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algal mat community. After the disturbance, parameters returned to the orig-
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inal values, albeit with a minor taxonomic turnover. Long-term salinity stress,

simulating sea-level rise, demonstrated the halophile community’s limited re-

sistance. Community parameters quickly deviated from their original values
and underwent significant changes. In both treatments, mesophilic salinities
resulted in a loss of diversity and lower equitability. Maintaining high salinity
levels emerged as pivotal for the stability of salt flat ecosystems. Restoration
and management efforts should prioritize restoring field site salinities to pre-
vious baseline levels to facilitate the recovery of original functionality within
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these ecosystems. The lack of endemism in halophilic microalgal communities
and the cosmopolitan distribution of our sampled taxa support the generality
and applicability of our findings to salt flat microalgal communities world-
wide. This study’s broader implications highlight the fragility and stenotoler-
ance of apparently invulnerable extremophilic communities, underscoring the
need for global conservation and management strategies to protect these del-
icate ecosystems in the face of a changing climate.
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1. Introduction

Salt flats are shallow coastal ecosystems characterized by extreme physical condi-
tions, including high salinity, elevated temperatures, and intense solar radiation,
and are a vital component of coastal habitats. Harsh environmental conditions
stem from high evaporation rates, limited precipitation, and infrequent tidal in-
undation, culminating in the formation of hypersaline lagoons and salt flats often
near mangrove forests [1]. While they are poorly understood and face increasing
anthropogenic disturbances, such areas play essential roles in coastal carbon flux
and nutrient cycling [2]-[4].

Benthic microalgal communities or microphytobenthos in salt flats are com-
prised of photosynthetic microorganisms adhering to sediment surfaces. The mi-
croalgae of salt flat communities establish intricate microbial mats in concert with
bacteria, producing mucilage to shield their cells from desiccation and saline stress
[1] [5]. These microbial mats serve as reservoirs of essential nutrients, which are
transported to nearby mangrove habitats and coastal waters through tidal and
rainfall-driven wash-off [3] [4]. Benthic microalgae can account for up to 80% of
total primary production within hypersaline lagoons, surpassing the contribution
of phytoplankton [6]. As such, the microphytobenthos play a pivotal role in car-
bon and nutrient biogeochemical cycles and form crucial components of coastal
ecosystem food webs [7].

However, these fragile ecosystems dependent on overall constant high salinities
face imminent threats from climate change, which has the potential to disrupt
precipitation patterns and tidal regimes, consequently inducing temporary fluc-
tuations or permanent changes in salinity [8]. This environmental parameter is
the key determinant of halophile microbial community diversity and functionality
[9] [10]. Disturbances in salinity levels, poised to increase with climate change and
other anthropogenic disturbances, are the primary threat to halophile communi-
ties, by altering their composition and function, thereby reducing ecosystem sta-
bility [11].

In ecological theory, ecosystem stability in the face of disturbance is commonly
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described through the complementary concepts of resistance and resilience. Re-
sistance refers to the ability of a community or ecosystem to withstand environ-
mental change while maintaining its structure and functioning, exhibiting little or
no immediate response to disturbance [12]. Resilience, in contrast, describes the
capacity of an ecosystem to recover following disturbance, either by returning to
its pre-disturbance state or by reorganizing while retaining its essential functions,
processes, and feedback [13]. Together, these concepts provide a robust concep-
tual framework for assessing ecosystem responses to both acute and chronic en-
vironmental stressors, particularly in extreme and highly variable environments
such as hypersaline coastal systems.

To address our currently poor knowledge of salt flat microalgal mats’ function-
ing and how climate change could impact them, we modeled the responses of the
keystone guild of halophile microalgae to climate change disturbance scenarios.
We modeled hydrologic cycle acceleration by climate change [14] [15], by simu-
lating extreme rainfall events [16] [17] and sea level rise [18]-[20] on halophilic
microalgal mat communities. We assessed the responses of extremophile micro-
algal mat communities to continuous and discrete climatic changes by multiple
ecological and physiological approaches to combine this with the ecological con-
cepts of resistance or resilience. We subjected them to simulations of an extreme
precipitation event for three weeks, followed by a three-week return to normal
hypersaline conditions, and of sea level rise for nine weeks, in different treatment
groups, respectively.

