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Climate change is likely to shift the distributions of ecosystems worldwide. Most assessments of climate change
are primarily species-focused and do not directly estimate how entire ecosystems may change. Using an ecosys-
tem-based modelling approach, we provide a region-wide climate change vulnerability assessment of the seven
major ecosystems across Africa's Albertine Rift. The Albertine Rift is a global biodiversity hotspot, containing
more endemic vertebrates than anywhere else in Africa. We used Maxent to estimate each ecosystem's extent
using current climate data, then we projected the potential distribution of each ecosystem for 2050 and 2070.
We found that suitable conditions for most ecosystems are predicted to contract rapidly in extent and shift up-
wards in altitude. High-altitude ecosystems and the endemic species they support are at immediate risk,
owing to rapid predicted shrinkage in their suitable extent. Only the Combretum-grasslands savannah ecosystem
is predicted to expand, with suitable conditions increasing by 32% in area by 2050. The extent and structure of
boundary zones between the Rift's ecosystems may change significantly through time, due to the contractions
and shifts of the environmental conditions for existing ecosystem distributions. By 2070, 44% of the region
could be climatically unsuitable for the current ecosystems. Conservation planning across the Riftwill need to ac-
count for these ecosystem shifts and rapidly changing boundary zones to ensure the long-term persistence of the
many endemic species. Beyond the Albertine Rift, this ecosystem-based modelling technique can be adapted to
any terrestrial region, providing critical information for conservation vulnerability assessments.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Climate change is a serious challenge for conservation and natural
resource managers (Heller and Zavaleta, 2009; Nadeau et al., 2015)
and is expected to lead to the extinction of significant numbers of spe-
cies in the next century (Pimm et al., 2014; Urban, 2015). To date,
most assessments of climate change have focused on identifying
which species are threatened, often through the use of species-based
ecological niche models (or species distribution models, SDMs;
Chapman et al. (2014).Managing biodiversity with a species-by-species
approach, however, is unlikely to conserve all components of biodiver-
sity (Franklin, 1993). Rather, changes in an ecosystem's overall status
might be more informative than those of individual species from taxa
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that happen to be well known (Keith et al., 2015; Watson et al., 2013).
To ensure the long-term persistence of biodiversity it is necessary to un-
derstand and protect the natural processes that generate and maintain
it (Fuller et al., 2011). Estimating ecosystem vulnerability to threats
such as climate change, is thus a fundamental challenge in conservation
science.

Species distributionmodels assess relationships between species oc-
currence and environmental conditions (Elith et al., 2006; Elith et al.,
2009), and have been widely used to estimate the future distribution
of species under different climate scenarios (see for example: Li et al.
(2015); Prieto-Torres et al. (2015) among others). More recently,
SDMshave been used to estimate thepotential distribution of individual
ecosystems (Carnaval and Moritz, 2008; Midgley et al., 2003;
Ponce-Reyes et al., 2013; Ponce-Reyes et al., 2012). Forecasting the
changes in the distribution of an ecosystem under future climate sce-
narios is one way to estimate its vulnerability to climate change
(Ponce-Reyes et al., 2012). However combining the response of
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multiple ecosystems in response to climate change to produce a com-
plete picture of the landscape has rarely been achieved (see Pearson
et al. (2013)). Combined forecasts of multiple ecosystems enable not
only predictions about thedistributions of ecosystems, but also the tran-
sition zones between ecosystems, that might form the nuclei of novel
ecosystems (Starzomski, 2013). We foresee six potential effects on eco-
systems that can result from climate change: complete loss; contrac-
tion; shift in geographic location; emergence of novel ecosystems;
expansion; or no change. Ecosystem function will clearly decline if the
first two occur, while the other responses may provide unexplored op-
portunities for mitigating negative impacts. However, it is largely un-
known how most ecosystems will respond to different climate change
scenarios and this lack of information hampers long-term adaptation
planning and action (Watson et al., 2013).

Here we assess the impact of climate change on sevenmajor ecosys-
tems across the Albertine Rift in East Africa. This is one of the most vul-
nerable regions to climate change-related stresses globally due to its
high number of endemic species and the pressure posed by the dis-
placement of people in response to climate-related changes in crop suit-
ability (Phillipps and Seimon, 2009; Watson and Segan, 2013). The
Albertine Rift covers 313,000 km2 (Plumptre et al., 2007) spanning the
borders of Uganda, Rwanda, Burundi, Tanzania, and the Democratic Re-
public of Congo.With N50% of Africa's birds, 39% of its mammals, 19% of
its amphibians and 14% of its reptiles (Plumptre et al., 2007), the
Albertine Rift containsmore endemic and threatened vertebrate species
than any other region in mainland Africa (Plumptre et al., 2003;
Plumptre et al., 2007; Seimon and Plumptre, 2012). The vegetation
varies widely, ranging from lowland rainforest, through medium alti-
tude semi-deciduous rainforest, savannah grasslands and woodlands,
Miombo woodland, Oxytenanthera bamboo, Papyrus wetlands, Carex
wetlands, montane forest, Sinarundinaria bamboo, Hagenia-Hypericum
woodland, giant heather, giant Senecio and Lobelia, and alpine moor-
land. This diversity of ecosystems is driven by a strong climatic gradient
associated with substantial altitudinal variation (600 to 5100 m.a.s.l.).
Most of the endemic and threatened species are confined to the mon-
tane forest and alpine areas on the mountaintops or highland ranges,
separated by lowland vegetation or agricultural land (Seimon et al.,
2011) which makes them particularly vulnerable to climate change
(Ayebare et al., 2013).

