www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Climate change decouples
dominant tree species in African
savannas

Fezile P. Mtsetfwa’?, Laurence Kruger®* & Robert A. McCleery*

To understand how two dominant African savanna trees will continue to respond to climate changes,
we examined their regeneration niche and adult tree distributions. Specifically, we wanted to (1)
determine if distributional patterns were shifting, (2) predict future distributions under different
climate change scenarios and (3) evaluate the realism of predicted future distributions. We randomly
placed 40 grids into 6 strata across a climate gradient in the kingdom of Eswatini. Within these grids,
we sampled adult and seedling marula (Scelerocarya birrea) and knobthorn (Senegalia nigrecens)
trees and used the data to model their abundance. Next, we quantified shifts in distributional patterns
(e.g., expansion or contraction) by measuring the current and projected areas of overlap between
seedling and adult trees. Finally, we predicted future distributions of abundance based on predicted
climate conditions. We found knobthorn seedlings within a small portion of the adult distribution,
suggesting it was unlikely to track climate changes. Alternatively, finding marula seedlings on and
beyond one edge of the adult distribution, suggested its range would shift toward cooler climates.
Predicted future distributions suggest suitable climate for both species would transition out of
savannas and into grasslands. Future projections (2041-2070) appeared consistent with observed
distributions of marula, but knobthorn predictions were unrealistic given the lack of evidence for
regeneration outside of its current range. The idiosyncratic responses of these species to climate
change are likely to decouple these keystone structures in the coming decades and are likely to have
considerable cascading effects including the potential rearrangement of faunal communities.

Changes to our planet’s climate are projected to accelerate in the coming decades’ with rates of change varying
among the planet’s terrestrial systems®’. Plant communities which are the defining features of most terrestrial
systems*” are often characterized by their dominant species. In the face of a rapidly changing climate, these
dominant plant species can respond by shifting their distribution to match climate conditions, die off, or adapt to
the new conditions®®. However, it is unlikely that the responses of individual species to climate change will not
be uniform®'?, reshaping terrestrial biomes and creating no-analog communities with novel biotic interactions''.

Compared with other terrestrial biomes, tropical savannas, face heightened risks from a rapidly changing
climate (moving at 0.6-1.26 km/year)>. Savannas are characterized by the co-dominance of trees and grasses'? and
trees in this system struggle to tract rapid environmental changes because they are long lived (living up to 1000
yrs'®). Additionally, many savanna trees are dependent on an increasingly depauperate mammal community'*'®
for the long-distance dispersals necessary for tracking climate change®. Specifically, the defaunation of birds and
large mammals has reduced the ability for plants to track climate change by ~60%'°. Despite these threats, we
still have very little understanding of the factors that determine the distributions of savanna trees under current
conditions'®!” and little understanding of the rates of migration that trees will need to keep up with a moving
climate®!81°,

Most of our understanding of trees ability to respond to a changing climate comes from dynamic vegeta-
tion models (DVMs)?°-% and Species Distribution Models (SDMs)*. These approaches have both been useful
in predicting biome scale responses to climate change but DVMs can overlook individual species responses®
and SDMs can be limited by the assumption that observed species distributions are in equilibrium with climate
variables*>?%¥’. This assumption is particularly problematic for long-lived large tree species that were likely
established under different climatic conditions. An alternative approach to using SDM and DV Ms is to examine
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tree populations demographics and size class distributions across an environmental gradient®. In particular,
understanding a species regeneration niche (conditions in the early life cycle e.g., seedling, sapling of a plant***°)
across climate gradients can help indicate future responses to climate change and help validate predictions from
SDMs*32,

Additionally, studying multiple size classes of trees aids in understanding the potentially different responses
of important life stages®***. Specifically, seedlings (i.e., juvenile size class distributions) can be used to project
future plant distributions®*. For example, the occurrence of seedlings in previously cooler and uncolonized areas,
is indicative of trees that are tracking climate change®.

