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EDITORIAL
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ABSTRACT
Drought is an important driver of change in aquatic ecosystems and generally acts as a filter to
select biological traits capable of persisting under severe environmental circumstances. Drylands
are highly vulnerable to climate change and increases in climate variability. Consequently, an
increase in the processes of eutrophication, salinization, and habitat desiccation may be
observed in response to the loss of the hydrological connectivity. The International Network on
Limnology of Drylands (INLD) was created with the overall goal of understanding the functioning
and conservation status of aquatic ecosystems in drylands globally. INLD was made official in
2016 through the International Society of Limnology. Its objectives are to (1) assess the current
state of biological diversity in dryland aquatic ecosystems, (2) evaluate the multiple
environmental stressors acting in drylands, and (3) develop models to predict effects of global
change on drylands. This special issue, Limnology of Drylands, consists of 10 manuscripts focused
on the effects of environmental pressures, including global warming, on the biodiversity and
distribution of aquatic communities in drylands.
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Introduction

More than one-third of the human population lives in
areas where there are drylands, and these areas cover
more than 41% of Earth’s land surface, including hyper-
arid, arid, semiarid, and dry-subhumid areas (Millen-
nium Ecosystem Assessment 2005). According to
recent estimates, drylands may increase to 56% of the
land surface by the end of the 21st century (Huang
et al. 2016). This increase may cause several ecological
and social problems, as well as climate change, affecting
research, management, and policy decisions concerning
drylands (Reynolds et al. 2007).

Several types of aquatic ecosystems are included in
dryland regions, such as permanent and intermittent riv-
ers, lakes, and rock pools, among others. Considering
their elevated species richness and the high rate of ende-
mism, aquatic ecosystems in semiarid and dry-subhumid
areas are among the most biodiverse regions in the world
(Gudka et al. 2014). They are strongly influenced by
irregular rainfall patterns, where the spatial–temporal
variability of precipitation increases with the level of
aridity, influencing management and conservation prac-
tices (Williams 2000). Semiarid regions are considered

more vulnerable to climate change, and some predictions
show that an increased aridity trend is occurring more
intensely in semiarid areas, as a function of a gradual
decrease in precipitation and soil moisture, and
increased drought frequency (Ji et al. 2014, Huang
et al. 2016). This tendency, as well as rapid human pop-
ulation growth in dryland regions, will lead to an
enhanced rate of desertification and increased vulnera-
bility of aquatic ecosystems to deterioration (Rotenberg
and Yakir 2010, Huang et al. 2016). Prolonged and
extreme drought events have already threatened the bio-
diversity of dryland ecosystems and disrupted trophic
interactions (Ledger et al. 2013).

Temporary lakes of dryland areas have different hydro-
logical regimes, maintaining dry phases that can last a few
days or months, with drying duration crucial for the estab-
lishment and maintenance of biodiversity (Naselli-Flores
and Barone 2012). Frequent water level reductions,
owing to prolonged droughts, pose a threat to systems
through eutrophication and salinization in addition to
leading to the proliferation of harmful algae (Brasil et al.
2016, Lins et al. 2016, Rocha Junior et al. 2018).

Intermittent rivers are the main type of lotic ecosys-
tem in drylands, composing about half of the global
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river network (Datry et al. 2014). Although these rivers
have been considered to have low species richness, the
increased habitat heterogeneity and terrestrial connectiv-
ity associated with the drying of the main channel is a
source of biodiversity and consequently compensates
for the decreased lotic biodiversity (Larned et al. 2010).
Rock pools on the riverbed can act as aquatic refuges
for species not adapted to desiccation in drylands (Shel-
don et al. 2010). Nevertheless, intermittent rivers in dry-
land areas are fragile and threatened by climate change,
land-use changes, and water abstraction (Datry et al.
2014).

This special issue of Inland Waters (Limnology of
Drylands) focuses on the effects of climate change and
environmental pressures (naturally and anthropogenic-
ally driven) on the biodiversity and structure of aquatic
communities in several dryland regions around the
world.