By estimating potential changes in the distribution of each of the
seven Albertine Rift ecosystems to climate change and combining
those into a landscape scale model, we provide a holistic region-wide
assessment of the future vulnerability of these ecosystems. We also as-
sess the extent of the suitable climatic conditions for each ecosystem in
the region's current protected area (PA) estate and assess their change
over time and conclude with a discussion on how this information
could help inform planning in areas where biodiversity knowledge is
still limited.

2. Materials and methods

We modelled the current and potential future distribution of the
seven main ecosystems of the Albertine Rift using Maxent ver. 3.33
Table 1
Number of presence points used to develop Maxent models combining field observations and p
percentage of tree coverage.

Ecosystem

High altitude ecosystems Alpine vegetation (Hagenia-Hypericum woodland, giant h
giant Senecio and Lobelia, alpine moorland, bare rock and
Bamboo forest (Sinarundinaria bamboo)
Montane forest

Rainforests Medium altitude semi-deciduous rainforest
Lowland rainforest

Savannahs Combretum-grasslands/woodlands
Acacia-Brachystegia-grasslands/woodlands
default parameters (Phillips et al., 2006; Phillips and Dudik, 2008;
Tables 1–2). To model the current extent of each ecosystem, random
points across each ecosystem were selected to cover the full range of
existing altitudes and plant cover (see Table 1 for the number of random
points extracted and the altitude and tree coverage thresholds for each
ecosystem; and Appendix A for further information on randompoint lo-
cation). No accurate vegetation maps for the seven ecosystems exist for
the region at present. The different vegetation maps varied in their res-
olution, extent of coverage, and categorization of ecosystems. Therefore
ecosystemoccurrence datawere collated fromdirect observations (field
surveys by theWildlife Conservation Society;WCS) and piecing togeth-
er available vegetation maps for parts of the Albertine Rift (see
Appendix A for more information on the vegetation maps).

The models were then trained using the randomly selected occur-
rence points from the current mapped distribution of each ecosystem
and current environmental variables considered important for deter-
mining their distribution, before projecting future suitability of each
1 km pixel across the landscape for each ecosystem under a changing
climate. We used the following seven climatic variables from the
WorldClim website (Hijmans et al., 2005) at a spatial resolution of
1 km2: mean daily temperature range, temperature annual range, min-
imum temperature of the coldest month, maximum temperature of the
warmestmonth, annual precipitation, precipitation of the driest quarter
and precipitation of the wettest quarter. These climatic variables were
selected after removing auto-correlated variables using a pairwise Pear-
son correlation test in ENM Tools (Warren et al., 2010), retaining only
those seven variables with less than±0.75 correlation.Where two var-
iableswere highly correlatedwe selected the onewe believedwasmost
plausibly implicated in determining ecosystem presence. Additionally,
we used two physical variables: a lithology data layer (U.S. Geological
Survey/The Nature Conservancy) and soil data layer (FAO, 2007)
reflecting the importance of soil type and underlying geology in deter-
mining ecosystem type (Pulliam, 2000). Lithology and soil type are cat-
egorical variables, and essentially constrain the model predictions to
suitable soil/rock types. For ecosystems with a restricted distribution
(alpine vegetation and bamboo forests)we trained themodels,masking
the predictor variables within a 10 km radius of all the points, because
Maxent results can be affected by size of the background sample and
wewanted to constrain themodel to assess relevant values of the covar-
iates (Elith et al., 2011; VanDerWal et al., 2009). Finallywe projected the
distribution of each ecosystem to the whole Albertine Rift region.

Then we calculated the extent of the environmentally suitable areas
of each ecosystem by converting the logistic output fromMaxent into a
binary grid (Hoegh-Guldberg et al., 2008) using the threshold value at
which training sensitivity and specificity were equal (Liu et al., 2005).
This threshold value is equivalent towhere positive and negative obser-
vations have an equal chance of being correctly predicted (Fielding and
Bell, 1997).We used a 10-fold cross-validation to validate themodels, in
which the presence data were partitioned into 10 folds, or replicates),
and for each run one fold was excluded as test data and the rest were
used for training (Elith et al., 2009). The predicted current distribution
of the ecosystemswas validated by experts in the region; and the results
obtained were congruent with individual species models we have
re-existing vegetation cover maps, the altitude range where the ecosystems occur and the

Number of points Altitude (m.a.s.l). Tree coverage (%)

eather,
bare earth)

50 N3000 –

103 2400–3000 ≥80
903 1500–3200 ≥80
4173 950–1500 ≥80
605 b950 ≥80
285 – ≤30
1319 – ≤50
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previously run for the Albertine Rift (see Ayebare et al., 2013). Finally,
we calculated themean area under the receiver operating characteristic
curve (AUC) to evaluate themodels (Hanley andMcNeil, 1982), consid-
ering an AUC above 0.7 to be good model performance (Fielding and
Bell, 1997).