Our hypothesis posited that halophilic communities of eukaryotic microalgae
and cyanobacteria would exhibit resistance and resilience to salinity fluctuations,
expressed at different temporal scales. In this context, resistance was expected to
be primarily manifested in the short term, whereas resilience was anticipated to
occur over longer temporal scales, following initial changes in community struc-
ture and functioning. These responses were attributed to previous selective pres-
sure imposed by natural salinity fluctuations and subsequent acclimatization to
mesophilic saline conditions [21]-[23]. We also anticipated that data on these re-
sponses would be key to salt flat and broader extremophilic environmental man-

agement and conservation.

2. Materials and Methods
2.1. Study Area

The research was conducted under permit #62303-1 (SISBIO. Portaria ICMBIO #
748/2022) within a hypersaline plain, also known as a tidal salt flat, situated in the
vicinity of mangrove forests in Guaratiba, Rio de Janeiro, Brazil (Figure 1). This
region is part of the Guaratiba Biological and Archaeological Reserve (RBAG), a
protected area encompassing mangrove forests, salt flats, and coastal plains within
the Sepetiba Bay region. This salt flat is a very shallow aquatic ecosystem charac-
terized by sediments with high salinity (75), a range of pH (5-8), temperatures
(20°C - 39°C), and solar radiation (320 - 2040 umol-m™2s™!), primarily attributable
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to elevated evaporation rates, scarce precipitation, and infrequent tidal inundation
during spring tides. The local climate is classified as tropical savanna, with an av-
erage temperature of 25°C and an annual rainfall of approximately 1200 mm.
Monthly precipitation peaks occur in January and June (156 mm), while it sub-

stantially declines in December (12 mm) [24].
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Figure 1. The white point on the map marks where samples were collected in the Guaratiba
salt flat, Sepetiba Bay, R]J - Brazil (23°00'30"S, 043°36'22"W).

2.2. Sample Collection and Acclimatization

Sediment samples containing the microphytobenthic community (about 5 cm
deep and 50 cm? area) were collected with a box-core and then transferred to nine
mesocosms. In the laboratory, the mesocosms were daily moistened with seawater
of 37 salinity and kept in a greenhouse under consistent temperature (25 °C), solar
radiation (200 - 1000 pmol-photons-m™s), and a photoperiod of 12:12 h for 14

days of acclimatization.

2.3. Experimental Timeline and Salinity Conditions

After acclimatization, the environmental change experiment took place over nine
weeks, divided into three separate three-week periods (P1, P2 and P3). During
each period, salinity adjustments were made or maintained according to the needs
of each treatment and control group. The experiment included a control group
and two treatments (n = 3 mesocosms each) (Figure 2).

In the control treatment, the benthic microalgae community stayed at a salinity
of 75 for three periods, reflecting the environmental salinity throughout all three
periods. To simulate the short-term extreme rainfall event, salinity varied
throughout the experiment, with P1 at 75, P2 at 40, and P3 at 75. To simulate sea
level rise, the salinity was adjusted to 40 during three-week periods. Salinity of 40
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naturally occurs in the studied environment when influenced by rare events of
hefty rains or spring tides, and these values are consistent with the scenario pro-
jections of the IPCC 2023 model, referred to as Representative Concentration
Pathways (RCPs) [25] [26]. Daily monitoring of salinity, pH, and temperature was
conducted in the tanks throughout the experiment. Weekly, micro-core samples
(10 ml) of sediments with benthic microalgal communities were collected in each

treatment for biological analysis.

Greenhouse parameters:

Salinity 75 | Salinity 40 | Salinity 40 | Salinity 40 | TemPperature:25°C
Solar radiation:
200-1000 pmol photons m2s™!