In this study, we wanted to understand the response of two different and dominant savanna trees to a changing
climate. Our specific objectives were to determine (1) if differences in climatic suitability of seedling and adult
trees suggested shifting distributional patterns (e.g., expansion or contraction), (2) how the trees’ climatic suit-
ability would shape future distributional patterns under predicted climate change scenarios and (3) if predicted
future distributions are realistic based on current regeneration patterns. Working across a climate gradient in the
Kingdom of Eswatini, we predicted that one species (knobthorn, Senegalia nigrecens), would show resilience with
both seedlings and adults widely distributed within its range to hotter and dryer conditions because of its high
tolerance for heat and germination requirements®**” but with little ability to track climate changes because of their
limited dispersal ability®®. In contrast, we predicted the other species (marula, Scelerocarya birrea) would be less
resilient (areas without seedling within the adult range) but show evidence of tracking climate change because of
human mediated dispersal mechanisms®. Finally, we predicted that projected future climate conditions will show
a decoupling of the species distributions that manifests from the variation in their current regeneration niches.

Materials and methods

Site description. Southern Africa is expected to see drastic changes in precipitation and temperatures in
the coming decades, with a projected decrease of 1-3 mm and an increase 1-2 °C per 50 years respectively®.
These predicted climate changes maybe even more pronounced for the extent of our study area in the king-
dom of Eswatini (formerly Swaziland), a small landlocked country in southern Africa covering approximately
17,360 km?. The annual mean temperature of Eswatini is expected to increase by averages of 2.3 °C and 4.4 °C
accompanied by a 3.4% and 8.7% decline in annual precipitation by the years 2050 and 2080 respectively under
unmitigated emission scenarios (RCP 8.5)*!. Although small, the country has a diverse altitude ranging from
100 m above sea level (a.b.l.) in the Lowveld to 1850 m a.b.l. in the high elevation grasslands i.e., Highveld of the
country*?. This altitudinal gradient is correlated with rainfall and temperature gradients, increasing from east
to west and form the south towards the north-west (Fig. 1B). These gradients create considerable variation in
Eswatini’s vegetation communities. Savanna communities occur in the east of the country, between altitudes of
200-900 m (Fig. 1C). In addition to climate, the dominant savanna vegetation in each region is moderated by
terrain and soil properties along the altitudinal gradient*!. The climate gradient in Eswatini makes for an ideal
system for understanding how climate alters vegetation composition transitions in savannas across landscapes.

Tree species selection. 'We studied the response of knobthron and marula to climate change. These are widely
occurring and dominant southern African tree species that are critical to the functioning of lowland savannas®.
Like other dominant, long-lived, and scattered trees in African savannas, they are the defining architectural
structures in the system, are wildly utilized by wildlife and people a like, and closely linked to biodiversity**’.
Among its many ecological functions, knobthorn is a staple food source for ungulate browsers*, specifically;
kudu (Tragelaphus strepsiceros), steenbok (Raphicerus campestris), impala (Aepyceros melampus) and elephant
(Loxodonta africana) that can strip and toppled them*’. Knobthorn is also economically important for wood-
based products and a source of fuel®®. Marula is utilized by elephants and other medium bodied mammals*>>!
and widely harvested for its fruit®.

Knobthorns flower at the beginning of the rainy season and fruit towards the end of the season, sometimes
twice a year®2. Knobthorn is self-dispersed, with seeds dropping directly below the plant or a few meters away,
resulting in aggregations or clumps of trees*. Marula reaches reproductive maturity at an average of 14 cm stem
diameter'**. Marula has various mammal dispersers including elephants, vervet monkeys (Cercopithecus aethi-
ops), chacma baboons (Papio cynocephalus ursinus)>, squirrels (Xerus inauris)>, and humans®. Marula therefore
has a relatively longer dispersal range compared to the self-dispersed knobthorn. Increasingly, there is evidence
that long distance dispersal has been from humans, particularly in systems with no elephant populations.

Climatic data and climate gradient. To determine how past climatic suitability has shaped current tree dis-
tributions and regeneration patterns, we obtained 20 climate variables and a layer for the altitude for Eswatini
from the Worldclim-Global Climate Database (https://www.worldclim.org/bioclim). We downloaded data at
the highest spatial resolution (~ 1 km). These bioclimatic variables were derived metrics averaged between 1950
and 2000. To determine which variables to use in our models, we considered biological significance and col-
linearity. We considered variables representing the lowest, highest and average temperature and precipitation
metrics because they can influence the growth of young trees (i.e., seedlings) and the persistence of adults®>>>.
Additionally, to capture the interactive effects of temperature and precipitation, we considered potential evapo-
transpiration (PET) from the AFRICLIM 3.0.