If a cell showed suitable environmental conditions for two different
ecosystems, we did not arbitrate between them (the cell could be either
an ecosystem or a transition zone between two or more ecosystems).
Thereforewe could potentially overestimate the extent of either ecosys-
tem. We produced potential future distribution maps of each of the
seven ecosystems within the Albertine Rift for the years 2050 and
2070 to assess the impact of climate change on their distributions. Var-
iability in predictions of future climate was incorporated through the
use of an ensemble model based on the mean value per cell of all the
17 global circulation models from the Representative Concentration
Pathways 8.5 (IPCC-CMPI5) for the years 2050 and 2070.

2.1. Effects of climate change on ecosystem distribution

We used the projectedmodels to compare the present and potential
future distribution of suitable conditions for each of the seven ecosys-
tems.We first determined the type of response each ecosystem showed
relative to its current extent, for example, contraction, expansion, com-
plete disappearance or no change at all. We first counted the number of
cells classified as comprising each ecosystem at each point in time
(2010, 2050 and 2070), and converted them to area (in km2). As clear-
ance of habitat for agriculture is an important driver of vegetation loss in
this region,we considered two potential scenarios for the distribution of
native vegetation. In the first scenario, we assumed that places currently
used for agriculture remain static, thereforewe subtracted only the cur-
rent extent of cultivated areas from the future distribution of each eco-
system through time (Ayebare et al., 2013; ESA, 2008). However such
an optimistic scenario is unlikely, as the area under cultivation is most
likely going to increase in the region, due to population growth
(Phillipps and Seimon, 2009). Therefore, for the second scenario, we as-
sumed that only those ecosystems currently protected would remain as
we assumed nonewPAs are established and all unprotected landwould
be cleared. This pessimistic scenario is also unlikely, but together with
the optimistic scenario they represent the extremes that bracket the
likely true outcome.

Losses or gains in extent are far frombeing the only effects of climate
change on ecosystems. ‘Ecotones’ or transition zones between ecosys-
tems under new climates might also lead to the creation of ‘novel eco-
systems’ (Starzomski, 2013). To investigate this phenomenon, we
measured the area of suitable climatic conditions associated with
more than one ecosystem at a given time. We first identified combina-
tions of ecosystems and their spatial extent in the present and com-
pared these to the forecasted extent and combinations in future
scenarios. For example, the amount of overlap between alpine
Table 2
The change in environmentally suitable area of each ecosystempredicted from the current and
rent extent (%). The extent of each ecosystem currently in a protected and the proportion of cu

Ecosystem No
agriculture

With current agricultura

2010 km2 2010 km2

(% lost to
agriculture)

2050 km2

current ex

Alpine vegetation 1238 1203 (3) 454 (37.7)
Bamboo forest (Sinarundinaria and
Oxytenanthera bamboo)

5943 4350 (27) 601 (13.8)

Lowland rainforest 273,310 238,753 (13) 287,630 (1
Medium altitude semi-deciduous rainforest 211,915 117,901 (44) 48,253 (40
Montane forest 45,476 30,185 (34) 15,392 (51
Combretum-grasslands/woodlands 58,368 27,353 (53) 37,792 (13
Acacia-Brachystegia-grasslands/woodlands 543,434 421,221 (22) 388,368 (9
Total 1,139,684 840,966 778,490
vegetation and bamboo forest in 2010 and then in 2050. We also esti-
mated the potential shift in altitude of existing ecosystems, another
likely effect of climate change, and identified the location and extent
of potential refugia, defined as those areas maintaining suitable condi-
tions for an ecosystem between 2010 and 2070 (Keppel et al., 2015).
To evaluate any changes in altitude through time, we also developed
histograms of altitudinal occurrence for each ecosystem.

3. Results

3.1. Modelling ecosystems to date and loss to agriculture

The resulting mean AUC values of almost all models were between
0.888 and 0.998 (see Table 1-Appendix) indicating excellent prediction
of the current distribution of Albertine Rift's ecosystems. Maximum
temperature of the warmest month and minimum temperature of the
coldest month were consistently the most important variables for
predicting alpine, bamboo, and montane forest (Table 2 Appendix).
Minimum temperature of the coldest month and lithology and precipi-
tation of the driest quarter were important for lowland forest, and pre-
dictors for medium altitude semi-deciduous forest was mean diurnal
range in temperature, precipitation in the driestmonth, and annual pre-
cipitation. Soil type was also important in most models. Variables im-
portant for woodland ecosystems were the precipitation of the driest
quarter and annual precipitation. These all make intuitive biological
sense for these habitat types. Although we modelled Acacia-
Brachystegia-grasslands/woodland we found that it was difficult to ac-
curately predict its distribution (AUC= 0.786). The extent of each eco-
system loss to agriculture varied considerably by ecosystem type
(Fig. 1). Alpine vegetation is currently the least impacted by agriculture
(3% of its current extent). In contrast, almost 30% of the suitable areas
for bamboo, 34% of montane forest and 44% of medium altitude semi-
deciduous rainforest have been cleared for agriculture. The extent of
lowland rainforest lost to agriculture is estimated to be 13% and clear-
ance of Acacia-Brachystegia-grasslands/woodlands is 22%. The
Combretum-grasslands is likely to have been themost impacted by agri-
culture having lost N50% of its original extent to agriculture and devel-
opment (Table 2).

