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Climate change is predicted to affect species in aquatic ecosystems. In Africa, factors
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that may influence the responses of aquatic species are poorly studied and challenging to predict. In this study, we examined the potential distribution of three aquatic
MaxEnt was used to create ecological niche models of the three species using occurrence data and environmental variables. All models had satisfactory AUC and TSS values, indicating high prediction precision (AUC and TSS > 0.801). Results showed that
elevation and precipitation were the most important variables limiting the species'
expansion in the future. In addition, we observed significant variations in the climatic
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niches of the three species and their distinct climatically appropriate regions. The
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and 4,026,363 km2. According to the model predictions for the current period, the

current potential distribution ranges for the species varied between 2,328,726 km2
potential range of Azolla species extended outside the known and recorded locations;
however, under future climate conditions, the species were projected to lose between
8.1% and 48% of their suitable habitats due to climate change. Our findings can be
used to develop sustainable conservation measures for aquatic species and raise
awareness about the effects of climate change.
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and distributions. ENMs are used to forecast current and future environmental suitability and provide recommendations for identifying

Climate change is expected to be the primary cause of biodiversity

priority areas for protection (Tiamiyu et al., 2021), management, and

loss in the future (Bellard et al., 2012; Velazco et al., 2019). Ecological

conservation of species (Nzei et al., 2021), and restoration of hab-

Niche Models (ENMs) are the most frequently used technique for

itats (Johnson et al., 2017; Zwiener et al., 2017). As the effects of

predicting the impact of future climate change on species' ranges

climate change intensify, the capacity of a species to colonize new
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suitable habitat is dependent on the individuals' dispersal ability,

to mitigate current greenhouse gas emissions and global warming

landing in appropriate habitat, and stable population establishment

(Gunawardana, 2019). Also, Katayama et al. (2008) proposed the

(Angert et al., 2011; Wolf et al., 2001). Although ferns generally

potential use of Azolla species as part of a space vegetarian diet on

have greater potential to disperse their spores over long distances

Mars alongside beans, rice, and soybeans. The potential uses of this

than seed plants (Ranker & Haufler, 2008), an inability to adapt to

super plant are seemingly endless (see John et al., 2012).

the changing environment may lead to local or global extinction
(Given, 1993).

Despite Azolla's apparent resilience and ability to become abundant, its future may not be secure in Africa. Evidence of the recent

Azolla Lam. is a genus of aquatic ferns belonging to the

local extinction of Azolla nilotica in the Nile delta of Egypt is alarm-

Salviniaceae family, and it has a wide, global distribution. According

ing (Birks, 2002), and should cause concern about the existence of

to the latest classification of ferns and lycophytes (PPG I, 2016),

this endemic species and other Azolla species in African countries.

Azolla has approximately nine species. Four of these are found in

The most recent occurrence records for Azolla nilotica are from Lake

Africa: Azolla nilotica (Figure 1) is endemic to Africa and is wide-

Manzala during the 19th century, Edku Lake around the 1920s, and

spread in East, Central, and Southern Africa; A. filiculoides is found

Burullus Lake in the 1960s, all in Egypt (Birks, 2002). Persistent

in North and Southern Africa; A. caroliniana is naturalized in Egypt;

changes in sea level, siltation of Nile distributaries, uncontrolled

and A. pinnata subsp. africana is also endemic to Africa and is widely

chemical fertilizer application (Horak et al., 2021), and human inter-

distributed throughout continental Africa and Madagascar, except in

ference in diverting Nile waters for irrigation are some of the root

North Africa (Saunders & Fowler, 1993).

causes of A. nilotica's extinction (Kendie, 1999). The current water

Even though Azolla species have been declared noxious weeds

quality preferences of Azolla are still unknown, which complicates

in some parts of the world, such as South Africa and Florida in the

efforts to understand, manage, and potentially mitigate threats to

USA (Janes, 1998; McConnachie et al., 2003; Sadeghi et al., 2013),

Azolla populations. Today, Azolla nilotica's nearest station of occur-

they have several economic benefits. First, Azolla is known to ab-

rence to Egypt is in Central Sudan (Saunders & Fowler, 1992).

sorb large amounts of heavy metals from contaminated waste-

In Africa, larger wetlands cover less than 10% of the Sub-

waters (Talebi et al., 2019). In addition, Azolla is used as a broiler

Saharan Africa landmass (Mitchell, 2013), and in the recent past

ingredient in Bangladesh (Basak et al., 2002) and as a source of ni-

freshwater ecosystems have declined at a startling rate (Cohen

trogen fertilizer in rice production in Ghana, India, and China (Arora

et al., 2016), either due to expansion for urban development, agri-

& Singh, 2003; Nyalemegbe et al., 1996; Singh & Singh, 1987; Yao

culture or mining activities. This decline threatens aquatic plants

et al., 2018). Recent genomic studies in Azolla species have provided

because aquatic ecosystems and obligate aquatic plants are inex-

invaluable insights into the evolution of land plants, cyanobacte-

tricably linked. Understanding the appropriate habitat and distri-

ria associations, and insecticide resistance (Güngör et al., 2021; Li

bution of aquatic species is required to examine the magnitude

et al., 2018). Further evidence suggests that Azolla species played

of climate change and its ramifications for species decline or in-

a key role in global cooling during the middle Eocene, a period de-

crease (Nzei et al., 2021). However, one of the most challenging

scribed as the “Azolla Event” (Speelman et al., 2009). The findings of

tasks in ecology is predicting which species will coexist in future

this previous research underpin ongoing studies to assess whether

and where they will occur (Wisz et al., 2013). This is particularly

Azolla's remarkable ability to sequester carbon might be harnessed

an uphill battle in Africa, Madagascar, and its surrounding islands

F I G U R E 1 Azolla nilotica from Lake
Baringo, Kenya (photo credit: Professor
Gwang-wan hu)
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with heterogeneous ecoregions ranging from tropical, subtropical,

us to download occurrence data from the Global Biodiversity

montane, Mediterranean, deserts, and mangroves. These ecore-

Information Facility (http://www.gbif.org), iNaturalist (http://

gions dictate species distribution, and biodiversity threats become

www.inatur alist.org), and the RAINBIO Database (a compilation

unevenly distributed across the continent, making it challenging to

of 13 databases for georeferenced occurrences of Tropical African

predict climatic variations (Burgess et al., 2006). Scarcity of data

plants; Dauby et al., 2016) to extract georeferenced occurrence

and unjustifiable absences due to limited sampling are also con-

data for the other three Azolla species in Africa. Most locali-

founding factors, as available data in museums or herbaria may not

ties from the RAINBIO Database (33 localities) contained Azolla

have the exact location of a species and limited sampling results

pinnata subsp. africana (20 localities), with the majority being

in potential biases (Engler et al., 2004). Prolonged weather pat-

duplicated on GBIF. To correct sample bias and ensure occur-

terns and temperature can also rapidly change the distribution of

rence independence, data were manually filtered and duplicates

aquatic species (Ngarega et al., 2022), which points to the need to

excluded in Microsoft Excel 2021, followed by a spatial thin-

better understand and document their species distribution.

ning of the remaining data using the SDMToolbox v.2.5 (Brown

Although the impact of global climate change has been assessed
in various aquatic species such as Elodea canadensis (Heikkinen

et al., 2017) extension in ArcGIS v.10.8.1 (Esri, Redlands, CA, USA)
to ensure a minimum distance of 5 km between the records.

