
ber of layers the pixel was classified as the same forest type as it is
currently (Holocene, Omya). For example, if a pixel was categorized
as tropical forest in the Eocene and Oligocene, temperate in the
Miocene, and tropical forest in the Pliocene and Holocene the pixel

would be given a value of 4.

2.7 | Plantalpha diversity

Raster maps of the global alpha diversity of flora were obtained
from Sabatini et al. (2022) at 0.04° pixel resolution and projected
by averaging the plant alpha diversity across the larger 96 x 96 km
pixels.

2.8 | Altitude

We obtained a raster map of global altitude from ETOPO 3 (NOAA
National Centers for Environmental Information, 2022) at 60-arc
second resolution. This was projected by averaging the altitude of
pixels within the larger 96 x 96 km pixel.

2.9 | Latitude (distance from equator 1000km)

To define latitude, we calculated the distance from each pixel to the
equator (described in 1000km for ease of interpretation).

2.10 | Forest ecoregions

Lastly, we cropped all of our maps to only include data for ecoregions
which contain forest biomes based on the RESOLVE 2017 dataset
(Dinerstein et al., 2017). This was done to ensure we were compar-
ing areas in which forest species would be expected to occur and
to aid with the interpretation of results. For example, differences in
plant diversity between two forest ecoregions suggest changes in
structural complexity and the number of niches available to forest

and Biogeography

species. On the other hand, comparing differences in plant, and
therefore structural, diversity between a forest and grassland ecore-
gion has far less ecological meaning in the context of the proportion
of forest species. We also assigned each pixel to the forest ecoregion
it occurred in which was later used as a random effect in our models.

3 | QUANTIFICATION AND STATISTICAL
ANALYSIS

All data quantification, spatial analysis, statistical analysis, and vis-
ualization were conducted in R version 4.2.2 (R Core Team, 2023)
using the mgcv package version 1.9.0 (Wood, 2011) and the ‘bam’
function for generalized additive mixed effect models, the DHARMa
package version 0.4.6 (Hartig, 2022) was used for model evaluation
of overdispersion and model fit, the performance package version
0.10.8 (Lidecke et al., 2021) was used to assess multicollinearity, and
the ncf package version 1.3.2 (Bjornstad, 2022) was used to assess

spatial autocorrelation using correlograms.

3.1 | Data preparation

Before analysing the proportion of forest species in each pixel, we
removed pixels which had a small amount of land within them (<10%

land area).

3.2 | Modelling the proportion of forest species

We used generalized additive mixed effect models to model the
proportion of forest species for each taxon individually, as well as
for all taxa combined, using two sets of explanatory variables. All
models used binomial errors and the logit link function, since our
response variable, the proportion of forest species, is a set of tri-
als (total number of species in a pixel) and successes (the number
of forest specialist species in a pixel). We first used a simple model
which predicted the proportion of forest species in a pixel using only
latitude (distance of the pixel from the equator) as an explanatory
variable. Secondly, we used a more complex model which used all of
the previously described variables (Current Forest Cover, Historical
Deforestation, Naturally Disturbed Areas, Maximum Geological
Forest Time, Geological Forest Stability, Plant Alpha Diversity,
Altitude, Total Species Richness, and Latitude) to predict the pro-
portion of forest species in a pixel. In both cases, we ran general-
ized additive mixed models, with explanatory variables scaled and
centred to allow for comparison of effect sizes. Though we used
generalized additive mixed models, the fixed effects were included
as linear predictors and outputs from them can be interpreted as if
from a generalized linear mixed effect model. Models including all
taxa combined included random intercept terms for taxa. The struc-
ture of all models can be seen in the ‘model structure’ section of
the supplementary, and model variables were chosen based on our
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prior hypotheses and were not included or excluded based on model
comparisons such as AIC.

For both sets of models we accounted for spatial autocorrelation
since preliminary models which did not account for it showed spa-
tial clustering of residuals and therefore lacked independence be-
tween sampling points (Legendre, 1993). We used two methods to
account for spatial autocorrelation. Firstly, we included a Gaussian
process which fits a smooth spatial trend by modelling the way the
correlation between pairs of observations (proportion of forest spe-
cies in a pixel) varies as a function of the distance in space between
them (Simpson, 2018). Several functions can be used to model the
correlation between observations and we chose to use the Matern
covariance function since it is the most commonly used, though all
family choices appeared to perform similarly well in observational
comparisons of correlograms. Secondly, we included a random in-
tercept term for ecoregion which improved model fit and slightly
further reduced spatial autocorrelation. Diagnostics for all models
including comparisons of spatial autocorrelations between models
with and without the Gaussian process can be seen in S1, though in
summary there was no collinearity between variables, and spatial
autocorrelation of residuals was severely reduced with the addition

of the Gaussian process.