To determine how the trees” climatic suitability would shape their future distributional patterns, we predicted
the distribution of their abundance under future climate conditions, using the AFRICLIM 3.0 data set. Thisis a
regional climate model (RCM) nested within a general circulation model (GCM), downscaled to 1 km resolu-
tion. The regional model was based on the Worldclim v1.4 (1950-2000) contemporary baseline and projected
under two representative concentration pathways, IPCC-AR5 (RCP4.5 and RCP8.5) to represent mid-century
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Figure 1. Map of study area in Eswatini. Panel (A) and (B) show the ranges of mean annual temperature
(bioclim 01) and annual precipitation (bioclim 12). Panel (C), shows location of Eswatini and set up of the
gridded transects across the climate gradient of Eswatini, grey areas on the map of Eswatini represent potential
sampling sites with 100% savanna vegetaion at 1 km. This figure was produce using ArcMap 10.8.2 (Redlands,
CA: Environmental Systems Research Institute).

(2041-2070) and late-century (2071-2100) means®’. To capture a climate gradient of both temperature and
precipitation and select sampling strata, we performed a Principal Components Analysis (PCA) analysis on the
Annual mean temperature and Annual precipitation using the package ‘RStoolbox™®. We selected the rasterstack
of PCA 1 which accounted for most of the variation (>70%) to use as our climate gradient. The resultant raster-
stack provided a continuous (—2.9 to 4) variable describing the temperature/precipitation gradient of Eswatini.
To enable sampling across the gradient, we created discrete categories from the continuous range of values at
intervals of 1, resulting in seven categories (Fig. 1), six of which were large enough to fit 2.5 km? sampling grids
(-2.9t0 3).

To control for the potential deleterious effects of intensive land use change (i.e., urban development and
agriculture land uses that preclude regeneration), we sampled within areas where trees have the best opportunity
to track climate change, relatively undisturbed savannas. We identified different land covers based on a Landsat
Enhanced Thematic Map of remotely sensed imagery at a 30 m x 30 m resolution developed by Eswatini National
Trust Commission (ENTC) in 2017. To identify areas suitable for sampling we used a moving window analysis
(used to calculate a value for a specific neighborhood of cells in a given raster) in the program R, to select for
areas with a 100% savanna cover at a focal radius of 1 km.

Tree surveys. Acknowledging that tree distributions are patchy'’, we attempted to capture local variation by
sampling grids with 3 transacts of 400 m each, transects were spaced 200 m apart (Fig. 1C). We randomly placed
6-8 grids in areas of savannas in each of the 6 climate strata defined above. Additionally, we placed grids > 10 km
apart to help insure spatial independence. Overall, we surveyed marula and knobthorn trees on 120 x400 m
transects (48.0 km) within 40 grids across Eswatini.

We sampled trees visually using transect lines, a proven survey method for effectively sampling woody
vegetation®>*. To maintain the assumption of equal detection among sites, the same observer slowly walked
transect lines, surveying trees with a height < 1.0 m within 1 m on each side of the transect. Similarly, we sampled
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large trees>1 m within 20 m of either side of the transect line'*. We adopted this approach because we could
consistently detect trees of the two size classes at these distances in both open and closed savannas. We corrected
for number of individuals detected in the < 1 m category by multiplying the number of individuals observed in
the sampled 2 m transect strip by 20. This ensured comparison with the larger trees (> 1 m) which were sampled
across a 40 m transect strip. For each individual we encountered, we measured height (m), stem diameter at
breast height (DBH) for large trees > 1.3 m and basal stem diameter for seedlings®. Tree height was estimated
using a 4 m long height measurement pole. We did not collect plant material in this study and were compliant
with the TUCN Policy Statement on Research Involving Species at Risk of Extinction and the Convention on the
Trade in Endangered Species of Wild Fauna and Flora.