et al., 2009), Egeria densa, Myriophyllum aquaticum, and Ludwigia spp.
(Gillard et al., 2017), Ottelia spp. (Ngarega et al., 2022), Hydrocotyle
umbellata and Salvinia auriculata (Heneidy et al., 2019) and water

2.2 | Environmental data

lilies (Nzei et al., 2021), aquatic ferns, particularly in Africa, have
remained underexplored. Ecological Niche Modeling is a valuable

Initially, 19 bioclimatic variables from the WorldClim2.1 database

technique as it can predict suitable habitats both within and out-

(http://www.worldclim.org; Appendix S1) (Fick & Hijmans, 2017),

side the current distribution range of a species (Gillard et al., 2020).

with a general spatial resolution of 2.5 arc-min that reflected the

These tools use machine learning and statistical approaches to link

Azolla distribution data collection, were chosen to model the current

available georeferenced data and environmental variables to predict

distributions of Azolla species. The elevation layer was also down-

a species' ecological niche and potentially suitable habitat (Phillips

loaded from the WorldClim2.1 database and added to the variable

et al., 2006).

dataset. The confidence level in future climate change projections

Our aims here were to use ENMs to (i) determine environmen-

is determined by the performance of global climate models (GCMs).

tal variables affecting the distribution of Azolla species in Africa,

We obtained future climate data from one GCM (the Community

(ii) estimate these species' current possible distribution in Africa

Climate System Model version 4 CCSM4). This GCM has been used

based on suitable habitat, and (iii) predict Azolla's potential distri-

widely to map the region's potential distribution of wetland species

bution in future under two representative concentration pathway

(Ngarega et al., 2022; Nzei et al., 2021).

scenarios (RCP 4.5 and RCP 8.5). We hypothesize that the increas-

For this GCM, we obtained two Representative Concentration

ing threat to African wetland ecosystems will drastically reduce

Pathway scenarios (RCP 4.5 and RCP 8.5). RCPs are greenhouse

Azolla's habitat in future, and the findings of this research will pro-

gas concentration prediction scenarios implemented by the

vide a conceptual and theoretical framework for exploring aquatic

Intergovernmental Panel on Climate Change (IPCC) in order for cli-

ferns for conservation and sustainable use.

mate change studies and modeling to use a consistent set of metrics
(van Vuuren et al., 2011). RCP 4.5 anticipates CO2 concentrations

2
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2.1 | Study area and species georeferenced
occurrence data

will increase to around 650 parts per million (ppm) by 2100 before
stabilizing, while RCP 8.5 predicts increasing CO2 concentrations to
around 370 ppm by 2100 (van Vuuren et al., 2011). To prevent collinearity (Pearson's r > 0.8), we chose one variable per group of intercorrelated variables and examined the relative value of each variable
kept with 10 permutations per model replication. Nine bioclimatic

Four species of Azolla are found in Africa: A. caroliniana, A. filicu-

variables with a variance inflation factor (VIF) of less than ten were

loides, A. nilotica, and A. pinnata subsp. africana (https://www.ferns

derived (Appendix S2). VIFs greater than ten and an r value greater

ofafrica.com/). Azolla caroliniana is naturalized in Egypt and was

than 0.8 are considered redundant (Montgomery & Peck, 1992);

therefore not considered for modeling due to having few occur-

however, Bio12 (Annual precipitation) and Bio17 (Precipitation of

rences in Africa (a minimum of three samples is required for good

the driest quarter) were incorporated for modeling since these vari-

model development) (van Proosdij et al., 2016). In addition, several

ables have been reported to be potential limiting factors to the dis-

localities for Azolla pinnata subsp. asiatica, which is predominantly

tribution of aquatic plants (Ngarega et al., 2022; Symoens, 2009) and

widespread in Asia, were not considered since they were beyond the

different variables may have different biological significance for the

scope of this study.

distribution of the target species (Mbatudde et al., 2012; Pradhan

The species occurrences were obtained using the “Spocc”
R package (Chamberlain et al., 2017). The package allowed

et al., 2012). Therefore, eleven bioclimatic variables were included in
the final models (Table 2).
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2.3 | Modeling procedure
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CA, USA). We used the maximum training and sensitivity plus specificity (MTSS) as a threshold, which has been observed to be the

The current and future potential distributions of Azolla were mod-

most accurate and conservative threshold for distinguishing suitable

eled using MaxEnt 3.4.4 (Elith et al., 2011). This modeling technique

from unsuitable regions (Liu, Newell, et al., 2016). The binary maps

has been shown to outdo other presence-only modeling techniques

for the two future RCP scenarios were subtracted from the current

(Elith et al., 2011). MaxEnt estimates the best-fitting probability dis-

(baseline) binary maps to account for the range changes between

tribution for simulating habitat suitability using random background

the current and future models. The resulting outputs were then used

points rather than real absences (Phillips et al., 2006). We utilized

to show areas of range change in terms of losses, gains, or stability.

area under the curve (AUC) statistics (Phillips et al., 2006) and the
true skill statistics (TSS) to evaluate model performance (Allouche
et al., 2006). The bootstrap replicate run type was used to replicate

3
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all models thirty times. For each model run, the species datasets
were randomly divided into 70 percent training and 30 percent test

The final dataset included 170 occurrences for A. filiculoides, 30 for A.

datasets, and the final average outputs were employed for further

nilotica, and 160 for A. pinnata subsp. africana (Figure 2; Appendix S3).

analysis. To understand which climate variables may be important

Model evaluation under baseline climatic conditions revealed good

among Azolla species, we employed MaxEnt's relative contribution

model performance for the MaxEnt modeling approach for all exam-

and jackknife tests. In addition, response curves for all variables in

ined species (Table 1). The most important variables that contributed

the models were investigated to test the response of each species to

to the models varied across the three species (Table 2). For the Azolla

different variable values.

filiculoides model, the most important variables were Bio14 (% contribution = 37.5), Bio9 (% contribution = 33.5), Bio12 (% contribu-

2.4 | Distribution range changes for Azolla

tion = 10.0) and elevation (% contribution = 9.2). For the A. nilotica
model, Bio12 was most important (% contribution = 41.2), Bio13
(% contribution = 15.4), followed by Bio19 (% contribution = 13.2).

We converted the current and future output raster files for the Azolla

Lastly the distribution of A. pinnata subsp. africana was most influ-

species into presence-absence (1/0) format using SDMToolbox v.2.5

enced by Bio13 (% contribution = 29.6), Bio19 (% contribution = 4.4),

(Brown et al., 2017) incorporated in ArcGIS v.10.5 (Esri, Redlands,

and elevation (% contribution = 50.2). According to jackknife tests,

F I G U R E 2 Study area and distribution
of data points for African Azolla species
used to create the distribution models
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species (Figure 3). The prediction of current habitats for A. filiculoides indicated that highly suitable areas occurred in Kenya, South

Species

No. of
records

AUC (SD)

TSS

Azolla filiculoides

170

0.968 (003)

0.847

tion. Most of the highly suitable areas were located in lowlands and

Azolla nilotica

30

0.952 (012)

0.801

coastal areas in East, Eest, and Southern Africa, including South

Azolla pinnata subsp. africana

160

0.934 (011)

0.822

Africa, Mozambique, Nigeria, Kenya, Somalia, Senegal, Cote d'Ivo-

Abbreviations: AUC, area under the curve; SD, standard deviation.

