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ABSTRACT
Phytoplankton communities in freshwater rock pools: structure and spatial dynamics in Brazilian drylands

Models associating the responses of the plankton community with the metacommunity structure have expanded our under-
standing of the frequency with which dispersal-related mechanisms are associated with these responses, which depend on the
local characteristics of the habitat and the degree of connectivity between habitats. Our study patterns in the phytoplankton
community structure of freshwater rock pools in dryland ecosystems of northeast Brazil. We hypothesized that depending on
the degree of isolation between rock pools, functional groups would be better indicators of the isolation gradients than would
species, with a decrease in the similarity between communities with increasing distance. We sampled 20 rock pools across a
region with rainfall <300 mm/yr (Paraiba, Brazil), and identified 55 taxa in 13 functional groups. Cyanobacteria dominated in
10 of the 20 rock pools, which were shallow (< 1.5 m) and slightly acidic to alkaline (pH 5.8-10.3). The Jaccard similarity index
showed no correlation with the distance between rock pools, suggesting that isolation did not influence the species composition,
although a highly stochastic distribution was observed. A synergy among local structuring factors (size, depth, light limitation)
and spatial (dispersal) factors appears to best explain distribution and structure of the phytoplankton communities in these
freshwater rock pools.
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RESUMEN

Comunidades de fitoplancton en charcas de roca de agua dulce: estructura y dinamica espacial en las tierras secas
brasileiias

Los modelos que asocian las respuestas de la comunidad de plancton con la estructura de las metacomunidades han amplia-
do nuestra comprension de la frecuencia con la cual los mecanismos relacionados con la dispersion son asociados con estas
respuestas, las cuales dependen de las caracteristicas locales del habitat y su grado de conectividad. La capacidad de
dispersion es un rasgo especifico de las especies. Nuestro estudio tuvo como objetivo identificar patrones en la estructura
de la comunidad de fitoplancton en los ecosistemas de charcas de rocas de agua dulce de las tierras secas en el noreste
brasilefio. Probamos la hipotesis que, dependiendo del grado de aislamiento entre charcas de roca, los grupos funcionales
(GFs) seran mejores indicadores de los gradientes que las especies, junto a la disminucion de la similitud con el aumento
en la distancia. Muestreamos 20 charcas de roca, distribuidas en una region con una precipitacion < 300 mm/afio (Paraiba,
Brasil). Las cianobacterias dominaron en 10 de las 20 charcas de rocas, todos los cuales podrian caracterizarse como poco
profundos (< 1.5 m), y aguas ligeramente dcidas a alcalinas (pH 5.8-10.3). Identificamos 55 taxones distribuidos en 13
GFss. El indice de similitud de Jaccard no mostro correlacion con la distancia entre las charcas de roca, lo que sugiere que
el aislamiento no influyo en la composicion de las especies, aunque una distribucion altamente estocdstica fue observada.
La sinergia entre los factores estructuradores locales (tamario, profundidad, limitacion de la luz) y los factores espaciales



488 Pereira da Silva et al.

(dispersion) pueden ser los mejores paradigmas que explican la distribucion y estructura de las comunidades de fitoplancton

en las charcas de roca analizadas.

Palabras clave: diversidad, grupos funcionales, inselbergs, ambientes poco profundos, tierras daridas, estocasticidad

INTRODUCTION

Classical ecological studies have traditionally
considered communities as closed and isolated
units (e.g., Leibold et al., 2004). Considerable
progress has been made in understanding com-
munity attributes such as richness, diversity, and
other factors that contribute to niche processes
(Shurin & Srivastava, 2005), including regional
factors and/or neutral dynamics (Hubbell, 2001;
Shurin & Srivastava, 2005). From a regional
perspective, two simultaneous processes shape
local communities: the dispersal of species
between habitats and the interactions between
species and their environment within the same
habitat (Shurin et al., 2000; Gonzalez et al., 2009;
Winegardner, 2012).

