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Abstract

1. Latitudinal range limits for mangroves on high-energy, wave-dominated coasts

are controlled by geomorphological features and estuarine dynamics. Mangroves
reach a southern global range limit along the South African coastline, but the
distribution is patchy, with stands occurring in only 16% of the estuaries in the
region. Yet, the persistence of forests planted >50years ago beyond the natural
distribution limit suggests that additional estuaries could support mangroves.
Understanding regional drivers is necessary to inform global-scale estimates for

how this important ecosystem is predicted to respond to climate change.

. Here, we combine species distribution modelling (MaxEnt), Lagrangian particle

tracking using an eddy- and tide-resolving numerical ocean model, and connectiv-
ity matrices, to identify suitable mangrove habitats along the South African coast-

line at present, as well as under the IPCC RCP4.5 and RCP8.5 climate scenarios.

. Within the current South African distribution range (+900km), eight more estu-

aries were identified to be suitable under contemporary conditions. When con-
sidering potential range extension (+110km), an additional 14 suitable estuaries
were identified. Connectivity matrices suggest limited long-distance dispersal,
stranding mostly at or near the release location, and a decreased probability
of connectivity towards the range limit. Under both future climate scenarios,
30% of estuaries currently supporting mangroves are predicted to become un-
suitable, while an additional six estuaries beyond the current distribution are
predicted to become suitable. However, there is limited connectivity between

these new sites and established forests.

. Synthesis. This study shows that dispersal substantially limits mangrove distribu-

tion at the southern African range limit and highlights the importance of includ-

ing this process in species distribution models. Ultimately, our results provide
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1 | INTRODUCTION

Mangroves are typically tropical ecosystems with a global distribu-
tion range delineated by the 20°C winter isotherm for sea-surface
temperature (Duke et al., 1998). Rising global temperatures over re-
cent decades have allowed for mangrove range expansions to higher
latitudes at five of the continental limits that are characterised by
subtropical to warm-temperate transition zones (Gabler et al., 2017;
Saintilan et al., 2014). Mangrove range expansion occurs by propa-
gule establishment and subsequent growth and encroachment into
areas occupied by salt marsh (Whitt et al., 2020; Yando et al., 2021).
The shift from herbaceous or succulent salt marsh to woody shrubs
and trees leads to habitat changes that may represent a substantial
change in ecosystem-level processes and functions such as altered
rates of nutrient and carbon cycling, soil diagenesis and biodiver-
sity patterns (Cavanaugh et al., 2019; Kelleway et al., 2017). Both
mangroves and salt marshes are valued for their ecosystem services,
particularly in relation to climate change mitigation and adaptation
(Duarte et al., 2013; Murdiyarso et al., 2015; Serrano et al., 2019).
Research that can predict mangrove range expansions at regional
and local scales is therefore needed to inform mitigation and conser-
vation strategies for future decades (Osland et al., 2022).

Regional controls on mangrove distribution are variable be-
tween the different latitudinal range limits around the world (Hickey
et al., 2017; Osland et al., 2017). Freeze events and absolute winter
temperature minima are the most significant controls on mangrove
distribution at some northern hemisphere range limits (eastern US,
western Gulf of Mexico, northeast China) (Cavanaugh et al., 2014;
Osland et al., 2013). However, at southern hemisphere range limits
(Brazil, South Africa, Australia, New Zealand), the role of climate is
less pronounced, and instead, the physical and geomorphological
features of these coastlines limit the distribution of mangroves (Raw,
Godbold, et al., 2019; Ximenes et al., 2018). Predicting regional man-
grove range expansion therefore requires a quantitative approach
to incorporate multiple interacting environmental variables, which
can be achieved using species distribution models (SDMs) (Peterson
etal,, 2015).

SDMs are based on ecological niche theory in that they correlate
the optimal ecological conditions foraspecies to occurrence locations
(Melo-Merino et al., 2020). Correlative models are the most common
type of SDM and are developed by relating known locations of a
species to the environmental conditions at those locations so that
ecological requirements can be estimated (Aratjo & Guisan, 2006;

new insight into mangrove conservation and management at range limits that
are not controlled predominantly by temperature, as it has been assumed that

mangroves will largely expand to higher latitudes under climate change.

Avicennia marina, climate change, coastal wetland, dispersal limitation, Lagrangian particle
tracking, range expansion, South Africa, species distribution modelling

Melo-Merino et al., 2020). As SDMs generally do not account for
interactions with other species, it has been argued that they can only
provide an approximation of the fundamental niche, rather than the
realised niche (Aradjo & Guisan, 2006). The geographical range of a
species is determined by interactions between (1) suitable abiotic
conditions, (2) biotic interactions such as competition and predation
and (3) the area that a species can access by movement or dispersal
(Soberdn & Peterson, 2005). Therefore, when applying these models
at range limits, it is important to include dispersal as a key process
that may restrict range expansion alongside the species' physiolog-
ical limits and the availability of suitable habitats. This allows for a
more accurate prediction of the species' real-world distribution (ap-
proaching the realised niche). Furthermore, dispersal capabilities can
be variable across the distribution range of a species, and so there
is a need to specifically determine whether there are limitations at
the edges when considering the potential for range expansions in
response to climate change.

For mangroves, dispersal trajectories are influenced by factors
at local, regional and global scales that together control temporal
variability and observed connectivity patterns between and among
mangrove forests (Van der Stocken et al., 2019). Dispersal limitation,
as indicated by reduced genetic connectivity, has been identified
at the African continental range limit along the east coast of South
Africa (De Ryck et al., 2016). As mangroves produce hydrochor-
ous seeds and fruits (hereafter referred to as ‘propagules’), coastal
hydrodynamics play an important role in dispersal and therefore
recruitment and establishment into suitable areas. In this regard, re-
cently developed high-resolution, eddy- and tide-resolving numeri-
cal ocean models have been used to simulate patterns of propagule
dispersal and connectivity between mangrove occurrence loca-
tions (Van der Stocken et al., 2019). Ocean surface currents along
the east coast of southern Africa are characterised by the Agulhas
Current which flows south-westward from 27°S along the shelf edge
and eventually retroflects eastward between 40 and 42°S into the
Agulhas Return Current at the tip of the Agulhas Bank. The coastline
is also characterised by high wave energy and microtidal conditions;
thus, mangroves are limited to occurring in sheltered estuaries.
Strong wave action and highly mobile sediments often constrict es-
tuary inlets, and during periods of low river flow these systems can
remain closed to the sea (Van Niekerk et al., 2020), thus creating bar-
riers for mangrove propagule dispersal and establishment. Despite
these challenges, previous research has shown that climate change
will likely create suitable sites for mangroves beyond the current

85U8017 SUOLILLIOD SAIESID 3ol jdde 8Ly Aq peusenob ake 9. VO '8sn 40 S9|NI J0) AR1q1T8UIIUQ AB]1M UO (SUOTHIPUOD-PUE-SWBIALID"A8 | 1M ARe.q1ul|uo//SAny) SUONIPUOD Pue WS 1 81 89S *[£202/70/rT] U0 Aleiqi8ulluO AS|IM ‘4osessay [9IPSIN ULy YINOS AQ 0Z0VT Si22-G9ET/TTTT 0T/I0p/od A3 im Aleuqpuljuo's feunoksaqy/schiy wouy pspeojumod ‘T ‘€202 'St22S9ET



RAW ET AL.

