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major losses from conversion to agriculture with the remaining fragments threatened

grassy ecosystems, is a major global change symptom, shifting the composition, struc-
ture, and function of plant communities with concomitant effects on all biodiversity. To
identify generalisable impacts of encroachment on biodiversity, we urgently need broad-
scale studies on how species respond to woody cover change. Here, we make use of bird
atlas, woody cover change data (between 2007 and 2016) and species traits, to assess: (1)
population trends and woody cover responses using dynamic occupancy models; (2) how
outcomes relate to habitat, diet and nesting traits; and (3) predictions of future occupancy
trends, for 191 abundant, southern African bird species. We found that: (1) 63% (121) of
species showed a decline in occupancy, with 18% (34) of species' declines correlated with
increasing woody cover (i.e. losers). Only 2% (4) of species showed increasing population
trends linked with increased woody cover (i.e. winners); (2) Open habitat specialist, inver-
tivorous, ground nesting birds were the most frequent losers, however, we found no de-
finitive evidence that the selected traits could predict outcomes; and (3) We predict open
habitat loser species will take on average 52years to experience 50% population declines
with current rates of encroachment. Our results bring attention to concerning region-wide
declining bird population trends and highlight woody plant encroachment as an impor-
tant driver of bird population dynamics. Importantly, these findings should encourage im-
proved management and restoration of our remaining grassy ecosystems. Furthermore,
our findings show the importance of lands beyond protected areas for biodiversity, and

the urgent need to mitigate the impacts of woody plant encroachment on bird biodiversity.
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1 | INTRODUCTION

The Anthropocene has transformed the terrestrial biosphere, tran-
sitioning it from a predominantly natural state to one primarily in-
fluenced by human activities (Ellis, 2011; Ellis et al., 2010; Steffen
et al., 2015). This transition has been identified as the most signif-
icant driver of biodiversity loss globally (Diaz et al., 2019). Efforts
to curb biodiversity loss typically aim to reduce land conversion
rates, encourage land restoration efforts, and promote the expan-
sion of protected area networks (Dinerstein et al., 2020). These
strategies are premised on the idea that there are important res-
ervoirs of biodiversity remaining in rangelands (used for livestock)
or near-natural lands outside of current protected area networks,
which are defined as lands with minor levels of transformation,
low population densities and limited impacts from livestock or
crop-based agriculture (Clements et al., 2024). These rangelands
and near-natural landscapes outside of current protected areas
will become increasingly important if we are to reduce biodiver-
sity loss and achieve the restoration and conservation targets
set out in the Kunming-Montreal Global Biodiversity Framework
(CBD, 2022).

Although grassy ecosystems are subject to high rates of land
conversion for crop-based agriculture and forestry (Newbold
et al., 2016; Potapov et al., 2022), large moderate intensity range-
lands and near-natural areas do still remain outside of protected
area networks, particularly in Africa (Clements et al., 2024; Stevens
et al., 2022). These areas host a rich biodiversity and support an
array of valuable ecosystem services (Bardgett et al., 2021; Murphy
et al.,, 2016; Partel et al., 2005). However, many of these import-
ant areas are experiencing widespread woody plant encroachment
(Garcia Criado et al., 2020; Stevens et al., 2017; Venter et al., 2018)
as a consequence of interacting global change drivers, from chang-
ing disturbance regimes (altered fire and herbivory) to rising atmo-
spheric CO, concentrations and climate change (Archer et al., 2017;
Osborne et al., 2018; Stevens et al., 2017). As a result, these systems
are experiencing a fundamental change in ecosystem structure,
function and composition, and will likely have large, regional-scale
consequences for the biodiversity dependent on them. Whilst
the regional-scale trend of woody plant encroachment is increas-
ingly recognised (Garcia Criado et al., 2020; O'Connor et al., 2014;
Stevens et al., 2016), its influence as a driver of population dynam-
ics at this scale is an under-appreciated impact that needs explicit
examination.

Woody plant encroachment changes ecosystem structure,
with concomitant changes in biodiversity, ecological function, and
ecosystem service provision. In grassy ecosystems, the increasing
woody cover shades out the grass layer, resulting in both the loss
of herbaceous biodiversity (Wieczorkowski & Lehmann, 2022), their
associated ecosystem processes (e.g. fire) and ecosystem services
(e.g. foraging; Anadon et al., 2014; Charles-Dominique et al., 2018).
It can also cause a shift from a heterogeneous system character-

ised by multi-structured layers of trees, shrubs and grasses to the

extreme of a system that is uniformly dominated by a homogenous
layer of woody plants (Sirami et al., 2009). This can have pronounced
impacts on the plant and animal communities living in these land-
scapes. Several local-scale studies demonstrate that homogenisa-
tion through woody plant encroachment can reduce species richness
across a range of communities, from plants and insects to small car-
nivores and birds (Blaum et al., 2007, 2009; Ratajczak et al., 2012;
Sirami & Monadjem, 2012). A global meta-analysis on vertebrates,
suggested that mammals and herpetofauna may be most vulnerable,
while birds are more resilient to the effects of encroachment, due
to their greater flexibility in nesting and foraging strategies (Stanton
et al., 2018). The structural and compositional shift in the plant com-
munity caused by encroachment can also act as an ecological filter
for certain functional groups (Andersen & Steidl, 2023). For exam-
ple, at a local scale, increased woody cover can cause reorganisation
of mammalian herbivore communities, benefitting smaller bodied
browsing herbivores over larger bodied grazers (Smit & Prins, 2015).
Similarly, reorganisation of bird communities can occur with en-
croachment, often favouring leaf gleaning, smaller bodied invertiv-
orous passerines over larger bodied, non-passerine ground dwelling
birds (Andersen & Steidl, 2019, 2020; Péron & Altwegg, 2015; Sirami
& Monadjem, 2012). It is likely that open system specialists will be
disproportionately impacted as they are area sensitive and require
large open area habitats to reproduce (Andersen & Steidl, 2020;
Reino et al., 2009).

