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1 | INTRODUCTION

Temporary ponds are one of the most common water bodies in the
world (Downing et al., 2006; Wetzel, 1990), and a type of ecosys-
tem that harbours high biological diversity (Calhoun et al., 2017).
In Mediterranean regions, and especially in the Iberian Peninsula,
where natural lakes are very scarce (Miracle et al., 2010), temporary
ponds constitute an important part of their lentic ecosystems and
are major contributors to the biodiversity of freshwaters (Blondel
& Aronson, 2005; Brendonck & Williams, 2000). During the dry
season, which is unfavourable for many aquatic organisms, popula-
tion survival is ensured by resting life stages that accumulate in the
sediment, forming the so-called egg bank, a reservoir of life forms
that ensures the reestablishment of the community during the next
wet phase (Brendonck et al., 2017; Brendonck & de Meester, 2003;
Wisnoski et al., 2019). The biological communities of a group of ponds
can be viewed as a metacommunity. Local and regional factors may
both play an important role in structuring metacommunities, besides
latency, which can also be essential to understand regional diver-
sity and metacommunity structure (Wisnoski et al., 2019). Resting
forms enable both temporal and spatial dispersal when propagules
are transported by vectors such as wind, water, and other ani-
mals (Brendonck et al., 2017; Brendonck & Riddoch, 1999; Frisch
et al., 2007), including human activities (Valls et al., 2016; Waterkeyn
etal., 2010).

Alpha, B, and y diversity measures are relevant to understand
metacommunity structure and the underlying processes modulat-
ing it. Many studies have analysed the p diversity of aquatic active
communities, concluding that turnover is the main factor driving dif-
ferences in spatial (between pond)  diversity (Atkinson et al., 2021;
Fernandez-Aldez et al., 2020; Hill et al., 2021; Korhonen et al., 2010;
Martins et al., 2019), but other studies have found nestedness as
the main factor driving f diversity (Florencio et al., 2011; Gleason &
Rooney, 2018; Pires et al., 2017). Only a few studies have assessed
the p diversity of the egg bank, and they found turnover to be the
main component driving § diversity (Declerck et al., 2011; Freiry
et al., 2016; Freiry, Weber, et al., 2020). However, to our knowledge,
no study has compared f diversity and its components between ac-
tive communities in the early stages of the hydroperiod (i.e. initial)
and dormant metacommunities.
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4. Both the active and experimental pond metacommunities showed some ex-
clusive species that may be more difficult to uncover with only one type of
approach. Furthermore, the high p diversity observed indicates that each tem-
porary pond is an important contributor to y diversity in the metacommunity.

5. These results show that hatching experiments provide information that is com-
plementary to standard sampling of the active community, and consequently is

a useful tool to uncover pond biodiversity.

beta diversity, egg bank, gamma diversity, resting forms, species richness

The egg bank is usually the largest source of propagules for the
recolonisation of temporary ponds during the next hydroperiod
(Brendonck et al., 2017), having a strong influence on the dynam-
ics of the pond community (Caceres, 1998; Hairston, 1996), but also
on metacommunity organisation (Fukami & Morin, 2003; Loeuille &
Leibold, 2008). In recent years, some studies have evaluated the egg
bank of temporary ponds from a metacommunity perspective (e.g.
Vandekerkhove, Declerck, Brendonck, Conde-Porcuna, Jeppesen, &
de Meester, 2005; Valls et al., 2016). Many studies have also com-
pared the assemblages obtained from hatching experiments with
those sampled in the field (Freiry, Gouvea, et al., 2020; Garcia-Roger
et al., 2008; Rosa et al., 2021; Vandekerkhove, Declerck, Brendonck,
Conde-Porcuna, Jeppesen, Johansson, & de Meester, 2005; Wang
et al., 2020). However, most of these studies have dealt with one or
two groups of aquatic invertebrates (rotifers, ostracods or cladocer-
ans), and only a few have evaluated more comprehensive commu-
nities comprising a variety of groups (Olmo et al., 2020; Santangelo
et al., 2015).

Works analysing the wide invertebrate diversity of temporary
ponds, focusing on the initial metacommunity, are therefore scarce,
although these types of comprehensive studies could be important
for understanding pond functioning and dynamics. We tried to fill
this gap by analysing five groups of aquatic invertebrates (rotifers,
cladocerans, copepods, fairy shrimps, and ostracods) of temporary
ponds to have a more complete view of their metacommunity or-
ganisation at the beginning of the hydroperiod. To this aim, we stud-
ied the aquatic invertebrate metacommunity of 32 Mediterranean
temporary ponds from the Iberian Peninsula by direct sampling at
the beginning of the hydroperiod (initial active community), and by
carrying out a hatching experiment using their egg bank. We com-
pared the experimental metacommunity with the field metacom-
munity to evaluate the similarities between them. The experiment
also allowed us to evaluate changes in the hatching metacommunity
through time, enabling us to assess differences in hatching time be-
tween groups of organisms. We hypothesised that: (1) the hatching
experiment and the field datasets would be similar in species com-
position, but we also expected to find taxa exclusive to each meta-
community; (2) turnover would be the main factor responsible for
differences in similarity between the metacommunities and the main

component of p diversity that explained differences between ponds
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for the active and hatching experiment metacommunities; and (3)
the metacommunities may have similar species richness, although
the relative abundance of species in each metacommunity might be
disparate.