Journal of Ecology 141

range limit in this region, but less is known about how the suit-
ability of areas currently occupied by mangroves may be impacted
(Quisthoudt et al., 2013). This coastline therefore allows one to test
the potential for mangrove range expansion in response to climate
change in a region characterised by dynamic coastal conditions that
could drive dispersal limitations. High-energy conditions also occur
at other southern hemisphere range limits for mangroves in New
Zealand, southeast Australia and Brazil (Morrisey et al., 2010; Roy
et al., 2001; Schaeffer-Novelli et al., 1990).

The fragmented distribution of mangroves at the southern
African range limit cannot be explained by climate variables alone.
This is a freeze-free coastline, and the rainfall gradient is not a signif-
icant predictor of mangrove distribution as shown by previous quan-
titative studies (Quisthoudt et al., 2013; Raw, Godbold, et al., 2019).
This is affirmed by the long-term (>50years) survival of mangroves
planted beyond their natural geographical range (Hoppe-Speer
et al., 2015). Dispersal limitations due to coastal and open-ocean
processes could leave suitable habitats unoccupied. If environmen-
tal conditions within the current distribution range become unsuit-
able under climate change, this could lead to net loss of mangroves
and a possible contraction at this range limit. This has implications
for global-scale assumptions on the response of this important eco-
system type to climate change.

The aim of this study is to determine the potential for mangrove
range expansion and propagule dispersal limitation at the southern
African distribution limit under current and future climate scenar-
ios. Our objectives are to (1) determine the suitability of estuaries
for mangroves within and beyond the current distribution range
under contemporary climate conditions using mangrove occurrence
locations and estuarine environmental conditions to build SDMs
with MaxEnt; (2) predict the suitability of estuaries for mangroves
under future (2050) projected environmental conditions (RCP4.5
and RCP8.5) using the MaxEnt species distribution modelling soft-
ware; (3) examine the potential connectivity from propagule dis-
persal between predicted current; and (4) future suitable mangrove
habitat and established mangrove forests, using high-resolution
(1/48°x 1/48°) regional ocean surface current data and a Lagrangian
particle-tracking model. The potential for estuaries with suitable
conditions (at present and by 2050) to be colonised from established
mangrove populations via propagule dispersal will indicate whether
this process is limiting range expansion in the region.

2 | MATERIALS AND METHODS
2.1 | Study site description

Mangroves occur in 31 of the 192 estuaries along the east coast
of South Africa, over a tropical to warm-temperate biogeographi-
cal transition zone (latitudinal range of 26°53'42.6" -33°13'32.8"S)
(Figure 1). The coastline is relatively straight and exposed and is
characterised by high wave energy and microtidal conditions (<2 m
tidal range). In the tropical biogeographical region, rocky headlands

and promontories allow for the formation of log-spiral bays. The
shores between the estuaries in this region are diverse, compris-
ing rocky, mixed and sandy beaches, with increasing proportions of
rocky shores and cliffs in the southern half of the mangrove distribu-
tion (Harris et al., 2011, 2019).

2.2 | Mangrove data

The two dominant mangrove tree species in South Africa are
Avicennia marina (Forssk.) Vierh. and Bruguiera gymnorrhiza (L.) Lam.,
each of which occur in 27 estuaries (i.e. mostly co-occurring but
some estuaries have records for only one of these species), while
Rhizophora mucronata Poir. occurs in 16 estuaries. Three tropical
species, Ceriops tagal (Perr.) C.B. Robinson, Lumnitzera racemosa
Willd. and Xylocarpus granatum J. Koenig, are found exclusively at
the northernmost (tropical) location—the Kosi Estuary (Adams &
Rajkaran, 2021).

Data for mangrove area cover (ha) in South African estuaries
were collated from the National Estuarine Botanical Database (up-
dated in 2019; http://bgis.sanbi.org/SpatialDataset/Detail/2687;
Adams & Rajkaran, 2021). The MaxEnt SDMs are therefore not
species specific, but rather characterise environmental conditions
of extant mangrove habitat in this region—although this generally
is dominated by the pioneer species, A. marina. Estuaries with man-
grove habitat area >0.5 ha (n = 29) were selected from the database
so that only established forests would be used to represent occur-
rence locations, thereby focusing on forests that are appropriate
sources of propagules and reflecting conditions that allow successful
establishment, growth, survival and therefore persistence of man-
grove trees. Established forests in this region have been reported to
have adult tree to seedling ratios ranging from 17:1 to 1:3, but this
can be variable due to anthropogenic pressures such as harvesting
(Hoppe-Speer, 2013).

2.3 | Estuarine environmental data

For the development of SDMs, environmental data are needed from
the occurrence locations (as part of the background data), as well
as from locations where mangroves do not occur (as part of the
landscape data). As mangroves are restricted to estuaries, only envi-
ronmental data from estuaries (and not areas along the open coast)
were included in the model.

The estuarine environmental drivers of mangrove distribution
along the South African coastline have previously been identified by
Raw, Godbold, et al. (2019). This study used quantitative structural
equation models (Grace et al., 2012) to consider observable abiotic
variables as causal links and evaluate relationships between them
using a combination of statistical models that limit model complexity
while accounting for variability. Floodplain area, estuary mouth state
and the flow regime of the estuary were identified as significant pre-
dictors of mangrove area in the model (Raw, Godbold, et al., 2019).
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FIGURE 1 Estuaries along the South African coastline that support mangroves and boundary locations used to define the current (Kosi
to Tyolomnga) and potential (Kosi to Boknes) ranges for the species distribution models (SDMs) (a), and ranges of environmental variables:
Average annual land temperature (°C) (b), daily flushing rate (m®x10%.d™Y (c), estuary mouth state (% time estuary is open to the ocean) (d),
floodplain area (ha) (e) and mean annual runoff (m®x 10°) () for individual estuaries that were included in the SDMs.