Although local-scale studies clearly demonstrate that woody
plant encroachment impacts population dynamics and can re-
structure communities, comparative studies at broad scales are
rare (although see Péron & Altwegg, 2015 for a relevant example).
Current broad-scale studies do the important task of examining
the impacts of climate change or land use on communities such
as birds (Coetzee et al., 2009; Hockey et al., 2011), but they fail
to address how one of the most significant symptoms of global
change in grassy ecosystems (i.e. woody plant encroachment)
impacts species' populations. This insight is urgently needed as
high rates of encroachment are occurring in these systems and are
projected to continue (Kumar et al., 2021; Pfeiffer et al., 2020).
Additionally, many open grassy ecosystems are mistakenly tar-
geted for afforestation and tree ‘restoration’ suggesting that these
ecosystems have the potential to become significantly woodier at
large extents (Bond et al., 2019). Though encroachment and af-
forestation are driven by different processes, these disruptions to
grassy ecosystems have the potential to drastically impact faunal
communities, due to changes in habitat composition and structure
(Allan et al., 1997; Castafnio-Villa et al., 2019; Stanton et al., 2018).
We therefore need to understand the broad-scale impact of sig-
nificantly woodier grasslands and savannas on population dynam-
ics, which may act as an early warning system for biodiversity loss
in these systems. Birds represent a key taxon to investigate the
impact of woody plant encroachment on biodiversity because
they are well surveyed (Brooks et al., 2022), they are sensitive

to changes in vegetation cover and structure (Tews et al., 2004)
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and may act as biodiversity indicators for other taxa (Gregory
et al., 2003). Therefore, declines in population trends for open
ecosystem birds may act as a good proxy of broader biodiversity
loss in the face of large-scale land cover changes due to woody
plant encroachment.

The grassy ecosystems of southern Africa are an important
focal region when it comes to woody plant encroachment, as they
have experienced a strong increase in woody cover (up to 1%/year
in some regions; Stevens et al., 2017), have high faunal biodiver-
sity, are under conserved (Skowno et al., 2019) and provide valu-
able ecosystem services (White et al., 2022). Better computational
capacity, increased access to remotely sensed data and wide-scale
citizen science sampling efforts have improved our ability to look
for generalisable changes in biodiversity due to extensive woody
plant encroachment beyond the site or habitat scale. Here, we draw
on the rich resource of the Southern African Bird Atlas Project 2
(Brooks et al., 2022), a citizen science project that maps bird spe-
cies occurrence across South Africa, Lesotho and eSwatini (from
2007 to present), to examine how trends in bird species occupancy
in grassy ecosystems are influenced by woody plant encroachment.
Additionally, we examine if different functional groups, focusing on
nesting sites, diets and habitat specialisation, are disproportionately
impacted. We hypothesised that ground nesting, non-invertivorous,
open ecosystem specialists would show the greatest occupancy de-
clines. Lastly, we project future occupancy change for vulnerable
species based on current woody cover occupancy and responses
under a scenario of continued encroachment. Our spatio-temporal
analysis allows us to inform efforts to mitigate the impacts of woody
plant encroachment on biodiversity and promote land management
strategies that support the sustainable conservation of open eco-

system biodiversity.

2 | MATERIALS AND METHODS

We used dynamic occupancy models (Bled et al., 2013; MacKenzie
et al.,, 2017; Royle et al., 2005) to analyse changes in bird species
occupancy in response to woody plant encroachment over a 10-
year period (2007-2016). We chose this period as it best overlapped
with the start of the second Southern African Bird Atlas Project
(SABAP2) in 2007 and the end of the available woody cover prod-
uct from Venter et al. (2018) in 2016. We used the citizen science
bird observation data (SABAP2) to fit models for species occurring in
South Africa, Lesotho and eSwatini's open, grassy ecosystems, with
woody cover and the rates of woody cover change as our primary
covariates of interest. After data and model vetting, we present the
analysis for 191 commonly occurring open ecosystem bird species.
This led us to identify species that were either winners, losers or
indifferent in their occupancy response to increased woody cover
(Table 1), explore how different functional groups may be impacted,
and project future impacts for vulnerable species under a business-

as-usual scenario.
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TABLE 1 Lookup table for categorising population trends and
woody cover responses.