3.2. Future rates of change in ecosystem spatial extent

Five ecosystem types (alpine vegetation, bamboo forests, lowland
rainforests, medium altitude semi-deciduous rainforest and montane
forests) are forecast to experience significant declines in the extent of
suitable conditions (49–86% of their current extent) by 2050 (Table 2,
Fig. 1). By 2070, predicted loss increases to 57–100% with the environ-
mental conditions required by bamboo forests predicted to disappear
completely. Suitable conditions for Acacia-Brachystegia-grasslands/
woodlands are predicted to have a slower decline, of 8% by 2050 and
future distributions taking into account current agricultural land and the proportion of cur-
rrent extent are also given.

l areas Agriculture expands except in current Protected
Areas (PA)

Refugia
(% of
current
extent)

(% of
tent)

2070 km2 (% of
current extent)

PA 2010 km2

(% of current
extent)

PA 2050 km2

(% of current
extent)

PA 2070 km2

(% of current
extent)

275 (22.9) 890 (74) 453 (37.7) 275 (22.9) 23%
0 (0) 2714 (62.4) 591 (13.6) 0 0

20.5) 103,859 (43.5) 33,961 (14.2) 43,335 (18.2) 24,357 (10.2) 14%
.9) 30,234 (25.6) 25,468 (21.6) 14,989 (12.7) 9808 (8.3) 8%
) 7172 (23.8) 11,351 (37.6) 6540 (21.7) 4140 (13.7) 15%
8.2) 31,285 (114.4) 13,990 (51.1) 18,198 (66.5) 14,742 (53.9) 87%
2.2) 296,226 (70.3) 110,404 (26.2) 103,450 (24.6) 86,873 (20.6) 70%

469,051 198,778 187,556 140,195



Fig. 1. Map of current (2010) and future distribution (2050 and 2070) of each of the seven main ecosystems alpine vegetation (dark blue), bamboo forest (yellow), forests (lowland
rainforests, medium altitude semi-deciduous rainforest and montane in different shades of green), Combretum – grasslands\woodlands (light brown), Acacia-Brachystegia – grasslands/
woodlands (medium brown), protected areas (outlined in red), areas cleared for agriculture (dark brown) and lakes (light blue) in the Albertine Rift, Africa. Areas in light grey show
areas with unsuitable climatic conditions for the ecosystems in the future scenarios. The location of the Albertine Rift in the African continent is highlighted in red in the inset. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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then 30% by 2070. Only suitable conditions for the Combretum-grass-
lands are predicted to expand across the Rift, with our models suggest-
ing coverage could increase by 38% in 2050 but then decrease in 2070 to
an area about 14% larger than its current spatial extent (Table 2, Fig. 1).
No ecosystem was forecasted to be stable under future climate.

Ecosystems that are least protected, at present, are Acacia wood-
lands, lowland forest and medium altitude-deciduous forests, with
less than a third of their extent is protected (Table 2). Montane forest
has b40% of its current extent in protected areas while the remaining
ecosystems (alpine vegetation, bamboo forest and Combretum grass-
lands) have N50%. Alpine vegetation and bamboo forest are predicted
to be the most affected, with a predicted reduction of their current ex-
tent of 62% and 86% in 2050 to 77% and 100% in 2070 respectively.
Combretum grasslands was the only ecosystem whose spatial extent
within protected areas was forecasted to increase, by 67% in 2050
from its current coverage of ~27,350 km2 and then slightly decrease to
54% of its current coverage by 2070 (Table 2).

3.2.1. Potential novel ecosystems
We discovered that all seven ecosystems have future spatial extents

with potential for some degree of overlap of suitable conditions with at
least one other ecosystem. The distribution models for 2010 predicted
overlapping areas of ecosystems at similar altitudes, varying in extent
and composition depending on the ecosystem. We only considered
those areas with an overlap N10% to have a significant overlap. For ex-
ample, medium altitude semi-deciduous rainforest was predicted to
share suitable areas with all other ecosystems except for alpine vegeta-
tion. Its significant overlap from largest to smallest was with lowland
rainforest (42%), followed by Acacia woodland (about 18%) and
Combretum grasslands (with an overlap of about 10%; Fig. 2). Alpine
vegetation, on the other hand, only overlapped with one other ecosys-
tem (bamboo forest). Bamboo forest had the largest overlap with
other ecosystems: about 72% (3100 km2) of its current distribution
shared suitable conditions with montane forest (Fig. 2). It also shared
significant suitable areas with medium altitude semi-deciduous
rainforest (20%).