This previous study considered a range of temperature variables,
including both summer and winter land and sea temperatures, but
found that average annual land temperature was the strongest
temperature predictor of mangrove distribution. Similarly, while
rainfall is variable along this stretch of the South African coastline
where mangroves occur across the tropical to subtropical to warm-
temperate biogeographical zones, there is not a strong rainfall gradi-
ent. The entire east coast of South Africa is characterised by rainfall
in the mid- to late summer with mean annual precipitation ranges of
400-800mm in the warm-temperate to subtropical transition zone,
600-1200mm in the subtropical zone and 900mm in the tropical
zone (Van Niekerk et al., 2020). Although rainfall was not identified
as a variable that drives mangrove distribution patterns, the related
estuarine variable—mean annual runoff (MAR)—was significant
(Raw, Godbold, et al., 2019).

The following variables were therefore used as the basis for the
SDMs in this study: average annual land temperature (°C), floodplain
area (ha), MAR (m°x 109), daily flushing rate (m3x10°d™Y) and estu-
ary mouth state (% time that the estuary is connected to the ocean)
(Figure 1). Data for these variables were obtained from the Council

of Scientific and Industrial Research national database (updated in
2019) for the physical characteristics of South Africa's estuaries (Van
Niekerk et al., 2017). This dataset consists of a combination of pub-
lished, observed data (>20years) and modelled data. For example,
given the paucity of measured river inflow along the South African
coast, MAR is based on modelled values over more than 50years.
Daily flushing rate is calculated from estimated MAR, mapped open
water extent and average estuary depth. Environmental data were
provided in tabular format for all estuaries along the east coast of
South Africa, from Kosi Estuary in the north, to Boknes Estuary in
the south (~1000km, n = 214; Figure 1a).

The environmental variables for the 2050 projection models
were developed by extracting temperature and rainfall projections
for South Africa under the IPCC Representative Concentration
Pathway (RCP) scenarios which consist of rectangular rasters at
a spatial resolution of 8 km? for each municipality (Engelbrecht
et al., 2019). Because South African estuaries are relatively small,
in most cases they were matched one-to-one with these grid cells.
Furthermore, given the limited mangrove extent inland from estuary

mouths, changes predicted within the first grid cell adjacent to the
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coast were considered the most relevant, even for longer estuar-
ies. We considered two RCP scenarios, namely RCP4.5 and RCP8.5.
RCPs each define a different possible climate scenario based on
greenhouse gas concentration trajectories for the 21st century and
are labelled based on radiative forcing values by the year 2100 (2.6,
4.5,6.0,and 8.5 Wm™™ for each respective scenario). RCP4.5 is an in-
termediate scenario where emissions are projected to peak by 2040
and then decline towards 2100. In RCP8.5, emissions are projected
to continue to rise throughout the 21st century, it is considered a
worst-case, yet realistic, climate scenario.

The projected 2050 temperature and rainfall data were ex-
tracted for the geographical location of each estuary. The average
temperature increase and average predicted change in rainfall (in
mm) by 2050 were calculated for each scenario from the 10th and
90th percentile predictions. For temperature, the value for 2050 was
calculated by adding the predicted increase to the current mean an-
nual land temperature. This value ranged from 1.35 to 1.78°C under
RCP4.5 and 1.73 to 2.13°C under RCP 8.5. For rainfall, the percent
difference in the predicted value from the current rainfall was calcu-
lated and used to scale MAR, daily flushing rate and estuary mouth
state variables for 2050. Change in rainfall was calculated to range
from a 7.8% decrease to a 3.3% increase under RCP4.5, while under
RCP8.5 it was calculated to range from a 10.4% decrease to a 4.2%
increase. Floodplain area was assumed to remain unchanged by 2050.

Input Data

Modelling Range

2.4 | Modelling mangrove distribution with MaxEnt

MaxEnt is an open-source software that uses the principles of
maximum entropy for modelling spatial species distributions
from presence-only species records and environmental factors
(predictor variables) that are relevant for the species’ habitat
suitability (Phillips et al., 2019). This is achieved by MaxEnt ran-
domly sampling background locations (i.e. where presence of
the species is unknown) within the user-defined model domain
(study area) and comparing characteristics of the predictor vari-
ables with environmental characteristics at the recorded occur-
rence locations. Areas of suitable habitat beyond the current
occurrence locations can then be identified. The distribution
model can be projected to new locations or under new environ-
mental conditions (Figure 2).

An initial model (Model 1) was built to assess the prediction ac-
curacy of MaxEnt and identify whether additional estuaries within
the current mangrove distribution range (from Kosi Estuary to
Tyolomnga Estuary) have suitable environmental conditions for the
habitat to occur. To determine whether estuaries beyond the current
mangrove distribution are environmentally suitable, the modelling
landscape was extended southwards by ~110km (Model 2) (from
Kosi Estuary to Boknes Estuary) (Figure 1a, extended distribution
range). To predict the suitability of estuaries for mangroves under
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FIGURE 2 Schematic of the inputs to species distribution models developed in MaxEnt to predict habitat suitability of estuaries for

mangroves along the east coast of South Africa.
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climate change in 2050, projection models were built in MaxEnt for
the IPCC RCP4.5 (Model 3) and RCP8.5 (Model 4) future scenarios.

For the projection models, the current mangrove occurrence lo-
cations and distribution range (from Model 1) were used as the base-
line simulation. The extended distribution range (Model 2 domain)
was used as the landscape projection (Figure 2).

All models were run in MaxEnt v. 3.4.1 (Phillips et al., 2019) ini-
tially with the data randomly partitioned into a 75% training set
and a 25% testing set. After evaluating model fit, the models were
re-run using the whole dataset as the testing set. The species-
with-data format was used, as both the occurrence localities and
environmental data were derived for individual estuaries and can
therefore be represented as point-attributes (Elith et al., 2011).
The models were run with linear, quadratic and hinge features,
which were selected based on prior defined relationships between
the environmental variables and mangrove area (Raw, Godbold,
et al., 2019). Jack-knife tests of variable importance were used in
each model and the area under curve (AUC) statistic was used as a
measure of model performance.

To compare mangrove suitability between estuaries, the ‘clo-
glog’ output from the MaxEnt models was extracted; this provided
an estimate for probability of occurrence between O and 1. The
‘optimal.thresholds’ function from the PreseNceEABseNcE package in R
v. 3.6.3 was then used to calculate a range of probability thresh-
olds (Freeman & Moisen, 2008; R Core Team, 2020). The median
threshold was calculated from this range. The threshold was used
as a cut-off point to identify estuaries with a statistically significant
probability of supporting mangroves based on the suite of envi-
ronmental variables. Additionally, the most conservative threshold
was identified for application in the propagule dispersal model.
Threshold-dependent statistics (model sensitivity, model specificity,
Cohen's kappa statistic and the true test skill statistic [TSS]) were
then calculated to evaluate the accuracy of the distribution models
under the associated probability thresholds (Allouche et al., 2006).
Probability maps of mangrove occurrence for each estuary (and for
each MaxEnt model) were generated in R v. 3.6.3.