Woody cover

Population trend response Outcome
Increasing Positive Winners
Decreasing Negative Losers
Stable Positive/negative/  Indifferent
neutral

Increasing/decreasing/stable Neutral Indifferent
Increasing Negative Indifferent
Decreasing Positive Indifferent
2.1 | Data

2.1.1 | Birdatlas

Bird occurrence at the species level was estimated using data from
SABAP2 (sabap2.birdmap.africa). SABAP2 is large-scale citizen sci-
ence programme, which began in 2007 and is ongoing, and has been
extensively used to investigate bird distributions and responses to
environmental drivers (Altwegg & Nichols, 2019; Bled et al., 2013;
Broms et al., 2016; Chamberlain et al., 2019; Péron & Altwegg, 2015).
The programme is open to volunteer observers who submit species
lists (hereafter atlas cards) with recorded presences of all birds de-
tected during timed visits to predefined grid cells, which in effect
means absences are recorded. Each cell, called a pentad, is 5min by
5min in area (ca. 9km north-south and 7km east-west in southern
Africa). The SABAP2 protocol requests that observers visit all hab-
itats within a pentad. It further requires that pentads need to be
visited for at least 2h and can only be visited once every 5days by
the same observer. Additionally, SABAP2 has a rigorous data vetting
procedure to filter out errors in atlas cards before they are added to
the database (Brooks et al., 2022). We downloaded full protocol card
data with null counts (all cards where the species were both present
and absent) for all South African, Lesotho and eSwatini species in the
database, totalling 843 species.

2.1.2 | Woody plant encroachment

Woody cover data were obtained from Venter et al. (2018) and
processed using Google Earth Engine (Gorelick et al., 2017).
Venter et al. (2018) predicted fractional woody cover across sub-
Saharan Africa using all Landsat surface reflectance data between
1986 and 2016. Random forest regression models were trained
on 6five-year epochs and included spectral bands and derived
vegetation indices and were tested on internal and independent
data, showing good overall accuracies (adjusted R?>0.9; Venter
et al., 2018). The dataset includes a woody cover layer for the year
2016 and a woody cover linear trend layer for a 30-year period
(1986-2016) at 30m resolution across sub-Saharan Africa. We

85UB017 SUOWWOD 8AIE8.D 3(dedldde ayy Aq peusenob ale sajoie O ‘8N JO 3| 10y Ariq1T8UUO 8|1 UO (SUONIPUOD-PUE-SWLBIAL0D" AB | 1M ALe.q Ul [Uo//SdnY) SUONIPUOD Pue SIS | 8Ly 88S *[7202/20/2T] Uo ARIqiTaulluo A8]IM ‘YoIessay [eo1pe I Ued LY INos Aq 0vE2T GOB/TTTT 0T/I0P/W00 A8 | Ake.d 1 jpul|uoy//sdny Wwoiy papeojumoqd 9 ‘vZ02 ‘9872S9ET



WHITE T AL.

40f 14
—I—Wl B2’ Global Change Biology

aggregated this to a pentad level metric by calculating the mean
woody cover for 2016 and 30-year trend layer for near-natural,
non-masked pixels in each pentad. We used the existing masking
layer from the Venter et al. (2018) woody cover data to exclude
pixels classified as forests (natural or plantation), urban surfaces,
wetland, cropland, and natural-cropland mosaics. To identify pen-
tads with largely rangeland or near-natural landscapes, we calcu-
lated the percentage of masked pixels per pentad. Pentads with
>75% masked pixels (n=553) were removed, which excluded pen-
tads with limited near-natural land cover, leaving a total of 10,861
pentads in the study area (Figure S1a). To calculate woody cover
data for each pentad, for each year, we hindcast the pentad-based
woody cover change trend. We cumulatively subtracted the linear
trend for each pentad, starting from the 2016 woody cover value
and moving backwards in time to hindcast values iteratively from
2015 to 2007 for each pentad (see White et al., 2022 for a full
description of the hindcasting approach).

2.1.3 | Studyarea

We confined our study area to South Africa, Lesotho, and eSwatini's
open, grassy ecosystems (Grassland and Savanna biomes), delin-
eated by the 2018 Vegetation Map of South Africa, Lesotho, and
Swaziland (South African National Biodiversity Institute, 2018; data
available at bgis.sanbi.org). We treated these biomes as a continuum,
as they showed comparable woody cover and rates of woody cover

change (Figure S2).

2.2 | Modelling

The modelling process had four steps: (1) data screening, (2) occu-
pancy modelling and extraction of focus estimates, (3) analysis of
functional groups, and (4) future projections for vulnerable species.

2.21 | Datascreening

We downloaded all available atlas cards for all species via the
SABAP2 data portal (sabap2.birdmap.africa). Atlas cards were fil-
tered to include only those with a survey duration of at least 2h,
the minimum time required for a full protocol submission. For each
year between 2007 and 2016, we filtered the pentads to only in-
clude summer atlas cards (October-March), allowing for the inclu-
sion of migrants and overlapping with the peak period for surveying
in southern Africa's summer rainfall season. The citizen science data
from SABAP2 data have a strong spatial bias in card sampling ef-
fort closer to urban areas and along major arterial roadways (Hugo
& Altwegg, 2017). We therefore further screened each pentad to
include a minimum of three atlas cards and a maximum of 40 cards
over the full 10-year period, with each pentad limited to having four
atlas cards per summer. We chose to use four atlas cards per summer

as (1) the median value of atlas cards over the 10-year period was 38
and (2) restricting the analysis to only include the summer season
reduces the likelihood of closure violations. To account for different
movement behaviours across species, atlas cards were sampled to
maximise the time between each card within each respective sum-
mer. After this screening, the sampling design included 3199 pen-
tads, with a total of 31,609 sampled atlas cards (Figure S1a). These
3199 pentads showed a 9.02% overlap with the protected areas (i.e.
including only formal protected areas and excluding other effec-
tive area-based such as biosphere reserves, botanical gardens and
World Heritage Site buffer areas) of the region, meaning 91.98% of
the pentad area covered was outside of protected areas, in near-
natural landscapes (Figure S1b; protected areas downloaded from
Department of Forestry, Fisheries, and the Environment (2023) for
South Africa and from UNEP-WCMC & IUCN (2023) for Lesotho and
eSwatini).