Size-class definitions. 'To determine variation in how different life stages of marula and knobthorn corre-
sponded with climate variation, we broadly classified individuals into adults and ‘young’ trees, which we refer
to as seedlings from here on. We classified individual trees with height>3 m and (diameter at breast height)
DBH > 15 cm as adults, we categorized all other trees as ‘young’ trees. In making this classification we considered
the major factors which can prevent large savanna trees recruiting into older size classes; reproductive maturity,
fire resistance, and resistance to herbivory®®. Reproductive maturity in marula can be observed in individuals
with stem sizes as small as 7 cm in areas that go with long periods without fire, however, on average this value
is~ 14 cm". Furthermore, savanna trees are most likely to survive fires once they reach a height of>3 m, par-
ticularly if there are longer intervals between fires'®.

Statistical analyses. To determine if differences in climatic suitability of seedling and adult trees suggested
shifting distributional patterns (e.g., expansion or contraction), first we measured the abundance (counts of
individuals per category and transect) of marula and knobthorn seedlings and adults across a gradient of tem-
perature and precipitation. To understand the climatic conditions that were influencing the abundance of both
seedling and adults of both species®"%2, we evaluated a suite of a priori models comprised of six variables (Mean
Annual Temperature, Maximum Temperature of warmest month, Minimum Temperature of coldest month,
Annual Precipitation, Precipitation of the wettest month and PET, see Supplementary Table S1 and S2 online).
We evaluated these models of abundance using generalized linear-mixed models (GLMMs) with grid as a ran-
dom variable and a zero-inflated negative binomial distribution using the package ‘glmmTMB’®® in the program
R%. Count data representing the abundance of trees and seedlings is commonly modeled with GLMM:s fit to
either Poisson or negative binomial distributions depending on the amount of zero inflation®-*. Due to consid-
erable correlation among our variables (R=0.6 — 1.0) we generated and compared single variable models to avoid
issue with model interpretation and overfitting. However, we added quadratic terms (x+x?) for each of these
variables to account for the potential for non-linear responses of abundances across the gradient.

We compare the parsimony of our models using delta Akaike Information Criterion (AAIC) calculated with
the ‘bblme’ package®’. We considered models within 2 AIC units of each other to be competing. We examined the
relevance of parameters in the competing models using the p-value at < 0.05 (Wald test) and if their Confidence
Interval (CI) included 0. We further examined the magnitude of relevant variables by plotting their predicted
responses. Additionally, we examined model fit by extracting R? values using the ‘sjstats’ package®®. We predicted
the expected abundance of trees across a continuous range of the best predictor variable using the “predict” func-
tion in the R package ‘glmmTMB’*. We report ‘optimal’ values for our best predictor variables as the values where
maximum abundance of trees was predicted. We used spatial correlograms with non-parametric bootstrapping®
to investigate the residuals of our best fitting models” and found no evicdence of spatial dependence.

To visualize how the abundances of marula and knobthorn adults and seedlings were distributed across the
study area, we used the “predict” function in the R package ‘raster””! to project abundance predictions onto the
spatial extent of Eswatini. To determine the current amount and overlap of geographic space for seedling and
adult trees, we converted the predicted abundance of each size class to a binary variable (0/1) corresponding to
presence/ absence and plotted it. We then subtracted the distribution of adults from that of seedlings to get a
distribution of areas that were previously suitable for seedling establishment but where no seedlings were mod-
eled. This allowed us to understand how distributional patterns (e.g., expansion or contraction) based on climate
suitability varied between seedlings and adults. Additionally, we estimated the area covered by these distributional
patterns by calculating the number of pixels covered by each”.

Next, to determine how the trees’ climatic suitability would shape their future distributional patterns, we
predicted their distributions under future climate conditions, using the AFRICLIM 3.0 data set. We projected
future distribution for both species for our study area Eswatini and Southern Africa. We extrapolated the results
to Southern African savannas’® in order to determine how much climate space would be lost at a regional scale,
assuming observed local trends persisted across the region. Finally, we evaluated whether these future distri-
butions aligned with our regeneration niche findings. Specifically, we wanted to determine if future predicted
distributions were realistic given evidence of expansion or contraction of the regeneration niche.

