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Abstract

Aim: Climate change influences species distribution in space and time, but predict-
ing the overlap in the range of interacting species under different climate scenarios
remains a challenge. Here, we explore how climate change influences shifts in species
ranges among mutualists.

Location: Cape Floristic Region (CFR), South Africa.

Taxon: Proteaceae and Passeriformes.

Methods: We used machine-learning algorithms (random forest and boosted-
regression trees) and regression model (generalized additive models) to predict range
shifts of 11 bird-pollinated Proteaceae species, combined occurrence prediction of
71 bird-pollinated Proteaceae and their two most important, endemic, pollinator
bird species. We determined the degree of overlap in geographical ranges of nectar-
feeding birds and Proteaceae under different climate scenarios. Species ranges were
projected to the years 2050 and 2070 using representative concentration pathways
(RCP) 4.5 and 8.5 and three global climate models.

Results: The majority of Proteaceae species in our model are predicted to experience
range contractions, which ranged from 1% under 2050 RCP 4.5 CCSM4 to 79% under
2070 RCP 8.5 CNRM-CMS5 climate scenarios, leading to 55% and 62% range loss for
Cape sugarbird and orange-breasted sunbird, respectively, under extreme climate
scenarios. Proteaceae species are predicted to experience least overlap with nectar-
feeding birds in the northern and eastern range under future climate scenarios.

Main Conclusion: Climate change threatens species occupying the mountain range of
the northern limit and other regions of the CFR. Reduced range overlap of mutualists
may have significant implications for the reproduction and persistence of Proteaceae.
We suggest active monitoring of Proteaceae populations in regions where species are

predicted to lose their range, particularly so for threatened species with small ranges.

KEYWORDS
mountain range, nectar-feeding birds, plant-pollinator interactions, range contraction,
specialist pollinators, sugarbird, sunbird

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2024 The Authors. Journal of Biogeography published by John Wiley & Sons Ltd.

992 wileyonlinelibrary.com/journal/jbi

Journal of Biogeography. 2024;51:992-1003.


www.wileyonlinelibrary.com/journal/jbi
mailto:
https://orcid.org/0000-0001-6163-3424
http://creativecommons.org/licenses/by-nc/4.0/
mailto:adedojaopeyemiadebayo@gmail.com
mailto:adedojaopeyemiadebayo@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjbi.14804&domain=pdf&date_stamp=2024-01-31

ADEDOJA ET AL.

1 | INTRODUCTION

Climate shapes the range of species across latitudinal and elevation
gradients (Zu et al., 2021), and this may cause local extirpation when
the climate envelopes of species contract (Cahill et al., 2013). Climate
change-induced extinction may influence the loss of more species or
groups than originally predicted, as a result of intrinsic dependence
among species (Schleuning et al., 2016). This is of particular impor-
tance for ecological interactions, where the loss of a mutualistic part-
ner may lead to declines in ecosystem functions (Pyke et al., 2016)
and species co-extinction (Sonne et al., 2022). Generally, species are
expected to shift their ranges towards the poles or higher elevation
(Freeman et al., 2018; Zu et al., 2021), but species' responses to cli-
mate are also mediated by dispersal traits, causing species to shift
their ranges at different paces (Urban et al., 2012). This may result in
a mismatch in the distribution range of mutualistic partners (Gémez-
Ruiz & Lacher Jr, 2019) and lead to local extinction for species in
highly specialized mutualistic interactions (Bascompte et al., 2019).

Pollinators are essential for reproduction of many plant species
(Pauw, 2007; Stanley et al., 2020) and are often considered as im-
portant biotic factors mediating flowering plant species' distribu-
tion across environmental gradients (Johnson, 2010). Synchrony in
phenology and distribution range of pollinator-dependent flowering
plants and animal pollinators is required for effective pollination and
the reproduction of flowering plants (Adedoja et al., 2020; Hegland
et al., 2009). Many pollinators and flowering plant species are pre-
dicted to shift their ranges in response to climate change; thus, mis-
match in the range of pollinators and dependent flowering plants
could occur, causing a reduced co-occurrence of plant and pollina-
tors in shared habitats (Gérard et al., 2020; Schweiger et al., 2008).
For flowering plants that depend solely on animal pollinators for sex-
ual reproduction, this may lead to population declines.

In the Cape Floristic Region (CFR) of South Africa, nectar-feeding
birds are important pollinators of flowering plants, especially for
Proteaceae (Geerts, 2011). This dependence is highly asymmet-
ric, with only six nectar-feeding bird species existing in this region,
but approximately 70 species of Proteaceae, dependent on these
nectar-feeding birds for reproduction (Geerts et al., 2020; Pauw &
Johnson, 2018). Of the six nectar feeding birds in this region, four
occur throughout, and of these, the Cape sugarbird Promerops cafer
and orange-breasted sunbird Anthobaphes violaceae are endemic
to this region. These two bird species, especially sugarbirds, are
frequent visitors of Proteaceae (Botha, 2017; Schmid et al., 2015).
Proteaceae form an integral biotic component of the fynbos biome
of the CFR forming the canopy in mature fynbos biome (Viok &
Yeaton, 1999) and occurring extensively throughout the CFR. Most
of the Proteaceae dominating the fynbos biome are endemic to this
region and provide sugar-rich nectar, especially during the breeding
season for nectar feeding birds (Geerts, 2011; Geerts et al., 2020).
However, the distribution of these plant species is threatened by
alien invasive species, too frequent fires, but also climate change.

Like other Mediterranean-type ecosystems, the climate of the
CFR is changing due to the increase in temperatures and reduced
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rainfall (Tyson et al., 2002). The CFR is predicted to experience an
increase of 1.8°C in mean annual regional temperature by the year
2050 (Midgley et al., 2003), and a significant proportion of suitable
habitat for Proteaceae species is predicted to be lost from the north-
ern and eastern limits of this biome due to climate change (Midgley
et al., 2002). Shifts in species' ranges are thus imminent and this
may lead to mismatches in distribution among mutualistic partners.
Several studies have assessed how drivers of biodiversity change,
such as land use (Hauber et al., 2022; Mnisi et al., 2021), biological
invasion (Adedoja et al., 2021; Geerts & Adedoja, 2021; Geerts &
Pauw, 2009) and fire (Adedoja et al., 2019; Geerts et al., 2012), lead
to decline in the diversity and pollination rate of flowering plants,
and Proteaceae in particular, in the fynbos biome. However, despite
substantial evidence of the effect of climate change on species dis-
tribution, very few studies consider climate change-induced range
shift in Africa (Kuhlmann et al., 2012; Lee & Barnard, 2015; Midgley
et al., 2002, 2003; Simmons et al., 2004), and no study has consid-
ered how climate change may lead to a mismatch in the distribu-
tion of flowering plants and vertebrate pollinators in Africa. In fact,
mismatch between plants and pollinators under climate change has
rarely been studied globally (but see Gémez-Ruiz & Lacher Jr, 2019;
Kolanowska et al., 2021).