By 2050, some of the mid- and high altitude ecosystems, such as
bamboo and montane forest showed an increase in the proportion of
areas where the models predicted suitability for more than one ecosys-
tem, relative to their future extent (see for example, bamboo forest and
alpine vegetation; Fig. 2). Some of these overlaps increased through
time (e.g. lowland rainforest and Combretum grasslands, and lowland
rainforests and medium altitude semi-deciduous rainforests; Fig. 2).
Many of these ecosystems experienced a shift in altitude, therefore
their environmentally suitable areas increasingly coincided with eco-
systems traditionally found at higher altitudes (see for example, low-
land rainforest in 2050 with medium altitude-deciduous rainforests;
Fig. 2). The area of some of the predicted transition zones decreases con-
tinuously in the future decades as ecosystems contract (see for example,
montane and bamboo forests; Fig. 2). Lowland rainforest is the only eco-
system that increases its total overlap with multiple other ecosystems
from 2050 to 2070. All others, except medium altitude semi-deciduous
rainforest that maintains its total overlapping extent, showed a de-
creased overlap over the same time period. Although the total overlap
area of themedium altitude semi-deciduous rainforestwas constant be-
tween 2050 and 2070, the habitats it overlappedwithwere different. By
2070, the overlap with lowland rainforest grew, while the shared areas
with montane forest, Combretum grasslands, and Acacia woodland de-
creased slightly.

3.2.2. Shifting extents of ecosystems
Suitable environmental conditions for all ecosystems are predicted

to shift in altitude and seem likely to result in changes in their extent
(Figs. 1, 3). Most ecosystems showed a shift toward the higher end of
the current altitudinal range, but not a progression far beyond this. For
example, themedian value of the altitude range of the alpine ecosystem



Fig. 2. Ecosystem overlap across time is shown by a colored area proportional to the percentage of the current extent of each ecosystem under the current agricultural areas scenario. For
example, alpine vegetation (red) in 2010 has a small amount of overlap with bamboo forest (yellow), but it increases in 2050. Lowland rainforest (light green), medium altitude semi-
deciduous forest (dark green), montane forest (light blue); Combretum grasslands (dark blue) and Acaciawoodlands (pink) show varied degrees of overlapping with other ecosystems
across time. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 3a) in 2010 is 3100 m.a.s.l., in 2050 it shifts to 3700 m.a.s.l. and to
3900m.a.sl. in 2070. The median value of bamboo forest's climatic con-
ditions is predicted to shift from around 2400-m.a.s.l in 2010 to
3000 m.a.s.l. in 2050 before disappearing completely in 2070 (Table 2;
Fig. 3b). Lowland rainforest is predicted to increase in altitude by
about 500 m from 2010 to 2070 (Fig. 3c; Table 2) with an expansion
of 20% (287,000 km2) for 2050 but then a decrease in overall extent in
2070 (104,000 km2). Lowland rainforest was modelled using points
within the extent of the distribution of the broader Albertine Rift region
(Fig. 1) and as such does not include points from altitudes lower than
about 300 m.a.s.l. The results we show therefore map the projected fu-
ture extent of this type of lowland forest which will either be replaced
by rainforest at lower altitudes or will start to break up into savannahs
and forest galleries. The median value of the environmentally suitable
areas of medium altitude semi-deciduous forest ecosystem is predicted
to shift from about 1100 m.a.s.l. in 2010 to 1500 m.a.s.l. in 2050 and up
to 1800m.a.s.l. in 2070 (Fig. 3d). About 10% of the current distribution of
the medium altitude semi-deciduous rainforest forest overlapped with
other low altitude ecosystems (below 900m.a.s.l.), suggesting the pres-
ence of ecotones even though current distribution of medium altitude
semi-deciduous rainforest forest does not occur at this altitude. Mon-
tane forest is predicted to increase its altitude range by about 450 m
in the next 40 years (from a median value of 1850 m.a.s.l. in 2010 to
2200 m.a.s.l. in 2050, Fig. 3e) and by a further 200 m between 2050
and 2070. The Acacia-Brachystegia-grasslands/woodland on the other
hand, shifts up only about 100 m in median altitude 2070 (from
1100 m.a.s.l. to 1200 m.a.s.l.; Fig. 3g). Median altitude of Combretum-
grasslands is only predicted to shift only slightly (~50m in total; Fig. 3f).

3.2.3. Areas of potential refugia
Wewere also able to identify areas likely to remain climatically sta-

ble for six of the seven main ecosystems in the Albertine Rift. As the cli-
matic conditions associated with bamboo forests are predicted to
disappear in 2070, we did not consider them in the refugia analyses.
Savannahs were estimated to be the most stable ecosystems, with 90%
of theCombretum grasslands and 70% of theAcaciawoodlands predicted
to remain suitable (Table 2). On the contrary, forests (lowland and me-
diumaltitude semi-deciduous) have b15% of their future suitable condi-
tions in areas where they are currently found. However when we
looked at those ecosystems within protected areas only, the outlook
changes drastically for all ecosystems except for alpine vegetation
(Table 2, Fig. 1). Only 23% (273 km2) of current alpine vegetation is like-
ly to be suitable in 2070, which can be considered as refugia as it lies in-
side the PA estate (Table 2). For the other ecosystems, this change is
more severe, as the extent of suitable conditions that are likely to re-
main stable and are currently protected decreases to about 45% of
their current extent for the Combretum grasslands, about 20% for the
Acaciawoodlands and b10% for the montane forests. Rainforests (low-
lands and medium altitude semi-deciduous) are the most vulnerable
as b4% of their refugia is currently protected.