Studies of shallow natural lakes using the
metacommunity approach for phytoplankton
(Vanormelingen et al., 2008) and zooplankton
(Cottenie & Meester, 2003; Michels et al., 2001;
Shurin et al., 2000) have identified trends regard-
ing which processes are most important in struc-
turing small communities. In the case of phyto-
plankton, Soininen et al. (2007) found that com-
munities were structured first by the ion concen-
tration, second by nitrogen, and finally by
geographic location. Beisner et al. (2006) showed
that species with a larger body size and limited
mobility (e.g., fish and zooplankton) are more
influenced by spatial factors than are species
considered good dispersers, such as bacteria and
phytoplankton. These results suggest that
zooplankton and fish are restricted by dispersal
mechanisms and may therefore act as metacom-
munities within the landscape.

Regions with temporally and spatially uneven
rainfall, high temperatures, and high evaporation
rates exhibit a negative water balance, resulting in
the predominance of temporary, unstable aquatic
ecosystems in the landscape (e.g., Williams,
1997). These temporary ecosystems might be
considered islands in the semi-arid landscape,
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due to their ephemeral nature and instability, and
are highly important for local and regional
conservation of species (Maltchik, 2000). These
waterbodies have been used as model systems in
ecological and evolutionary research, due to their
simple structure, which facilitates the experimen-
tal design. In addition, these water bodies allow a
relatively simple but realistic quantification of
important processes that structure populations
and communities, compared to larger and
more-complex aquatic ecosystems (Jocque et al.,
2010; Brendonck et al., 2010).

Freshwater rock pools are mostly temporary
habitats typical of arid climates (Kluge & Biidel,
2013) and are commonly formed on inselbergs
(rocky reliefs or pediplains) (Jatoba, 1994). They
are present in Western Australia and the Ivory
Coast (Brendonck et al., 2010), and exhibit vary-
ing degrees of isolation and connectivity (Jocque
et al., 2010). The resident species are highly
adapted to the conditions of small water volume,
high temperatures, and high ion concentrations.
Because rock pools are highly unstable systems,
knowledge of the spatio-temporal variability of
the hydroperiod is essential to understand the
dynamics of their aquatic communities (Huls-
mans et al., 2008).

Freshwater rock pools are typically complete-
ly isolated from each other, making active disper-
sal difficult, while passive dispersal mediated by
other organisms (Havel & Shurin, 2004; Bren-
donck et al., 2010; Genitsaris et al., 2011) may be
affected by the distance between pools. In addi-
tion, because high evaporation is a severe envi-
ronmental condition, these communities exhibit a
low diversity of species and functional groups.

This scenario of a high degree of isolation,
restricted dispersal and low species diversity is
ideal for understanding the mechanisms that
enable species to persist in stressful environ-
ments. The objective of our study was to charac-
terize the phytoplankton communities of ephemer-
al freshwater rock pools and to identify patterns
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in the community structure. We hypothesized
that, depending on the degree of isolation
between the rock pools, functional groups would
be better indicators of the isolation gradient than
species, with a decrease in similarity with an
increase in distance.

MATERIALS AND METHODS
Study area

The study was carried out in the Caatinga Mor-
pho-climatic Domain, in the Borborema mesore-
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gion and the Eastern Cariri microregion (07° 29’
20" S, 36° 17° 14" W) of Paraiba state, Brazil
(Fig. 1; Fig. 2). The predominant climate is hot
semi-arid (BSh) (Alvares et al., 2013), with a
mean annual temperature > 20 °C and the lowest
mean annual rainfall in Brazil, which was < 77.3
mm during the sampling period.

This region comprises an open arboreal-shrub
caatinga with many granite formations, where
mostly shallow temporary pools occur (Altermatt
et al., 2003). Although a low absorption potential
and moisture retention are characteristics of this
environment, due to the rocky substrate and unfa-
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Figure 1. Location of the study area in northeastern Brazil. Ubicacion del drea de estudio.

Limnetica, 39(1): 487-498 (2020)



490

vorable climate, Porembski (2007) described the
formation of temporary rock pools during the
rainy season.

Sampling

Water samples for analyses of physical, chemical
and biological parameters were collected from
the subsurface in 20 rock pools on inselbergs in
the Cabaceiras region, during the rainy season.