Several studies have predicted species will experience sig-
nificant shifts in current range under future climate conditions
(Kuhlmann et al., 2012; Midgley et al., 2002; Zu et al., 2021), but
predicting how the range shift of pollinators will track that of flow-
ering plants is essential in identifying ecosystems where pollination
ecosystem function is threatened. Here, we explore how climate
change influences shifts in species ranges among mutualists in the
CFR, we applied environmental niche modelling for each of 11 bird-
pollinated Proteaceae species, for combined occurrences of 71 bird-
pollinated Proteaceae and each of two important nectar-feeding
bird pollinators which are endemic to this region. A previous study
has predicted that the climate of the CFR, especially in the northern
limit, will get drier and warmer in the future (Midgley et al., 2005);
hence, we hypothesize that bird-pollinated Proteaceae and endemic
nectar-feeding bird pollinators will experience range contraction in
this region under future climate scenarios. We also hypothesize that
the rate of range contractions will vary between Proteaceae and bird
pollinators, leading to predicted changes in the degree of geograph-
ical range overlap of bird-pollinated Proteaceae and nectar-feeding
birds under future climate scenarios.

2 | MATERIALS AND METHODS
2.1 | Datasources

We obtained Proteaceae distribution data from the Protea Atlas
Project database. Approximately 242,200 species occurrences were
recorded by volunteers in 58,362 plots across the region between
1991 and 2002 (Rebelo, 2006). During this period, volunteers re-
corded the population of each Proteaceae species within the 500m
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diameter observation plots and species were classified as abun-
dant (more than 10,000 records), common (101-10,000 records),
frequent (10-100 records), rare (1-9 records) and extinct (known
localities where plants were absent). For this study, we used only
abundant, common and frequent observation records. Of the 330
Proteaceae species in the CFR, we selected only the bird-pollinated
species (according to Geerts et al., 2020) which had more than 1200
presence observation records. Based on these criteria, we included
11 species: Protea repens, P. laurifolia, P. lorifolia, P. cynaroides, P. ex-
imia, P. neriifolia, P. nitida, P. lepidocarpodendron, Mimetes cucullatus,
Leucospermum cuneiforme and L. conocarpodendron viridium.

Of all the nectar-feeding birds in the entire CFR, we selected
two species (Cape sugarbird P. cafer and orange-breasted sunbird
Anthobaphes violacea), which are endemic to this region and known
to frequent Protea stands. We obtained bird distribution data from
the Southern Africa Bird Atlas Project 2 database (SABAP2). Data
collection began in 2007 and data collected until 15 November 2021
were used in this study. Both SABAP2 and PAP databases contain
records of presence and true absence, and species distribution data
were clipped using the Cape boundary layer derived from the Cape
Action for People and Environment project (CAPE). The distribution
of several species is limited to this region as the Cape is bounded by
ocean in the south, drier climate in the north and changing rainfall
regime in the east. For SABAP2, species occurrence was recorded as
checklists in grids with a pentad resolution of 5’ x5’ (approximately
8km by 8km). The Protea Atlas Project, on the other hand, has high-
resolution species occurrence records as points with geographic
coordinates of 50-100m accuracy. To convert the Proteaceae oc-
currence distribution data to the same resolution as nectar-feeding
birds, we assigned a presence to every SABAP2 grid cell with at least
one plant of the focal Proteaceae species. This was done for each of
the 11 Proteaceae species. In addition to the selected Proteaceae
species, we combined the occurrence record of all 71 bird-pollinated
Proteaceae species in CFR (see Geerts et al., 2020 for full list of
Proteaceae species) into one occurrence record specifying grid cells
with at least one Proteaceae occurrence as ‘1’ and grid cells with no
Proteaceae as ‘O’. This indicates regions in the CFR where at least
one bird-pollinated Proteaceae will occur in addition to the selected
11 individual Proteaceae species with the most abundant occur-

rence records in the PAP database.

2.2 | Environmental data

We extracted 19 bioclimatic variables, averaged between 1970 and
2000 from the WorldClim database (https://www.worldclim.org) at
5-minute resolution to match the resolution of bird and plant distri-
bution data. Using the ‘raster’ package (Hijmans et al., 2015) in R, cli-
mate data were cropped to the limit of the Cape boundary to ensure
outputs from our models are for the geographic range of the CFR
only. To reduce multicollinearity among environmental variables
(Dormann et al., 2013), we used the ‘varclus’ function of the ‘Hmisc’
package in R to assess correlation among bioclimatic variables, and

only variables more directly affecting plant and bird physiology ac-
cording to expert opinion were retained for our models when any
two variables were above the threshold of |r|>0.7. Finally, seven bio-
climatic variables (Bio 1 ‘annual mean temperature’, Bio 3 ‘isother-
mality’, Bio 4 ‘temperature seasonality’, Bio 6 ‘minimum temperature
of coldest month’, Bio 8 ‘mean temperature of wettest quarter’, Bio
9 ‘mean temperature of driest quarter’ and Bio 15 ‘precipitation sea-
sonality’) were selected and included in our model predictions for
the selected 11 Proteaceae species and combined occurrences of 71
bird-pollinated Proteaceae.

Model predictions for nectar-feeding birds were computed using
three different predictor groups. We included all seven bioclimatic
variables as predictors to understand how climatic abiotic factors af-
fect the range of nectar-feeding birds. Also, the nectar-feeding birds
are highly dependent on Proteaceae as primary food source, and cli-
mate change will likely affect the distribution of nectar-feeding birds
through the range contraction or expansion of Proteaceae in re-
sponse to climate change. To assess how the changes in Proteaceae
range affect the response of nectar-feeding birds to climate change,
we also developed models with Proteaceae as predictors of bird oc-
currences. In these models, we included the occurrence probabilities
of each 11 Proteaceae species together with the seven bioclimatic
variables. In the third model, we included the combined occurrence
probabilities of all 71 bird-pollinated Proteaceae with the seven bio-
climatic variables as predictors to account for the broader feeding
niche of the birds and how they influence the response of nectar-
feeding birds to climate change. We applied Pearson's correlation
coefficient to estimate the similarity between models including bio-
climatic variables only and models including bioclimatic variables
with the 11 individual Proteaceae species occurrence, as well as
models including bioclimatic variables with the combined 71 bird-
pollinated Proteaceae occurrence.

For future projections, climate scenarios for the years 2050 and
2070 were derived from the CCSM4, CNRM-CM5 and MIROC global
climate models (GCM). Data were extracted following the previously
described protocol under two different Intergovernmental Panel
on Climate Change conditions for the representative concentration
pathways (RCP) class: RCP 4.5 (mild scenario of CO, emission and
temperature rise of 2°C by 2100) and RCPs 8.5 (extreme scenario of
CO, emission and temperature increase of 5°C by 2100).

2.3 | Environmental niche modelling

The current and future distribution of nectar-feeding birds and se-
lected Proteaceae species were modelled using three approaches:
random forest (RF), boosted regression tree (BRT) and general-
ized additive modelling. RF and BRTs are both machine-learning
techniques that ensemble classification and regression trees using
bagging or boosting for RF models (Strobl et al., 2009) and BRTs
(Valavi et al., 2021), respectively. Generalized additive models
(GAM) is a regression technique that applies smooth functions to
assess the effect of predictors on response variables. Compared
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to other species distribution modelling (SDM) algorithms, machine
learning algorithms are suitable for predicting complex relation-
ships (Ramampiandra et al., 2023) with RF and BRT known to pro-
vide high prediction performances, while GAM is a highly flexible
regression approach suitable for modelling data that do not re-
quire interactive terms (Elith et al., 2006). RF was applied using
the ‘randomforest’ r package (Liaw & Wiener, 2002), BRT using the
‘gbm’ r package (Greenwell et al., 2019) and GAM using the ‘mgcVv’
R package (Wood, 2017). The three modelling algorithms were
combined into an ensemble model using the mean of the three
models to reduce the uncertainty of individual model predictions
(Dormann et al., 2018).