International Network on Limnology of Drylands
(INLD): highlights, hypotheses, and targets

Historically, human population growth in dryland areas
has led to chronic ecosystem degradation, often expressed
by severe reductions in the quality and quantity of water
resources. Global warming will cause severe and irrevers-
ible impacts on Earth’s ecosystems (IPCC 2014). Empiri-
cal observations for the period of 1948–2008 show that the
world’s drylands have expanded and will continue to
expand by the end of the 21st century (Feng and Fu
2013). For arid regions, the major expansion will take
place over southwest North America and northern and
southern Africa and Australia, and in semiarid regions it
will occur in northern Mediterranean lands, southern
Africa, and North and South America (Feng and Fu
2013). These shifts will increase water shortages and bio-
diversity loss at local, regional, and global scales and
reduce ecosystem resilience to natural disturbances, lead-
ing to unprecedented changes in freshwater ecosystem
services (e.g., McNeely 2003, Baho et al. 2017). Thus,
the combined effects of global dryland expansion and
increasing demand for water resources will magnify
extreme droughts events in hyperarid, arid, semiarid,
and dry-subhumid regions (Feng and Fu 2013).

In the face of these threats, INLD aims to understand
how environmental stressors (i.e., water level reduction,
eutrophication, salinization, and extreme climate events)
affect community composition, distribution, and dynam-
ics of dryland aquatic ecosystems. One of the main pre-
dictions is that climate change (e.g., rainfall reduction,
water level reduction, and extreme drought events) and
local human impacts (e.g., habitat destruction, deforesta-
tion, pollution, water abstraction, and land-use change)

will synergistically change hydrological regimes, leading
to a permanent state of low biodiversity and resilience
in dryland aquatic ecosystems. The first steps of INLD
are to elucidate how climate and anthropically driven
environmental change affect drylands based on 3 assess-
ments: (1) the current state of aquatic biological diver-
sity; (2) how multiple environmental stressors affect
aquatic communities; and (3) the development of predic-
tive models for dryland aquatic ecosystems (Fig. 1).

Droughts have previously been considered a pulse dis-
turbance of high intensity and, because of climate
change, they can now be considered a “ramp disturb-
ance,” increasing in severity through time (Lake 2011).
This ramp disturbance is likely to magnify the effects
of eutrophication and salinization, among other impacts,
selecting species best adapted to severe conditions. The
assessment of these effects will require biological indica-
tors (e.g., Chessman 2015). Thus, research on the life his-
tory of saline and freshwater species and their tolerance
to prolonged drought, and other impacts, may help us to
understand their biology and develop predictive models
about their resilience and persistence of species in dry
habitats (e.g., Chessman 2015, Kouba et al. 2016, Sarre-
mejane et al. 2019).

Despite the large extension of dryland zones around
the world, knowledge on the diversity of species and
functioning of the temporary and permanent ecosystems
is poorly distributed, creating gaps and preventing deci-
sions regarding conservation plans in these areas. The
persistence of the aquatic phase of waterbodies in dry-
land areas will decrease, causing direct mortality of the
biota, leading to a reduction in the taxonomic and func-
tional species richness. The gaps in knowledge and the
increasing human and climate warming impacts on dry-
land aquatic ecosystems are the leading causes of failures
in restoration practices, unraveling with ongoing
decreases in ecosystem and organism resilience.

Contributions

Space-for-time substitution approach

Long-term data series are important tools to answer eco-
logical and evolutionary questions that need broad spatial
and temporal monitoring, especially when dealing with
episodic and variable processes, such as extreme droughts
and flood events (e.g., Dodds et al. 2012). The lack of tem-
poral information (i.e., long-term data series) promotes
serious misjudgments that can interfere not only with
attempts to understand and predict changes but also
with efforts to manage environments (Magnuson 1990).