Limnological characterization:
local variables

analysis of

To characterize the habitats, temperature (°C),
pH, dissolved oxygen (mg/1), turbidity, and total
dissolved solids were measured in sifu, using
aHanna Instruments HI 98130 portable multipa-
rameter probe. Water transparency (Zps) was
determined based on the Secchi depth (m) (Cole,
1994). The coefficient of vertical light attenuation
(k) was calculated as k = 1.7 x Zpg~! (Poole &
Atkins, 1929). The euphotic zone (Z¢, = Sech
disk * 2.7) was calculated according to Cole
(1994). Due to the isothermal profile and shallow
depth, the mixing zone (Z,ix) was considered as
the maximum depth (Zmax). The Zey:Zmix ratio
was used as an index of light availability in the
mixing zone (Jensen et al., 1994).
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Analysis of the phytoplankton community

Water samples for analysis of the phytoplankton
community were collected from the subsurface in
the limnetic zone and fixed with Lugol solution.
Phytoplankton was quantified according to Uter-
mohl (1958), and the sedimentation rate was
determined following Lund et al. (1958).

The biovolume (um3/ml— mm3/l) of each
species was calculated based on Sun & Liu
(2003) and Hillebrand et al. (1999). Functional
groups were defined according to Reynolds ef al.
(2002) and Padisak ef al. (2009).

Statistical analyses

To estimate diversity we employed the concepts
of a, f and y described by Whittaker (1972) and
revised by Jurasinkii et al. (2009): o diversity (or
site-associated diversity), within a particular
community or area; [ diversity (or species
replacement), the extent of change in the com-
munity composition along an environmental
gradient; and y diversity, which represents the
species richness for a set of habitats and there-
fore reflects the geographic diversity (Hunter &
Nosratinia, 2002). Richness, diversity and equi-
tability were estimated for both species and func-
tional groups. Species diversity was estimated

Figure 2. Rock-pool habitats in the study in northeastern Brazil. Charcas de rocas en el drea de estudio (Noreste de Brasil).
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Table 1. Environmental variables sampled in 20 rock pools in northeastern Brazil. Variables ambientales muestreadas en 20 grupos
de rocas, en el noreste de Brasil.

Light

l;g(c)ll( Location D (E;Il:;h Trans(llJna)rency Zeu Zew:Zix at:;il:-]tli?:;i;)n Tem?)eg;lture pH Richness l::g[:?g:{;‘g;;
coefficient
I 0(27621225158\7&/ 5 0. 15 03 57 23.9 58 12 11.445880
i 0037621‘;15955\” s 06 17 03 57 295 93 8 134767276
i 0037621‘:314215\7&/ 25 03 09 04 43 27.8 69 10 19.088
v 0(;762]‘;14215\)‘] 2 0.5 15 08 21 27.8 74 8 920
v 0037621‘:314218\)&/ 05 0.7 21 42 04 25.1 63 9 2855
v 0(27621214213\)\] 25 02 07 03 57 29.6 62 s 2975
Vil Ozzzlzzisw 4 0.5 15 04 43 311 68 7 1.656992
VIl 027621224665\)‘/ 4 1 3 08 2.1 30.6 65 i 3.449503
IX 0037621‘;24655\)‘] 3 0.5 15 04 34 289 79 9 48.646
X 0222331763\)\/ 3 03 I 03 57 30 103 4 5244
X1 003762;18?95\” 5 07 2 03 57 329 94 8 4.904
XII 0037621‘;24775\” 4 0.6 18 05 34 334 84 11 57315
XIII 0(27621224798\7&/ 35 15 45 13 13 308 74 8 118.041
XIV 0037621‘;24895\)‘] 25 02 06 03 57 311 72 6 2,679
XV 0037621‘;24%5\)&, 35 0.5 15 04 43 286 7015 332.859
XVI 0(;7621225%% 4 07 21 05 34 305 7 6 54.836
XVl 0(27621‘:325705\7&/ 4 0.5 s 04 43 272 8§ 10 545
XV 027621‘;25715\)‘] 45 0.5 1503 57 326 7312 46
XIX 00375314;581"% 1 0.4 12 12 14 34.6 76 13 10279
XX 0037621225735\7&/ 35 03 09 03 57 322 93 6 25252
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with the Shannon diversity index (Shannon &
Weaver, 1963) using biomass data and expressed
in bits mg/l, and equitability (J) was calculated
according to Pielou (1966). Since a common
characteristic of these communities is the pres-
ence of rare species, we used the second-order
Jackknife index to estimate species richness
(Magurran, 2004).