Sea level rise

Photoperiod: 12:12h
Salinity 75 Salinity 75 Salinity 40 | Salinity 75

Salinity 75 | Salinity 75 | Salinity 75 | Salinity 75

Treatments (n = 3 mesocosms)
Extreme rainfall

Control

acclimatization

3 weeks 6 weeks 9 weeks
(P1) (P2) (P3)

Figure 2. Schematic diagram of the experiment conducted. P1 represents the first period
of the experiment, the initial three weeks, P2 represents the second period, from the fourth
to the sixth week of the experiment, and P3 represents the last three weeks of the experi-
ment. The values 75 and 40 represent the salinity (PSU) in the mesocosms.

2.4. Microphytobenthic Community Analyses

Sample preparation: The collected samples for microalgal community analysis
were preserved in a 2% neutralized formaldehyde solution and stored for later
examination. Before each analysis, the microbial mat was manually separated us-
ing a small brush and then diluted with seawater filtered through a GFF filter.
Quantitative analyses: We counted the microphytobenthic community using an
Olympus BX51 optical microscope with a Palmer-Malloney counting chamber
(0.1 ml) at 200x magnification. Microorganisms were identified to the lowest pos-
sible taxonomic level and counted accordingly. Community richness, diversity
(Shannon-Weaver Diversity Index, H’), equitability (J’), relative contribution of
each taxon, total cell density, and cell density for each taxon were calculated for

all treatments and controls [27] [28].

2.5. Pigment Analyses

Sample preparation. The collected samples for chlorophyll-a concentration anal-
ysis were quickly frozen and stored at —20°C until further processing. Afterwards,
pigment extraction was carried out using 90% (v/v) acetone for 24 hours at —20°C
in darkness. Quantitative analyses. The concentrations of chlorophyll-a were

quantified employing the spectrophotometric method [29] and the equations out-
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lined by [30]. Absorbances were measured in a spectrophotometer at a wavelength
of 664 nm. These procedures were executed for all treatments and controls every

three weeks.

2.6. Statistical Analyses

All data were initially tested for normality (Kolmogorov-Smirnov test) and ho-
mocedasticity (Levene test). Then, a two-way analysis of variance (ANOVA) was
employed to assess significant variances in microphytobenthic community pa-
rameters (density, diversity, equitability and chlorophyll-a concentrations) across
treatments (control, extreme rainfall event, and sea level rise) and periods (P1, P2,
and P3). A Tukey post hoc test was conducted to identify specific significant dif-
ferences between treatments and periods with a significance level set at p < 0.05.

The statistical analyses were executed utilizing the R software [31].

3. Results
3.1. Microphytobenthic Community Parameters

Throughout the experiment, there were no significant differences in abiotic pa-
rameters between the control and treatment groups. The microphytobenthic com-
munity, however, showed density fluctuations across treatments (control, extreme
rainfall and sea level rise) and periods (P1, P2 and P3) as illustrated in Figure 3.
In the control group, mean cell density varied between 4 and 5 x 107 cells-L™
during each three-week experimental period (P1, P2, and P3). Under the extreme
rainfall treatment, the highest density occurred in P2, where values roughly dou-
bled those of the control, reaching about 1 x 108 cells-L™". Similarly, in the sea level
rise treatment, the peak density also occurred in P2, with a mean of roughly 1.5 x

108 cells-L ™, exceeding both the control and the extreme rainfall treatment (Fig-

ure 3).
= 2.5%10% - P1 P2 P3
) a
§, 2.0x10°% 4 ] T 7 b
[
i = R 1| T |4
] 4 b ]l a
9 s0x10 | [22 1 J_ T
3 T = Ea
2 0.0 T - T T T T

T T T
controls extreme sea level controls extreme sea level controls extreme sea level
rainfall rise rainfall rise rainfall rise

Figure 3. Cell density (mean * SD) in the control group, sea level rise and extreme rainfall event simulation treatments, during each
three-week experimental period (P1, P2, and P3). Different letters denote statistical significance (p < 0.05).