On an evolutionary scale, the length of the dry phase
is a critical filter, selecting biological traits (Matthews
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and Marsh-Matthews 2003). Species adaptations can be
considered an ecological phenomenon, favoring physio-
logical and morphological adjustments that amplify the
competitive ability and compensate for severe changes
occurring in dryland aquatic ecosystems (Williams
1985). Some morphological and physiological character-
istics, in addition to some adaptations of organisms, can
be associated with their ability to proliferate during the
filling period and in other phases of the hydroperiod.
Among these features, hatching, viability of resting
eggs, high dispersal capacity of the adults, short life
cycle, and generalist strategies enabling adaptation
when habitat changes occur are more important for
aquatic communities, such as zooplankton (Williams
1996).

Nevertheless, long-term studies assessing drought
effects in temporary waterbodies are generally lacking,
resulting in gaps in knowledge about the ecological
memory of these ecosystems. Changes in the frequency
and predictability of droughts caused by human activities
and climate variations can be considered an “invisible
place” (Magnuson 1990) or “invisible space” where the
predictive potential is low (Swanson and Sparks 1990).
In both cases, the absence of evolutionary and historical
perspectives can produce results that range from highly
uncertain to inconclusive.

Desiccation of rivers or wetlands can generate barriers
and hinder biotic flows during drought (Bond and Cot-
tingham 2008). During the wet season, however, the
increased water level in these systems enhances their
hydrological connections (Larned et al. 2010). With cli-
mate change, drylands are expected to experience

extreme drought episodes, increasing habitat isolation,
and hindering river flows and connections (Bonada
et al. 2006).

Some metaphors may be used as a resource to show
the relevance of the long-term studies in comprehending
events with high interannual variability or high spatial
variation, such as ice cover or drought events. Among
these metaphors, the invisible present and the invisible
place may indicate the relevance of historical databases
in multiple and broad scales, preventing errors concern-
ing data interpretation in the short term (Magnuson
1990, Swanson and Sparks 1990) and allowing distinc-
tion between natural and human-induced ecological
events (Larson et al. 2007). The space-for-time substitu-
tion approach has been used to infer past or future tra-
jectories of ecological systems (Blois et al. 2013).
Patterns or trends in space are used to predict temporal
changes, such as the role of macrophytes in shallow lakes
in different climate zones (Meerhoff et al. 2007) or the
effects of rainfall reduction on abiotic and biotic variables
(Blois et al. 2013, Costa et al. 2019). From this insight,
INLD aims to develop 3 main approaches: site monitoring
(see Supplementary Material), implementation of exper-
iments, and paleolimnological investigations.

Some contributions in this special issue address mon-
itoring at a broad spatial scale to understand the distribu-
tion and abundance patterns of species and communities
(e.g., Ilhéu et al. forthcoming 2020, Lanfranco et al. 2020,
Silva et al. 2020a, 2020b). Other contributions use the
space-for-time substitution approach for ecosystems
located at different latitudes to explain the distribution
of organisms along environmental gradients. In this

Figure 1. Schematic presentation of the International Network on Limnology of Drylands (INLD) indicating global patterns and the
functioning of biodiversity in dryland freshwater ecosystems.
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context, Lanfranco (2020) investigated the influence of
morphometric and geographic factors on the structure
and composition of plant communities in 56 temporary
freshwater rock pools in the Maltese Islands, Europe. In
summary, the most influential predictors of community
composition varied across the landscape suggesting that
pool “location” can be an important determinant of com-
munity structure and composition because pool mor-
phometry would favor some functional forms and
species over others.