Africa, Uganda, Mozambique, and Madagascar. The distribution
of A. pinnata subsp. africana was highly correlated with low eleva-

ire, Ghana, Togo, and Benin. As for A. nilotica, highly and medium
favorable areas were located almost throughout tropical Africa. The
MTSS threshold values that were used to convert the continuous

TA B L E 2 Contributions of environmental variables for each
Azolla species model in tropical Africa

Variable
Bio2

species, A. filiculoides had the smallest current habitat area of approximately 2.3 million km2 (Table 3; Figure 3).

Species
Azolla
filiculoides

suitability maps into binary are shown in Appendix S5. Of the three

The projections of future habitat suitability for Azolla varied de-

Azolla nilotica

Azolla pinnata
subsp. africana

pending on the RCP scenario and differed for each species (Table 3;

1.3

6.4

2.5

nata subsp. africana had the largest stable habitat (approximately 3.18

Bio3

4.9

2.5

2.0

million km2), while A. nilotica had the least stable habitat (approximately

Bio8

0.5

0.3

1.1

1.82 million km2). Under RCP 8.5, A. pinnata subsp. africana had the

Bio9

33.5

2.1

4.2

largest stable habitat (approximately 3.35 million km2), closely followed

Bio10

0.7

0.3

1.3

by A. filiculoides (approximately 2.02 million km2), and lastly, A. nilotica

Bio12

10.0

41.2

1.6

(approximately 1.29 million km2) (Table 3; Figure 5). The MaxEnt model

Bio13

0.5

15.4

29.6

projections showed that under the most pessimistic scenario (RCP 8.5),

Bio14

37.5

4.5

0.2

Bio15

0.8

0.4

1.9

Bio17

0.6

3.3

0.7

Bio19

0.4

13.2

4.4

Elevation

9.2

10.6

50.2

Notes: In bold, the most important variables (3 largest values) for each
model are highlighted. Bio2—mean diurnal range; Bio3—isothermality;
Bio8—mean temperature of wettest quarter; Bio9—mean temperature
of driest quarter; Bio10—mean temperature of warmest quarter;
Bio12—annual precipitation; Bio13—precipitation of wettest month;
Bio14—precipitation of driest month; Bio15—precipitation seasonality;
Bio17—precipitation of driest quarter; Bio19—precipitation of coldest
quarter; Elevation—Altitude above sea level.

Figures 4 and 5). According to the model forecasts under RCP 4.5, A. pin-

A. nilotica would be the most vulnerable to climate change and would
lose the highest % of its suitable range (% loss = 48%, Table 3).

4
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DISCUSSION

4.1 | Evaluation of model performance
The necessity for an absolute and immediate response to climate
change is gaining global attention but predicting which species are
highly threatened and where they will shift to evade extinction remains a challenge (Sinclair et al., 2010). Despite the inability of
Ecological Niche Models to predict species' capacity to evolve, they
can give a glimpse of what factors are likely to induce changes in

Bio9, Bio10, and Bio 14 were important predictors for A. filiculoides,

species' distributions (Ngarega et al., 2021). Several ecological niche

while Bio2 was a poor predictor (Appendix S4a). The regularized

model algorithms have been proposed, and MaxEnt has shown its

train gain was observed to reduce most when Bio12 was omitted

efficacy in terms of model performance (Elith et al., 2011; Elith &

from the model, indicating that this variable was important in build-

Leathwick, 2009), reduced computational time, simplicity, ease of use,

ing the A. filiculoides model. For A. nilotica, Bio12 and Bio13 were the

and has been used extensively (Heneidy et al., 2019; Kaky et al., 2020;

most important predictors. The regularized train gain was observed

Lissovsky & Dudov, 2021; Ngarega et al., 2022; Nzei et al., 2021).

to reduce most when Bio12 was omitted from the model, indicating

MaxEnt generates both pseudo-absence and presence-only oc-

that this variable had important information absent in other variables

currence data points, which can have an impact on species range

(Appendix S4b). On the other hand, for A. pinnata subsp. africana, el-

predictions. Our method considered both geographical scope and

evation, Bio8, and Bio3 were the most important single predictors

environmental constraints to generate geographically and ecologi-

(Appendix S4c). When Bio2 and elevation were omitted from the

cally balanced pseudo-absence points that potentially predicted the

model, the gain was observed to reduce the most, highlighting that

environmental suitability for each species. Our model was accurate,

these two predictors were important in building the final model for

statistically significant, and gave excellent predictions of AUC values

A. pinnata subsp. africana (Appendix S4c).

of 0.968, 0.952, and 0.934 for Azolla filiculoides, A. nilotica and A. pin-

Under current climate conditions, the potential range of Azolla

nata subsp. africana, respectively (Table 1). AUC values less than 0.5

extended outside the known and recorded locations of the three

show that the model's performance is no better than what would
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F I G U R E 3 Ecological niche models for three Azolla species showing potential distribution under current climate conditions

be anticipated by chance, while values closer to one are considered

and mean temperature of the driest quarter (Bio9) were the main

better performance (Hijmans, 2012; Jiménez-Valverde, 2012).

temperature variables that dictated Azollas' distribution, whereas
annual precipitation (Bio12), precipitation of the wettest month

4.2 | Contribution of climate variables to habitat
suitability under current climate

(Bio13), precipitation of the driest month (Bio14) and precipitation of the coldest quarter (Bio19) also influenced the distribution
(Table 2). Climatic variables such as temperature and precipitation
are known to greatly impact community structure, ecosystem func-

In this study, elevation, temperature, and precipitation significantly

tioning, and aquatic plants' distribution (Alahuhta et al., 2017; Elith

affected Azolla species' climatic distribution, although their rela-

& Leathwick, 2009; Nzei et al., 2021; Parmesan, 2006). Temperature

tive importance varied among species. Mean diurnal range (Bio2)

variables, including isothermality (Bio3), mean temperature of the
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TA B L E 3 Loss and gain of suitable habitat area in Africa for Azolla species under two greenhouse gas emission scenarios for the future
(2070)
Species

Habitat current
(km2)

Habitat RCP
4.5
Loss

189,361.6

8.1

Loss

306,357.5

13.2

2,328,726

Gain

383,277.8

16.5

Gain

271,186.7

11.7

Azolla filiculoides

Azolla nilotica
2,463,726
Azolla pinnata subsp. africana
4,026,363

Area (km2)

Area (%)

Habitat RCP
8.5

Area (km2)

Area
(%)

Stable

2,139,364

91.9

Stable

2,022,368

86.8

Loss

645,452.8

26.2

Loss

1,175,428

47.7

Gain

450,855.5

18.30

Gain

524,350.2

21.3

Stable

1,818,273

73.8

Stable

1,288,298

52.3

Loss

8485,16.9

21.0

Loss

672,643.5

16.7

Gain

732,280.1

18.2

Gain

1,651,839

41.0

Stable

3,177,846

78.9

Stable

3,353,719

83.3

Note: Percentage (%) loss, gain, and stable were calculated with respect to the current stable area.