4. Discussion

Here we have developed a novel method to estimate the impact of
climate change on multiple ecosystems at a landscape scale in a data
poor region. We have shown that climatic conditions associated with
most ecosystems presently occurring in the Albertine Rift will contract
rapidly in extent and shift higher in altitude over the next few decades.
Covariates that best predicted these habitats such asmaximum temper-
ature of warmest month and minimum temperature of coldest month
for the habitats found on the higher slopes ofmountains (alpine vegeta-
tion, bamboo forest and montane forests - Table Appendix 2), will cer-
tainly change and move upslope as predicted under global warming.
Similarly predictedmean precipitation of the driest quarter for medium
altitude semi-deciduous rainforest and the savannahs (Table Appendix
2) is likely to be affected with future warming with some parts of the
Rift predicted to have increased precipitation (northern areas) and
others reduced (southern areas) as well as likely higher extremes in

http://m.a.sl


Fig. 3. Histograms showing the shift in altitude and the decrease in frequency of the occurrence points across time of each ecosystem under the current agricultural areas scenario. The
current distribution is shown in red, light blue displays the potential distribution in 2050, while in yellow is where the models predict suitable conditions for the ecosystems in 2070.
In grey are the number of points that remain stable between 2010 and 2050 while in light green are those predicted to stay stable between 2050 and 2070. The areas in olive color
display the occurrence points that can act as refugia, as their environmental conditions remain suitable across the three times. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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temperature and rainfall amounts (Seimon and Plumptre, 2012). As a
result, ecosystems currently occurring at high altitudes could experi-
ence a considerable reduction in extent (N80%predicted loss of environ-
mentally suitable conditions) or complete destruction. Savannahs, on
the other hand, are predicted to be the least impacted of all ecosystems,
both in terms of loss of extent and change in altitude (b100 m). For ex-
ample, potentially suitable areas for Combretum grasslands were pre-
dicted to increase under the future climate scenarios. We predict a
significant increase in the altitudinal range, and a decrease in extent,
for both kinds of rainforest, although this was less dramatic than that
of the higher altitude ecosystems. We discovered that novel climatic
conditions are predicted to occupy 44% of the landscape by 2070 and
it is uncertain which ecosystems will form in these areas.

Many Albertine Rift endemic species are projected to lose between
7% and 100% of their current geographic range by the year 2080
(Ayebare et al., 2013), reflecting our ecosystem results. Our results are
congruent with other studies showing higher altitude species and
ecosystems (e.g. alpine, bamboo andmontane forests) are themost vul-
nerable to climate change (Dirnboeck et al., 2011; Li et al., 2015;
Ponce-Reyes et al., 2012). Our predictions for the bamboo ecosystem –
which is important for some endemic species such as the golden mon-
key (Cercopithecus kandti), red-faced woodland warbler (Phylloscopus
laetus) and Archer's ground robin (Cossypha archeri) – are particularly
disturbing, as their environmentally suitable conditions are predicted
to disappear by 2070. These results are even more alarming than
those published by Li et al. (2015), who found a net reduction of bam-
boo forests of 9–22% by 2070 was likely in China. Our models also pre-
dicted that the vulnerability of the African montane forests is greater
than similar ecosystems in Mexico (predicted loss of 68% by 2080;
Ponce-Reyes et al. (2012)). Suitable conditions for montane forests in
the Albertine Rift, are predicted to decrease even more, by about 76%
from their current extent by 2070, increasing the extinction risk of the
critically endangered mountain gorilla (Gorilla beringei). Increasing
rainfall and CO2 levels will likely lead to the promotion of woody
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vegetation in savannah ecosystems in future (Donohue et al., 2013). Our
models have used rainfall as a predictor of ecosystem changes but it is
not possible yet to model the impact of CO2 and the effects may be
stronger still.

Our findings have several implications for conservation planning in
the region. We identified several areas that currently have suitable con-
ditions for more than one ecosystem and predicted the presence of
other such areas in the future. We treat these as transition zones be-
tween ecosystems, which could hold either of the ecosystems predicted
to occur there, or a combination of elements from both. The extent and
structure of the transition areas is also predicted to change across time.
If these transition zones are maintained through time, they could also
potentially develop into novel ecosystems. A novel ecosystem is defined
as ‘a system that differs in composition and/or function from present or
past systems as a consequence of species distribution, environmental al-
terations through climate and land uses and shifting values’ (Hobbs et
al., 2013).