Submerged macrophytes play a crucial role in
increasing habitat and food webs complexity in lakes
(Manatunge et al. 2000, Thomaz and Cunha 2010),
controlling nuisance species (Hilt and Gross 2008)
and working as shelter and feeding sites for fish and
zooplankton species (Jeppesen et al. 1997, Meerhoff
et al. 2006). However, the vulnerability of these com-
munities to global warming has not yet been clarified
(Jeppesen et al. 2014). One of the gaps in ecosystem
understanding for tropical arid and semiarid areas is
the influence of submerged macrophytes on the attri-
butes of algal communities, mainly concerning the col-
onization of periphytic algae on substrates, control of
phytoplankton biomass, and maintenance of clear-
water state (Hilt and Gross 2008). In this special sec-
tion, Silva et al. (2020b) indicated that the morpholog-
ical and architectural differences between the
charophyte genera Chara and Nitella may induce differ-
ences in the colonization by periphyton in 19 freshwa-
ter ecosystems in the semiarid region of Brazil,
indicating that the colonization process may be driven
by the structure of the substrate, which selects different
life forms and species.

State of knowledge of biodiversity and
biogeographic patterns in dryland zones

Spatial patterns induced by drought
Aquatic ecosystems in dryland regions can be classified
according to the length of their hydroperiod (Williams
2006). Droughts, as an unpredictable and unstable forc-
ing, can favor resilient biota well adapted to deal with
water loss following more predictable periods (Brock
et al. 2003, Williams 2006). Therefore, aquatic fauna
and flora with favorable physiological and morphological
features will be better able to compensate for severe
changes in these ecosystems (Williams 1985).

The length of the drought phase is a critical factor
influencing the abundance and composition of species
(Williams 2006). Intermittent flow may induce a
fragmented distribution of resources and communities
(Leibold et al. 2004). Farias et al. (2020) demonstrated
that nonconnected temporary pools in dryland river

segments and streams can be important for regional
diversity under drought conditions. For some larger
fish species, larger pools during periods of desiccation
provide better environmental conditions (Ilhéu et al.
2020). Fish broodstock is assumed to migrate up tribu-
taries when desiccation of waterbodies or reservoirs
flushing begins, but broodstock may also bury itself in
river sand/mud (Kolding et al. 2016) allowing its survival
during unfavorable seasons.

Some studies showed the successful recruitment of
fish in intermittent rivers even in dry years (Silva et al.
2020a). Therefore, despite the unpredictable regime, spe-
cies from dryland rivers tend to have a rapid population
recovery following droughts because of higher fecundity
(Mallen-Cooper and Stuart 2003, Silva et al. 2020a), ear-
lier breeding, and drought-resistant eggs (Williams
2006).

Multiple stressor analysis
The wide typological diversity of organisms from the
humid areas in drylands can be considered hotspots sus-
tained by the provision of environmental services (Wil-
liams 2006). Temporary wetlands are the most
supersaturated in carbon dioxide (CO2) among the aqua-
tic ecosystems in the global carbon budget (Holgerson
2015). But, despite the relevance to the carbon fluxes at
the local and global scale, temporary wetlands are
neglected (Holgerson 2015). For a better understanding
of carbon fluxes in drylands, more accurate estimates
of the carbon and carbon greenhouse gases (CO2 and
CH4) are needed. In this regard, Morant et al. (2020)
showed that carbon fluxes, which can assist with the
application of restoration and management practices in
dryland ecosystems.

Climate change is affecting global hydrological cycles
and influencing the dynamics of intermittent and tempo-
rary aquatic in dryland ecosystems, with severe impacts
related to the reduction of water levels and changes in
hydroperiod (Landkildehus et al. 2014). Expected reduc-
tions in water levels are likely to result in dramatic
changes in aquatic communities because of increasing
salinity and evapotranspiration, leading to high nutrient
levels (Rocha Junior et al. 2018, Costa et al. 2019); how-
ever, the critical limit for those biological changes is still
unknown. Some hypotheses indicate that Mediterranean
(Jeppesen et al. 2015) and Australian (Nielsen et al. 2003)
dryland lakes may have higher salinity levels in the
future, a pattern expected to occur in other dryland
regions around the world (Fig. 2).