2.5 | Modelling mangrove propagule dispersal

Connectivity matrices were generated by combining MaxEnt model-
ling outputs with simulated mangrove propagule dispersal trajecto-
ries computed from a high-resolution regional ocean model. These
were used to assess whether suitable estuaries under contemporary
(MaxEnt Model 2) and future (MaxEnt Models 3 and 4) conditions
could be colonised by floating propagules from the 29 estuaries with
‘confirmed’ mangrove presence.

The hourly ocean surface current data used as input for the
particle-tracking model were obtained from the LLC4320 configu-
ration of the Massachusetts Institute of Technology general ocean
circulation model (MITgcm; Hill et al., 2007). The ocean simulation
includes tidal forcing, allowing for an improved representation of
coastal and nearshore dynamics. LLC4320 has a nominal 1/48°

(~2 km at the equator) horizontal grid resolution and 90 vertical lev-
els; vertical grid cell thickness near the surface is 1 m. The simula-
tion was initialised from a data-constrained global-ocean and sea-ice
solution provided by the Estimating the Circulation and Climate of
the Ocean, Phase Il (ECCO2) project (Menemenlis et al., 2008). The
high spatiotemporal resolution of the model resolves mesoscale-to-
submesoscale processes, such as eddies and coherent structures,
fronts and filaments. Surface boundary conditions were taken from
the 6 hourly, 0.14° (~15km) European Centre for Medium-Range
Weather Forecast atmospheric reanalysis.

Dispersal trajectories were computed using a Lagrangian
particle-tracking method that computes particle trajectories by lin-
early interpolating the LLC4320 surface-ocean velocities (Van der
Stocken et al., 2019); trajectories were time stepped using a first-
order Euler method. Vertical motion was not considered, which is
a reasonable assumption as mangrove propagules float passively at
the surface. Particles were released hourly from 1 March 2012 to
31 May 2012, based on reported propagule presence in the field
(Steinke, 1986; Steinke & Charles, 1986; Steinke & Ward, 1988, 1990,
2003) and were tracked for 150days (i.e. floating period). Release
locations were the 29 estuaries in which mangroves occur today,
whereas potential propagule stranding sites were selected based
on the suitability of each estuary as indicated from the respective
MaxEnt models and conservative probability thresholds. Though
adequate data for floating periods is lacking, the value considered
for this variable corresponds to the longer floating periods reported
for A. marina in the literature (Clarke, 1993). This value was used
to represent propagules with high-dispersal capacity that determine
large-scale processes, such as the colonisation of unoccupied distant
habitats (Nathan et al., 2008). All hourly particle trajectories were
aggregated (i.e. bin-summed) on a grid with 1/48° resolution (i.e. the
native ocean model LLC 1/48° grid) and normalised by the bin area.
This yielded a particle concentration map showing the distribution
patterns of dispersal in the region.

Connectivity matrices were generated to assess potential gene
flow between populations and potential colonisation of suitable
habitats from current mangrove populations. To accomplish this, a
stranding algorithm was included in the dispersal model to evalu-
ate whether or not a particle had (1) stranded within the maximum
floating period of 150days and (2) floated for a specified minimum
period. The minimum floating period was included to avoid immedi-
ate stranding at the release site, and it allowed particles to embark
on the so-called long-distance dispersal. As the value of this param-
eter is arbitrary, we performed a Monte Carlo simulation generat-
ing random minimum floating period values between 1 and 5days
and a simulation with a minimum floating period of 1 day, that is,
time-scales that suffice for dispersal outside of the local system. The
stranding computation considers the location of a dispersing particle
and evaluates whether any of the eight connected cells (i.e. a bound-
ing box) is a land grid cell that is designated ‘suitable’ based on the
MaxEnt model output—this is the condition for stranding. A stranded
particle is removed from the simulation, that is, we did not allow for
multiple stranding events by a single particle.
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3 | RESULTS

3.1 | Realised and potential distribution ranges for
South African mangroves

Modelling the current distribution range of mangroves (Model 1,
Figure 3a) allowed for a validation of the MaxEnt approach, as the oc-
currence and absence locations are known. The jack-knife analysis of
variable importance showed that Floodplain Area yields the highest
contribution towards model fit (as indicated by the regularised gain)
and explains the majority of model variability (Table 1). The model
performance (Table 2) had a strong measure of separability with
AUC of 0.909. This indicates that the model can distinguish presence
locations with high certainty as models with AUC >0.75 are consid-
ered useful, and <0.5 are considered random (Phillips et al., 2019).
Almost all the threshold-dependent statistics were also >0.8, and
often >0.9, further confirming high certainty in the models.

Model sensitivity (true positive rate, indicating omission errors)
is higher for the median threshold compared to that for the con-
servative threshold, but the inverse is true for model specificity
(true negative rate). The median threshold is, therefore, better at

predicting true presence, despite returning some false positives.
27°8
28°S
29°S
30°S

31°8

For example, eight ‘non-mangrove’ estuaries were predicted to be
suitable based on environmental conditions (Table S1). However,
one of these estuaries has a record of mangrove occurrence in the
National Estuarine Botanical Database (Gqunube) (but less than the
0.5 ha cut-off used to define an established forest in this study),
while one other (uMgobezeleni Estuary) has lost mangrove area
after a bridge was built that altered the estuarine hydrodynamics
(Taylor, 2016). The model also predicted suitability for the Qora
Estuary, which was subsequently confirmed as a 'new' occurrence
location for mangroves in the National Database. The selection
of these estuaries further supports the accuracy and strength of
the predictive model. In comparison, the conservative threshold
best predicts estuaries without mangroves, despite also returning
some false negatives. For both thresholds, specificity was higher
than sensitivity, more so for the conservative threshold, hence the
higher kappa value because prevalence is relatively low (Allouche
et al., 2006). However, when prevalence is accounted for in the TSS,
the median threshold is considered a marginally better threshold
overall. Given these results, the conservative threshold was pre-
ferred for the connectivity modelling because it has a higher true
negative rate, is more conservative in estimating presence and had
values >0.8 for both kappa and TSS.
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occurrence in estuaries along the South
African coastline as predicted by MaxEnt
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(a) is compared to a potential extended

distribution range from Kosi to Boknes 29°S 1
under contemporary environmental

conditions (b) as well as under RCP4.5 30°8

(c) and RCP8.5 (d) IPCC climate change
projections. Orange diamonds indicate
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to occur, but for which the probability of