F I G U R E 4 Ecological niche models for three Azolla species showing potential distribution under two possible future climate conditions
(upper panels: less extreme, RCP 4.5; lower panels: more extreme, RCP 8.5) for the 2070s
wettest month (Bio8), mean temperature of the wettest quarter

African geography is highly diversified, and the continent has

(Bio10), and precipitation seasonality (Bio15), also had a minor

a heterogeneous climate that strongly influences species distribu-

impact on Azollas species' distributions. Heneidy et al. (2019) and

tions. Habitat suitability under the present predictions was well

Ngarega et al. (2022) observed a similar trend in the effects of tem-

supported by the MaxEnt model and largely corresponded with our

perature and precipitation variables on aquatic plants, particularly

areas of observation (Figure 3). The suitable habitat for A. filiculoides

the mean temperature of the driest quarter (Bio9) and precipitation

cuts across East and Southern Africa, but its suitability was more

of the driest month (Bio14).

concentrated in Southern Africa. This is well supported by high
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F I G U R E 5 Changes in potential distribution ranges for three Azolla species under future climate conditions for the 2070s

precipitation values for the driest month (Bio14), a significant per-

the Lac Tonga Ramser site in Algeria, and other wetlands in North

centage of annual precipitation (Bio10), and the mean temperature

Africa. Hygrophytes are rich in species richness and diversity in

of the driest quarter (Bio9) compared with other species (Table 2).

lower elevations, a phenomenon that could explain the preference

Talley and Rains (1980) conducted a field experiment on Azolla filic-

of both A. nilotica and A. filiculoides for low elevation habitats (Liu,

uloides, and the growth rate increased with an increased tempera-

Chen, et al., 2016).

ture as high as 35 degrees Celsius. Additionally, south-eastern Africa

Azolla pinnata subsp. africana (Table 2) appeared to have a stron-

receives summer rains due to changes in the sea surface tempera-

ger affinity for the highlands along the East and West coasts of

tures along the coast (Nicholson, 2000), which probably favors A.

Africa, including the Fouta Djallon highlands in Guinea, the Plateau

filiculoides' habitat. Our model also projected habitats with very low

of Yorubaland in Nigeria, the Cameroons highland in West Africa,

suitability of A. filiculoides in northern Africa and the central parts

and the Eastern Highlands in East Africa and Madagascar (Figure 3).

of west Africa.

These regions are characterized by humid subtropical marine cli-

Azolla nilotica has potential for cosmopolitan distribution in con-

mates, and it is not surprising that precipitation of the wettest month

tinental Africa and Madagascar. Areas of high suitability for the spe-

(Bio13), precipitation of the coldest quarter (Bio19), and elevation

cies were recorded along the Nile River and the Great Rift Valley,

had a substantial influence on the species. Temperature variables,

in both the Nubian and Somali plates (Figure 3), and its distribution

conversely, had little influence on A. pinnata subsp. africana's distri-

extended to the Central, West, and South-eastern Coast of Africa.

bution with the highest record only at 4.2%.

Bio2 (mean diurnal range), Bio12 (annual precipitation), and Bio13
(precipitation of the wettest month) (Table 2) were the primary factors influencing its distribution. The regions of high suitability for
A. nilotica lay mainly within the equatorial latitudes, which experi-

4.3 | Habitat suitability under future
climate change

ence two rainy seasons (Nicholson, 2000), thus offering optimum
conditions for the species. The potential suitable habitat in North

In 2015, more than 190 countries came together, resolved, and

Africa can be directly linked to the Mediterranean climate in the

unanimously agreed to limit the global temperature increase to

region, the presence of the Garâa Sejenane freshwater wetland in

1.5°C (COP21, Clémençon, 2016). Today, greenhouse gas emis-

northern Tunisia (Rouissi et al., 2018), the Cheliff River in Algeria,

sions are still increasing. A clear picture emerges from this: Either
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governments have not met the Paris Agreement goals or have com-

potentially confers an adaptive advantage (Sadeghi et al., 2013).

pletely failed to deliver. In Africa, only two countries have shown

Azolla nilotica and A. pinnata subsp. africana tend to share almost

tremendous effort to mitigate carbon emissions, The Gambia, de-

similar climatic conditions throughout continental Africa and are

spite being a developing country that has contributed the least to

predicted to remain comparably stable under RCP 4.5, with the

the problem and Morocco, which is increasing its solar power capac-

exception of A. nilotica losing a higher percentage of 47.7% under

ity (Azeroual et al., 2018).

RCP 8.5 (Table 3). As expected, the reduction in rainfall and its

Species do not respond to global change averages but instead

unpredictable seasonality in the vast Sahara Desert render the

to local and regional change (Walther et al., 2002). Future model

climate unsuitable for Azolla both under the current and future

predictions indicated that climate change would significantly im-

predictions (Figure 5).

pact Azollas species' distributions under different Representative

Climate change impacts are inevitable and can inflict physio-

Concentration Pathways (RCPs). Depending on the RCP scenario,

logical constraints on species that will determine their distribution

substantial expansions and contractions of the three species' suit-

to various degrees. Early understanding of these potential climate

able habitats were predicted (Table 3).

change repercussions would aid in anticipating their consequences

Azolla filiculoides is predicted to remain restricted to its habitat

for species and give time to implement appropriate management

(Southern Africa and some parts of East Africa) but recorded the

strategies (Walther et al., 2002). While the vast majority of African

highest stable habitat both at RCP 8.5 and RCP 4.5 at 91.87% and

regions have been reported to experience an extreme increase in

86.87%, respectively, and the lowest habitat loss under stabilization

temperature over the past decades (Easterling et al., 2012), water

climate change scenario (RCP 4.5) (Table 3). Its range of expansion

balance and increased carbon dioxide (CO2), especially in tropical

and stability could be favored by higher temperatures and increased

and subtropical regions (Niang et al., 2014; Nicholson, 2000) also

nitrogen concentration. Such potential expansions of aquatic species,

affect species distributions. Spatial temperature and precipitation

especially invasive species, have been reported by McConnachie

patterns are expected to shift, leading to a different configura-

et al. (2003), Rahel and Olden (2008), and Nzei et al. (2021). Azolla

tion of vegetation zones and hydrological regions, which will have

filiculoides' invasive ability was approximated to cause an economic

enormous consequences for aquatic and wetland habitats. This

loss of USD 589 per hectare per year in South Africa (McConnachie

will consequently have lethal ramifications for aquatic life and

et al., 2003), and our distribution model further supports the need

will likely make some regions less suitable or unsuitable for these

to control its invasiveness.

species.

Azolla nilotica's habitat is expected to gain slightly higher suit-

Over the past decades, global wetlands have declined consider-

able areas under RCP 4.5 (2070) compared with A. filiculoides and

ably. Africa has 10% of the planet's global wetlands area, and 43% of

A. pinnata subsp. africana, but in the extreme case scenario of RCP

the total global area of Ramsar-designated Wetland Sites, the high-

8.5 (2070), A. nilotica is predicted to lose almost half of its poten-

est of any of the six Ramsar regions (https://rsis.ramsar.org, accessed

tial future habitat, at 47.7%, against a gain of only 21.3% (Figure 4;

on March 19, 2022) (Gardner & Finlayson, 2018). Despite annual

Table 3). Central regions of South Sudan, Congo, West Africa, and

meetings of United Nations Climate Change conferences (COPs),

significant portions of South Africa and Madagascar will be highly

the signing of a plethora of legally binding documents over many

affected (Figures 4 and 5). This could be associated with the vulner-

years, and the establishment of the Ramsar Convention on Wetlands

ability of African wetland systems that are highly seasonal (Langan

of International Importance treaty in 1971, which was meant to re-

et al., 2018), while A. nilotica prefers a stable environment, and any

duce carbon emissions and conserve and protect wetland ecosys-

slight disturbance could lead to its disappearance (Stergianou &

tems, Africa has lost 42% of its wetlands (Solheim et al., 2018) due

Fowler, 1990). It is not surprising that Bio 12 (annual precipitation)

to little or no attention from the governments. For example, Lake

had the greatest impact on A. nilotica (Table 2).