Model performance was estimated using spatial cross-
validation, which accounts for spatial autocorrelation by splitting
occurrence records into spatial clusters as described by Ploton
et al. (2020). Spatial correlation was determined using empiri-
cal variogram (Figure S1) and correlogram of Moran | (Figure S2)
for each species. The empirical variogram revealed varying spa-
tial correlation up to approximately 70-100km for each species
(Figure S1). Occurrence records of each species were divided into
33 equal area clusters within the CFR area using the maximum
range of spatial autocorrelation (105 km, a slightly longer distance
than range of autocorrelation (Ploton et al., 2020)) as the distance
between pixels in clusters for all species and we ran spatial clus-
ters in 10-fold using all but onefold per fitting round. The area
under curve (AUC) of receiver operating characteristic (ROC) and
True Skill Statistics (TSS) were used as a measure of model evalu-
ation. Models with AUC values >0.7 and TSS >0.4 are considered
good and retained.

2.4 | Speciesrange change and overlap between
pollinator and plant species

To quantify the overall percentage range size of each Proteaceae
species, the combined 71 bird-pollinated Proteaceae and each
nectar-feeding bird species, we divided the sum of all occurrence
probabilities per cell by the number of all cells for each species under
different climate scenarios. In addition, we quantified the proportion
of loss or gain in species' suitable habitat under current and future
climate conditions by estimating the percentage difference in the
overall current and future range size for each species under different
climate scenarios.

To determine the proportion of overlap in the geographical range
of nectar-feeding birds and Proteaceae, we compared the predic-
tions of each species of Proteaceae with each species of nectar-
feeding birds using the Warren | index (Warren et al., 2008) which
estimates similarity in geographical space overlap of two distri-
butions. Warren | index ranges from O to 1, with ‘0’ indicating no
overlap and ‘1’ indicating complete overlap of two predicted distri-
butions. To understand how species' geographical range overlap var-
ies among climate scenarios, we estimate changes in Warren | index

overlap for each comparison of geographical range of bird and plant
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across time periods (year and RCPs) using Kruskal-Wallis test. To de-
termine regions where overlap or mismatch will occur between the
range of nectar-feeding birds and the combined 71 bird-pollinated
Proteaceae under current and future climate scenarios in the CFR,
we transformed species' occurrence probabilities into presence/ab-
sence maps using the threshold that maximizes TSS (Liu et al., 2016).
All analyses were conducted in R 4.2.2 (R Core Team, 2022), and
maps were plotted in QGIS 3.20.

3 | RESULTS

All predictions revealed high performance as indicated by a cross-
validation AUC >0.7 for each Proteaceae and nectar-feeding bird
species, and combined projection of all bird-pollinated Proteaceae
(Table S1). Although all predictions revealed high performance,
Random-Forest predictions and ensemble models show higher AUC
values compared to GAM predictions for all Proteaceae species ex-
cept Protea eximia (Table S1).

3.1 | Plant predictions

Habitat suitability for each Proteaceae species in our model is pre-
dicted to decrease under all climate scenarios and time periods
(Figure 1; Table S2) except for L. conocarpodendron. The average
decline in suitable habitat of each Proteaceae and the combined
projection of the 71 bird-pollinated Proteaceae was approximately
47.36% under the MIROC climate scenario, and 45.61% and 39.19%
under the CNRM-CM5 and CCSM4 climate scenarios, respectively.
Across projected time periods, predicted average decline in the year
2070 in suitable habitat was 52.50% and 44.84% under RCPs 8.5
and 4.5, respectively. In the year 2050, predicted average decline
in suitable habitat was 41.74% and 37.11% under RCPs 8.5 and 4.5,
respectively.

Our predictions show considerable variation in each
Proteaceae species' response to different climate scenarios and
time periods (Figure 1). Protea laurifolia is predicted to suffer the
greatest loss of suitable habitat of 78.80% under the extreme
2070 RCP 8.5 CNRM-CM5 climate scenario (Figure 1; Table S2).
Other Proteaceae species, especially P. repens and P. nitida, which
currently occupy the largest range with 34.40% and 26.57%, re-
spectively, are predicted to suffer >50% loss of suitable habitat
under the extreme 2070 RCP 8.5 climate scenarios for all GCMs
(Figure 1; Table S2). Protea lepidocarpodendron currently occu-
pies 1.75% of the CFR, the smallest range among all modelled
Proteaceae, but this species is also predicted to lose >50% of
suitable habitat under the extreme 2070 RCP 8.5 for all GCMs
(Figure 1; Table S2). Among all modelled Proteaceae species, the
genus Leucospermum is predicted to experience the lowest range
change, especially under mild climate scenarios where L. conocar-
podendron is predicted to experience a 24.40% gain in suitable
habitat (Table S2). When we compiled the occurrence probabilities
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FIGURE 1 Percentage change in habitat suitability of each Proteaceae species and the combined occurrence of 71 bird-pollinated
Proteaceae at different time periods averaged across three GCMs. GCM, global climate models.
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FIGURE 2 Projected occurrence probabilities of the combined
71 bird-pollinated Proteaceae predicted by SDM model with
climate variables as predictors across different time periods (RCPs
and years) averaged across three GCMs. Map of South Africa is
included showing the coverage of the Cape Floristic Region. GCM,
global climate models; RCP, representative concentration pathways;
SDM, species distribution modelling.

of all 71 bird-pollinated Proteaceae, the probability of occurrence
of at least one Proteaceae decreased by approximately 60.79%
under the extreme 2070 RCP 8.5 CNMR climate scenario (Figure 1;
Table S2), especially in the northern and eastern limit of the biome
(Figure 2).

3.2 | Bird predictions

Model performance for the prediction of P. cafer and A. violacea
was consistent across all predictor categories (abiotic climatic vari-
ables only, 11 modelled Proteaceae prediction with climatic vari-
ables and combined 71 bird-pollinated Proteaceae prediction with
climatic variables) with approximate AUC values of 0.84 and 0.83
and TSS values of 0.55 and 0.52 for P. cafer and A. violacea, respec-
tively (Table S1). The predictions from all models with different pre-
dictors were highly correlated for P. cafer (climate only vs. climate
with individual 11 Proteaceae prediction 0.904 <r<0.951; climate
only vs climate with combined 71 bird-pollinated Proteaceae predic-
tion 0.993<r<0.997) and A. violacea (climate only vs. climate with
individual 11 Proteaceae prediction 0.891<r<0.952; climate only
vs. climate with combined 71 bird-pollinated Proteaceae prediction
0.978<r<0.993) (Table S3).