31°81

27°S

28°S

29°S

30°S

31°8

Probability of Probability of

Mangrove Mangrove
occurrence was found to be below the 9255 Occurrence 82°8 Occurrence
median thresholds in the models (a = 0.38, g:? g:

b =0.34, c =0.35, d = 0.35). White circles 33°81 06 33°S 06
represent ‘non-mangrove’ estuaries with ) BiS 05
probability of occurrence below the same a405] 0 (0) | aps ()
respective thresholds. 27°E  28°E  29°E  30°E 31°E 32°E  33°E 27°E  28°E 29°E 30°E 31°E 32°E 33°E

85U8017 SUOLILLIOD SAIESID 3ol jdde 8Ly Aq peusenob ake 9. VO '8sn 40 S9|NI J0) AR1q1T8UIIUQ AB]1M UO (SUOTHIPUOD-PUE-SWBIALID"A8 | 1M ARe.q1ul|uo//SAny) SUONIPUOD Pue WS 1 81 89S *[£202/70/rT] U0 Aleiqi8ulluO AS|IM ‘4osessay [9IPSIN ULy YINOS AQ 0Z0VT Si22-G9ET/TTTT 0T/I0p/od A3 im Aleuqpuljuo's feunoksaqy/schiy wouy pspeojumod ‘T ‘€202 'St22S9ET



146 Journal of Ecology

RAW ET AL.

Regularised gain Percent

Variable with variable

Model 1: Current distribution range

Average annual temperature 0.061 0

Daily flushing rate 0.023 2.6
Floodplain area 0.989 384
Estuary mouth state 0.726 18.0
Mean annual runoff 0.963 40.9

Model 2: Extended distribution range

Average annual temperature 0.109 2.7
Daily flushing rate 0.023 24
Floodplain area 0.909 26.8
Estuary mouth state 0.991 15.5
Mean annual runoff 0.712 52.6

contribution

TABLE 1 MaxEnt species distribution
model results for mangroves along the
South African coastline

Permutation
importance

0.4
9.3
67.0
13.6
9.6

2.6
2.8
70.0
13.5
111

TABLE 2 MaxEnt species distribution model performance metrics for mangroves along the South African coastline. Sensitivity, specificity,
Cohen's kappa and true skill statistic (TSS) are reported for median and conservative probability thresholds

Model 1: Current distribution range

Model performance Area under curve (AUC)

0.909
Probability threshold Value Sensitivity
Median 0.380 0.931
Conservative 0.545 0.862
Model 2: Extended distribution range
Model performance AUC

0.914
Probability threshold Value Sensitivity
Median 0.335 0.897
Conservative 0.550 0.862

Extending the potential distribution range ~100km southwards
along the coast (Model 2) increased the number of estuaries predicted
to have suitable environmental conditions for mangroves. The jack-knife
analysis of variable importance showed Estuary Mouth State makes the
highest contribution towards model fit (Table 1). However, the variabil-
ity in the model was still best explained by Floodplain Area (indicated
by permutation importance, Table 1). Model performance metrics indi-
cated high certainty in predictions, with an AUC of 0.914 (Table 2). Three
mangrove estuaries were estimated to have a probability of occurrence
lower than the median threshold (Figure 3b). An additional 14 estuaries
where mangroves presently do not occur or occurred in the past and

were lost were predicted to be suitable under Model 2.

3.2 | Projected distribution ranges for South
African mangroves under climate change

The projected SDMs (Models 3 and 4) used the current distribution range
(Model 1) as the background data extent and the potential distribution

Specificity Cohen's kappa TSS
0.938 0.781 0.869
0.975 0.837 0.837
Specificity Cohen's kappa TSS
0.914 0.681 0.810
0.973 0.823 0.835

range (Model 2) as the projected data extent. The results from the jack-
knife analyses of variable importance, as well as the model performance
indicated by the AUC, are the same as that recorded for Model 1 (Tables 1
and 3). The other model performance metrics (sensitivity, specificity,
Cohen's kappa and TSS) were lower than those for Models 1 and 2 (Table 3).

Modelling the projected mangrove distribution by 2050 under both
the RCP4.5 (Model 3, Figure 3c) and RCP8.5 (Model 4, Figure 3d) cli-
mate scenarios showed an increase in the probability of occurrence for
mangroves along the southern extended range. Under both projected
models, two mangrove estuaries were estimated to have a probability
of occurrence lower than the median threshold. An additional 16 es-

tuaries where mangroves do not occur were predicted to be suitable.
3.3 | Propagule dispersal and connectivity
between South African mangrove estuaries

High along-shore particle concentrations were observed in the
dispersal model. The bulk of the particles are carried along the
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TABLE 3 MaxEnt species distribution model performance metrics for mangroves along the South African coastline under projected
climate change. Sensitivity, specificity, Cohen's kappa and true skill statistic (TSS) are reported for models under median and conservative

probability thresholds
Model 3: RCP4.5 projected distribution range

Model performance Area under curve (AUC)

0.909
Probability threshold Value Sensitivity
Median 0.350 0.931
Conservative 0.525 0.690
Model 4: RCP8.5 projected distribution range
Model performance AUC

0.909
Probability threshold Value Sensitivity
Median 0.345 0.931
Conservative 0.495 0.690

FIGURE 4 Distribution and patterns

Specificity Cohen's kappa TSS
0.919 0.715 0.850
0.957 0.656 0.646
Specificity Cohen's kappa TSS
0.919 0.715 0.850
0.951 0.641 0.641

of mangrove dispersal around southern
Africa. The particle concentration

map is based on simulated Lagrangian
trajectories for particles released hourly
from the 29 South African mangrove 30
estuaries (indicated by blue circles) from 1
January 2012 to 30 May 2012 and tracked
for 3 months. Trajectories were bin
summed to yield particle concentration
(PC). -40

Latitude (deg)
&

centrelines of the major ocean circulation features in this region, that
is, the Agulhas Current System (including the retroflection and re-
turn current), as indicated by high propagule density (red colours) in
Figure 4. The trajectories cover a broad expanse of both the Atlantic
and Indian Oceans surrounding southern Africa.

The connectivity matrices used to assess potential colonisation
from current mangrove populations to suitable sites showed high
site fidelity. Overall, the Monte-Carlo approach showed dominant
stranding at, or near to the release site with limited examples of
longer distance connectivity, as indicated by high saturation in the
matrices (Figure 5, diagonal). There was a dominant northeast-to-
southwest directionality, with a few exceptions showing a north-
eastward connectivity (Figure 5, below diagonal). The probability of
connectivity decreases southwards, as indicated by the decreased
colour saturation from the upper right to lower left in the respec-
tive matrices. The furthest connection in the simulations covered
>470km and consisted of particles released at uMhlathuze Estuary
(28°50'55.95"S) that stranded towards the south-west at Mbashe
Estuary (32°14'59.95"S).