2 | METHODS
2.1 | Study area and sampling methods

We selected 32 temporary ponds of different characteristics (size,
altitude, depth, etc.) avoiding brackish waters (Table S1, more de-
tails in Olmo et al., 2022) located in the Eastern Iberian Peninsula
(Figure 1, Table S1). The area is characterised by a Mediterranean
climate with warm temperatures (15-17°C mean annual tempera-
ture) and low rainfall (500-600mm mean annual precipitation;
Chazarra et al., 2018) concentrated mainly in autumn (September
to November) and spring (March to May). Temporary ponds in the
area usually fill after autumn rains, remaining flooded until the end

of spring or early summer. Most ponds have and annual hydroperiod,

but others are semi-permanent, not drying up regularly every year.
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In 2017, the autumn season was very dry and most of the ponds
flooded in winter 2018. We took sediment samples from each pond
at the end of the dry season in 2017, between September and
November. We selected six sampling points in each pond, three in
the littoral zone and three in the deepest areas of the basin, in order
to take into account the patchiness of egg banks (Brendonck & de
Meester, 2003) and to encompass microhabitat heterogeneity. Each
sediment sample was collected with a spatula in a square area of
9x9 cm and 3 cm depth. The sediment of each pond was homo-
genised in a tray and dried at 35°C until sediment weight loss ceased.
We stored the sediment at room temperature and darkness until the
start of the experiment.

The active community of the ponds was sampled in February
2018, a few weeks after flooding of the seasonal ponds and depth
increase in semipermanent ones. We sampled the water column
using a 63-pm mesh hand net. We carried out a horizontal trawl
of variable length (a total of 10-20m) depending on pond size, and
integrating, in a proportional manner, the different microhabitats
observed. Samples were immediately fixed with formaldehyde 4%.
Benthic samples were collected with a 250-pm mesh hand net. The

sampled 10-20m was distributed proportionally to the extension of
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FIGURE 1 Map of the studied region
and geographical locations of the 32
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about the ponds is available in Table S1 of
the supporting information
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the different benthic microhabitats observed and fixed with etha-
nol 70%. We measured in situ water temperature, conductivity, pH
and oxygen concentration and saturation percentage with a WTW
meter Multi 3,430 (Weilheim, Germany), water depth with a grad-
uated stick, and transparency with a Snell tube (van de Meutter
et al., 2006).

2.2 | Hatching experiment design

The hatching experiment was conducted between 11 April and 9
May 2018, in plastic containers measuring 10x10x5 cm (0.5 L).
Three replicates were used for each pond. Each container (96 in
total) included a glass Petri dish with 30g of homogenised sedi-
ment and was filled with 300 mL of sterilised deionised water. The
containers were closed with a transparent plastic cover to avoid
contamination with air droplets between them. Four small holes
(1 cm diameter) were drilled in each cover to allow for air renewal.
All containers were placed in a BINDER™ KBW 240 (E 5.1) culture
chamber (Tuttlingen, Germany), randomly distributed over the
chamber shelves. Three blank control containers, without sediment,
were added to monitor the possible circulation of propagules in the
chamber. The experiment was conducted under controlled light and
temperature conditions: 12 hr light at 24°C and 12 hr darkness at
18°C. These conditions were selected to simulate the natural light
and temperature conditions during the flooding period. The emer-
gence of invertebrates in the containers, including controls, was
checked at days 1, 3, 5, 8, 11, 14, 21, and 28 after filling. The proce-
dure consisted of filtering the water through a 20-um mesh, pouring
it carefully to avoid disturbance of the sediment. The filtered water
was not discarded but was stored temporarily and then returned to
the corresponding plastic container. The 20-um filter was washed
with water on a Petri dish and checked with a stereomicroscope to
sort and pick up all observed invertebrates. Hatched rotifers were
collected with Pasteur pipettes, isolated in plastic tubes, and im-
mediately fixed with 70% alcohol (these organisms have direct de-
velopment and can be identified to species level few hours after
hatching). To identify crustaceans to species level (and particularly
those with indirect development, such as copepods and ostracods,
that need periods of weeks to become adults), emerged juveniles
were isolated individually in multi-well plates, and placed in a
BINDER™ KBW 720 (E 5.1) culture chamber (Tuttlingen, Germany)
at a constant temperature of 21°C until reaching adulthood, when
they were also fixed. During this growth period, copepods and bran-
chiopods were fed every 2days with the green algae Raphidocelis
subcapitata (Korshikov) Nygaard, Komarek, Kristiansen & Skulberg
1987 from a pure laboratory culture; juvenile ostracods were fed
with frozen spinach following Schmit et al. (2007). To ensure the
removal of all hatched invertebrates, each Petri dish with sediment
was also checked under a stereomicroscope to recover hatched indi-
viduals that could have remained in the sediment when pouring the
water. To do so, the sediment was carefully inspected with a plastic
stick drawing a zigzag along the entire plate while being examined.
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Observed organisms of other taxonomic groups including ciliates,
nematodes, tardigrades, turbellaria, and gastrotrichs, were also de-
tected, removed (except for ciliates), and their presence noted dur-
ing the experiment, although they were not counted or identified
to lower taxonomic levels. Finally, the Petri dish with sediment, the
filtered water and the remains of resting forms captured during the
filtrating process were returned to their corresponding container to
avoid the loss of viable resting forms. Water loss and evaporation
were compensated by adding sterilised deionised water up to the
level of 300mL. Water conductivity, oxygen concentration and pH
were measured three times (days 2, 7, and 23) in each container dur-
ing the incubation period with a WTW meter Multi 3430.