3.3 | Proportion of forest species versus total
species richness

To highlight the differences between total species richness and our
measure of the proportion of forest species we plotted the propor-
tion of forest species and total species richness against absolute lati-
tude, as well as plotting the proportion of forest species against total

species richness to visualize the relationship.

4 | RESULTS

Mammals had the highest proportion of forest species (N=2166,
39%), followed by reptiles (N=3086, 33%), birds (N=3011, 30%), and
amphibians (N=1735, 25%). The highest proportion of forest species
for all taxa occurs in the equatorial tropical forests, with particularly
high proportions in South America and Southeast Asia (Figures 1
and 2a). All taxa followed a similar latitudinal pattern, whereby the
proportion of forest species decreased with latitude (effect size of
latitude, all taxa=-0.96, amphibians=-0.72, birds=-0.97, mam-
mals=-0.94, reptiles=-1.01) (Figures 1 and 3). For example, our
models predict that 33.5% of species at the equator are forest spe-
cies, which decreases to 9.3% at 30° latitude (tropics) and to 4.1% at
50° latitude (temperate). The proportion of forest species generally
follows the same trend as total species richness (Figure 2a,b) which
similarly decreases from the equator to the poles.

As expected, for all taxa the proportion of forest species in-
creased with current forest cover, historical deforestation, geologi-
cal forest stability, and total species richness (Figure 4). Additionally,

(a2)

(b2)

(c2)

(d2)

Proportion of Forest Species

0.00 0.25 0.50 0.75

FIGURE 1 Globaldistribution of the proportion of forest
species of amphibians (al), birds (b1), mammals (c1), and reptiles
(d1) in forest ecoregions. All taxa show a peak in the proportion
of forest species at the equator, and a gradual decrease towards
the poles. Figures a2:d2 represent the relationship between the
proportion of forest species and latitude generated by a GAM fit,
with the proportion of forest species shown on the x-axis and by
the colour scheme; grey represents erroneously predicted values
below 0%. We calculated the proportion of forest species for pixels
with at least 10 species of a taxa and that contained at least 10%
land cover.

the proportion of forest species generally increased with altitude,
though this was not significant for mammals. We found no consis-
tent relationships between natural disturbances or plant alpha diver-
sity and the proportion of forest species, and a generally negative,
albeit weak, relationship between the maximum amount of time an
area had remained the same type of forest (maximum geological
forest time) and the proportion of forest species. Even with these
explanatory variables, the proportion of forest species of all taxa,

95U8917 SUOWWIOD 9AIE81D) 8|qeal|dde sy Ag peusenob ae Sejoilie O ‘SN JO Sajnl Joj AkelqiauljuQ 481\ UO (SUONIPUO-pUe-SLB)/LI0D A8 1M Alelg Ul |uoy//Sdny) SUONIPUOD pue SWis | au 89S *[¢20z/20/2T] uo Areiqi7auliuo As|iM 891 Aq ¥S8ET GeB/TTTT OT/10p/Wod Ao M Arelq i pUIjUO//SdNY Wo) papeojumod ‘2 ‘vZ0Z ‘8EZ8997T



HOWES ET AL. 7 of 12
Global Ecology A dournal of
and Biogeography Nsncon) Wl LEY
(@ Amphibians Birds | (b) Amphibians | Birds |
- Proportion
Forest Species
Propqr(ioFr;_ h;l]ax
0.75 Species Richness 0.75

Mammals

Reptiles

Mammals

Reptiles |

0.75

0.75

0
Absolute Latitude

oo

100 150 200 250 50
Total Species Richness

FIGURE 2 Both the proportion of forest species and total species richness decreased with absolute latitude (a), and the proportion of
forest species generally increased with total species richness (b). (a) and (b) are both generalized additive model fits. Proportion of maximum
species richness is used in (a) to bound values between 0 and 1 and allow for plotting on the same scale as the proportion of forest species.
This was calculated per taxa as the total species richness of a pixel divided by the maximum total species richness of any pixel.
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FIGURE 3 Proportion of forest species significantly decreases with latitude for amphibians, birds, mammals, and reptiles. Results of
generalized additive mixed models using latitude as the only explanatory variable, and accounting for spatial autocorrelation. Latitude
has been scaled and centred to standardize the effect size and allow for comparison between models, Predictors can be interpreted as

significant if the 95% confidence intervals do not cross O.

apart from amphibians, still showed a strong negative relationship
with increasing latitude, though the effect was slightly dampened
(change in effect size of latitude compared to latitude-only mod-
els, all taxa=0.37, amphibians=0.54, birds=0.28, mammals=0.45,
reptiles=0.50) (Figure 4), and the variation explained by the models
only increased marginally (Table 2).