Zadereev et al. (2020) assessed the conditions of saline
lakes in Europe and Central Asia based on the anthropo-
genic and climate change drivers leading to reductions in
water level. This synergy of drivers may be a great
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challenge to the management and sustainable use of
saline lakes in that region.

Hulot et al. (2020) analyzed 30 salt pans in Zimbabwe
to show how water level fluctuations can influence the
aquatic communities and food web structure by the
replacement or loss of species. They found seasonal
changes in the food webs associated with the simplifica-
tion of networks during the dry period. Among the main
drivers of this change, a drastic water level reduction
induced an increase of potential pollutants, mainly
ammonium. In this regard, sublethal concentrations of
toxicants (e.g., copper, ammonium, or cyanotoxins)
affect traits related to sexual reproduction and diapause
egg production, as well as genetic diversity, in several
zooplankton species (Hairston et al. 1999, Liang et al.
2018). This point highlights the ecological and evolution-
ary consequences of the interactive effects of multiple
stressors (e.g., pollutants, toxins, higher temperatures)
on aquatic biodiversity (Aránguiz-Acuña and Pérez-Por-
tilla 2017).

The transition from a clear to a turbid water state is
associated with a decrease in submerged vegetation and
changes in the structure of fish communities in shallow
lakes (Scheffer et al. 1993, Scheffer and Carpenter 2003).
However, droughts can induce a transient state that repre-
sents the “ghost of a stable state,” keeping the lake in an
unstable, clear state most of the time, despite high nutrient
concentrations (Scheffer and van Nes 2007). Usually,
water level reductions also have negative impacts, causing,
for example, an increase of cyanobacterial biomass (Bak-
ker and Hilt 2016), threatening the aquatic biota, enhanc-
ing eutrophication, and reducing ecosystem services.
Among the main consequences of the severe water level
reductions are increased total phosphorus concentrations,

salinization, low water transparency, and loss of services
(Jeppesen et al. 2015; Fig. 3).

Development of predictive models

Human-induced climate change is predicted to cause
both an increase in temperature (resulting in increased
evaporation) and a decrease in the amount of precipita-
tion in most arid and semiarid regions worldwide (Ragab
and Prudhomme 2002), which will increase aridity, fre-
quency, and intensity of droughts. These shifts in local
and regional climate are expected to reduce the flushing
waterbodies and alter the local nutrient cycles, poten-
tially resulting in periods of substantial eutrophication
(Nielsen and Brock 2009).

In Mediterranean temporary and permanent dryland
ponds, studies suggest that the temperature and precipi-
tation patterns determine the structure and dynamics of
phytoplankton on a regional scale (e.g., Naselli-Flores
and Barone 2012). In these habitats, longer periods of
relatively high temperatures and consequent water level
reduction favor algal growth (Naselli-Flores and Barone
2005). Indeed, this pattern has also been demonstrated in
several constructed lakes in northeast Brazil (e.g., Brasil et al.
2016). Nonetheless, with predictions of a warmer and drier
world by the end of the 21st century (IPCC 2014), water
resources will probably reduce in quantity and quality,
increasing susceptibility to salinization and eutrophication,
in addition to favoring cyanobacterial blooms in freshwaters
(Jeppesen et al. 2015, Brasil et al. 2016).

In the last decade, global warming, increasingly con-
taminated waters, and illegal transportation have been
the main elements favoring the expansion of invasive
species (e.g., cyanobacteria) in arid and semiarid regions

Figure 2. Potential changes in dryland aquatic ecosystems and associated landscape in response to severe droughts and related effects,
especially drastic water level reduction of lakes.
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(e.g. Moura et al. 2018). This trend is expected for the
coming years, considering that climate change will inten-
sify the threats (Early et al. 2016), particularly in con-
structed reservoirs regarded as hotspots for invasive
species (Rahel and Olden 2008). Naselli-Flores and Mar-
rone (2019) showed how artificial lakes and ponds in a
semiarid Mediterranean island are more susceptible to
the establishment of non-native species because these
environments are more recent than natural environ-
ments and have fewer of biological filters to prevent col-
onization by invaders. Also, the high number of
constructed aquatic ecosystems in dryland regions facil-
itates invasive species by increasing the surface area for
colonization (Naselli-Flores and Marrone 2019).