Propagule Trajectories
T

&
log 5 U(PC)

20 30 40 50 60 70 80
Longitude (deg)

Some estuaries identified as suitable by MaxEnt, but which at
present do not support mangrove forests >0.5 ha (Figure 5a, x-axis:
uMgobezeleni, uMzimkhulu and Qora), had low connectivity with
established mangrove forests, while others could potentially receive
propagules from nearby systems (Figure 5a, x-axis: Gqunube). Under
the current model setup, various mangrove estuaries appear isolated
from other estuaries in the region (i.e. they do not exchange propa-
gules with other populations). Some forests showed high levels of local
stranding, either within the same system (Figure 5a, diagonal: Kosi and
uMlalazi) or to a system in very close proximity (Figure 5a, near di-
agonal: uMngeni to Durban Bay). For some forests (Figure 5a, y-axis:
Xora, Ngabara/Ngabarana and Nxaxo/Ngqusi), propagules were trans-
ported away from the estuary and did not strand at any coastal site,
either locally or remotely as indicated by the lightly shaded rows.

By 2050, some mangrove estuaries within the current distribu-
tion range are predicted to be unsuitable by MaxEnt as indicated
by white columns in the connectivity matrices (Figure 5b,c). Under
both RCP4.5 (Figure 5b) and RCP8.5 (Figure 5c), several estuaries
along a continuous stretch (x-axis: Mtentu to iSiphingo) are modelled
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FIGURE 5 Matrices of potential connectivity between mangrove estuaries (y-axis, listed top to bottom, latitudinal range N-S) and
estuaries with suitable conditions (x-axis, listed right to left, N-S) as predicted with the dispersal model and MaxEnt for contemporary (a) and
future (2050) conditions under RCP4.5 (b) and RCP8.5 (c). White rows (y-axis) indicate sites where mangroves currently do not occur (not
used as release locations in the dispersal model). White columns (x-axis) indicate sites projected to be unsuitable for mangroves based on the
conservative probability threshold from MaxEnt. Simulations were also run to consider all sites identified as suitable in at least one of the
MaxEnt models (d). Simulated propagules were stranded after reaching a land grid cell within 150days. The minimum floating period was

1-5days.

to be unsuitable stranding locations, thus contributing to a break
in connectivity. Most estuaries beyond the current mangrove dis-
tribution range (that were predicted to have suitable habitat under
future climate scenarios) were shown to have limited connectivity
to established mangrove forests, as indicated by light shading in the
connectivity matrices (Figure 5b,c, x-axis: Bushmans to Keiskamma).
There was one exception under RCP8.5 where a suitable estuary
beyond the current distribution was predicted to receive propagules
from forests located to the north-east (Figure 5c, x-axis: Kasouga).
However, if mangroves were to establish in more southern estuar-
ies (where conditions are currently suitable), connectivity matrices

demonstrate that there could be local connectivity and potential
for dispersal and stranding towards the northeast (Figure 5d, y-axis:

Bushmans to Keiskamma).

4 | DISCUSSION

A generalised prediction of mangrove range expansion to higher
latitudes in response to increasing global temperature is not appro-
priate, as other environmental variables exert significant controls
on the distribution of this habitat type at regional scales (Osland
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et al., 2016). Here we present a novel approach to combine SDMs
and propagule dispersal modelling and thus provide a robust and
quantitative assessment of the potential for regional mangrove
range expansion in southern Africa under climate change. Additional
estuaries both within and beyond the current distribution range
were found to have suitable conditions for mangroves under con-
temporary environmental conditions and under the IPCC RCP4.5
and RCP8.5 scenarios to 2050. Assessing the connectivity between
estuaries with established mangrove forests and others with suit-
able environmental conditions indicated that the current distribu-
tion, and therefore the potential for range expansion under climate
change, is limited by propagule dispersal.

4.1 | Predicting mangrove range expansion at the
southern African distribution limit

Propagule dispersal in south-east Africa occurs predominantly in a
south-westward direction, which reflects the primary flow direction
of the Agulhas Current, while the few northward tracks represent
the prevailing direction of longshore drift (Lutjeharms, 2007). Similar
dispersal patterns have been observed for drifting plastic nurdles
(Schumann et al., 2019) and plastic drift cards that were used in a
field study to estimate dispersal and transport rates for A. marina
propagules along the South African coastline (Steinke & Ward, 2003).
Overall, there is high potential for along-shore connectivity between
estuarine mangroves in the region, as shown by the particle concen-
tration map and the report of drift cards being transported rapidly
southwards (~600km in 3weeks). The particle concentration map
also shows the potential for propagules to be transported around
the Cape and towards the west coast of southern Africa. Mangroves
do not occur along this coastline as the climatic conditions which
are regulated by the cold water Benguela Current flowing up from
Antarctica are unsuitable. The range limit for mangroves on the
west coast of Africa is in Angola at Rio Longa (Diop et al., 2002),
and is represented by Atlantic species such as Avicennia germinans
(L.) L. Continental and oceanographic processes maintain the break
between mangrove species on either side of the African continent
(Van der Stocken et al., 2019). Connectivity is therefore limited when
examining the matrices, with most particles stranding near their re-
lease point and indicating that mangroves largely recruit locally. The
high probability for local dispersal and nearby connectivity suggests
that potential establishment at new suitable sites may be governed
by local- to regional-scale coastal and estuarine dynamics.

The high-energy and wave-dominated characteristics of this
coastline drive estuary mouth closure for some systems when ma-
rine sediments are deposited at the inlet to form a barrier which is
then breached by increased freshwater inflow from upstream (sea-
sonal rainfall) or by storms that drive large wave events (Van Niekerk
et al., 2020). This recurrent closure would constrain the exchange
of propagules between mangrove populations directly by prevent-
ing inflow and outflow. Propagule recruitment to new locations may
also be complicated by the reduced chances of entering an estuary

where the location and size of the mouth are changing over sea-
sonal and subseasonal timescales. Additionally, mangroves can ex-
perience dieback due to inundation stress if closed periods persist
for up to 3 months (Mbense et al., 2016), reducing the net source of
propagules available for dispersal between populations. The disper-
sal model does not resolve the sinking processes of propagules and
only assumes surface-level transport. Upon sinking, a propagule is
eliminated from the dispersing cohort in the simulation, therefore
although there is realistically potential for re-floating (due to change
in density gradients), this is not accounted for in the dispersal model.
Propagule quality and buoyancy could therefore also be limiting dis-
persal or promoting self-seeding as has been observed for A. ma-
rina at some southern estuaries in this region (Steinke, 1986). Peak
propagule production occurs in the summer months (November to
January) for subtropical estuaries, with peak release periods in au-
tumn (March to May) coinciding with equinox tides (Steinke, 1986;
Steinke & Charles, 1986; Steinke & Ward, 1988). At warm-temperate
estuaries, propagules have been reported to be present throughout
the year, but also with a peak release in the autumn months (Steinke
& Ward, 1990). This is an important aspect of the dispersal process
that needs additional research. In addition to this, the potential for
colonisation at range edges is generally much less than at the cen-
tre, thus resulting in observed pulses of pioneers into new territories
(Whitfield et al., 2016). For biota relying on passive dispersal, the
number of recruits that can find suitable settling areas is lower over
greater distances.