The microphytobenthic community exhibited variations in diversity (Shannon-
Weaver Diversity Index, H’) and equitability (J°) across different treatments (con-

trol, extreme rainfall, and sea level rise) and periods (P1, P2, and P3). In the con-
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trol group, both indices fluctuated during the P1 (mean H’ = 0.37 and J’ = 0.49),
followed by a progressive increase from this period, reaching the highest values
near the end of the experiment (H’ = 0.79 and J” = 0.85). Within the extreme rain-
fall treatment and sea level rise, diversity and equitability showed a progressive

increase during P2 and achieved the highest values also in P3 (Figure 4).
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Figure 4. Diversity and equitability in sea level rise, extreme rainfall event simulation treat-

ments, and in the control group during each three-week experimental period (P1, P2, and
P3). Different letters denote statistical significance (p < 0.05; repeated measures ANOVA).
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3.2. Chlorophyll-A Concentrations

Chlorophyll-a concentrations in the microphytobenthic community varied across
treatments (control, extreme rainfall, and sea level rise) and periods (P1, P2, and
P3). In the control group, mean chlorophyll-a concentration was 1420 mg-m™ at
P1, followed by a slight decline at P2 (1127 mg-m~) and values similar to P1 at P3
(1422 mg:-m™). Under the extreme rainfall treatment, chlorophyll-a increased
from 830 mg-m™ at P1 to 2400 mg-m~ at P2 and subsequently decreased to 1176
mg-m~ at P3. In the sea level rise treatment, mean chlorophyll-a concentration
was highest at P3 (4215 mg-m™), followed by P1 (2107 mg-m™), and lowest at P2
(1323 mg-m™) (Figure 5).
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Figure 5. Chlorophyll-a (Chl a) in sea level rise, extreme rainfall event simulation treatments, and in the control group during each

three-week experimental period (P1, P2, and P3). Different letters denote statistical significance (p < 0.05; repeated measures

ANOVA).

3.3. Microphytobenthic Community Composition

In the salt flat microbial mats, a total of 16 microalgal taxa were identified, all of
which have a cosmopolitan distribution. The composition of the microphytoben-
thic community exhibited variations across treatments (control, extreme rainfall,
and sea level rise) and periods (P1, P2, and P3). Cyanobacteria and Bacillari-
ophyceae (diatoms) were the first and second most abundant groups, respectively,
throughout all treatments and periods. Among the cyanobacterial taxa, the genera
Microcoleus | Leptolyngbya and Lyngbya exhibited significantly higher abun-
dance in the sea level rise treatment compared to the control. In the sea level rise
simulation, they constituted 74% of the total abundance in the microalgal com-
munity, whereas in the controls, their representation was 39%. Among the diatom
taxa, the genus Nitzschia showed significantly higher abundance in the extreme
rainfall simulation (9%) compared to the control (0.6%). The comparison between
the extreme rainfall simulation with the control at P3, showed no significant dif-
ferences in diversity and equitability. The other abundant taxa included Phor-
midiumand Pleurosigma/| Gyrosigma. The relative abundances of these taxa fluc-
tuated within and across treatments and periods but showed no significant pattern

when analyzed in isolation from other taxa. (Figure 6 and Figure 7).
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Figure 6. Relative cell density per taxon in sea level rise, extreme rainfall event simulation
treatments, and in the control group during each three-week experimental period (P1,
P2, and P3). Salinities in PSU are shown for every period, being separated by dashed
lines. Microcoleus/ Leptolyngbya in dark blue, Lyngbya in black, Nitzschia in gray, Pleu-
rosigmal Gyrosigma in orange, Phormidium in magenta, and remaining rare taxa in other
colors.
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Figure 7. Relative contributions per taxon in sea level rise, extreme rainfall event simula-
tion treatments, and in the control group during each three-week experimental period (P1,
P2, and P3). Salinities in PSU are shown for every period, being separated by dashed lines.
Microcoleus/ Leptolyngbya in dark blue, Lyngbya in black, Nitzschia in gray, Pleu-
rosigmal Gyrosigma in orange, Phormidium in magenta, and remaining rare taxa in other
colors.

4. Discussion

Disturbances in natural salinity baselines are poised to increase with climate
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change-induced hydrologic cycle acceleration and sea level rise. While the salt flat
halophilic microalgal communities thrive in high salinity environments and often
face desiccation, their responses to mesophilic salinity levels are poorly known.
To address this problem, we simulated two scenarios of disturbance by salinity
reduction: one of a short-term intense rain event and another of a long-term sea
level rise.