Ol'Bolossat, the only lake in Central Kenya, is on the verge of extinc-

Azolla pinnata subsp. africana is estimated to lose 21.1% and

tion, and the future of the disappearing Lake Chad in North-Central

16.7% of its potential suitable habitat under RCP 4.5 and 8.5, respec-

Africa is uncertain. Regrettably, this trend is projected to escalate in

tively. Azolla pinnata also has the potential to tolerate higher tem-

future (Xi et al., 2021).

peratures between 25 and 30°C (Sadeghi et al., 2013) and this is well

Considering the paucity of ferns on the African continent, ex-

supported by the model as its future distribution records the highest

tinction threats to the tropical African flora (Aldasoro et al., 2004;

gain at 41% (Table 3). Its expansion is potentially associated with ris-

Sessa et al., 2017; Stévart et al., 2019), and the habitat specificity

ing global temperatures. Although decreased precipitation increases

of aquatic ferns and other plants to freshwater ecosystems, conser-

the salinity of freshwater ecosystems (Jeppesen et al., 2015), A.

vation measures are desperately needed. This could be achieved, in

pinnata is least affected by decreased salinity (Masood et al., 2006),

part, by using biological approaches to control invasive aquatic spe-

and thus remains relatively stable under both scenarios (Figure 4;

cies, drilling boreholes as an alternative to using wetlands as sources

Table 3).

of water for local people, and respecting and maintaining cultural

Among the three species, A. filliculoides will be the least af-

practices. Some wetlands are considered sacred and protected, and

fected in terms of loss both at RCP 4.5 and 8.5 scenarios. The

by continuing these local practices, threatened aquatic species will

ability of this species to withstand harsh climatic conditions

be preserved.

20457758, 2022, 8, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/ece3.9210 by Test, Wiley Online Library on [25/10/2022]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

|

KARICHU et al.

5

|

|

KARICHU et al.

CO N C LU S I O N S

Boniface K. Ngarega
Emily B. Sessa

https://orcid.org/0000-0001-8272-1837

https://orcid.org/0000-0002-6496-5536

In this study, we developed MaxEnt models based on occurrence
localities and twelve environmental variables to describe the distri-

REFERENCES

butions of three Azolla species in Africa under present and future

Alahuhta, J., Ecke, F., Johnson, L. B., Sass, L., & Heino, J. (2017). A comparative analysis reveals little evidence for niche conservatism in
aquatic macrophytes among four areas on two continents. Oikos,
126(1), 136–148. https://doi.org/10.1111/oik.03154
Aldasoro, J. J., Cabezas, F., & Aedo, C. (2004). Diversity and distribution
of ferns in sub-Saharan Africa, Madagascar and some islands of the
South Atlantic. Journal of Biogeography, 31(10), 1579–1604.
Allouche, O., Tsoar, A., & Kadmon, R. (2006). Assessing the accuracy of
species distribution models: Prevalence, kappa and the true skill
statistic (TSS). Journal of Applied Ecology, 43(6), 1223–1232.
Angert, A. L., Crozier, L. G., Rissler, L. J., Gilman, S. E., Tewksbury, J. J.,
& Chunco, A. J. (2011). Do species' traits predict recent shifts at
expanding range edges? Ecology Letters, 14, 677–689. https://doi.
org/10.1111/j.1461-0248.2011.01620.x
Arora, A., & Singh, P. K. (2003). Comparison of biomass productivity and
nitrogen fixing potential of Azolla spp. Biomass and Bioenergy, 24,
175–178.
Azeroual, M., Makrini, A., Moussaoui, H., & Markhi, H. (2018). Renewable
energy potential and available capacity for wind and solar power
in Morocco towards 2030. Journal of Engineering Science and
Technology Review, 11(1), 189–198. https://doi.org/10.25103/
jestr.111.23
Basak, B., Pramanik, M. A. H., Rahman, M. S., Tarafdar, S. U., & Roy, B. C.
(2002). Azolla (Azolla pinnata) as a feed ingredient in broiler ration.
International Journal of Poultry Science, 1(1), 29–3 4.
Bellard, C., Bertelsmeier, C., Leadley, P., Thuiller, W., & Courchamp,
F. (2012). Impacts of climate change on the future of biodiversity.
Ecology Letters,
15(4),
365–377.
https://doi.
org/10.1111/j.1461-0248.2011.01736.x
Birks, H. H. (2002). The recent extinction of Azolla nilotica in the Nile
Delta, Egypt. Acta Palaeobotanica, 42(2), 203–213.
Brown, J. L., Bennett, J. R., & French, C. M. (2017). SDMtoolbox 2.0: The
next generation python-based GIS toolkit for landscape genetic,
biogeographic and species distribution model analyses. PeerJ, 5,
e4095.
Burgess, N. D., Hales, J. D. A., Ricketts, T. H., & Dinerstein, E. (2006).
Factoring species, non-species values and threats into biodiversity prioritization across the ecoregions of Africa and its islands.
Biological Conservation, 127(4), 383–4 01. https://doi.org/10.1016/j.
biocon.2005.08.018
Chamberlain, S., Ram, K., & Hart, T. (2017). Spocc: R interface to
many species occurrence data sources (R package version 1.1.0.).
Retrieved January, 2022, from https://CRAN.R-p rojec t.org/
package=spocc
Clémençon, R. (2016). The two sides of the Paris climate agreement:
Dismal failure or historic breakthrough? Journal of Environment and
Development, 25(1), 3–24. https://doi.org/10.1177/1070496516
631362
Cohen, A. S., Gergurich, E. L., Kraemer, B. M., McGlue, M. M., McIntyre,
P. B., Russell, J. M., Simmons, J. D., & Swarzenski, P. W. (2016).
Climate warming reduces fish production and benthic habitat in
Lake Tanganyika, one of the most biodiverse freshwater ecosystems. Proceedings of the National Academy of Sciences of the United
States of America, 113(34), 9563–9568. https://doi.org/10.1073/
pnas.1603237113
Dauby, G., Zaiss, R., Blach-
Overgaard, A., Catarino, L., Damen, T.,
Deblauwe, V., Dessein, S., Dransfield, J., Droissart, V., Duarte, M.
C., Engledow, H., Fadeur, G., Figueira, R., Gereau, R. E., Hardy, O. J.,
Harris, D. J., de Heij, J., Janssens, S., Klomberg, Y., … Couvreur, T. L.
P. (2016). RAINBIO: A mega-database of tropical African vascular