Following the screening process, we calculated the percentage
of presence values for each species in the sampled atlas cards. The
median presence percentage was 2.69%. All species with no values
(i.e., no presences in the spatial-temporally filtered dataset) and less
than 2.69% presence were excluded from further analysis due to low
presence-absence ratios and the likelihood of non-convergence in
the models. Additionally, species that are strongly associated with
water bodies, wide-ranging scavengers (e.g. vultures) and exotic spe-
cies were excluded from the analysis. This left a total of 266 species

for occupancy modelling.

2.2.2 | Population trends and response to
woody cover

We used dynamic occupancy models to describe population trends
in relation to changes in woody cover, while accounting for imper-
fect detection (Kéry & Schmidt, 2008; MacKenzie et al., 2017).
These models allow for the inclusion of several covariates that in-
fluence occurrence and detection, including static variables across
sites, variables that change annually, and those that influence the
likelihood of observing a species. Initial occupancy was modelled as
a function of 2007 woody cover and two climatic variables, related
to temperature and evapotranspiration. Colonisation and extinction
were modelled as functions of woody cover. The detection param-
eter was modelled as a function of year, woody cover, Julian day,
survey duration and road density.

For site-level covariates for initial occupancy, we included the
following variables in our analysis: initial woody cover in 2007,
minimum temperature of the coldest month and the ratio of pre-
cipitation to potential evapotranspiration. Huntley et al. (2006)
found that four climatic variables performed consistently well in
predicting African bird distributions: minimum temperature of
the coldest month, maximum temperature of the warmest month,
the ratio of actual to potential evapotranspiration and the ratio
of precipitation to potential evapotranspiration. We extracted
the temperature variables from the WorldClim dataset (Hijmans
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et al.,, 2005) and the precipitation-evapotranspiration from the
TerraClimate dataset (Abatzoglou et al., 2018) using Google Earth
Engine. After performing a Pearson correlation test with a thresh-
old of r=0.7, we only included minimum temperature of the cold-
est month and the ratio of actual to potential evapotranspiration
(R-index) as climatic predictors for initial occupancy. As an addi-
tional environmental predictor for site-level covariates, we used
initial woody cover in 2007. This sets a baseline for woody cover
for each species' model. For colonisation (probability of occupying
an empty pentad) and extinction (probability of becoming locally
extinct from a pentad) parameters, we included the hindcasted
woody cover for each year. Woody cover and climatic covariates
were standardised before modelling, by subtracting the mean and
dividing by standard deviation.

As citizen science data are prone to imperfect detection, we
modelled the observation covariates as a function of four vari-
ables: year, Julian day, survey duration, and the road density for
each atlas card. Year, Julian day and survey duration were asso-
ciated with each atlas card, while road density per pentad (km/
km?) was derived in QGIS from Africa Infrastructure Country
Diagnostics (World Bank Group, 2009). Julian day was first con-
verted to degrees and then radians to account for its circularity
and leap years were accounted for.

Dynamic occupancy models were fit for each species using the
colext function from the unmarked package (v.1.3.2) in R (Fiske &
Chandler, 2011; R Core Team, 2020). We extracted the following
coefficients from the occupancy models: (1) woody cover estimates
of initial occupancy, (2) predicted population level estimates of an-
nual occupancy to calculate average rate of occupancy change, (3)
woody cover estimates of colonisation and extinction. (1) Woody
cover coefficients for initial occupancy were classed as either pos-
itive, negative or if 90% confidence intervals (Cls) overlapped with
zero—neutral. (2) Average rate of occupancy change (1) was calcu-
lated using the predicted annual occupancy probabilities from the
below equation:

~

t+1

¥y

A=

where 4, is the change in occupancy at time t, ‘?‘t is the occupancy
estimate at time t, and ‘f’m is the occupancy estimate at timet + 1
(Hedlin & Franke, 2017; MacKenzie et al., 2003). Mean occupancy
trends (1) with 90% Cls greater than one were classed as increas-
ing, less than one as decreasing and if 90% Cls overlapped with
one—stable. From these extracted model coefficients, we cate-
gorized birds as either winners, losers or indifferent in response
to woody cover using a simple lookup table (Table 1). For indif-
ferent species, we could not draw a correlative link between their
population trends and woody cover responses. Occupancy models
that did not converge were excluded from further analysis (n=2).
(3) We examined the correlations between the woody cover es-
timates of initial occupancy, colonisation and extinction across

species.
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As a precautionary, additional assessment of population trends,
we used an equality of two proportions test to calculate Z-scores
(Underhill & Bradfield, 1996) and measure the confidence of rela-
tive reporting rate change over time versus occupancy trends. This
statistic relies on the proportion of checklists where a species was
reported as present in each pentad and compares two distinct
time periods and is commonly used in SABAP2 studies (Hofmeyr
et al., 2014; Underhill & Brooks, 2014). It's expressed as:

S P,—P,

1,1
Pa-P(7+1)
with P, and P, representing the reporting rates for each period; n, and
n, representing the total number of cards in each period and P being

the pooled reporting rate across periods:

nyP; + n,P,
T o+,

p

we extracted reporting rates from the first 3years (2007-2009) and
last 3years (2014-2016) to compare trends between the beginning
and end of the study period. We used Z-score thresholds of Z<-1.65
orZ>1.64(90% Cls) to filter out species with strongly conflicting trend
directions to occupancy trends (e.g. A>1 and Z<-1.65, or Ai<1 and
Z>1.65). We filtered out 75 species and results are shown only for the
remaining 191 species (72% of 266 species).

2.3 | Functional groups

To identify potential links between functional groups and modelling
outcomes, we extracted trait data on (a) habitat specialisation, (b)
primary diet and (c) primary nesting sites. All data were extracted
from Roberts Birds of Southern Africa 7th Edition (Hockey, 2005).
For (a) habitat specialisation we classified species into four classes
of habitat specialisation according to Péron and Altwegg (2015).
Roberts provides an index of habitat use from O to 3, with O repre-
senting no use, 1 occasional use, 2 secondary habitat and 3 primary
habitats. Using this information, we classified birds into either open,
intermediate-open, intermediate-closed, or closed habitat specialists
based on a lookup table (Table S1). Species with no scores available
for any habitat use index were manually classified using information
from Birdlife Data Zone (http://www.birdlife.org/datazone/spe-
cies). For (b) primary diet we classified species into the diet classes
carnivore, frugivore, generalist, granivore, herbivore, invertivore,
granivore/invertivore and nectarivore based on an index of diet
contribution from O to 10. This was based on our own diet lookup
table (Table S2). For (c) we used primary nesting sites as described in
Roberts (Hockey, 2005). Brood parasites were assigned nesting sites
based on their major hosts as found in Roberts' species descriptions.

To determine whether loser species were disproportionately rep-
resented by different traits we used chi-squared tests. Tests were
run on overall contingency tables using all responses and all cate-
gories for each trait and then comparing losers and specific traits
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associated with open ecosystem birds (open or intermediate-open
habitat specialists; granivores or invertivores; ground or grass nest-
ing sites) with the sum of counts for all other categories. Only 182
species were analysed in the overall test of nesting site behaviour as
nine species did not regularly breed in the region.

2.4 | Loser occupancy projections

To test the potential future impacts of woody plant encroachment on
population trends if there were to be unmitigated increases in woody
cover, we predicted the number of years before a species' occupancy will
drop by 50% of its 2016 occupancy across its predicted range. We first
predicted species' ranges using the occupancy model beta coefficients,
including the slope, initial woody cover, minimum temperature and the
ratio of actual to potential evapotranspiration to create probability maps.
We generated binary maps using three different species-specific thresh-
olding rules: 10th, 20th and 50th percentile presence threshold (PPT).
Under each thresholding rule, pentads with values equal to or above the
respective percentile are considered presences, while those below as
absences (Radosavljevic & Anderson, 2014). These different thresholds
represent progressively more restrictive binary outputs and can be inter-
preted as broad (10 PPT) to core (50 PPT) ranges of each species. Median
woody cover was calculated across the predicted range for 2016 across
all presence pentads. Using the median woody cover value, we then
found the intersecting occupancy value. This provided the occupancy
and median woody cover values for 2016 for each species.

To calculate the number of years until a species would reach 50%
of its 2016 occupancy, we first needed to forecast woody cover. To
predict future woody cover values, assuming rates of change will be
constant at different woody cover values across the time period, we
used a general additive model (GAM) of woody cover change versus
woody cover for the year 2016 (Figure S2). The GAM model accounts
for the bell-shaped distribution of woody cover change across different
values of woody cover, with a peak at 47% woody cover. Over short
time periods, there is little difference in using GAM predictions rather
than linear predictions. But over several decades, values may become
distorted with linear models as they would not slow down at greater
woody cover. We forecasted the woody cover values iteratively for
consecutive years until the median values intersected with the 50%
occupancy values for 2016 and calculated the number of years to reach
this value. We applied this approach to species that were identified as

losers and open or intermediate-open habitat specialists (Figure 4).

3 | RESULTS

3.1 | Changesin woody cover over sampled
pentads

Woody plant encroachment was ubiquitous across the study region,
with 80% of the pentads showing an increasing trend of at least
0.25%/year. The median value for woody cover was 38.62% across

the sampled pentads (Figure 1a). This was representative of the val-
ues across the full range of pentads within the study region (Welch's
t-test; df=4959.4, p <.01; Figure 1b,c). The median value for woody
cover change was 0.48%/year (Figure 1d). Similarly, the woody cover
change values of the sampled pentads were representative of the
full range of pentads (Welch's t-test; df=4959.4, p <.01; Figure 1e,f).