Cluster analysis was performed using the
Jaccard distance index (Jaccard, 1908) and the
UPGMA (Unweighted Pair-Group Method with
Average mean) algorithm (Sneath & Sokal,
1973), which was selected based on the high
cophenetic correlation coefficient, in order to
compare the compositional similarity between
communities and functional groups. The Jaccard
index-based distance matrix was also used to
analyze the percentage of species shared between
communities (Legendre & Legendre, 1998).

To analyze the correlation between the com-
munity attributes and the distance between rock
pools, we conducted Mantel tests between
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response matrices (a matrix of community attrib-
utes and a matrix of dissimilarity) and a matrix
representing spatial distance, generated according
to the Euclidean distances between the geograph-
ic coordinates of each rock pools. Therefore, we
used geographical coordinates obtained in the
field to create distance between rock pools, as a
potential dispersal route estimative of phyto-
plankton communities. All statistical analyses
were performed with the R statistical package (R
Core Team, 2017).

RESULTS
Physical and chemical factors

The freshwater rock pools were small and
shallow, with a maximum depth of approximately
5 m. In general, water transparency was low
(£ 1.5 m) and the euphotic zone was shallow
(£4.5 m) (Table 1). Light penetration was limited
(Zeu:Zmix < 1) in most pools except for pools V,

X Xl Xl XV Xvi

X Xiv XVIll - XIX XX

EMESIEK SNmMPmEX1OND)EW2

Figure 3. Relative biomass (%) of the phytoplankton functional groups (= 80 % of the total contribution) in 20 rock pools in northeast-
ern Brazil. Biomasa relativa (%) de los grupos funcionales de fitoplancton (= 80 % de la contribucion total) en 20 grupos de rocas, en
el Noreste de Brasil. Functional groups and representative species: M: composed to large colonies of the Cyanobacteria such as Micro-
cystis sp.; S1: shade-adapted cyanoprokaryotes, including Planktolyngbya limnetica and Pseudanabaena sp.; K: includes small-celled
such as Aphanocapsa sp.; Ly: small dinoflagellates and cyanobacterias such as Merismopedia sp.; SN: nitrogen-fixing species, among
these Cylindrospermopsis raciborskii; MP: metaphytic, periphytic and epilithic diatoms (eg. Eunotia sp. and Gomphonema sp.); X1:
group is formed for small and unicellular chlorococcaleans, such as Monoraphidium sp.; N: Small desmids, typical from mesotrophic
ecosystems (eg. Euastrum sp.); J: colonial green algae (eg. Scenedesmus sp.); Wp: small Euglenoids, among these Trachelomonas
volvocina; A: Centric diatoms, small and planktonic (eg. Cyclotella sp.); D: Small or medium-sized diatom, including Synedra sp. and
T: filamentous algae including Mougeotia sp. (Reynolds et al., 2002; Padisak et al., 2009).

Limnetica, 39(1): 487-498 (2020)
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martiana J Wallman 1853 was present. Subsur-
face temperatures were high, and the pH ranged
from acidic to alkaline (minimum of 5.8 and max-
imum of 10.2) (Table 1).

X, and XIX (Zew:Zmix = 1), where Chara

Phytoplankton

We identified 55 species and morphospecies, of
which 23 could be assigned to one of the follow-
ing 13 functional groups: M, S1, K, Lo, SN, Mp,
X1, N, J, Wy, A, D and T. As shown in Figure 3,
functional group M, represented by Microcystis
sp., showed the highest biomass and dominance,
particularly in pools I (22.8 mg/1), II (269.5 mg/1)
and VII (2365.2 mg/l).

Taxonomic diversity at local and regional scales

Of the 55 taxa recorded, 44 were considered rare
(frequency of occurrence < 20 %), nine occasion-
al (frequency of occurrence between 20 % and 50
%), and two common (frequency of occurrence >
50 %). Based on the second-order Jackknife
index, species richness in this region reached 92
taxa, due to a large number of rare species.

Only Aphanocapsa sp. and Trachelomonas
volvocina, attributed respectively to functional

493

groups K and W5, were recorded in more than 50
% of the samples. The species accumulation curve
did not stabilize which supported the extrapola-
tion of the species richness and demonstrated that
further sampling in the region is needed.