We selected models using climate with 11 Proteaceae as pre-
dictors for the projections of nectar-feeding birds since these mod-
els show lower correlation with climate only models compared to
models including climate with all 71 Proteaceae. Both nectar-feeding
birds are predicted to suffer significant loss in suitable habitat across
all climate scenarios (Figure 3; Table S2). The lowest losses of ap-
proximately 28% and 34% in suitable habitats of P. cafer and A. vio-
lacea, respectively, are predicted to occur under the mild 2050 RCP
4.5 CCSM4 climate scenario. Promerops cafer is predicted to expe-
rience the greatest loss of approximately 55% in suitable habitat
under the extreme 2070 RCP 8.5 MIROC scenario, while A. violacea
is predicted to experience the greatest loss of 61.53% of suitable
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Promerops cafer

Anthobaphes violacea

FIGURE 3 Percentage change in habitat suitability of nectar-
feeding birds under different time period averaged across three
GCMs. GCM, global climate models.

habitat under the extreme 2070 RCP 8.5 CNRM-CMS5 climate sce-
nario (Figure 3; Table S1). Both nectar-feeding bird species are pre-
dicted to lose most of their range in the northern and eastern limit of
the biome (Figure 4), and considerable portion of the extreme west-

ern limit for A. violacea (Figure 4b).

3.3 | Overlap in geographical range of
Proteaceae and nectar-feeding birds

Our predictions reveal considerable variation in the current geo-
graphical range overlap of different Proteaceae species and nectar-
feeding birds. Protea lepidocarpodendron and L. conocarpodendron
show lowest average overlap in geographical range with P. cafer
(Warren 1=0.69) and A. violacea (Warren 1=0.67), while P. repens
and P. cynaroides are predicted to have the highest average overlap
in geographical range with P. cafer (Warren 1=0.96) and A. violacea
(Warren 1=0.97) (Table S4). Individual Proteaceae species in our
models show consistent degree of geographical space overlap with
A. violaceae across all time periods. Majority of the Proteaceae spe-
cies show consistent degree of geographical range overlap with P.
cafer across all time periods. However, there was a significant differ-
ence in the geographical range overlap of P. cafer with L. conocarpo-
dendron (Kruskal-Wallis chi-square=7.67, df =3, p=0.053, Figure 5)
and P. lepidocarpodendron (Kruskal-Wallis chi-square=7.89, df=3,
p=0.048, Figure 5) across time periods. The highest overlap of P.
cafer with these two Proteaceae species is predicted to occur under
the extreme 2070 RCP 8.5.

The prediction of combined 71 bird-pollinated Proteaceae shows
consistent degree of overlap with A. violaceae and P. cafer across
time periods. Range overlap map reveals that the predicted range of
Proteaceae will contract to areas mostly suitable for nectar-feeding
birds under future climate scenarios (Figure 6).

4 | DISCUSSION

Climate change, to a large extent, can determine the relationship be-
tween animal pollinators and dependent flowering plants in space
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FIGURE 4 Projected occurrence probabilities of (a) Promerops
cafer and (b) Anthobaphes violaceae predicted by SDM model

with climate and 11 Proteaceae as predictors across different
time periods (RCPs and years) averaged across three GCMs. Map
of South Africa is included showing the coverage of the Cape
Floristic Region. GCM, global climate models; RCP, representative
concentration pathways; SDM, species distribution modelling.

and time. Our models reveal a significant decline in suitable habitat
of nectar-feeding birds and majority of Proteaceae species under all
future climate scenarios. Most of the species included in our model
are predicted to suffer the greatest decline in suitable habitat under
the extreme 2070 RCP 8.5, especially in the northern limits of the
biome. Although bird pollinators are predicted to lose range in the
future as Proteaceae species range contracts, bird pollinators show
fairly consistent range of overlap with bird-pollinated Proteaceae
across different time periods, with the exception of L. conocarpo-
dendron and P. lepidocarpodendron which are predicted to share
most of the range of nectar-feeding birds under extreme climate
scenarios. Climate change may shrink the range of nectar-feeding
birds, especially in the northern limit where a significant proportion
of the range of Proteaceae will be lost, restricting suitable habitat
for nectar-feeding birds only to regions where Proteaceae species
are predicted to occur.
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Proteaceae species.

In this study, the probabilities of occurrence of Proteaceae spe-
cies and nectar-feeding birds are driven by bioclimatic variables
associated with varying level of greenhouse gas concentrations.
Generally, higher greenhouse gas concentrations RCP 8.5 under
all climate models indicated largest decline in suitable habitats of
Proteaceae and nectar-feeding birds, especially in the year 2070.
One of the most striking pieces of evidence of climate change in
South Africa is the increased warming of the winter rainfall area,
especially the CFR (Warburton et al., 2005), leading to the pre-
dicted loss of important species in this region (Midgley et al., 2002;
Rutherford et al., 1999). The ranges of P. cafer and A. violacea have
declined by 15% and 13%, respectively, in the past two decades,
partly due to inability of these birds to adjust their physiological re-
sponse to increased warming (Lee & Barnard, 2015). In this study,
these bird species are predicted to lose approximately 55% and
61% of their range, respectively, under the extreme 2070 RCP 8.5
MIROC and CNRM-CMS5 scenarios. Bird pollinators in South Africa,
especially our study species with ranges restricted to the CFR, are at
the greatest risk of population decline due to climate change, as they
may be unable to adapt to new suitable environment under future
climate conditions (Simmons et al., 2004). The climate projection of
the CFR shows the region will get warmer and drier, leading to ex-
treme events such as drought and wildfire (Hewitson & Crane, 2006;
Midgley et al., 2005). For Proteaceae, which are sensitive to tem-
perature and precipitation change, climate change may inhibit seed-
ling germination or increase seedling mortality and the development
of resprouting Proteaceae in this region (Mustart et al., 2012), as

temperature above species thermal range will induce poor develop-
ment and decline in Proteaceae diversity (Louw et al., 2015).

Most of the Proteaceae species in our models are expected to
suffer significant loss in suitable habitat, especially in the north-
ern limit of the biome, which is similar to previous studies (Midgley
et al., 2002, 2003). In the fynbos ecosystem, diverse bird-pollinated
Proteaceae communities attract higher bird abundance and spe-
cies richness, perhaps due to the sequential flowering of different
Proteaceae genera which produce resources all year round (Geerts
et al., 2020). As species' ranges contract, Proteaceae communities
are likely to become less diverse and thus less likely to support bird
populations. According to our model, Protea lepidocarpodendron, P.
laurifolia, P. nitida, P. repens, P. eximia and P. lorifolia appear to be the
most affected by extreme climate conditions, as they are predicted
to suffer at least 50% loss of suitable habitat consistently under each
climate model in the year 2070. Protea lepidocarpodendron, a near-
threatened species (Rebelo et al., 2020), grows only in sandstone,
ferricrete and granite soils (Rebelo, 2001). This species, which is
predicted to lose approximately 61% of its range under 2070 RCP
8.5 MIROC climate scenario, currently occupies the smallest range
among all Proteaceae in our model and may be unable to shift its
range under future climate conditions.