Results

We detected a total of 337 marula on fourteen of forty grids and 406 knobthorn trees on eight of forty grids.
Eighty-four percent (n=281) of recorded marula individuals were adults and only 16% were seedlings (n=56).
We recorded very few marula seedlings on average per grid, 75% of seedlings (n=42) were aggregated on 2 of
the 14 grids with detections. Of all the recorded knobthorn, 72% (n=293) were adult trees and 28% (n=113)
were seedlings.
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Climate suitability. Climate suitability, as measured by total abundance and the abundance of adults and
seedlings for both marula and knobthorn, was best described by models with quadratic temperature variables.
Specifically, we found squared-annual mean temperature was the best predictor for knobthorn and the best
predictors for marula were the squared variables annual mean temperature, maximum temperature of warmest
month and PET (see Supplementary Table S3 online).

The best predictive climate suitability models for the abundance of total marula was squared maximum
temperature of the warmest month. Abundance of total marula increased with maximum temperature of the
warmest month up to an optimal temperature of 29.8 °C, beyond which we observed decreases in abundance
(Fig. 2A). The models for squared annual mean temperature (Fig. 2B, E and H) and PET (Fig. 2C, F and I) were
competing models in explaining total abundance of marula trees (AAIC=0.6) with optimal values at 21.0 °C
and 1503.40 mm respectively (Fig. 2B and C).

Similarly, the best predictive climate suitability models for adult and seedling marula tree abundances were the
squared variables of maximum temperature of the warmest month, optimal at 29.96 °C and 29.4 °C respectively
(Fig. 2D and G). Additionally, PET? was a competing model for predicting marula seedling abundances, with
optimal values recorded at 1480.14 mm (Fig. 2I). The quadratic models for annual mean temperature and PET
were also competing models in predicting marula adult abundances. The highest abundances of adult marula
trees were recorded at 21.16 °C and 1508.00 mm (Fig. 2H and F).

The climate suitability of knobthorn, as measured by the total abundance, adult abundance and seedling
abundance was best described by a quadratic model for annual mean temperature and there were no compet-
ing models. The highest abundances were recorded at optimal temperatures of 22.09 °C, 22.09 °C and 22.18 °C
annual mean temperature for total abundance, adult and seedling abundances respectively (see Supplementary
Fig. S1 online).

Based on current regeneration niches projected across Eswatini, we found that predicted range losses were
more pronounced for knobthorn than marula (Fig. 3). Marula recovered the same amount of area lost (1197
km?) by expanding towards the cooler western region, whereas knobthorn loses 649 km?* which is ~23% of its
initial distribution and this species’ expansion is negligible (< 1% initial distribution) (Table 1).

Predicting future distributions of abundance. We observed a westward shift towards central Eswatini
in both the distributions of marula and knobthorn (Fig. 4) based on projected climate scenarios from 2041 to
2070. The population shifts resulted in both species being extirpated from their current ranges, which are in the
east of Eswatini. Remnant populations of marula, however, were projected to survive on the cooler elevated parts
of the eastern region, while knobthorn populations started to emerge there. For both marula and knobthorn
distributions, predicted shifts for 2041-2070 were similar under both IPCC-AR5 RCP4.5 and RCP8.5 climate
projections and persisted to 2071-2100 under RCP4.5 scenario (Fig. 4). Under the RCP8.5 scenario, suitable
climate for both species transitioned further west into the grassland biomes and while marula abundance and
range distribution were drastically reduced, remnant knobthorn populations were extirpated from the cooler
parts of the eastern region by 2071-2100.

Projecting the spatial distribution of marula and knobthorn outside of the range our field work to the broader
extent of southern Africa, we found little evidence for future co-occurrences (see Supplementary Fig. S2 online)
of knobthorn and marula. Our projections suggest greater potential for marula to track a moving climate,
particularly under intermediate (RCP 4.5) emission scenarios. However, there were noticeable contractions in
marula distributions in 2071-2100 under PCP8.5. Alternatively, our projections for knobthorn suggested limited
distributions centered entirely within and then outside 2041-2070 predicted ranges by 2071-2100 under RCP
4.5 and RCP 8.5 respectively.

Realism of future distribution of abundance. The expansion beyond current distribution ranges pre-
dicted for marula in 2041-2070 appears realistic based on the current regeneration patterns seen in seedling
distributions which show regeneration in previously cooler climates (Fig. 3). Thus, projected range expansions
outside of the current range of adults was supported by our field study. Similarly, finding few seedlings in maru-
la’s core distribution suggests predicted range losses are also probable.