With our models we were able to identify, for the first time, the spa-
tial location and potential extent of transition zones in theAlbertine Rift,
such as the transition zone between savannahs and lowland rainforests.
Previous studies have recognized the importance of transition zones be-
tween African rainforests and savannahs in generating andmaintaining
rainforest biodiversity (Smith et al., 1997). Due to the altitude shifts,
some ecosystems that do not share suitable areas at present, like the al-
pine vegetation and medium altitude semi-deciduous rainforest, are
likely to overlap in the future. These areas could become a source of evo-
lutionary novelty in the future (Smith et al., 1997). Therefore monitor-
ing current and future transition areas and ensuring their protection is
crucial, as they may promote adaptive variation of species (Smith et
al., 2001).

Estimating how and where the different ecosystems might be most
affected by climate change could help target adaptation strategies. For
example, we identified some areas that might be resilient to changes
in climate, and might therefore constitute refugia for species. Not only
do refugia play an important role in forging current diversity patterns
(Gaston, 2000), they also have a demonstrated ability to facilitate the
survival of biota under adverse conditions (Keppel et al., 2012). Our
modelling, however, suggests that only a small proportion of the region
might remain resilient to the predicted changes, and most of those
refugia are currently unprotected. Including refugia in the protected
areas estate is crucial, but is not likely to be enough to ensure the
long-term persistence of species, because refugia in the Albertine Rift
are small and fragmented. If geneticflow is interrupted between partial-
ly isolated small populations, genetic drift and inbreeding forces might
interact, resulting in populations more vulnerable to local extinctions
(Templeton, 1987). Therefore, a conservation plan that preserves con-
nectivity between remaining refugial fragments, maintaining gene
flow between populations, will have better conservation outcomes
(Bennett, 1999).

Assuming the worst-case scenario, in which only the ecosystems
within currently protected areas remain uncleared, the effects of
shifting ecosystems due to the changing climate will be significant. At
present, the protected area estate in the Albertine Rift has a generally
good representation of most ecosystems. However, we have shown
here that due to climate change induced ecosystem shift, the current
protected areas might not ensure future persistence. Conservation
plans will need to facilitate the colonization (natural or assisted) of
new suitable areas, while mitigating the effects of climate change for
species with nowhere to move to (Thomas and Gillingham, 2015).
Alsomonitoring is needed to detect changes, and enables them to be in-
corporated into an adaptivemanagement approach that accommodates
these changes with PA reconfiguration or placement of new PAs. Recent
studies also propose the dynamic selection of protected areas, selecting
sequentially designated conservation areas, followed by the release of
others when they stop contributing to the specific long-term conserva-
tion goals (Alagador et al., 2014). However given the high human
population density in the Albertine Rift region, establishing dynamic
protected areasmight be difficult to implement (Bengtsson et al., 2003).

There are, nonetheless, some limitations to our approach. Some
studies have indicated that modelling ecosystems using randomly cho-
sen training points extracted from within the ecosystem boundaries,
might produce misleading results due to the discrepancy between indi-
vidual species distributions and ecosystem boundaries (Prieto-Torres
and Rojas-Soto, 2016). However a recent study following an autecolog-
ical approach to identifying the vulnerability of Mexican cloud forest to
climate change, found that both approaches yielded consistent results
(Rojas-Soto et al., 2012). The dominance of some ecosystems might be
determined by non-environmental factors. For example, CO2, wild
fires and herbivore disturbances, are important drivers of savannah ex-
tents (Midgley and Bond, 2015). As we were unable to include them in
our modelling, the potential future distribution of the two savannah
ecosystems might be under-predicted. Integrating disturbance regimes
could build upon and strengthen our approach in future studies.

Despite the caveats above, our method can be useful for identifying
those ecosystemsmost vulnerable to climate change, assisting planners
to identify species at risk, and also to recognize which ecosystems re-
quire the most urgent conservation actions. It therefore has significant
advantages over species-specific approaches. By focusing efforts on
the conservation of entire ecosystems, conservation plans can under-
take actions that maintain ecological integrity (Feria and Peterson,
2002; Olden, 2001; Tylianakis et al., 2010) for longer periods of time.

The approach we have developed here could also help inform as-
sessments for the Red List of Ecosystems, which employs a measure of
the rate of decline in ecosystem distribution as one of five risk assess-
ment criteria (Keith et al., 2013). As the area of an ecosystem is positive-
ly related to the diversity of species persisting within it (MacArthur and
Wilson, 1967), any negative changes in their areal extent will increase
extinction risks for its component species and reduce the ecosystem's
capacity to sustain its characteristic biota (Keith et al., 2013). The Red
List of Ecosystems classifies an ecosystem with a predicted reduction
over the next 50 years of ≥30% as Vulnerable; while ecosystems with
≥50% predicted reduction, qualify as Endangered; and those with
≥80% predicted reduction are categorized as Critically Endangered
(Keith et al., 2013). Applying these criteria, three ecosystems in the
Albertine Rift (alpine, medium altitude semi-deciduous rainforest, and
montane forest) would be classified as Vulnerable, and bamboo as Crit-
ically Endangered, based on our models.
5. Conclusions

We developed and used a simple ecosystem-based modelling ap-
proach for a region-wide climate change assessment across the
Albertine Rift in Africa that could be particularly useful in other data-
poor areas around the world, where climate oriented decisions are ur-
gently needed. We quantified at a landscape scale the effect of the six
distribution effects (complete loss; contraction; shift in geographic loca-
tion; emergence of novel ecosystems; expansion; or no change) that
may result from climate change on the seven main ecosystems of the
Albertine Rift.