Our models predicted varying degree of overlap in geo-
graphical range of nectar-feeding birds and Proteaceae, with
some widely spread Proteaceae, such as P. repens and P. cynaroi-
des, showing higher degree of geographical range overlap with
nectar-feeding birds. Nectar-feeding birds are highly reliant on
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Proteaceae for adequate nectar, and these birds will track the geo-

graphical range of Proteaceae since food availability is an import-
ant determinant of species' habitat suitability (Kwit et al., 2004).
Also, some Proteaceae, especially P. lepidocarodendron and L.
conocarpodendron, show varying degree of overlap with nectar-
feeding birds across time periods, with highest overlap predicted
to occur under extreme climate scenarios. P. lepidocarpodendron
is rare and only occurs in the extreme western part of the biome,
and L. conocarpodendron occupies the eastern range where nectar-
feeding birds, especially A. violaceae are less represented. Under
extreme scenarios, the suitable habitats for these Proteaceae will
contract considerably to regions also predicted as partly suitable
habitats for P. cafer, especially in the eastern range. Anthobaphes
violaceae will lose considerable habitats in this region, and this
may explain why the degree of overlap of A. violaceae with all
Proteaceae remained consistent across time periods. Although P.
lepidocarpodendron and L. conocarpodendron show greater over-
lap with nectar-feeding birds under extreme scenarios, they also
demonstrate the lowest degree of overlap with nectar-feeding
birds compared to other Proteaceae since they occur in a region
where nectar-feeding birds, especially A. violaceae, will experience
range contraction. If these species rely primarily on nectar-feeding
birds as pollen vectors, they may experience significant decline
in pollination success due to the low suitability of the habitat of
these plants for bird pollinators, especially A. violaceae.

Our model prediction for the combined occurrence of 71 bird-
pollinated Proteaceae shows contraction across majority of species
range, especially in the northern limit, with most suitable habitats
restricted to some part of the central range, and the southern tip of
the eastern range under extreme climate scenarios. While P. cafer
shows the tendency to occur in most parts of this range and is ex-
pected to track plant occurrence under different climate scenarios,
suitable habitat for A. violaceae is predicted to be largely reduced,
especially in the eastern and extreme western part of the biome.
Furthermore, the reduction in ranges is likely to create disjunct pop-
ulations, separating the western and eastern populations. Although
birds and seeds may disperse across these gaps, intensified anthro-
pogenic land transformation can limit or prevent this dispersal. This
may limit pollination success for many bird-pollinated Proteaceae,
especially species highly reliant on A. violaceae for pollination under
extreme climate scenarios.

Climate change influences species diversity and distribution
through several complex pathways, but factors such as population
dynamics, dispersal ability, ecological interactions, genetic com-
position and availability of food sources can influence the species
response to climate change (Clarke, 1996). Mutual dependence of
pollinators and flowering plants can cause species coextinction,
especially in highly specialized interactions. The coexistence of
nectar-feeding bird pollinators and Proteaceae in a highly asymmet-
rical ecological interaction (Geerts et al., 2020) leads us to expect
asymmetrical responses to climate change. Although nectar-feeding
birds are predicted to lose suitable habitats in some areas suit-
able for Proteaceae species under future climate conditions, this is

more evident for the A. violacea than P. cafer. In the CFR, the bird-
pollinated Proteaceae are primarily pollinated by four bird species;
thus, declining diversity of bird pollinators may lead to cascading
losses of dependent Proteaceae species, although this is yet to be
determined. However, sunbirds forage from many Proteaceae spe-
cies, as well as Ericaceae and geophytes in the CFR which receive
visitation from sunbirds (Geerts et al., 2020; Schmid et al., 2015). The
wide distribution of Proteaceae species and generalized foraging of
nectar-feeding birds in this region enable the latter to switch its diet
to the available Proteaceae species, for example, foraging on widely
distributed P. repens in the absence of the rare P. lepidocarpodendron.
Since reduced visitation by suitable pollinators can lead to reduced
fitness of flowering plants (Pauw, 2007), bird-pollinated Proteaceae
may be more susceptible to the impact of climate change compared
to nectar-feeding bird pollinators (Bond, 1994). However, to fully un-
derstand how range mismatch translates into reduced reproduction
and fitness of Proteaceae, long-term manipulative studies of species
population in this region are required.

The CFR is characterized by complex topography, especially
in the northern and eastern limits, and the rugged mountains of
this region support high species endemism and diversity (Midgley
et al.,, 2002). According to our model, nectar-feeding birds and
Proteaceae appear to be losing suitable range in these areas of com-
plex topography at the northern and eastern limits of the biome. This
implies most mountain-dwelling Proteaceae will likely lose suitable
range under future climate conditions. Usually, species occupying
mountain ranges are predicted to move to areas of cooler tempera-
tures at higher altitudes (La Sorte & Jetz, 2010; Zu et al., 2021). Most
species living in the mountains often experience range contractions
due to limited dispersal range, since high-elevation dwellers often
lack other higher elevations to accommodate them when they reach
the summit (Sekercioglu et al., 2008). Freeman et al. (2018) showed
shrinking range sizes for birds occupying higher elevations, result-
ing in declining abundance and loss of some common species in the
Peruvian mountain. As far as we know, there is no published infor-
mation on how nectar-feeding birds and Proteaceae occupying the
topographically diverse range of the northern and eastern limit of
the CFR will shift their range across altitudinal gradients in response
to climate change, but we expect range contractions for most spe-
cies in this region. This may drive the extirpation of some important
high-elevation Proteaceae from this region.

5 | CONCLUSION

Climate change continues to threaten biodiversity, and this is highly
significant for species occupying the mountain range of the northern
limit of the CFR. The mountain range is often the border for species
range shift, and species loss at mountain limits illustrates the wide-
spread projections that climate change will influence the extinc-
tion of approximately 10% of all living organism by 2100 (Thomas
et al., 2004). Although some species experiencing range loss in the
northern limit of this region will likely experience range shifts or range
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dislocation to the southern limits (Midgley et al., 2002). Nectar-feeding
birds track the range contraction of most Proteaceae in our model, but
some Proteaceae will also occur outside suitable geographical range
of nectar-feeding birds, especially A. violaceae under future climate
scenarios, and this may have a significant implication for the repro-
duction and persistence of Proteaceae in a new range. Although our
ensemble model showed that Proteaceae range will contract largely
due to changing climate, the extent of range loss of Proteaceae due to
changing interspecific interactions with bird pollinators, which is dif-
ficult to determine, is unknown. Such data will be highly effective in
making more accurate predictions of how future Proteaceae distribu-
tion is affected by biotic factors. We recommend active monitoring of
the interspecific interactions and population dynamics of Proteaceae
and nectar-feeding birds, especially in the northern and eastern limits
of this region and also for some highly threatened species with limited
distribution, such as P. lepidocarpodendron. Also, we recommend fu-
ture studies to take into account dispersal ability of these species in
order to fully understand how other specific traits contribute to spe-

cies' responses to climate change and its associated range shifts.

ACKNOWLEDGEMENTS

We would like to thank the South African National Biodiversity
Institute, the Worldclim database and the University of Cape Town
for providing some of the data used in this study. O.A.A. acknowl-
edges financial support from the Cape Peninsula University of

Technology Postdoctoral Fellowship. No permits were required.

CONFLICT OF INTEREST STATEMENT
None.

DATA AVAILABILITY STATEMENT

All data analysed in this article are publicly available. The data that
support the findings of this study are available in Dryad at https://
doi.org/10.5061/dryad.crjdfn37c. The bioclimatic variables were
obtained from Worldclim database (https://worldclim.org/data/
worldclim21.html). Nectar-feeding bird occurrence data were ob-
tained from the Southern Africa Bird Atlas Project (SABAP2) data-
base (https://sabap2.birdmap.africa/), and the occurrence data for
Proteaceae species were obtained from Protea Atlas Project data-

base (https://www.proteaatlas.org.za/).

ORCID

Opeyemi A. Adedoja "' https://orcid.org/0000-0001-6163-3424

REFERENCES

Adedoja, O., Dormann, C. F.,, Kehinde, T., & Samways, M. J. (2019).
Refuges from fire maintain pollinator-plant interaction networks.
Ecology and Evolution, 9, 5777-5786.