climatic scenarios. Environmental variables including elevation, precipitation of the wettest month, precipitation of the coldest quarter, and precipitation of the driest month contributed most to these
models' predictions of suitable habitat across the members of this
genus. Our findings suggested that under future climate change,
Azolla species in Africa will suffer the loss of at least 8.1% and as
much as 48% of their suitable habitat. The findings of our study can
be utilized to develop specialized protection measures for various
aquatic species and create awareness of climate change impacts on
aquatic plants and African plants generally.
AU T H O R C O N T R I B U T I O N S
Mwihaki J. Karichu: Conceptualization (lead); data curation (lead);
formal analysis (equal); methodology (equal); software (equal); visualization (equal); writing –original draft (lead); writing –review and
editing (equal). Boniface K. Ngarega: Data curation (equal); formal
analysis (equal); methodology (equal); software (equal); visualization (equal); writing –review and editing (equal). Guy E. Onjalalaina:
Data curation (equal); formal analysis (supporting); methodology
(supporting); writing –review and editing (equal). Peris Kamau:
Conceptualization (supporting); data curation (equal); validation (equal); writing –review and editing (equal). Emily B. Sessa:
Conceptualization (equal); data curation (supporting); funding acquisition (lead); investigation (lead); project administration (lead);
resources (lead); supervision (lead); validation (equal); visualization
(supporting); writing –review and editing (equal).
AC K N OW L E D G M E N T S
The authors thank Professor Bette A. Loiselle for her helpful comments and suggestions that helped improve the contents of the
manuscript, Lindsey Riibe, Benjamin Kiromo, and Philemon Wamba
for their comments on an earlier manuscript draft, and Professor
Guang-Wan Hu for availing the Azolla images to us and the two
anonymous reviewers for their incredible comments.
F U N D I N G I N FO R M AT I O N
This work was supported by US National Science Foundation Award
#1844930 to E.B. Sessa.
C O N FL I C T O F I N T E R E S T
The authors declare no conflicts of interest.
DATA AVA I L A B I L I T Y S TAT E M E N T
The data that supports the findings of this study are available in
appendices.
ORCID
Mwihaki J. Karichu

https://orcid.org/0000-0003-4882-3076

20457758, 2022, 8, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/ece3.9210 by Test, Wiley Online Library on [25/10/2022]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

10 of 13

plants distributions. PhytoKeys, 74, 1–18. https://doi.org/10.3897/
phytokeys.74.9723
Easterling, D., Rusticucci, M., Semenov, V., Alexander, L. v., Allen, S.,
Benito, G., Cavazos, T., Nicholls, N., Easterling, D., Goodess, C.,
Kanae, S., Kossin, J., Luo, Y., Marengo, J., McInnes, K., Rahimi,
M., Reichstein, M., Sorteberg, A., Vera, C., … Midgley, P. (2012).
3—Changes in climate extremes and their impacts on the natural physical environment. Cambridge University Press.
Elith, J., & Leathwick, J. R. (2009). Species distribution models: Ecological
explanation and prediction across space and time. Annual Review
of Ecology, Evolution, and Systematics, 40, 677–697. https://doi.
org/10.1146/annurev.ecolsys.110308.120159
Elith, J., Phillips, S. J., Hastie, T., Dudík, M., Chee, Y. E., & Yates,
C. J. (2011). A statistical explanation of MaxEnt for ecologists. Diversity and Distributions, 17(1), 43–57. https://doi.
org/10.1111/j.1472-4642.2010.00725.x
Engler, R., Guisan, A., & Rechsteiner, L. (2004). An improved approach
for predicting the distribution of rare and endangered species from
occurrence and pseudo-absence data. In. Journal of Applied Ecology,
41, 263–274.
Fick, S. E., & Hijmans, R. J. (2017). WorldClim 2: Nouvelles surfaces
climatiques de résolution spatiale de 1 km pour les zones terrestres mondiales. International Journal of Climatology, 37(12),
4302–4 315.
Gardner, R. C., & Finlayson, C. (2018). Global wetland outlook: State of
the world's wetlands and their services to people. Stetson University
College of Law. www.stetson.edu/law, https://ssrn.com/abstr
act=3261606
Gillard, M., Thiébaut, G., Deleu, C., & Leroy, B. (2017). Present and future
distribution of three aquatic plants taxa across the world: Decrease
in native and increase in invasive ranges. Biological Invasions, 19(7),
2159–2170. https://doi.org/10.1007/s10530 -017-1428-y
Gillard, M. B., Aroviita, J., & Alahuhta, J. (2020). Same species, same habitat preferences? The distribution of aquatic plants is not explained
by the same predictors in lakes and streams. Freshwater Biology,
65(5), 878–892. https://doi.org/10.1111/fwb.13470
Given, D. R. (1993). Changing aspects of endemism and endangerment in
Pteridophyta. Journal of Biogeography, 20(3), 293–3 02.
Gunawardana, D. (2019). An exploration of common greenhouse gas
emissions by the cyanobiont of the Azolla–nostoc symbiosis and
clues as to nod factors in cyanobacteria. Plants, 8(12), 587. https://
doi.org/10.3390/plants8120587
Güngör, E., Brouwer, P., Dijkhuizen, L. W., Shaffar, D. C., Nierop, K.
G. J., deVos, R. C. H., Sastre Toraño, J., van derMeer, I. M., &
Schluepmann, H. (2021). Azolla ferns testify: Seed plants and
ferns share a common ancestor for leucoanthocyanidin reductase enzymes. New Phytologist, 229(2), 1118–1132. https://doi.
org/10.1111/nph.16896
Heikkinen, R., Leikola, N., Fronzek, S., Lampinen, R., & Toivonen, H.
(2009). Predicting distribution patterns and recent northward
range shift of an invasive aquatic plant: Elodea canadensis in Europe.
BioRisk, 2, 1–32. https://doi.org/10.3897/biorisk.2.4
Heneidy, S. Z., Halmy, M. W. A., Fakhry, A. M., & El-Makawy, A. M.
(2019). The status and potential distribution of Hydrocotyle umbellata L. and Salvinia auriculata Aubl. Under climate change scenarios.
Aquatic Ecology, 53(4), 509–528. https://doi.org/10.1007/s10452-
019-09705- 4
Hijmans, R. J. (2012). Cross-validation of species distribution models:
Removing spatial sorting bias and calibration with a null model.
Ecology, 93(3), 679–688.
Horak, I., Horn, S., & Pieters, R. (2021). Agrochemicals in freshwater
systems and their potential as endocrine disrupting chemicals:
A south African context. Environmental Pollution, 268, 115718.
https://doi.org/10.1016/j.envpol.2020.115718, http://hdl.handle.
net/1834/10480