5 | DISCUSSION

We found a strong negative relationship between latitude and
the proportion of forest species of all terrestrial vertebrates.
Surprisingly, the strong effect of latitude on the proportion of forest

species remained for all taxa except amphibians once we accounted
for key variables expected to influence the global distribution of
forest species. Other than latitude, the total species richness of the
community, as well as the amount of forest cover, and historical de-
forestation in the area most strongly affected the proportion of for-
est species. Interestingly, the effect of historical deforestation was
almost as strong as that of current forest cover; regions with higher
amounts of forest historically tend to still have greater proportions
of forest species—even long after that forest has been removed. This
suggests a lagged response of forest species to the removal of habi-
tat. In contrast to our expectations, we found a generally negative
effect of maximum geological forest time, as well as non-significant

and mixed effects of plant diversity and the presence of natural
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FIGURE 4 Proportions of forest species ubiquitously increase with current forest cover, historical deforestation, geological forest
stability, and total species richness, whilst generally increasing with altitude. On the other hand proportions of forest species generally
decreased with latitude and maximum geological forest time, whilst results were mixed for naturally disturbed areas and plant alpha diversity
Results of generalized additive mixed models using all explanatory variables, while accounting for spatial autocorrelation. All variables have
been scaled and centred to standardize effect sizes and allow for comparison between variables and models. Predictors can be interpreted
as significant if the 95% confidence intervals do not cross 0. Non-significant predictors are denoted by transparent points and intervals.

TABLE 2 R?of generalized additive mixed models using
latitude as the only explanatory variable, and models including all
explanatory variables.

Taxa Latitude-only model R? Full model R?
All 0.86 0.87
Amphibians 0.84 0.86
Birds 0.93 0.96
Mammals 0.95 0.96
Reptiles 0.93 0.95

Note: The R? value is artificially high due to the explanatory power of
terms accounting for spatial autocorrelation and random effects.

disturbances on the proportion of forest species, though the posi-
tive influence of geological forest stability suggests that long-term
stability of a habitat type increases specialization towards that habi-
tat to some extent.

The first factor we tested was the amount of forest cover and as
expected, we found that the proportion of forest species in an area
increased as the amount of forest cover in an area increased. The
species-area relationship is a well-studied phenomenon in ecology
(Matthews et al., 2014; Pimm & Askins, 1995), and the higher pro-
portion of forest species in areas with more forest cover is likely
a direct result; more area of a habitat type at the regional scale in-
creases the pool of species associated with that habitat (Halstead
et al,, 2019; Leibold et al., 2004), and decreases the number associ-
ated with other habitat types. The second factor we tested was the
amount of deforestation that had historically occurred in the area,
as we similarly found that the proportion of forest species increased
with the amount of historical deforestation. This suggests that forest

species which occurred in the area before deforestation still at least
partially remain; likely in smaller forest remnants. Whether the high
proportions of forest species in such areas will remain long-term is
unknown, however, previous studies have found lagged responses of
species to habitat loss (Chen & Peng, 2017; Liao et al., 2022; Tilman
et al., 1994), which only increase as the size of the area increases
(Haddad et al., 2015), meaning that this may be a case of extinction
debts that are yet to be paid, and could take centuries to do so (Chen
& Peng, 2017).

Factors that were expected to increase the specialization of
species were similarly found to generally increase the proportion
of forest species in an area. The third factor tested was the total
species richness of an area, and we found that this had consistently
strong effects on the proportion of forest species, supporting the
‘niche packing’ hypothesis that species are required to specialize
in more specific niches to maintain a stable community with high
species richness (Macarthur, 1965; Sanchez Gonzalez et al., 2023).
This is further corroborated by the weak effect of total species
richness in our model including all taxa, indicating that niche-
packing is working at an intra-taxa level, in which species are more
likely to be competing for shared resources. For example, the total
number of amphibian species does not affect the proportion of
forest bird species in an area. Contrastingly, altitude had a rela-
tively weak but generally positive effect on the proportion of for-
est species, potentially stemming from increased speciation due
to dispersal limitations (Janzen, 1967) and increased specialization
to survive in relatively extreme environments (Rivas-Salvador
et al., 2019).

On the other hand, we found that hypotheses that most closely
match those in the traditional latitudinal biodiversity gradient
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literature, such as more stable environments increasing specia-
tion (Allen & Gillooly, 2006; Brown, 2014; Mittelbach et al., 2007),
tended to be less supported. Neither the presence of natural distur-
bances nor the amount of time an area had continuously been the
same forest type consistently affected the proportion of forest spe-
cies. The lack of relationship between the proportion of forest spe-
cies and these variables may be due to the ability of species to move,
find refugia, and then repopulate the disturbed or altered area when
it returns to a habitable state; similar to species repopulating areas
after modern disturbances (Haney et al., 2008; Kotliar et al., 2007).
This is further supported by the positive relationship between geo-
logical forest stability and the proportion of forest species, whereby
a higher proportion of forest species were found in areas which had
generally contained the same habitat type, even if it was not tem-
porally continuous. This suggests that forest species can persist in
areas when the type of forest present changes, either by moving
to nearby refugia and repopulating when the forest type changes
again to become favourable (Sommer & Nadachowski, 2006; Waltari
et al., 2007), or by simply adapting to the new conditions.