Adedoja, O., Erckie, L., Boatwright, J. S., van Wyk, E., & Geerts, S. (2021).
An invasive alien Proteaceae lures some, but not all nectar-feeding
bird pollinators away from native Proteaceae in south African fyn-
bos. Plant Biology, 23, 915-922.

Adedoja, O., Kehinde, T., & Samways, M. J. (2020). Asynchrony among in-
sect pollinator groups and flowering plants with elevation. Scientific
Reports, 10, 1-12.

1001
EEE v e

Bascompte, J., Garcia, M. B., Ortega, R., Rezende, E. L., & Pironon, S.
(2019). Mutualistic interactions reshuffle the effects of climate
change on plants across the tree of life. Science Advances, 5,
eaav2539.

Bond, W. J. (1994). Do mutualisms matter? Assessing the impact of pol-
linator and disperser disruption on plant extinction. Philosophical
Transactions of the Royal Society of London. Series B: Biological
Sciences, 344, 83-90.

Botha, P. W. (2017). The world without birds: an experimental test of the
ecological significance of pollinating birds for plant communities
(Doctoral dissertation). Stellenbosch University.

Cahill, A. E., Aiello-Lammens, M. E., Fisher-Reid, M. C., Hua, X,
Karanewsky, C. J., Ryu, H. Y., Sbeglia, G. C., Spagnolo, F., Waldron, J.
B., Warsi, O., & Wiens, J. J. (2013). How does climate change cause
extinction? Proceedings of the Royal Society B: Biological Sciences,
280, 20121890.

Clarke, A. (1996). The influence of climate change on the distribution
and evolution of organisms. In I. A. Johnston & A. F. Bennett (Eds.),
Animals and temperature: phenotypic and evolutionary adaptation
(Vol. 59, pp. 375-407). Cambridge University Press.

Dormann, C. F,, Calabrese, J. M., Guillera-Arroita, G., Matechou, E., Bahn,
V., Barton, K., Beale, C. M., Ciuti, S, Elith, J., Gerstner, K., Guelat, J.,
Keil, P., Lahoz-Monfort, J. J., Pollock, L. J., Reineking, B., Roberts, D.
R., Schréder, B., Thuiller, W., Warton, D. |., Wintle, B. A., Wood, S.
N., Wuest, R. O., & Hartig, F. (2018). Model averaging in ecology: A
review of Bayesian, information-theoretic, and tactical approaches
for predictive inference. Ecological Monographs, 88, 485-504.

Dormann, C. F., Elith, J., Bacher, S., Buchmann, C., Carl, G., Carré, G.,
Marquéz, J.R., Gruber, B., Lafourcade, B., Leitao, P. J., & Lautenbach,
S.(2013). Collinearity: A review of methods to deal with itand a sim-
ulation study evaluating their performance. Ecography, 36, 27-46.

Elith, J., Graham, C. H., Anderson, R. P., Dudik, M., Ferrier, S., Guisan, A.,
Hijmans, R. J., Huettemann, F., Leathwick, J. R., Lehmann, A, Li, K.,
Lohmann, L. G,, Loiselle, B. A., Maninon, G., Moritz, C., Nakamura,
M., Nakazawa, Y., Overton, J. M. M,, Peterson, A. T., Phillips, S. J.,
Richardson, K., Scachetti-Pereira, R., Schapire, R. E., Soberron, J.,
Williams, S., Wisz, M. S., & Zimmermann, N. E. (2006). Novel meth-
ods improve prediction of species' distributions from occurrence
data. Ecography, 29, 129-151.

Freeman, B. G., Scholer, M. N., Ruiz-Gutierrez, V., & Fitzpatrick, J. W.
(2018). Climate change causes upslope shifts and mountaintop ex-
tirpations in a tropical bird community. Proceedings of the National
Academy of Sciences, 115, 11982-11987.

Geerts, S. (2011). Assembly and disassembly of bird pollination commu-
nities at the Cape of Africa (Doctoral dissertation). Stellenbosch
University.

Geerts, S., & Adedoja, O. (2021). Pollination and reproduction enhance
the invasive potential of an early invader: The case of Lythrum sali-
caria (purple loosetrife) in South Africa. Biological Invasions, 23,
2961-2971.

Geerts, S., Coetzee, A., Rebelo, A. G., & Pauw, A. (2020). Pollination
structures plant and nectar-feeding bird communities in Cape fyn-
bos, South Africa: Implications for the conservation of plant-bird
mutualisms. Ecological Research, 35, 838-856.

Geerts, S., Malherbe, S. D., & Pauw, A. (2012). Reduced flower visitation
by nectar-feeding birds in response to fire in Cape fynbos vegeta-
tion, South Africa. Journal of Ornithology, 153, 297-301.

Geerts, S., & Pauw, A. (2009). African sunbirds hover to pollinate an inva-
sive hummingbird-pollinated plant. Oikos, 118, 573-579.

Gérard, M., Vanderplanck, M., Wood, T., & Michez, D. (2020). Global
warming and plant-pollinator mismatches. Emerging Topics in Life
Sciences, 4, 77-86.

Goémez-Ruiz, E. P, & Lacher, T. E., Jr. (2019). Climate change, range shifts,
and the disruption of a pollinator-plant complex. Scientific Reports,
9, 1-10.

85U80|7 SUOWIWOD 8AIea.D 3ol dde ay) Aq peusenoh ae sspife VO ‘8sn Jo se|n. 10} AriqiT8uljUO 8|1 UO (SUORIPUOD-PUB-SWLBI W0 A8 | 1M ARIq 1 BulU0//:SANY) SUOIIPUOD pue SWwia | 8u1 88S *[7202/50/ET] Uo AriqiTauliuo Ao |im ‘BeIseAluN-sBimpnT-1ed |V Aq ¥08KT 1 [/TTTT'0T/I0p/u00 A8 |1 Azelq1jeuljuo//Sdny Wouy pepeojumod ‘9 ‘vZ0Z ‘669259ET


https://doi.org/10.5061/dryad.crjdfn37c
https://doi.org/10.5061/dryad.crjdfn37c
https://worldclim.org/data/worldclim21.html
https://worldclim.org/data/worldclim21.html
https://sabap2.birdmap.africa/
https://www.proteaatlas.org.za/
https://orcid.org/0000-0001-6163-3424
https://orcid.org/0000-0001-6163-3424

ADEDOJAET AL.

1002
=Lwiev

Greenwell, B., Boehmke, B., Cunningham, J., & Developers, G. B. M.
(2019). gbm: Generalized boosted regression models. R Package
Version, 2. (pp. 37-40).

Hauber, S. J., Maier, S. L., Adedoja, O., Gaertner, M., & Geerts, S. (2022).
Mixed effect of habitat fragmentation on pollinator visitation rates
but not on seed production in renosterveld of South Africa. South
African Journal of Botany, 146, 48-57.

Hegland, S. J., Nielsen, A., Lazaro, A., Bjerknes, A. L., & Totland, @.
(2009). How does climate warming affect plant-pollinator interac-
tions? Ecology Letters, 12, 184-195.

Hewitson, B. C., & Crane, R. G. (2006). Consensus between GCM
climate change projections with empirical downscaling:
Precipitation downscaling over South Africa. International Journal
of Climatology: A Journal of the Royal Meteorological Society, 26,
1315-1337.