|

11 of 13

Janes, R. (1998). Growth and survival of Azolla filiculoides in Britain: I.
Vegetative reproduction. New Phytologist, 138(2), 367–375. https://
doi.org/10.1046/j.1469-8137.1998.00114.x
Jeppesen, E., Brucet, S., Naselli-Flores, L., Papastergiadou, E., Stefanidis,
K., Nõges, T., Nõges, P., Attayde, J. L., Zohary, T., Coppens, J., Bucak,
T., Menezes, R. F., Freitas, F. R. S., Kernan, M., Søndergaard, M.,
& Beklioğlu, M. (2015). Ecological impacts of global warming and
water abstraction on lakes and reservoirs due to changes in water
level and related changes in salinity. Hydrobiologia, 750(1), 201–227.
https://doi.org/10.1007/s10750 -014-2169-x
Jiménez-Valverde, A. (2012). Insights into the area under the receiver
operating characteristic curve (AUC) as a discrimination measure in
species distribution modeling. Global Ecology and Biogeography, 21(4),
498–507. https://doi.org/10.1111/j.1466-8238.2011.00683.x
John, S., Ramteke, P. W., Raja, W., Rathaur, P., John, S. A., & Ramteke,
W. (2012). Azolla: An aquatic pteridophyte with great potential.
International Journal of Research in Biological Sciences, 2(2), 68–72.
https://www.researchgate.net/public ation/307632413
Johnson, S. A., Ober, H. K., & Adams, D. C. (2017). Are keystone species
effective umbrellas for habitat conservation? A spatially explicit
approach. Journal for Nature Conservation, 37, 47–55. https://doi.
org/10.1016/j.jnc.2017.03.003
Kaky, E., Nolan, V., Alatawi, A., & Gilbert, F. (2020). A comparison between ensemble and MaxEnt species distribution modeling approaches for conservation: A case study with Egyptian medicinal
plants. Ecological Informatics, 60, 101150. https://doi.org/10.1016/j.
ecoinf.2020.101150
Katayama, N., Yamashita, M., Kishida, Y., Liu, C. C., Watanabe, I., & Wada,
H. (2008). Azolla as a component of the space diet during habitation on Mars. Acta Astronautica, 63(7–10), 1093–1099. https://doi.
org/10.1016/j.actaastro.2008.01.023
Kendie, D. (1999). Egypt and the hydro-politics of the Blue Nile River.
Northeast African Studies, 6(1), 141–169. https://about.jstor.org/
terms
Langan, C., Farmer, J., Rivington, M., & Smith, J. U. (2018). Tropical wetland ecosystem service assessments in East Africa; a review of approaches and challenges. Environmental Modeling and Software, 102,
260–273. https://doi.org/10.1016/j.envsof t.2018.01.022
Li, F. W., Brouwer, P., Carretero-Paulet, L., Cheng, S., deVries, J., Delaux,
P. M., Eily, A., Koppers, N., Kuo, L. Y., Li, Z., Simenc, M., Small, I.,
Wafula, E., Angarita, S., Barker, M. S., Bräutigam, A., Depamphilis,
C., Gould, S., Hosmani, P. S., … Pryer, K. M. (2018). Fern genomes
elucidate land plant evolution and cyanobacterial symbioses.
Nature Plants, 4(7), 460–472. https://doi.org/10.1038/s4147
7-018-0188-8
Lissovsky, A. A., & Dudov, S. V. (2021). Species-distribution modeling:
Advantages and limitations of its application. 2. MaxEnt. Biology
Bulletin Reviews, 11(3), 265–275. https://doi.org/10.1134/s2079
086421030087
Liu, C., Newell, G., & White, M. (2016). On the selection of thresholds for
predicting species occurrence with presence-only data. Ecology and
Evolution, 6(1), 337–3 48.
Liu, J., Chen, X., Wang, Y., Li, X., Yu, D., & Liu, C. (2016). Response differences of Eichhornia crassipes to shallow submergence and drawdown with an experimental warming in winter. Aquatic Ecology,
50(2), 307–314. https://doi.org/10.1007/s10452-016-9579-y
Masood, A., Shah, N. A., Zeeshan, M., & Abraham, G. (2006). Differential
response of antioxidant enzymes to salinity stress in two varieties
of Azolla (Azolla pinnata and Azolla filiculoides). Environmental and
Experimental Botany, 58(1–3), 216–222. https://doi.org/10.1016/j.
envexpbot.2005.08.002
Mbatudde, M., Mwanjololo, M., Kakudidi, E. K., & Dalitz, H. (2012).
Modeling the potential distribution of endangered Prunus africana (Hook.F.) Kalkm. in East Africa. African Journal of Ecology, 50,
393–4 03.

20457758, 2022, 8, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/ece3.9210 by Test, Wiley Online Library on [25/10/2022]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

KARICHU et al.

|

McConnachie, A. J., deWit, M. P., Hill, M. P., & Byrne, M. J. (2003).
Economic evaluation of the successful biological control of Azolla
filiculoides in South Africa. Biological Control, 28(1), 25–32. https://
doi.org/10.1016/S1049-9644(03)00056-2
Mitchell, S. A. (2013). The status of wetlands, threats and the predicted
effect of global climate change: The situation in sub-Saharan Africa.
Aquatic Sciences, 75(1), 95–112. https://doi.org/10.1007/s0002
7-012-0259-2
Montgomery, D. C., & Peck, E. A. (1992). Introduction to linear regression
analysis. Wiley.
Ngarega, B. K., Masocha, V. F., & Schneider, H. (2021). Forecasting the
effects of bioclimatic characteristics and climate change on the
potential distribution of Colophospermum mopane in southern
Africa using maximum entropy (Maxent). Ecological Informatics, 65,
101419.
Ngarega, B. K., Nzei, J. M., Saina, J. K., Halmy, M. W. A., Chen, J.-M., &
Li, Z.-Z. (2022). Mapping the habitat suitability of Ottelia species in
Africa. Plant Diversity. https://doi.org/10.1016/j.pld.2021.12.006
Niang, I., Ruppel, O. C., Abdrabo, M. A., Dube, P., Leary, N., Schulte-
Uebbing, L., Field, C., Dokken, D., Mach, K., Bilir, T., Chatterjee,
M., Ebi, K., Estrada, Y., Genova, R., Girma, B., Kissel, E., & Levy, A.
(2014). “IPCC WGII AR5 (Final Draft), Chapter 22–Africa.” Climate
Change 2014: Impacts, adaptation, and vulnerability-IPCC working
group II contribution to AR 5. In Aissa Toure Sarr. Pieter Pauw.
Nicholson, S. E. (2000). The nature of rainfall variability over Africa on
time scales of decades to millenia. Global and Planetary Change, 26,
137–158.
Nyalemegbe, K., Oteng, J. W., & Ahiabu, R. K. (1996). Research and development note: The utilization of Azolla as a source of nitrogen
for rice production in Ghana. Ghana Journal of Agricultural Science,
29(2), 125–129.
Nzei, J. M., Ngarega, B. K., Mwanzia, V. M., Musili, P. M., Wang, Q.
F., & Chen, J. M. (2021). The past, current, and future distribution modeling of four water lilies (Nymphaea) in Africa indicates
varying suitable habitats and distribution in climate change.
Aquatic Botany, 173, 103416. https://doi.org/10.1016/j.aquab
ot.2021.103416
Parmesan, C. (2006). Ecological and evolutionary responses to recent climate change. Annual Review of Ecology, Evolution, and
Systematics, 37, 637–669. https://doi.org/10.1146/annurev.ecols
ys.37.091305.110100
Phillips, S. B., Aneja, V. P., Kang, D., & Arya, S. P. (2006). Modeling and
analysis of the atmospheric nitrogen deposition in North Carolina.
International Journal of Global Environmental Issues, 6(2–3), 231–252.
https://doi.org/10.1016/j.ecolmodel.2005.03.026
PPG I. (2016). A community-derived classification for extant lycophytes
and ferns. Journal of Systematics and Evolution, 54, 563–603. https://
doi.org/10.1111/jse.12229
Pradhan, P., Dutta, A. K., Roy, A., Basu, S. K., & Acharya, K. (2012).
Inventory and spatial ecology of macrofungi in the Shorea robusta
forest ecosystem of lateritic region of West Bengal. Biodiversity,
13(2), 88–99.
Rahel, F. J., & Olden, J. D. (2008). Assessing the effects of climate change
on aquatic invasive species. Conservation Biology, 22(3), 521–533.
https://doi.org/10.1111/j.1523-1739.2008.00950.x
Ranker, T. A., & Haufler, C. H. (2008). Biology and evolution of ferns and
lycophytes. Cambridge University Press.
Rouissi, M., Muller, S. D., Jilani, I. B., Ghrabi-G ammar, Z., Paradis, L.,
Bottollier-C urtet, M., Gerbaud, E., & Daoud-B ouattour, A. (2018).
History and conservation of Tunisia's largest freshwater wetland: Garâa Sejenane. Review of Palaeobotany and Palynology, 257,
43–56.
Sadeghi, P. R., Zarkami, R., Sabetraftar, K., & vanDamme, P. (2013). A review of some ecological factors affecting the growth of Azolla spp.
Caspian Journal of Environmental Sciences, 11, 65–76.