Based on the species’ current regeneration niche, future knobthorn distributions for both 2041-2070 and
2071-2100 cannot be reconciled with the species’ current distributions (Fig. 3). We found no evidence for range
expansions or shifts towards newly suitable areas, in fact, contractions were occurring from the outer extent of
the species range, further increasing distances between current and expected future distributions (2041-2070
and 2071-2100).

Discussion

Marula-knobthorn dominated savannas are a hallmark of the savannas of southeastern Africa. Our results suggest
that different responses'! of these two keystone species to climate change may decouple them® in future savannas.
Marula and knobthorn showed idiosyncratic responses across a range of climate conditions, with marula expand-
ing beyond current ranges to make up for lost distributions, while knobthorn patches receded towards the core of
their ranges. This suggests that these trees may be losing suitable climate within current ranges and while marula
shows evidence of tracking a moving climate, knobthorn is unlikely to do so!!. In addition, knobthorn’s patchy
distributions were limited to a smaller geographic area, such that any range loss may cause local extirpations.

Knobthorn distribution of abundance. We found knobthorn seedlings and adults occurred within a
narrow range (21.5-22.5 °C) of annual mean temperature. Similarly, Smith et al.*® found knobthorn to occur
within a narrow climate gradient, limited by precipitation (635-900 mm), even though temperature ranges
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Figure 2. Predicted average abundances per grid of adults, seedlings and total marula across a gradient of
maximum temperature of warmest month (A, D, G) and mean annual temperature (B, E, H) in °C and PET (C,
F, I). Vertical lines indicate optimal climate conditions (temperature/PET) for highest predicted abundance and
the shaded region is the 95% CI.
were suitable. Nonetheless, experimentally determined temperature ranges for knobthorn germination were
broader” (20.0-43.0 °C) and regeneration appears to be limited by water and not temperature during the grow-
ing season®***”°%, While our models with precipitation variables did not provide the best explanation of knob-
thorn distributions, precipitation of the wettest month and PET were positively associated knobthorn abun-
dance, suggesting some rainfall in addition to temperature may also influence on the distribution of knobthorn.
Regardless of the specific climatic influences, this species’ inability to establish outside of its core range sug-
gests other potential limitations (e.g., land use, terrain and soil properties and herbivory) to occupying broader
climatic ranges. These barriers will make it unlikely for the species to establish in our predicted future distri-
butions both in Eswatini (Fig. 4) and across southern Africa (see Supplementary Fig. S2 online), which occur
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Figure 3. Predicted average abundance (top panel) of marula (A) and knobthorn (B) across the climate

gradient of Eswatini. On the bottom panel, the predicted occurrence of adults, seedlings and recruitment as well

as areas where recruitment appears to have been lost (e.g. adults and no seedlings). This figure was produced
using the program R*.

Recruitment RCP 4.5, RCP 8.5, RCP 4.5, RCP 8.5,
Species category 1950-2000 | 2041-2070 2041-2070 2071-2100 2071-2100

Gained 1197.5 5546.0 5462.6 5276.3 5670.7
Marula

Lost 1197.5 7993.3 7867.7 7801.9 8129.9

Gained 21.5 1108.6 1117.0 1146.8 1178.3
Knobthorn

Lost 648.5 23339 23339 23324 2332.5

Table 1. Amount of area (km?) in Eswatini that gained and lost recruiting marula and knobthorn based
on modeled of seedling and adult abundance as a function of 1950-2000 climate data and future projection
for 2041-2070 and 2071-2100 under RCPs 4.5 and 8.5. Areas with seedlings but no adults were classified as
Gained, and areas with adults and no seedling were classified as Lost. Initial size of area occupied by marula
and knobthorn was 8999.5 and 2854.9 km? respectively.

respectively tens to hundreds of kilometers away from current distributions. Our observed lack of recruitment in
climate suitable areas may also be a function of shade, an important barrier to regeneration of shade-intolerant
savanna tree species like knobthorn. Fire suppression, common across our study area, has been shown to filter
out shade-intolerant in favor shade tolerant trees”. We suspect that knobthorn seedlings are failing to establish
in the shady conditions of closed canopies that have been facilitated by a lack of disturbance from fire and large
herbivores (e.g., elephants)'>*. These disturbances create gaps in the canopy which can trigger regeneration.