Other localised physical processes such as tidal fluctuations
and submesoscale features such as eddies, filaments and fronts or
coastal configurations where estuary mouths open into bay areas
with small circulation cells can all influence propagule dispersal,
and thus either aid or restrict potential range expansion. Such
local-scale propagule dispersal patterns have been reported for
A. marina propagules modelled on the east African coastline be-
tween Kenya and Tanzania (Triest et al., 2021). At the scale of in-
dividual estuaries, king tides and overtopping by wave events can
transport propagules into zones within an estuary that would not
be accessible during typical conditions. This is evident in the man-
grove population structure within some estuaries that indicate
a single successful recruitment event along a flood line (Adams
& Rajkaran, 2021). Local estuarine geomorphic settings, such as
intertidal gradients and surface elevation, can also influence suc-
cessful propagule establishment (Oh et al., 2017). Unfortunately,
elevation data at appropriate spatial resolution are not currently
available for all estuaries this region so surface elevation could
not be included as a driver in the MaxEnt model. As the first-pass
attempt to consider suitability based on surface elevation, we
cross-referenced records of lower intertidal salt marsh species (i.e.
Salicornia meyeriana Moss, S. pachystachya Bunge ex Ung.-Sternb.,
Cotula filifolia Thunb., Salicornia tegetaria S. Steffen, Mucina & G.
Kadereit, Salicornia natalensis (Bunge ex Ung.-Sternb.) A.J.Scott,
Spartina maritima (Curtis) Fernald, Triglochin bulbosa L., Triglochin
striata Ruiz & Pav.) at estuaries that the MaxEnt model identified
as suitable for mangroves. These plant species represent substrate
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and hydrokinetic energy (tidal and wave) conditions suitable for
mangroves as they would occur within similar intertidal zones, at
an elevation range less than 1.5 m AMSL (Adams, 2020). This is
also supported by increasing evidence of mangrove encroachment
into salt marshes (Kelleway et al., 2017; Osland et al., 2013; Raw,
Julie, et al., 2019; Saintilan et al., 2014; Whitt et al., 2020). We
found that all estuaries identified as suitable by MaxEnt that are
south of the current distribution range for mangroves had records
of lower intertidal salt marsh plant species, indicating that surface
elevation should not limit establishment at these sites. Overall,
there is limited potential for range expansion at the southern
African distribution limit due to near-shore currents, intermit-
tent connectivity of estuary inlets and the along-coast distance
between estuaries with established mangrove forests and those
with suitable environmental conditions.

Up to nine estuaries that currently support mangroves in this re-
gion were predicted to become unsuitable by 2050 (Table S1). These
are mostly small-sized to medium-sized systems and are located from
the middle to the edge of the distribution range. Range edges have
been characterised by genetic isolation and variability in individual
and population fitness in comparison to core locations within a spe-
cies' distribution. Limited gene flow has been recorded for southern
African edge populations of A. marina compared to core populations
in East Africa (De Ryck et al., 2016). The potential for reduced genetic
diversity to constrain adaptation at range limits has been tested for
A. germinans across the Atlantic coast of its distribution in the United
States where it is limited by freeze events and winter temperature
minima (Kennedy et al., 2020). Here reduced genetic variation did
not constrain functional trait variation, as A. germinans occurring at
range limits exhibited functional traits that were better adapted for
cold tolerance. In comparison, at the southern African range limit,
MAR was found to be the variable that contributes most to explain-
ing model fit and variability in the 2050 projection models. Estimates
for MAR in 2050 were derived from predicted changes in precipita-
tion under the RCP4.5 and 8.5 scenarios, indicating the importance
of rainfall in determining habitat suitability for mangroves under cli-
mate change (Gabler et al., 2017). In the quantitative model, MAR
interacts with floodplain area to influence daily flushing rate which,
in turn, impacts the state of the estuary mouth as open or closed as
the interplay between nearshore energy as well as tidal and fluvial
mechanisms determines whether an estuary is wave dominated or
tide dominated (Raw, Godbold, et al., 2019). Changes in MAR under
climate change due to increases or decreases in predicted rainfall
will influence the suitability of estuaries for mangroves by changing
freshwater availability, but also flushing rates that could either drive
erosion or promote open mouth conditions, thus facilitating man-
grove establishment (Adams & Rajkaran, 2021).

It is therefore unlikely that A. marina populations at the southern
African range limit could adapt to these environmental changes that
are predicted to make habitats unsuitable by 2050. Loss of mangrove
forests in this region would lead to fragmentation of the distribution
range, further loss in already limited connectivity, and thus the pos-
sibility for a contraction in the range limit. As mangroves are valued

for their biodiversity contribution in South Africa, management ap-
proaches need to focus on preventing further degradation to extant
forests in light of the existing pressures on these ecosystems (Adams
& Rajkaran, 2021).

4.2 | Broader applications of the method

Understanding regional drivers of range expansions is important as
these collectively influence global-scale distribution patterns. For
mangroves, the potential for range expansion is variable between
different range limits, depending on which factors control regional
and local distributions (Hickey et al., 2017). Global mangrove range
limits that are directly controlled by rainfall thresholds occur in
semi-arid and arid biogeographical regions in northwest Africa,
east-central Africa, west-central Africa, the Middle East, western
Australia, western North America, western Gulf of Mexico and
western South America (Osland et al., 2017). However, this study
has demonstrated that the potential for mangrove range expan-
sion under climate change is more complex than simple extrapola-
tion to new locations based on changing environmental conditions.
Fundamental niches may not be realised due to local factors and
processes, and these should be taken into account when interpret-
ing SDMs. For example, recent work to compare the physiological
limits of mangrove propagules to climatic conditions at their range
limits on both the Atlantic and Pacific coasts of North America found
contrasting results between species and locations (A. germinans and
Rhizophora mangle L.; Bardou et al., 2021).