Hijmans, R. J., Van Etten, J., Cheng, J., Mattiuzzi, M., Sumner, M.,
Greenberg, J. A., Lamigueiro, O. P., Bevan, A., Racnie, E. B,
Shortridge, A., & Hijmans, M. R. J. (2015). Package ‘raster’. R pack-
age. http://www.r-project.org

Johnson, S. D. (2010). The pollination niche and its role in the diversifi-
cation and maintenance of the southern African flora. Philosophical
Transactions of the Royal Society, B: Biological Sciences, 365,499-516.

Kolanowska, M., Michalska, E., & Konowalik, K. (2021). The impact of
global warming on the niches and pollinator availability of sexually
deceptive orchid with a single pollen vector. Science of The Total
Environment, 795, 148850. https://doi.org/10.1016/j.scitotenv.
2021.148850

Kuhlmann, M., Guo, D., Veldtman, R., & Donaldson, J. (2012).
Consequences of warming up a hotspot: Species range shifts within
a centre of bee diversity. Diversity and Distributions, 18, 885-897.

Kwit, C., Levey, D. J., Greenberg, C. H., Pearson, S. F., McCarty, J. P,
Sargent, S., & Mumme, R. L. (2004). Fruit abundance and local
distribution of wintering hermit thrushes (Catharus guttatus) and
yellow-rumped warblers (Dendroica coronata) in South Carolina.
The Auk, 121(1), 46-57. https://doi.org/10.1642/0004-8038(2004)
121[0046:faaldo]2.0.co;2

La Sorte, F. A., & Jetz, W. (2010). Projected range contractions of mon-
tane biodiversity under global warming. Proceedings of the Royal
Society B: Biological Sciences, 277, 3401-3410.

Lee, A. T., & Barnard, P. (2015). Endemic birds of the fynbos biome: A
conservation assessment and impacts of climate change. Bird
Conservation International, 26, 52-68.

Liaw, A., & Wiener, M. (2002). Classification and regression by random-
Forest. R News, 2. (pp. 18-22).

Liu, C., Newell, G., & White, M. (2016). On the selection of thresholds for
predicting species occurrence with presence-only data. Ecology and
Evolution, 6, 337-348.

Louw, E. L., Hoffman, E. W., Theron, K. I., & Midgley, S. J. E. (2015).
Physiological and phenological responses of Protea ‘pink ice’ to el-
evated temperatures. South African Journal of Botany, 99, 93-102.

Midgley, G. F., Chapman, R. A., Hewitson, B., Johnston, P., De Wit,
M., Ziervogel, G.,Mukheibir, P., Van Niekerk, L., Tadross, M., Van
Wilgen, B. W., Kgope, B., Morant, P. D., Theron, A., Scholes, R.
J., & Forsyth, G. G. (2005). A status quo, vulnerability and adap-
tation assessment of the physical and socio-economic effects of
climate change in the Western Cape. Report to the Western Cape
Government, Cape Town, South Africa.

Midgley, G. F., Hannah, L., Millar, D., Rutherford, M. C., & Powrie, L. W.
(2002). Assessing the vulnerability of species richness to anthropo-
genic climate change in a biodiversity hotspot. Global Ecology and
Biogeography, 11, 445-451.

Midgley, G. F., Hannah, L., Millar, D., Thuiller, W., & Booth, A. (2003).
Developing regional and species-level assessments of climate
change impacts on biodiversity in the Cape floristic region.
Biological Conservation, 112, 87-97.

Mnisi, B. E., Geerts, S., Smith, C., & Pauw, A. (2021). Nectar gardens
on school grounds reconnect plants, birds and people. Biological
Conservation, 257, 109087.

Mustart, P. J., Rebelo, A. G., Juritz, J., & Cowling, R. M. (2012). Wide
variation in post-emergence desiccation tolerance of seedlings
of fynbos proteoid shrubs. South African Journal of Botany, 80,
110-117.

Pauw, A. (2007). Collapse of a pollination web in small conservation
areas. Ecology, 88, 1759-1769.

Pauw, A., & Johnson, C. M. (2018). Mutualism between co-occurring
plant species in South Africa's Mediterranean climate heathland is
mediated by birds. Plant Biology, 20, 224-230.

Ploton, P., Mortier, F., Réjou-Méchain, M., Barbier, N., Picard, N., Rossi,
V., Dormann, C., Cornu, G., Viennois, G., Bayol, N., Lyapustin, A.,
Gourlet-Fleury, S., & Pélissier, R. (2020). Spatial validation reveals
poor predictive performance of large-scale ecological mapping
models. Nature Communications, 11, 4540.

Pyke, G. H., Thomson, J. D., Inouye, D. W., & Miller, T. J. (2016). Effects
of climate change on phenologies and distributions of bumble bees
and the plants they visit. Ecosphere, 7, e01267.

R Core Team. (2022). R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing. https://www.R-
project.org/

Ramampiandra, E. C., Scheidegger, A., Wydler, J., & Schuwirth, N. (2023).
A comparison of machine learning and statistical species distribu-
tion models: Quantifying overfitting supports model interpreta-
tion. Ecological Modelling, 481, 110353.

Rebelo, A. G. (2006). Protea atlas project. http://protea.worldonline.co.
za/default.htm

Rebelo, A. G., Mtshali, H., & von Staden, L. (2020). Protea lepido-
carpodendron. The IUCN red list of threatened species 2020:
e.T113210384A185573947.  https://doi.org/10.2305/IUCN.UK.
2020-3.RLTS.T113210384A185573947.en

Rebelo, T. (2001). SASOL Proteas: A field guide to the Proteas of Southern
Africa. Fernwood Press.

Rutherford, M. C., Powrie, L. W., & Schulze, R. E. (1999). Climate change
in conservation areas of South Africa and its potential impact on
floristic composition: A first assessment. Diversity and Distributions,
5,253-262.

Schleuning, M., Friind, J., Schweiger, O., Welk, E., Albrecht, J., Albrecht,
M., Beil, M., Benadi, G., Blithgen, N., Bruelheide, H., Béhning-
Gaese, K., Dehling, D. M., Dormann, C. F., Exeler, N., Farwig, N.,
Harpke, A., Hickler, T., Kratochwil, A., Kuhimann, M., ... Hof, C.
(2016). Ecological networks are more sensitive to plant than to
animal extinction under climate change. Nature Communications, 7,
1-9.

Schmid, B., Nottebrock, H., Esler, K. J., Pagel, J., Pauw, A., B6hning-Gaese,
K., Schurr, F. M., & Schleuning, M. (2015). Reward quality predicts
effects of bird-pollinators on the reproduction of African Protea
shrubs. Perspectives in Plant Ecology, Evolution and Systematics, 17,
209-217.

Schweiger, O., Settele, J., Kudrna, O., Klotz, S., & Kiihn, . (2008). Climate
change can cause spatial mismatch of trophically interacting spe-
cies. Ecology, 89, 3472-3479.

Sekercioglu, C. H., Schneider, S. H., Fay, J. P, & Loarie, S. R. (2008).
Climate change, elevational range shifts, and bird extinctions.
Conservation Biology, 22, 140-150.

Simmons, R. E., Barnard, P., Dean, W. R. J.,, Midgley, G. F., Thuiller, W.,
& Hughes, G. (2004). Climate change and birds: Perspectives
and prospects from southern Africa. Ostrich-Journal of African
Ornithology, 75, 295-308.