3.2 | Winners vs. losers

Focusing only on occupancy trends, 121 species (63% of 191) showed
decreasing population trends, with many stable (n=61, 32%) and
few increasing (n=9, 5%; Figure 2). For woody cover responses, 74
species (39%) showed positive woody cover coefficients (i.e. greater
occupancy probability at higher woody cover), 65 (34%) with nega-
tive coefficients and 52 (27%) were neutral due to non-significant
coefficients. When combining occupancy trends together with the
woody cover responses, 34 (18%) species were losers, where they
have both a decreasing occupancy trend and a negative response
to increasing woody cover (Figure 2, Figure S3a,b). Only 4 species
(2%) were winners (Figure 2, Figure S3c,d). These species have both
an increasing occupancy trend and a positive response to increas-
ing woody cover (Figure S3c,d). The remaining 153 species (80%)
were indifferent, where their occupancy responses (both increas-
ing and decreasing) appear decoupled from woody cover dynamics.
Initial occupancy and extinction estimates for woody cover showed
a moderate positive correlation (est. =0.502, R2=.34, p<.001;
Figure S4a), while initial occupancy and colonisation showed a weak
positive correlation (est.=0.271, R>=.05, p <.005; Figure S4b). This
suggests that when species have a greater predicted occupancy at
greater woody cover (e.g. Figure S3d), they simultaneously experi-
ence greater extinction probability with moderate colonisation.
Though extinction and colonisation processes were uncorrelated

when comparing across species (Figure S4c).

3.3 | Functional groups

Chi-squared tests on contingency tables showed no overall dif-
ference between winners and losers for habitat specialisation or
nesting sites, and a small difference in diet, driven by nectarivores
in winners (Table S3a). Losers had greater counts of open habitat
specialisation than other categories (Figure 3; Table S3b) and were
found across all classes of habitat specialisations, diets, and nesting
sites (Figure 3; Figures S5 and Sé), with the most common combina-
tion of traits being open habitat, invertivore, ground nesting birds
(n=4; Figure S5). However, there were several notable inclusions
and exceptions for both winners and losers. No winner species were
open habitat specialists. Losers were primarily invertivores, though
this was reflective of the broader trends when including indifferent
species (Table S3; Figure S5). No winners were granivores. Losers
were found across all nesting sites, while no winners were ground,

grass or reed nesters.
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FIGURE 1 Woody cover and the woody cover change across South Africa, Lesotho and eSwatini's grassland and savanna biomes at the
pentad scale from Venter et al. (2018). (a, d) show the values across the 3199 sampled pentads used in the occupancy models; (b, ) show the
values across all pentads in grasslands and savannas; and (c, f) show the distribution of the values for the sampled (highlighted) and for all
(background) pentads. Map lines delineate study areas and do not necessarily depict accepted national boundaries.

3.4 | Loser occupancy predictions

We predicted that species classified as losers and open or
intermediate-open specialists will take 52 + 16 years (median + SE)
to decline in occupancy by 50% from 2016 (Figure 4a) using 20th
percentile presence threshold (20 PPT). For example, the Tawny
eagle will reach a 50% occupancy decline within 20years, primar-
ily due to its low occupancy in 2016 (at 20 PPT; Figure 4a). While
the Little swift will take more than 250years to decline to 50% oc-
cupancy (across all thresholds), as they started with a greater pre-
dicted occupancy in 2016. The number of years to reach 50% of
their 2016 occupancy rates relative to woody cover varied across
loser species. This is primarily related to their starting occupancy
values in 2016 and the shape of the woody cover response curve.
For example, despite having similar core spatial distributions and
similar starting woody cover values for 2016, the Wing-snapping
cisticola (Cisticola ayresii; Figure 4bi) had less absolute change in
occupancy (0.20 in 2016 to 0.10 in 2049) than the Zitting cisti-
cola (Cisticola juncidis; 0.95 in 2016 to 0.47 in 2229). Species with
high predicted occupancy at their median woody cover, such the

Zitting cisticola (Figure 4bii) and Crowned lapwing (Vanellus coro-
natus; Figure S7) had a much larger absolute decline required to
reach 50% of their initial occupancy and therefore may take cen-
turies to decline by 50%.

4 | DISCUSSION

Our study shows that woody plant encroachment is widespread in
the open, grassy ecosystems of South Africa, Lesotho and eSwatini,
and that this change in vegetation structure is having a concerning
negative impact on open ecosystem bird population trends. Over
60% of species in the analysis demonstrated a population decline
over the 10-year period, and approximately one fifth of all modelled
species were classified as losers and are showing declining popula-
tion trends in direct response to woody plant encroachment with a
concerning ratio of 8:1 losers to winners. These species have higher
occupancy in lower woody cover habitat and are losing good qual-
ity habitat as encroachment degrades and fragments grasslands and
savannas. With most of the region experiencing increases in woody
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response and increasing occupancy trend. See Figure S3 for examples of occupancy trends and woody cover response curves for the Orange
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and are shown in darker grey for winners and losers.

cover, we can expect further major declines in some species in as
little as 20years (Figure 4) under a business-as-usual scenario. These
findings draw urgent attention to the importance of monitoring the
impacts of steady land cover change across the world's grassy eco-
systems, in addition to land use or climate change, and designing

active restoration initiatives to address the impacts on biodiversity.