KARICHU et al.

Saunders, R. M. K., & Fowler, K. (1992). A morphological taxonomic revision of Azolla lam. Section Rhizosperrna (Mey.) Mett. (Azollaceae).
Botanical Journal of the Linnean Society, 109(3), 329–357.
Saunders, R. M. K., & Fowler, K. (1993). The supraspecific taxonomy and
evolution of the fern genus Azolla (Azollaceae). Plant Systematics
and Evolution, 184(3), 175–193.
Sessa, E. B., Juslén, A., Väre, H., & Chambers, S. M. (2017). Into Africa:
Molecular phylogenetics and historical biogeography of sub-
saharan African woodferns (Dryopteris). American Journal of Botany,
104(3), 477–486. https://doi.org/10.3732/ajb.1600392
Sinclair, S. J., White, M. D., & Newell, G. R. (2010). How useful are species distribution models for managing biodiversity under future
climates? Ecology and Society, 15(1), 8. https://www.jstor.org/stabl
e/26268111
Singh, A. L., & Singh, P. K. (1987). The use of Azolla pinnata isolates as organic nitrogen sources for lowland rice (Oryza sativa). Experimental
Agriculture, 23(2), 159–166.
Solheim, E., Bidwell, R., & Ash, N. (2018). Annual review 2017–18 knowledge that makes a world of difference UNEP-WCMC annual review.
The UN Environment Programme World Conservation Monitoring
Centre (UNEP-WCMC).
Speelman, E. N., vanKempen, M. M. L., Barke, J., Brinkhuis, H., Reichart,
G. J., Smolders, A. J. P., Roelofs, J. G. M., Sangiorgi, F., deLeeuw,
J. W., Lotter, A. F., & Sinninghe DamstÉ, J. S. (2009). The Eocene
Arctic Azolla bloom: Environmental conditions, productivity
and carbon drawdown. Geobiology, 7(2), 155–170. https://doi.
org/10.1111/j.1472-4669.2009.00195.x
Stergianou, K. K., & Fowler, K. (1990). Plant systematics and evolution
chromosome numbers and taxonomic implications in the fern genus
Azolla (Azollaceae). Plant Systematics and Evolution, 173, 223–239.
Stévart, T., Dauby, G., Lowry II, P. P., Blach-Overgaard, A., Droissart, V.,
Harris, D. J., Mackinder, B. A., Schatz, G. E., Sonké, B., Sosef, M.,
Svenning, J.-C ., Wieringa, J. J., & Couvreur, T. L. P. (2019). A third of
the tropical African flora is potentially threatened with extinction.
Science Advances, 5(11), eaax9444.
Symoens. (2009). Hydrocharitaceae. Flora Zambesiaca, 12, 31–32.
Talebi, M., Tabatabaei, B. E. S., & Akbarzadeh, H. (2019).
Hyperaccumulation of cu, Zn, Ni, and cd in Azolla species inducing
expression of methallothionein and phytochelatin synthase genes.
Chemosphere, 230, 488–497. https://doi.org/10.1016/j.chemo
sphere.2019.05.098
Talley, S. N., & Rains, D. W. (1980). Azolla filiculoides lam. As a fallow-
season green manure for Rice in a temperate climate. Agronomy
Journal, 72(1), 11–18. https://doi.org/10.2134/agronj1980.00021
962007200010004x
Tiamiyu, B. B., Ngarega, B. K., Zhang, X., Zhang, H., Kuang, T., Huang, G.
Y., Deng, T., & Wang, H. (2021). Estimating the potential impacts
of climate change on the spatial distribution of Garuga forrestii,
an endemic species in China. Forests, 12(12), 1708. https://doi.
org/10.3390/f12121708
van Proosdij, A. S. J., Sosef, M. S. M., Wieringa, J. J., & Raes, N. (2016).
Minimum required number of specimen records to develop accurate species distribution models. Ecography, 39(6), 542–552. https://
doi.org/10.1111/ecog.01509
van Vuuren, D. P., Edmonds, J., Kainuma, M., Riahi, K., Thomson, A.,
Hibbard, K., Hurtt, G. C., Kram, T., Krey, V., Lamarque, J. F., Masui, T.,
Meinshausen, M., Nakicenovic, N., Smith, S. J., & Rose, S. K. (2011).
The representative concentration pathways: An overview. Climatic
Change, 109(1), 5–31. https://doi.org/10.1007/s10584-011-0148-z
Velazco, S. J. E., Villalobos, F., Galvão, F., & deMarco Júnior, P. (2019).
A dark scenario for Cerrado plant species: Effects of future climate, land use and protected areas ineffectiveness. Diversity and
Distributions, 25(4), 660–673. https://doi.org/10.1111/ddi.12886
Walther, G.-R ., Post, E., Convey, P., Menzel, A., Parmesank, C., Beebee,
T. J. C., Fromentin, J.-M., Hoegh-Guldberg, O., & Bairlein, F. (2002).

20457758, 2022, 8, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/ece3.9210 by Test, Wiley Online Library on [25/10/2022]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

12 of 13

Ecological responses to recent climate change. Nature, 416(6879),
389–395.
Wisz, M. S., Pottier, J., Kissling, W. D., Pellissier, L., Lenoir, J., Damgaard,
C. F., Dormann, C. F., Forchhammer, M. C., Grytnes, J. A., Guisan,
A., Heikkinen, R. K., Høye, T. T., Kühn, I., Luoto, M., Maiorano,
L., Nilsson, M. C., Normand, S., Öckinger, E., Schmidt, N. M., …
Svenning, J. C. (2013). The role of biotic interactions in shaping
distributions and realized assemblages of species: Implications
for species distribution modeling. Biological Reviews, 88(1), 15–3 0.
https://doi.org/10.1111/j.1469-185X.2012.00235.x
Wolf, P. G., Schneider, H., & Ranker, T. A. (2001). Geographic distributions of homosporous ferns: Does dispersal obscure evidence of
vicariance? Journal of Biogeography, 28(2), 263–270.
Xi, Y., Peng, S., Ciais, P., & Chen, Y. (2021). Future impacts of climate
change on inland Ramsar wetlands. Nature Climate Change, 11(1),
45–51. https://doi.org/10.1038/s41558-020-0 0942-2
Yao, Y., Zhang, M., Tian, Y., Zhao, M., Zeng, K., Zhang, B., Zhao, M., &
Yin, B. (2018). Azolla biofertilizer for improving low nitrogen use
efficiency in an intensive rice cropping system. Field Crops Research,
216, 158–164.

13 of 13

Zwiener, V. P., Padial, A. A., Marques, M. C., Faleiro, F. v., Loyola, R.,
Townsend Peterson, A., & Victor Zwiener, C. P. (2017). Planning for
conservation and restoration under climate and land use change
in the Brazilian Atlantic Forest. Diversity and Distributions, 23,
304650–3 02012. https://doi.org/10.1111/ddi.12588

S U P P O R T I N G I N FO R M AT I O N
Additional supporting information can be found online in the
Supporting Information section at the end of this article.

How to cite this article: Karichu, M. J., Ngarega, B. K.,
Onjalalaina, G. E., Kamau, P., & Sessa, E. B. (2022). The potential
distributions of African Azolla species and their implications for
African wetland ecosystems for the future. Ecology and
Evolution, 12, e9210. https://doi.org/10.1002/ece3.9210

20457758, 2022, 8, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/ece3.9210 by Test, Wiley Online Library on [25/10/2022]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

|

KARICHU et al.