Perhaps the most obvious differences between forests across
latitudes are their plant diversity and structural complexity; with
diversity and structural complexity increasing towards the equator.
Higher plant diversity, and therefore structural complexity (Sabatini
et al., 2022), should create more niches for forest species (Bracewell
et al., 2018; Brown, 2014; Cao et al., 2021) and therefore increase
the proportion of forest species found in an area. However, while we
found that the proportion of forest species did generally increase
with plant diversity, the effect was extremely weak and variable be-
tween taxa and did not account for the observed latitudinal gradient.
In fact, latitude had one of the strongest effects on the proportion
of forest species (only total species richness had a larger effect for
some taxa) after all other variables had been included, which indi-
cates that the gradient is additionally being driven by unmeasured
factors.

We focused our analysis on the effects of habitat type and
environmental perturbations on the proportion of forest species
in an area, however, traits of the species themselves may explain
the observed latitudinal gradient. A plausible hypothesis borrowed
from the latitudinal biodiversity gradient literature is the ‘Out of the
Tropics’ hypothesis. This hypothesis postulates that species richness
decreases with latitude because species require greater dispersal
ability to move from the equatorial refugia of the last glacial max-
ima to the relatively new habitat of the high latitudes (Brown, 2014;
Jablonski et al., 2006). This hypothesis is supported for the LBG
in birds by the latitudinal gradient in hand wing index; a widely
used proxy for dispersal ability (Sheard et al., 2019, 2020, Weeks
et al., 2023), and could explain our observed latitudinal pattern
in the proportion of forest species, if forest species are generally
poorer dispersers than generalist or open area species. Whilst a re-
cent analysis found no significant differences in the hand wing index
of closed versus open-area species (Sheard et al., 2019), analysis of
our categorization of species into forest or non-forest suggests that
forest species are indeed poorer dispersers (Figure S1) and that this
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therefore may be a viable alternative hypothesis as to why the pro-
portion of forest species varies with latitude.

Our findings were generally consistent across birds, mammals,
reptiles, and in models which included all taxa, however, results for
amphibians varied considerably. The most interesting of these was
the lack of support for a relationship between latitude and the pro-
portion of forest amphibian species. This in large part appeared to
be caused by an increased effect of total species richness, current
forest cover, historical deforestation, and altitude on the proportion
of amphibian species compared to that of the other studied taxa, ex-
plaining much of the observed latitudinal variation. This discrepancy
was likely due to the smaller latitudinal range over which amphibians
occur compared to the other studied taxa (Figure 1), with very few
data points at high latitudes, as well as the smaller range sizes of
amphibian species which could be entirely encompassed in a single
pixel. Despite this, the direction and relative strength of effect of
variables were quite consistent between taxa. Similarly, we believe
such a pattern is likely to hold across proportions of species associ-
ated with other ecotypes, since total species richness and latitude
had by far the strongest effect, though differences in the distribu-
tions of other ecotypes could dampen or exacerbate the latitudinal
gradient (Dinerstein et al., 2017), as could their respective stability
over evolutionary timeframes (Jetz & Fine, 2012).

The observed pattern of increasing proportions of forest species
towards the equator may explain the common finding that ecological
communities in forests near the equator are less resilient to habitat
loss than those nearer the poles (Betts et al., 2019; Melo et al., 2018),
since forest species are less likely to be able to persist after defor-
estation and land-use change than generalist species (Hansen &
Urban, 1992; Swift & Hannon, 2010). This finding suggests that
minimizing deforestation at the equator via the creation and main-
tenance of protected areas may have disproportionately beneficial
impacts on forest species conservation (Anjos et al., 2019; Sverdrup-
Thygeson et al., 2017; Vargas-Cardenas et al., 2022). Additionally,
our results suggest that reforesting historically deforested areas is
a conservation priority since they contain disproportionately high
proportions of forest species, which may be declining towards local
extinction (Liao et al., 2022; Tilman et al., 1994). Ultimately, we re-
port a striking relationship between the proportion of forest species
and latitude, which can only partially be explained by the variables
we investigated in this study, such as current and historical forest
cover, forest structure and temporal stability, disturbance regimes,
altitude, and total species richness. It is likely that this pattern, sim-
ilarly to the latitudinal biodiversity gradient, is driven by a plethora
of factors, and uncovering these may shed light on drivers of species

distributions.
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