Our results show that many of these ecosystems are seriously vul-
nerable to future climate change. The suitable conditions of all but one
ecosystem are predicted to decrease in extent from 2050, and all of
them are predicted to shift in altitude. By 2070 the environmental con-
ditions in 44% of region will not be suitable for current ecosystems. In
their place novel climatic conditions are predicted and it is uncertain
which ecosystems will form in these areas. Accounting for ecosystem
shifts and transition zones between ecosystemswhen planning for con-
servation could substantially improve long-term outcomes. Finally, un-
derstanding the likely impacts of climate change is essential to climate
adaptation planning (Cross et al., 2012) and to better allocate limited
conservation funds more efficiently (Carwardine et al., 2012).
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Appendix AA.1. Additional information for generating occurrence points
We generated a randomnumber of points between 1000 and 10,000 from each vegetation type using the R statistical software (R Core Team, 2014).
Due to the restricted distribution of alpine vegetation, we only generated a random number between 100 and 500. Thenwe combined theWCS field
surveys datasetwith the points randomly extracted from the different vegetationmaps.We randomly sampled the selected number of points within
each ecosystem (Table 1), restricting them to the altitude rangewhere the vegetation of interest is known to occur and to the percentage of tree cov-
erage of each ecosystem (Hansen et al., 2013). All points within an ecosystemwere separated by 1 km. This combined dataset was used as the input
dataset into the Maxent analysis to train the models.

A.2. Vegetation maps information

The vegetation maps used for generating the points were: MODIS (https://lpdaac.usgs.gov/get_data), GLC2000 (http://bioval.jrc.ec.europa.eu/
products/glc2000/), Globcover 2009 V2.3 (http://ionia1.esrin.esa.int/), and regional vegetation maps, including: forest change Democratic Republic
of Congo (FACET 2010; http://www.osfac.net), Greater Virunga Landscape (WCS Unpublished data from aerial photograph interpretation), Kabobo
(WCS Unpublished data from satellite image interpretation), Murchison-Semliki Landscape (WCS Unpublished data from aerial photograph inter-
pretation), Greater Mahale (Jane Goodall Institute unpublished data), Uganda (National Biomass Study, NFA, Uganda).
Table Appendix 1

AUC values of training data.
Ecosystem
 AUC values
2010
 2050
 2070
lpine vegetation (Hagenia-Hypericum woodland, giant heather, giant Senecio and Lobelia, alpine moorland, bare rock and bare earth)
 0.998
 0.998
 0.998

amboo forest (Sinarundinaria bamboo)
 0.994
 0.995
 0.995

ontane forest
 0.936
 0.971
 0.972

edium altitude semi-deciduous rainforest
 0.906
 0.903
 0.903

wland rainforest
 0.879
 0.888
 0.890

ombretum-grasslands/woodlands
 0.970
 0.971
 0.972

cacia-Brachystegia-grasslands/woodlands
 0.761
 0.786
 0.785
A
Table Appendix 2

Percentage contribution of each covariate to the Maxent models for the 2050 and 2070 projected changes in ecosystem extent.
Covariates
 Percentage contribution to Maxent model
Alpine
 Bamboo
 Montane
forest
Medium
forest
Low forest
 Combretum
grasslands
Acacia-Brachystegia
050 model

IO2 = mean diurnal range (mean of monthly (max temp − min temp))
 4
 5
 4
 20
 0.5
 8
 1

IO5 = max temperature of warmest month
 37
 35
 40
 3
 2
 4
 1

IO6 = min temperature of coldest month
 33
 23
 33
 7
 64
 14
 2

IO7 = temperature annual range (BIO5–BIO6)
 2
 1
 1
 8
 4
 0.2
 2

IO12 = annual precipitation
 4
 10
 3
 17
 0.5
 18
 23

IO16 = precipitation of wettest quarter
 1
 3
 5
 1
 1
 13
 2

IO17 = precipitation of driest quarter
 1
 8
 3
 22
 12
 34
 54

R soils
 17
 11
 9
 13
 6
 3
 5

thology
 1
 5
 3
 10
 14
 6
 11
070 model

IO2 = mean diurnal range (mean of monthly (max temp − min temp))
 0.2
 2
 1
 0.1
 8
 0.5

IO5 = max temperature of warmest month
 30
 85
 70
 1
 2
 7
 0.4

IO6 = min temperature of coldest month
 11
 0.1
 11
 30
 55
 8
 3

IO7 = temperature annual range (BIO5–BIO6)
 0.5
 14
 3
 0.1
 0.6

IO12 = annual precipitation
 4
 8
 3
 28
 18
 23

IO16 = precipitation of wettest quarter
 1
 2
 0.2
 15
 4

IO17 = precipitation of driest quarter
 1
 2
 2
 40
 8
 34
 54

R soils
 55
 5
 4
 3
 3
 2
 5

thology
 3
 3
 1
 6
 2
 7
 10
Li
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