4.1 | Winners and losers

Birds are excellent indicators of changes in biodiversity (Gregory
et al.,, 2003), and with their strong response to changes in habi-
tat structure are ideal models for exploring how woody plant en-
croachment impacts populations (Andersen & Steidl, 2023; Sirami
& Monadjem, 2012; Stanton et al., 2018). Responses are expected
to impact birds across certain functional groups (open habitat,

granivorous, ground nesters) more negatively than others (closed
habitat, generalist, tree nesters). Counter to this expectation, we
found no distinct trait combinations that linked loser species to
grassland-associated life histories (such as open habitat, ground
nesting granivores). Birds across all trait combinations were nega-
tively impacted, though there were some important exceptions.
Open habitat, ground or grass nesting, invertivores were mostly
unique to losers with no winners in this category (Figure S6). We
always found open habitat specialists to be losers or indifferent,
and never winners, thereby never experiencing any benefit from
increased woody plant encroachment, similar to the conclusions of
Péron and Altwegg (2015).

In contrast to the study by Péron and Altwegg (2015) we show
that woody plant encroachment can elicit strong responses across a
variety of bird functional types and is not restricted to open habitat
specialists. Similarly, we found most loser species were invertivores
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FIGURE 3 The frequencies of bird species classified as consensus winners and losers across their (a) habitat specialisations, (b) primary
diet and (c) primary nesting sites of resident birds (n1=37) in response to increased woody cover. Abbreviations in the figures correspond to:
Interm. = Intermediate, C=Carnivore, F =Frugivore, Gen=Generalist, Gran=Granivore, H=Herbivore, | =Invertivore, I-Gran=Invertivore-
Granivore, N=Nectarivore.
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FIGURE 4 (a) The predicted number of years until a species declines in occupancy by 50% from 2016 occupancy levels for open and
intermediate-open habitat losers with the dashed line showing the median value. (b) Two cisticola species showing examples of (i) a rapid
(Wing-snapping cisticola; Cisticola ayresii) and (ii) a delayed (Zitting cisticola; Cisticola juncidis) decline. In panel (b) solid curves and grey
polygons show their predicted occupancy response to woody cover and 95% confidence interval. Dashed black lines show the median
woody cover and their corresponding occupancy values across their range in 2016. Red lines indicate when occupancy reaches 50% of its
2016 level. Maps show species predicted distributions in 2016 at 20th percentile presence threshold (20 PPT).

or granivores, such as the cisticolas. However, the same patterns regional community. The impact of woody plant encroachment likely
were found across all species when including all birds in the anal- requires a more detailed understanding of birds' foraging behaviours
ysis, suggesting loser species are not functionally distinct from the and prey habitat requirements to untangle the direct mechanisms.
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For example, whether birds glean invertebrates from the woody
layer or ground layer versus hawking, and what are the invertebrate
host plant requirements (Holland et al., 2006; Kutt & Martin, 2010).
Losers also displayed a broad range of nesting behaviours with no
clear preference for sites expected to be vulnerable to increased
woody cover, such as ground, grass, or reed nesting (Coppedge
et al., 2001). Unsurprisingly, winners were not found in these three
categories. Habitat specialisation, diet and nesting requirements
may well be important functional groupings linking woody plant en-
croachment to species declines, though we were unable to draw de-
finitive conclusions linking traits to outcomes for winners or losers.

4.2 | Occupancy declines

Concerningly, 121 species showed a decline in occupancy. This mir-
rors trends found in African savanna raptors, which show severe
declines and few gains over the last 20-40years (Shaw et al., 2024).
Shaw et al. (2024) found 37 of 42 raptors declining and these declines
were more severe outside of protected areas. Though these trends
and those presented in this study were often subtle, it suggests there
are several factors influencing bird occupancy in the region beyond
only woody plant encroachment (Péron & Altwegg, 2015). While
many species were negatively impacted by encroachment, some are
declining despite showing greater predicted occupancy under higher
woody cover. This finding highlights the difficulty in predicting spe-
cies response to global change variables and indicates multiple and
potentially interacting factors are at play (Stanton et al., 2018, 2021).

For the few species considered indifferent with increasing pop-
ulation trends and a preference for open habitats, encroachment
may be a mitigating factor, providing foraging substrate and cover,
nesting substrate or perches (Stanton et al., 2021). Additionally, en-
croachment may interact with increasing temperatures by providing
thermal refugia microsites to mitigate heat stress (Carroll et al., 2017,
Van de Ven et al., 2019).

However, most indifferent species in our analysis were declin-
ing despite showing a greater occupancy at higher woody cover. We
speculate that this may be driven by woody plant homogeneity, as
encroachment is typically dominated by a single or few woody shrub
species (O'Connor et al., 2014; Roques et al., 2001). In these homog-
enous stands, there is reduced forage variety, forage locations, and
potential nesting sites (Coppedge et al., 2001; Kutt & Martin, 2010).
This warrants further investigation to identify broad-scale plant
community shifts (Raymundo et al., 2023) and bird species-specific
mechanisms linked to encroachment beyond just woody cover, par-

ticularly for these declining species.
4.3 | Complexity of woody cover responses,
occupancy and scale

Our analysis revealed that the impacts of woody plant encroach-
ment on populations are complex, with species impacted at different

time scales. Isolating woody cover as a single variable, we predict
that the Tawny eagle, already globally listed as vulnerable (Birdlife
International, 2021), may lose a further 50% of its regional occu-
pancy within 20years if woody plant encroachment continues una-
bated. Many species, such as Wing-snapping cisticola, are already at
the extreme end of their tolerance for woody cover and their regional
occupancy will continue to be at risk with further encroachment.