Predictive models would be useful to understand
and implement restoration programs that include the
interactive effect of environmental variables and aqua-
tic communities. Recent studies have shown the influ-
ence of nutrients, temperature, and food quality on the
abundance, composition, and diversity of the zoo-
plankton during a long-term restoration program (Li
et al. 2019).

In arid and semiarid zones, some studies have sug-
gested a strong correlation between submerged macro-
phytes and flood intensity, demonstrating high
resistance and resilience in the face of low-impact hydro-
logical disturbances (Maltchik and Florin 2002, Pedro
et al. 2006). By contrast, severe flooding may induce low
resilience in these communities (Maltchik and Florin
2002). Aquatic communities of the temporary ecosystems
are resilient because they can survive disturbances, recov-
ering biomass through attributes that allow proliferation
when the area is reflooded (Brock et al. 2003) and persist-
ing through the production of dormant propagules or
resistance structures (Brock et al. 2003, Williams 2006).

Over the last few decades, several models have been
developed to prevent or reduce the effects of eutrophication
(e.g., Mooij et al. 2010). The most widely accepted and
applied conceptual model is associated with alternative
states in shallow lakes (Scheffer and Carpenter 2003,
Scheffer and Jeppesen 2007). These models predict that
changes in the abiotic components would have little effect
until a nutrient threshold is reached, represented by a
rapid and potentially irreversible transition in the trophic
structure and resilience of the system (Scheffer and Carpen-
ter 2003). Barbosa et al. (2020) assessed the effects of
allochthonous disturbances on phosphorus release in 2
shallow lakes by constructing models using partial least
squares path modeling. Those models indicated that the
submerged macrophyte cover acted as a stabilizing force,
reducing the phosphorus released from the sediments
and preventing shifts between the stable states.

Conclusions and perspectives: challenges
for INLD

Ongoing climate change and global warming may be
magnifying eutrophication and salinization in dryland
aquatic ecosystems, owing to more extreme and more
frequent drought events. Among the consequences
linked to unpredictable and extreme drought events are
(1) the advent of nuisance species (i.e., toxic cyanobacteria),
(2) reduction of the complexity of the food webs, and
(3) loss of ecosystem resilience.

INLD intends to expand the construction of predic-
tive models through scientometric and metanalysis
approaches, identifying patterns using already published
databases. INLD also intends to address the consequences
of climate change to help derive critical limits of water
level reductions that do not result in the degradation of

Figure 3. Schematic presentation of changes caused by the extreme water level changes in dry zones.
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biodiversity and ecosystem services (e.g., Meerhoff et al.
2012). The development of initiatives to reduce eutrophi-
cation, for example, might help mitigate climate change
effects (Moss et al. 2011). Therefore, INLD considers per-
forming simultaneous standardized mesocosm experi-
ments manipulating water level, biological communities,
nutrients, and salinity in different dryland zones of the
world to support the development of ecological models
that infer future trajectories of freshwater systems as a
function of rainfall reductions and worsening droughts.
This approach may be useful to assess how critical
changes in rainfall will affect water quality and freshwater
community structure and composition in drylands, as well
as to generate knowledge of the main mechanisms regu-
lating those processes and develop strategies to mitigate
the expected negative effects.

Under climate change scenarios, patch isolation
through habitat drying is likely to occur, increasing vulner-
ability of rare and endemic species and leading to the loss
of biodiversity. Endemic species vulnerability can also be
magnified by the introduction of exotic species and eutro-
phication, which can lead to habitat homogenization.
Strategies need to be developed that enhance biodiversity
and ecosystem services as well as reduce fragmentation
from drought in rivers and wetlands.
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