The controls remained at 75 PSU in every period and no significant alterations
were observed in total and relative cell density, chlorophyll-a concentrations, di-
versity, equitability, richness, relative contribution per taxon, and taxonomic
composition of the microalgal mats, as expected.

During the initial three weeks of the experiment (P1), salinities were kept at
average field site levels of 75 PSU for the extreme rainfall simulation. In the sea
level rise simulation, salinity was decreased from 75 to 40 PSU, a difference nu-
merically the same as going from average seawater to distilled water. In P1, no
significant alterations were observed in the analyzed ecological and physiological
variables between treatments and controls. At the start of week four (P2), salinity
was lowered to 40 PSU to simulate an extreme rain event that would affect the salt
flat for only three weeks. A minor yet significant alteration in some community
parameters occurred in the extreme rainfall simulation during P2. However, after
six weeks of lowered salinity, a major community shift happened in the sea level
rise simulation, primarily due to the increased abundance of two taxa that were
already dominant under natural extremophilic conditions (Microcoleus/Lep-
tolyngbya and Lyngbya).

The taxonomic composition and relative contribution per taxon, which altered
little in the first three weeks in P1, showed a gradual, steep turnover at the start of
week four in P2. In this context, the abundance of Microcoleus/ Leptolyngbya and
Lyngbya was associated with the reduction in osmotic stress under mesophilic
conditions, which likely relaxed physiological constraints and allowed competi-
tively superior taxa to proliferate, thereby contributing to the observed increases
in cell density, changes in community composition, and growth of chlorophyll-a
density, mainly during the P3. This was likely due to less harsh environmental
conditions, as evidenced by increased chlorophyll-a and cell densities, as also re-
ported by Bento et al. 2017 [32]. However, this ecological disturbance also led to
a significant reduction in diversity and equitability in relation to control levels.
Therefore, the data after three weeks of salinity disturbance in both simulations
show that the community showed overall resistance only in the short term.

At the start of week seven (P3) for the extreme rainfall simulation group, the
salinity was returned to natural extremophilic levels (75 PSU). The return to ex-
treme salt concentrations and harsh environment resulted in a return to previous
control values of cell and chlorophyll-a densities, similar taxonomic composition,
relative abundance, and taxon densities. This resulted in a return to a low density
and low productivity characteristic of a stress-tolerant community within just four

days (from day 41 to day 45). Therefore, the salt flat extremophile microalgal com-
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munity was resilient, successfully facing short-term stress caused by climate
change, as parameters similar to those present before the simulated stressor were
reattained.

In weeks seven to nine (P3) for the sea level rise simulation group, the salinity
was kept at mesophilic seawater levels (40 PSU). The continuity of lower salt con-
centrations kept a mesophilic environment for a previously extremophile-selected
microalgal community. The continuity of less harsh environmental conditions re-
sulted in the same high values of cell and chlorophyll-a densities, but different
taxonomic composition, relative abundance, and taxon densities from P2. Values
were not expected to be even higher due to the maximum density having been
reached already by P2, due to the self-thinning rule being at play [33]. Under the
sea level rise scenario, the prolonged-term osmotic stress due to subjecting ex-
tremophiles to mesophilic conditions resulted in an increased community restruc-
turing, away from low-density and low-productivity halophile microalgal mats se-
lected for stress-tolerance and towards mesophilic communities. Therefore, the
salt flat extremophile microalgal community was not resistant, as parameters sim-
ilar to those present before the simulated stressor were not reattained, as it faced
long-term stress caused by climate change. Under the sea level rise scenario, even
if the salt flat were not entirely flooded, changing conditions would gradually re-
structure the salt flat ecosystem, endangering its sensitive extremophile microalgal
mat community. Long-term environmental disturbance also increased diversity
loss in this treatment, which poises this community for further instability in a
feedback loop [34].