Sonne, J., Maruyama, P. K., Martin Gonzalez, A. M., Rahbek, C,,
Bascompte, J., & Dalsgaard, B. (2022). Extinction, coextinction and
colonization dynamics in plant-hummingbird networks under cli-
mate change. Nature Ecology & Evolution, 6, 1-10.

85U80|7 SUOWIWOD 8AIea.D 3ol dde ay) Aq peusenoh ae sspife VO ‘8sn Jo se|n. 10} AriqiT8uljUO 8|1 UO (SUORIPUOD-PUB-SWLBI W0 A8 | 1M ARIq 1 BulU0//:SANY) SUOIIPUOD pue SWwia | 8u1 88S *[7202/50/ET] Uo AriqiTauliuo Ao |im ‘BeIseAluN-sBimpnT-1ed |V Aq ¥08KT 1 [/TTTT'0T/I0p/u00 A8 |1 Azelq1jeuljuo//Sdny Wouy pepeojumod ‘9 ‘vZ0Z ‘669259ET


http://www.r-project.org
https://doi.org/10.1016/j.scitotenv.2021.148850
https://doi.org/10.1016/j.scitotenv.2021.148850
https://doi.org/10.1642/0004-8038(2004)121[0046:faaldo]2.0.co;2
https://doi.org/10.1642/0004-8038(2004)121[0046:faaldo]2.0.co;2
https://www.r-project.org/
https://www.r-project.org/
http://protea.worldonline.co.za/default.htm
http://protea.worldonline.co.za/default.htm
https://doi.org/10.2305/IUCN.UK.2020-3.RLTS.T113210384A185573947.en
https://doi.org/10.2305/IUCN.UK.2020-3.RLTS.T113210384A185573947.en

ADEDOJA ET AL.

Stanley, D. A., Msweli, S. M., & Johnson, S. D. (2020). Native honeybees
as flower visitors and pollinators in wild plant communities in a bio-
diversity hotspot. Ecosphere, 11, e02957.

Strobl, C., Malley, J., & Tutz, G. (2009). An introduction to recursive par-
titioning: Rationale, application, and characteristics of classification
and regression trees, bagging, and random forests. Psychological
Methods, 14, 323-348.

Thomas, C. D., Cameron, A., Green, R. E., Bakkenes, M., Beaumont, L. J.,
Collingham, Y. C., Erasmus, B. F., De Siqueira, M. F., Grainger, A.,
Hannah, L., Hughes, L., Huntley, B., Van Jaarsveld, A. S., Midgley, G.
F., Miles, L., Ortega-Huerta, M. A., Peterson, A. T., Phillips, O. L., &
Williams, S. E. (2004). Extinction risk from climate change. Nature,
427, 145-148.

Tyson, P. D., Lee-Thorp, J., Holmgren, K., & Thackeray, J. F. (2002).
Changing gradients of climate change in southern Africa during the
past millennium: Implications for population movements. Climatic
Change, 52, 129-135.

Urban, M. C., Tewksbury, J. J., & Sheldon, K. S. (2012). On a colli-
sion course: Competition and dispersal differences create no-
analogue communities and cause extinctions during climate
change. Proceedings of the Royal Society B: Biological Sciences, 279,
2072-2080.

Valavi, R., Guillera-Arroita, G., Lahoz-Monfort, J. J., & Elith, J. (2021).
Predictive performance of presence-only species distribution
models: a benchmark study with reproducible code. Ecological
Monographs, 92(1). Portico. https://doi.org/10.1002/ecm.1486

Viok, J. H. J., & Yeaton, R. I. (1999). The effect of overstorey proteas on
plant species richness in south African mountain fynbos. Diversity
and Distributions, 5, 213-222.

Warburton, M., Schulze, R. E., & Maharaj, M. (2005). Is South Africa's
temperature changing? An analysis of trends from daily records,
1950-2000. In R. E. Schulze (Ed.), Climate change and water re-
sources in southern Africa: studies on scenarios, impacts, vulnerabil-
ities and adaptation. Water Research Commission, Pretoria, South
Africa. (pp. 275-296).

Warren, D. L., Glor, R. E., & Turelli, M. (2008). Environmental niche equiv-
alency versus conservatism: Quantitative approaches to niche evo-
lution. Evolution, 62, 2868-2883.

Wood, S. N. (2017). Generalized additive models: An introduction with R
(2nd ed.). CRC Press.

Zu, K., Wang, Z., Zhu, X., Lenoir, J., Shrestha, N., Lyu, T., Li, Y., Ji, C., Peng,
S., Meng, J., & Zhou, J. (2021). Upward shift and elevational range
contractions of subtropical mountain plants in response to climate
change. Science of the Total Environment, 783, 146896.

1003
J | of
ENE v
BIOSKETCH

Opeyemi A. Adedoja is an Assistant Professor at the Department
of Biology, University of Central Arkansas, United States. His re-
search interest is broadly in community ecology with particular
focus on plant-pollinator interactions and their response to an-
thropogenic pressures in transformed ecosystems.

Carsten F. Dormann is a statistical ecologist with particular in-

terest in analysing and predicting interactions between species.

Anina Coetzee is a lecturer in Nature Conservation at Nelson
Mandela University. Her main interests are in ecology and con-

servation of pollination systems.

Sjirk Geerts is a Professor in Ecology at Cape Peninsula University
of Technology. His main interests are in anthropogenic impacts
on natural systems, in particular on pollination.

Author contributions: Opeyemi A. Adedoja and Sjirk Geerts con-
ceived the idea; Opeyemi A. Adedoja and Carsten F. Dormann
analysed the data; all authors contributed to the writing of the

manuscript.

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Adedoja, O. A., Dormann, C. F,,
Coetzee, A., & Geerts, S. (2024). Moving with your mutualist:
Predicted climate-induced mismatch between Proteaceae
species and their avian pollinators. Journal of Biogeography,
51, 992-10083. https://doi.org/10.1111/jbi.14804

85U80|7 SUOWIWOD 8AIea.D 3ol dde ay) Aq peusenoh ae sspife VO ‘8sn Jo se|n. 10} AriqiT8uljUO 8|1 UO (SUORIPUOD-PUB-SWLBI W0 A8 | 1M ARIq 1 BulU0//:SANY) SUOIIPUOD pue SWwia | 8u1 88S *[7202/50/ET] Uo AriqiTauliuo Ao |im ‘BeIseAluN-sBimpnT-1ed |V Aq ¥08KT 1 [/TTTT'0T/I0p/u00 A8 |1 Azelq1jeuljuo//Sdny Wouy pepeojumod ‘9 ‘vZ0Z ‘669259ET


https://doi.org/10.1002/ecm.1486
https://doi.org/10.1111/jbi.14804

	Moving with your mutualist: Predicted climate-­induced mismatch between Proteaceae species and their avian pollinators
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Data sources
	2.2|Environmental data
	2.3|Environmental niche modelling
	2.4|Species range change and overlap between pollinator and plant species

	3|RESULTS
	3.1|Plant predictions
	3.2|Bird predictions
	3.3|Overlap in geographical range of Proteaceae and nectar-­feeding birds

	4|DISCUSSION
	5|CONCLUSION
	ACKNO​WLE​DGE​MENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES
	BIOSKETCH