The richness of species (a diversity) ranged
from four to 15, whereas the richness of function-
al groups ranged from four to 10 (Table 2). The
Shannon-Weaver diversity index for species
ranged from 0.0002 to 1.9 bits mg/l (respectively,
rock pools XVIII and II), and for functional
groups ranged from 0.0002 to 1.6 bits mg/l
(respectively, rock pools IV and VII). Equitabili-
ty values were slightly higher for functional
groups than for species (Table 2).

All metrics for species were correlated with
their respective metric for functional groups; the
correlation for richness was 0.76, for diversity
0.91, and for uniformity 0.90. Biomass (mg/l)
was negatively correlated with the Shan-
non-Weaver diversity index and the equitability
for both species and functional groups.

The Jaccard index based on species showed a
low compositional similarity among the commu-
nities, with a high mean dissimilarity (0.81 =+
0.10). Only five pairs of pools shared more than
50 % of the species, 78 pairs shared 20-50 %,
while 102 pairs shared less than 20 % of the

Table 2. Functional groups, taxonomic groups and phytoplankton diversity sampled in 20 natural pool sites in northeastern Brazil.
Grupos funcionales, grupos taxonomicos y diversidad de fitoplancton muestreados en 20 piscinas naturales en el noreste de Brasil.

Richness Shannon-Weaver Evenness
(Index) diversity index
Taxonomic Functional Taxonomic Functional Taxonomic Functional

Groups Groups Groups Groups Groups Groups

Minimum 4.0 4.0 0.0002 0.0002 0.0001 0.0001
Firstquartile 6.7 6.0 0.3 0.3 0.1 0.1
Median 8.5 6.0 0.5 0.5 0.3 0.3
Average 8.8 6.5 0.64 0.5 0.3 0.3
Thirdquartile 10.2 7.0 0.9 0.7 0.4 0.4
Maximum 15.0 10.0 1.9 1.6 0.7 0.8

Limnetica, 39(1): 487-498 (2020)
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Figure 4. Cluster analysis from the relative biomass (mg/l) of the phytoplankton species in 20 rock pools in northeastern Brazil.
Andalisis de conglomerados de la biomasa relativa (mg/l) de las especies de fitoplancton en 20 grupos de rocas, en el Noreste de

Brasil.

species. Mean dissimilarity based on the Jaccard
index for functional groups was 0.57 (£ 0.15).
Sixty-four pairs of pools shared more than 50 %
of the functional groups, 115 pairs shared 20-50
%, and only 11 pairs shared less than 20 %.
Cluster analysis showed well-defined groups,
mainly associated with the morphologies and
adaptive strategies of species and functional
groups (Fig. 4 and Fig. 5). Cluster analysis based
on species showed three groups: Group 1 (Pools
I, IT and VII), characterized by low diversity, high
biomass, and a dominance of some colonial
species such as Microcystis sp. and Aphanocapsa
sp.; Group 2 (Pools III, VIII, XVII and XVIII),
characterized by filamentous species such as
Spirogyra sp. and Planktolyngbya limnetica; and
Group 3 (Pools IV, V, VI, IX, XI, XII, XIII, X1V,
XV, XVI, XIX and XX), with a considerable
morphological divergence, including colonial
(Chlorococcales sp., Desmodesmus sp., Scened-
esmus sp.), flagellate (Hyalophacus ocellatus)
and unicellular (Staurastrum leptocladum)
species (Fig. 4). Cluster analysis based on func-
tional groups also showed three groups (Fig. 5):
Group 1, characterized by functional groups K,
Mp, J, W5 and T, which had wide morphological
diversity; Group 2, characterized by functional

Limnetica, 39(1): 487-498 (2020)

groups X1, J and N, comprising colonial, single-
celled chlorophytes and unicellular desmids; and
Group 3, characterized by functional groups Sy
and M, comprising filamentous and colonial
cyanobacteria.

There was a significant correlation (Mantel
test = 0.47, p = 0.001) between the dissimilarity
matrices of the rock pools based on the composi-
tion of species and of functional groups. Among
the community attributes that we assessed
(species richness, Shannon diversity index, equi-
tability and abundance), only species richness
was correlated with the distances between pools
(Mantel test = 0.40, p < 0.02), indicating that: (i)
rock pools closer to each other diverged less in
species richness, and (ii) increased distance
between pools resulted in an increased
between-pool difference in species richness.