Overall, in our simulated scenarios, the environmental disturbance generated
by climate change led to shifts in dominance, equitability, and diversity. However,
it depended on whether disturbances were temporary or long-term. Under tem-
porary salinity stress (extreme rainfall simulation), the microalgal mat community
displayed resilience, returning to parameters similar to the original values, but
with some taxonomic changes. Under long-term salinity stress, in the sea level rise
simulation, the microalgal mat community did not display resistance, since its pa-
rameters increasingly departed from the original values. As a previously extremo-
philic environment shifted to a mesophilic one, the high diversity, high equitabil-
ity community dominated by stress-strategist extremophiles was supplanted by a
low diversity, low equitability competitive-strategist mesophilic community [35]
[36]. Extremophilic communities are generally less diverse than [35]. Still, the
lowered diversity and equitability in relation to P1 levels are due to the new dis-
turbance event (salinity decrease), which is expected to lower diversity and equi-
tability regarding the previous baseline in the short term [34]. Experimentally,
Bartha (2022) [37] found a decrease in diversity and equitability in extremophilic
bacterial community cultures, with the eventual presence of a single taxon per
culture from previously mixed cultures. This was in accordance with our results
on eukaryotic extremophiles, for even in the controls, there was a gradual decrease

in equitability and diversity. In the extreme rainfall treatment group, after the sa-
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linity levels returned to baseline (P3), there was a partial recuperation of initial
diversity and equitability values.

However, it should not be expected that extremophilic communities would re-
turn to the same previous state after disturbances and stresses ended, as our results
showed in the extreme rainfall simulation in P3 compared to P1 and further cor-
roborated by Zhou et al. (2023) [38] results on microbial community change after
disturbance. These factors, even if short-term, would alter ecosystemic interac-
tions and population dynamics of every taxon, increasing the likelihood of extir-
pations or extinctions whose vacancies could be filled by new immigrant taxa, but
not necessarily to the same functional consequence.

It should be recognized that mesocosm-based experiments, while enabling con-
trolled manipulation of key environmental drivers, do not entirely capture the
complexity of natural salt flat ecosystems, including factors such as grazing pres-
sure, spatial heterogeneity, and large-scale nutrient fluxes, which may modulate
community responses in field conditions. Although we studied microorganisms
from a single collection site, there is currently no evidence supporting biogeo-
graphical regionalization for extremophilic, especially halophilic, microbial com-
munities [39], and the 16 microalgae taxa we identified were cosmopolitan, con-
sistent with current literature on extremophile biogeography [37]. Therefore, we
can reasonably expect our findings to be applicable broadly to salt flat microalgal

communities worldwide.

5. Conclusions

This study demonstrates that halophilic microalgal mat communities inhabiting
salt flats are resilient but not resistant to climate change-driven salinity disturb-
ances. Short-term salinity reductions simulating extreme rainfall events induced
temporary changes in community structure, biomass, and productivity; however,
the rapid recovery of density, chlorophyll-a concentration, and taxonomic com-
position following the restoration of hypersaline conditions highlights a strong
capacity for resilience. In contrast, prolonged exposure to mesophilic salinity lev-
els, simulating sea level rise, resulted in persistent shifts in community structure,
reduced diversity and equitability, and the failure to return to pre-disturbance
conditions. These findings indicate that halophilic microalgal communities are
unable to resist chronic salinity changes.

Accordingly, our initial hypothesis that extremophile microalgal communities
would exhibit both resistance and resilience to salinity fluctuations was only par-
tially supported. While resilience to short-term disturbances was confirmed, re-
sistance to long-term salinity reduction was clearly rejected. Sustained mesophilic
conditions promoted community restructuring away from low-diversity, stress-
tolerant extremophile assemblages toward altered states with compromised func-
tional traits.

From an ecological and conservation perspective, our results underscore the

critical importance of maintaining high salinity regimes for the stability and func-
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tionality of salt flat ecosystems. Management and restoration strategies should
prioritize restoring and preserving natural salinity baselines, as failure to do so
may lead to irreversible changes in community composition and ecosystem func-
tioning. Given the cosmopolitan distribution of the taxa observed and the lack of
evidence for biogeographic regionalization in halophilic microalgae, these find-
ings are likely applicable to salt flat ecosystems globally. Overall, our study high-
lights the fragility of seemingly robust extremophilic systems in the face of ongo-

ing climate change.
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