Marula distribution of abundance. Our field data suggests marula populations are contracting at the
warmer sites and expanding towards cooler temperatures outside their current adult range. If predicted future
distributions in Eswatini, based on current seedling distributions, are consistent over time, marula would
be unlikely to persists in some of the regions’ hottest areas, with regional temperature increases projected to
be >4 °C by 2041-20707° and by 2071-2100 for Eswatini*'. However, the species ability to disperse and recruit in
newly suitable climate, beyond current range distributions could counter these effects.

A lack of seedlings does not necessarily equate to local extirpations, but persistence of conditions that result in
missing size classes eventually do**. From our study, the absence of seedling size classes <3 m was an indication
that the climate has not been suitable for approximately a decade’” and there has been no successful episodic
recruitment. In most African savannas, missing size classes and absence of marula populations in climatically
suitable habitats is a function of interaction of fire and herbivory, particularly where elephants are present®®*.
However, our study areas did not have elephants and there was only minimal intensive burning’®, suggesting the
absence of juvenile size classes in areas where adult trees persisted was more a function of climatic unsuitability.

Additionally, due to low seedling recruitment, our classification of seedlings (height <3 m) was very crude and
possibly included resprouting individuals that may have already been on the landscape for over a decade””. This
likely resulted in a conservative estimate on the extent of climatic range loss for future marula and knobthorn
distributions. A subset of seedling recruitment that happened only in the last 1-2 years of sampling could show
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Figure 4. Predicted average abundances of (A) marula and (B) knobthorn adults and seedlings predicted
across the climate gradient of Eswatini (current) and projected for the years 2041-2070 and 2071-2100. Future
projections were modeled under the IPCC-AR5 RCP4.5 and RCP8.5. This figure was produced using the
program R*.

more pronounced changes in optimal temperature differences between seedlings and adults, particularly with the
marula populations. Nonetheless, even with these coarse classifications we were able to demonstrate the impor-
tance of separating out different size and age class of long-lived trees to get a better mechanistic understanding
of how they are likely to respond to our planets rapidly changing climate.

Modeling considerations. While the patterns in our models were clear, there are number of important
considerations in their interpretation. We have less confidence in our projection in southern Africa than we
do in our projections within our study areas in Eswatini. Specifically, trees outside of our sampled population
may have genetic adaptations that would alter our projections’. Another potential source of uncertainly in our
models comes from plants response to elevated levels of CO,. There is evidence that elevated CO, may influence
vegetation dynamics in savannas by enhancing tree growth®’. While our climate projections accounted for dif-
ferent concentrations of CO, they did not account for the potentially direct influence of CO, on abundance via
carbon fertilization. Accordingly, while the idiosyncratic responses of marula and knobthorn were consistent
across our study, there are several uncertainties surrounding our modeled projections.

Implications for conservation.  Our results indicate that the highly specific response of individual species
to climate change has the potential to create no-analog terrestrial communities'!. We found that in coming dec-
ades, without human intervention in the form of translocation it is unlikely that populations of knobthorn will
establish in areas with marula. On the other hand, range expansion of marula was not limited by the absence of
the species’ key disperser, elephants', within the study area. Unlike many tree species whose ability to track cli-
mate change has been impeded by defaunation'®, for marula, human mediated dispersal seems to have effectively
replaced elephant dispersal by providing the long-distance dispersal events necessary to track a moving climate®.
The idiosyncratic responses to climate change displayed by two co-occurring and dominant species, could
result in the creation of novel no-analog communities®!. This is likely to have direct impacts on the diversity'!
of communities in the savannas of southeastern Africa. These changes in vegetation composition tend to have
cascading effects, rearranging faunal communities'"®!. Additionally, because these tree species are moving at a
slower pace than climate change, the expected shifts in mammals®* and possibly other terrestrial animals towards
cooler climates is unlikely to be matched by shifts in the resources they are provided by savanna trees!'**>4%83,
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