There are multiple methods and approaches for modelling spe-
cies distributions, many of which have been applied to mangroves
to understand their occurrence patterns and potential distribu-
tions under climate change (Clarke, 2014). These include BIOMOD
which uses presence/absence values and binomial variance (Record
et al., 2013), or other statistical approaches that incorporate gener-
alised linear models (Quisthoudst et al., 2013) or generalised additive
models (Rioja-Nieto et al., 2017). MaxEnt has been more widely ad-
opted since it was released as open-source software in 2017, along
with an accompanying package (maxnet) to perform the analyses on
the R statistical platform as an alternative (Phillips et al., 2017). This
approach has since been quickly adopted for mangrove research and
has been used for example to (i) identify areas for conservation and
reforestation of mangroves (Hu et al., 2020), (ii) simulate impacts of
climate change on mangrove forest inventories (John et al., 2020),
and (iii) examine habitat suitability for mangrove plantation initia-
tives (Forouzannia & Chamani, 2022). Spatial data for mangroves
and accompanying environmental data are generally available, and
as these ecosystems are increasingly recognised for their multiple
valuable benefits, MaxEnt provides researchers with an easily ac-
cessible tool for addressing a variety of distribution-related research
questions.

MaxEnt is also a preferred option because the software pro-
vides a straightforward interface for use and it has been shown
to have a greater predictive accuracy than other methods (Merow
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et al., 2013). However, when using MaxEnt, it is important to
(1) select appropriate evaluation data, (2) assess model fit and
(3) apply the appropriate settings to optimise model complexity
(Radosavljevic & Anderson, 2014). In this study, we used true
presence/absence values for occurrence because only established
forests with an area >0.5 ha were considered. Our occurrence
locations were based on mapped habitat areas and therefore
represent an unbiased sampling approach. Using the default con-
figuration of MaxEnt can lead to non-optimal models which pro-
vide inaccurate estimates of the size and location of suitable areas
(Morales et al., 2017). Model complexity needs to be optimised
to appropriately assess variable importance and to produce a ro-
bust model that can be projected to different conditions or time
periods. To assess model fit and optimise model complexity, we
adjusted the configuration settings in MaxEnt to align with pre-
defined relationships between the input environmental variables.
This approach provided a robust initial model for subsequent pro-
jections. Including the dispersal model in our approach has also
addressed an important gap that is prevalent in SDMs by incorpo-
rating an aspect of the realised niche as only areas that can be ac-
cessed are considered to be available (Soberén & Peterson, 2005).
These constraints on mangrove distribution and propagule disper-
sal should be considered at other range limit locations with com-
plex coastal geomorphological and hydrodynamic settings when
making regional or global-scale comparisons on the potential for

range expansions.

4.3 | Future research

Future research could consider other local-scale drivers or con-
trols on mangrove occurrence that could also be incorporated to
refine SDMs for mangroves if sufficient data are available. These
could include site-specific environmental conditions, such as sedi-
ment characteristics, as well as geomorphic settings such as in-
tertidal gradients, accommodation space and surface elevation.
Other components of the realised niche could also be included,
such as biotic interactions (potential facilitation or competition
with salt marsh vegetation, or predation of propagules by crabs),
as well as site-specific environmental conditions (sediment or nu-
trient properties). This information should also be related to prop-
agule recruitment and survival success for dominant species in
the region. Field studies are needed to document the distribution
and abundance of mangrove propagules that strand along unsuit-
able stretches of the coast—including sandy beaches and rocky
shores. Other climate change impacts could also be considered for
projected SDMs. Sea-level rise or an increase in sea storms could
influence areas available within estuaries for mangrove estab-
lishment, as well as estuary mouth dynamics. Current estimates
of sea-level rise for the east coast of the country are +2.74 mm.
year'l, and preliminary data from in situ measurements of surface
elevation change at specific sites indicate mangroves could be re-
sponding and keeping pace with current rates, but more long-term

data are needed to properly assess this trend. Mangroves are also
expected to be impacted by sea-level rise indirectly as a result
of coastal squeeze as many estuaries have incised floodplains. In
comparison, an increase in CO, would favour mangrove growth
and productivity and although temperature does not define the
South African distribution limit for the mangrove ecotype, it is
possible that increased temperature with climate change could
allow for more typically tropical mangrove species to expand their
ranges further south. However, their potential for dispersal and
recruitment would be under the same physical and environmental
constraints.

Global climate change projections for the east coast of South
Africa include an increased intensity and frequency of extreme
storms. Within this region, coastal storms caused by cut-off
low pressure systems have coincided with equinox spring high
tides and the astronomical tidal cycle to create significant wave
events (average wave heights of 8.5 m, peaking at 14 m; Smith
et al.,, 2007). The region is also periodically exposed to tropical
cyclones that form in the Mozambique channel. However, the rela-
tively constricted mouths of most South African estuaries provide
some protection against direct impacts of coastal storms and cy-
clones. While previous events have had some detrimental effects
on mangroves, they could possibly facilitate dispersal to new loca-
tions to some degree.

In addition to the impacts of climate change, mangroves also face
anthropogenic pressures in this region. Adams and Rajkaran (2021)
provided a recent assessment on the state of mangroves in South
Africa and found that both direct pressures (land-use change, har-
vesting, cattle browsing) and indirect pressures (increased fresh-
water abstraction, pollution) are escalating. While large losses of
mangrove habitat occurred with the development of the port at
Durban Bay (the busiest shipping terminal in southern Africa, and the
fourth largest container terminal in the southern hemisphere), the
greatest increases in mangrove area have occurred at uMhlathuze
Estuary following the development of the port at Richards Bay—as a
result of increased tidal range. Smaller mangrove forests have been
irreversibly lost following construction of roads and bridges across
estuary inlets. Mangrove forests are considered a rare and an indig-
enous forest type in South Africa and are therefore protected under
the National Forests Act (No. 84 of 1998). However, most mangroves
are not within formal protected areas, and different approaches
towards their management, such as stewardship programmes, are
likely to yield better results in reducing the pressures on these eco-
systems. Rural areas also require different management approaches
(e.g. community-based monitoring, payment for ecosystem services)
from urban areas that can largely be controlled through formal pro-
tection or estuary management plans that focus on zonation.

5 | CONCLUSIONS

In conclusion, studies that predict range expansions of mangroves
are important given the increasing global awareness of the multiple
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key ecosystem services that they provide. As we have demonstrated,
predicting changes in mangrove distribution can be far more complex
than what can be interpreted from SDMs alone. Although studies,
including ours, indicate there is suitable habitat beyond the current
range limit in southern Africa, much of this habitat is not actually
accessible due to limitations in dispersal and connectivity between
estuaries with established forests and those with suitable areas.
Consequently, there seems to be limited potential for range expan-
sion along the east coast of southern Africa. We therefore encour-
age those predicting mangrove range extensions in other regions
to take cognisance of additional factors like dispersal and climate
change interactions because it may alter the outputs substantially.
Furthermore, by applying our novel combination of methods, it can
help to prioritise which estuaries and associated mangrove forests
are important to safeguard through appropriate conservation, resto-
ration and management measures. These measures would give man-
groves the best possible chance of expanding their ranges naturally
in response to climate change.
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