The time scales at which species are predicted to decline depends
on (1) current woody cover across their range and (2) the shape of
their occupancy response curves to woody cover. Concerningly, sev-
eral species with preferences for more open, grassy habitats show
mean woody cover values across their ranges indicative of high woody
cover savanna systems (>30% woody cover, Figure S6). Our estimates
only used mean woody cover scores across each species' range, which
is likely to mask out local occupancy increases, decreases, persistence,
extinction, and colonisation across sites (Frey et al., 2016). However,
our goal was to explore how species with similar starting woody cover
values across their range (such as the two closely related cisticolas)
may elicit stark contrasts in their predicted occupancy change to in-
creased encroachment due to their different woody cover occupancy
response curves (Figure 4). Zitting cisticolas are predicted to be more
tolerant to higher woody cover values, while Wing-snapping cisticolas
have a narrower range of suitable habitat. The low relative occupancy
values for Wing-snapping cisticolas and similar species make small ab-
solute changes crucial to monitor.

Evaluating population trends at a pentad scale across large re-
gions comes with some limitations. (1) Due to the nature of citizen
science data, we cannot be sure that each atlas survey returned the
exact same locations within each pentad (Chamberlain et al., 2019).
It is therefore important to interpret these results as coarse, region-
wide indicators across species and not as localised population dy-
namics, which may be evaluated far better with targeted, repeated
point count studies (e.g. Sirami & Monadjem, 2012). (2) The species
filtered out of the analysis due to low presence or non-converging
models may have different population trends and are not accounted
for here. Additionally, as we did not look at possible mechanisms
outside of woody cover, we cannot draw conclusions on the driv-
ers of population change for most species analysed in this study.
However, for those species included, we have used both average
rate of occupancy and Z-scores to carefully identify the direction
and significance of population trends. (3) Woody cover and rates of
change were average at the pentad scale, potentially confounding
high variance within a pentad. For example, a pentad may be ex-
periencing high increased woody cover while simultaneously being
cleared in different sites. However, with over 3000 pentads used in
this study, we do not believe this localised variance would greatly
affect our outcomes.

4.4 | Implications

We found worrying evidence for population declines in almost
20% of the common southern African birds examined in this
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study and highlighted woody cover as an important driver of this.
Our findings draw attention to understanding species-specific re-
sponses to biome-level ecological change. In contrast to previous
work (Andersen & Steidl, 2019; Péron & Altwegg, 2015; Sirami &
Monadjem, 2012) we found no definitive pattern in species traits
with birds typically considered savanna- or closed habitat special-
ists declining along with open habitat specialists. Importantly, in this
study we focused on abundant species above a presence threshold
to improve modelling reliability. However, there are several hun-
dred rarer species that may be similarly impacted by woody plant
encroachment and already be of conservation concern. Changes in
occupancy of any of these species has the potential to rearrange
community-level interactions (Andersen & Steidl, 2019) and trig-
ger cascading biodiversity changes at higher or lower trophic levels
(Bridgeland et al., 2010).

In untransformed systems it is often assumed that biodiversity is
going to be most significantly impacted by climate change and land
use change. The responses of birds to woody plant encroachment in
our study is a strong indicator that drivers beyond climate and land
use change can have significant consequences for terrestrial biodi-
versity. The steady change in vegetation structure seen across conti-
nental and biome scales (Skowno et al., 2017; Venter et al., 2018) is a
significant driver of biodiversity disruptions and declines. In the rush
to respond to climate change and biodiversity loss there is increasing
emphasis on tree planting as a mitigation measure, often focused
in open grassy ecosystems (Bond et al., 2019; Fagan et al., 2020).
Such measures will only intensify the negative responses shown by
our study, by further woodifying grass-dominated ecosystems. Our
study serves as an important reminder that increasing aboveground
woody biomass, through encroachment or afforestation, may lead to
trade-offs in biodiversity (Veldman et al., 2015).

Open, grassy ecosystems remain vulnerable to land use and
land cover change, with continued degradation and fragmentation
across previously untransformed lands (Archer et al., 2017; Skowno
et al,, 2021). Calls to better manage woody plant encroachment
through targeted clearing (Stafford et al., 2017), implementing ap-
propriate fire regimes (Alados et al., 2019) or complementing graz-
ers with browsers in rangelands (Estell et al., 2012) in an integrated
land management strategy are crucial for both conserving open
ecosystem biodiversity and ecosystem services (White et al., 2022).
Additionally, conservation efforts need to manage the complexity of
balancing open ecosystems where species may either benefit or lose
out due to woody plant encroachment. If the global commitments
of halting biodiversity loss, and restoring and conserving up to 30%
of terrestrial areas by 2030 are to be realised, significant interven-
tion needs to be directed to the rangelands and near-natural lands
outside of protected areas where degradation threatens ecosystems
and species.
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