DISCUSSION

Our results indicated a considerable discontinuity
in the spatial distribution of the phytoplankton
communities and functional groups among these
freshwater rock pools. This pattern accords with
the characteristics described for neutral distribu-
tions, whereby communities are structured by
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Figure 5. Cluster analysis from the relative biomass (mg/1) of the phytoplankton functional groups in 20 rock pools in northeastern
Brazil. Andlisis de conglomerados de la biomasa relativa (mg/l) de las especies de fitoplancton en 20 grupos de rocas, en el Noreste
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stochastic demographic events such as birth and
mortality rates (Hubbell, 2001; Hubbell, 2005).
Both the species and functional group cluster
analyses evidenced a similar localized organiza-
tion of the phytoplankton community in the rock
pools, with associations that are characteristic of
shallow, nutrient-rich, mixed and turbid environ-
ments (Padisak et al., 2009). Accordingly, the two
cluster analyses revealed similar morphological
groupings, although the functional group-based
approach better reflected the environmental
conditions, through associations with a high
biomass (e.g., functional groups M and J in rock
pools I, II and VII), as well as with adaptations
that are characteristic of bloom-forming filamen-
tous and colonial cyanobacteria and of coccoid
and unicellular chlorophytes.

Based on the neutrality theory (Hubbell, 2001;
Hubbell, 2005), we can make predictions about
the roles of environmental heterogeneity and
immigration in a local community structure, with
immigration being a key parameter in the pattern
of species abundance (Mouquet & Loreau, 2003).
This approach is particularly appropriate for
phytoplankton communities, given their large
population sizes and rapid renewal rates, which
decrease extinction rates and increase the proba-
bility of dispersal (e.g., Foissner, 2006).

The high mean values of the Jaccard index
(0.81) for species composition and biomass
indicated a low similarity and an absence of

spatial dependency among the rock-pool commu-
nities. The functional groups showed a lower
dissimilarity (Jaccard index = 0.57) than the
species, indicating that although species are
replaced spatially at a high rate, the functional
groups remain relatively the same and might
exhibit functional redundancy. This suggests that
only a few species are resistant to the environ-
mental conditions in these ecosystems, and there-
fore, the rate of species loss is high, although
these losses were compensated by functionally
similar species (Loreau, 2004; Joner et al., 2011).

In this study, the isolation among rock pools
did not determine the spatial structure of the
phytoplankton communities, and therefore
geographic distance did not contribute to the
spatial organization of the communities. Among
community attributes, only species richness
showed a positive and significant correlation with
distance, i.e., between-pool species richness
increased with the increase in distance between
pools. This result might indicate that the commu-
nities of each rock pool are already saturated and
that stable neutral dynamics are operating, i.e., an
increase in the biomass of certain functional
groups is offset by a decrease in other functional
groups that are less adapted to the environmental
instability of these habitats. These ecosystems are
temporary aquatic islands surrounded by rock
formations and typical vegetation of semi-arid
regions, with an extremely simple hydrology.

Limnetica, 39(1): 487-498 (2020)
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They are common in areas of low precipitation,
high evaporation (Brendonck et al., 2010) and
short hydroperiods (Brendonck et al., 2016) and
are highly susceptible to desiccation and severe
disturbance events. Desiccation and the length of
the hydroperiod are determining factors in the
occurrence and maintenance of planktonic
species (e.g., Vanschoenwinkel et al., 2009;
Altermatt et al., 2009; Simdes et al., 2011).

A large number of rare species occurred in
these rock-pool communities. Regionally rare
species are more prone to local extinction (Volk-
ov et al., 2005) than abundant species, which are
more likely to immigrate (Chave, 2004). Further-
more, the neutral theory predicts that the similari-
ty in species composition will decrease as the
distance between communities increases, indicat-
ing a dependence on the effects of limited disper-
sal (Drakou et al., 2009), as observed in the
present study.

Our results suggest that the degree of isolation
of rock pools did not influence the rate of species
replacement, with different species that fitted the
functional niches in the community but that were
distributed stochastically among the pools. The
synergy between local structuring (size, depth,
light limitation) and spatial (dispersal) factors,
although often neglected in the general literature,
might be the best paradigm for explaining the
distribution and structure of phytoplankton com-
munities in these freshwater rock pools.
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