All individuals from the active metacommunity samples and
those emerged during the experiment were counted and identified
following Koste (1978) for rotifers, Alonso (1996) for branchiopods,
Dussart (1967, 1969) for copepods, and Meisch (2000) for ostracods.
Identifications were done at the species level when possible (except
for bdelloid rotifers and harpacticoid copepods).

2.3 | Dataanalysis

Given that a different assemblage of hatched organisms was ob-
tained on each day of the experiment for each pond, we wanted
to compare these metacommunities with each other across
time, that is, we wanted to analyse whether the metacommunity
hatched in the experiment changed over time. To do this, we car-
ried out a Partial Triadic Analysis (PTA; Thioulouse & Chessel, 1987;
Thioulouse, 2011), which analyses a three-dimensional matrix
(ponds x species x time). In the matrix, time is represented by the dif-
ferent days when the hatching experiment was checked (8days in
total). Therefore, PTA shows whether the hatching metacommuni-
ties changed through time. We added to the analysis the initial ac-
tive metacommunity matrix (sampled directly in the field) to check if
it was similar to any of the hatching experiment metacommunities.
Before PTA, we summed the three replicates for each pond and ap-
plied the Hellinger transformation (Legendre & Gallagher, 2001) to
the abundance species matrices. PTA provides three related values:
vectorial correlation coefficients (RV coefficients), table weights,
and cos? values. RV coefficients show the similarity between pairs
of species matrices, that is, between checking days of the hatching
experiment (and between these and the active metacommunity): the
higher the values, the greater the similarity and therefore the less
temporal variation. Table weights indicate how much each matrix
contributes to the compromise table, which is considered an aver-
age matrix (Thioulouse, 2011). The information of each matrix that is
represented by the compromise table, is indicated by the cos? values.
Therefore, higher values of the three indicators mean low temporal
variation through time, because higher similarity among samples (RV
coefficients) leads to higher table weights and cos? values.

We performed a Procrustes analysis and PROTEST (Jackson,
1995; Peres-Neto & Jackson, 2001) to test whether the hatching
experiment and the initial active metacommunities were correlated.
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To represent the hatching experiment metacommunity, we used the
compromise table of another PTA (estimated excluding the active
metacommunity set) because this matrix can be interpreted as an
average of all the experimental matrices. The Procrustes m122 sta-
tistic in PROTEST represents the optimal fit between the two matri-
ces, so that when the m122 value is high (close to 1), the relationship
between matrices is high. Following Peres-Neto and Jackson (2001),
the significance of m122 value was tested by permutation (999 per-
mutations). If the PROTEST is significant, the matrices are related.
Prior to the PROTEST analysis, the Hellinger distance was applied to
the active metacommunity abundance matrix.

To determine which taxa contributed most to the differences
between the hatching experiment and the initial active metacom-
munities, we carried out a similarity percentage analysis (SIMPER;
Clarke, 1993), applied to the untransformed species abundance
matrices.

To assess which component of § diversity (turnover or nested-
ness) accounted for most of the differences between ponds in the
hatching experiment and in the active metacommunities, we ob-
tained the Sorensen index and its components for both datasets by
means of the function beta.multi of the R package betapart (Baselga
& Orme, 2012). We also compared each pond's active community
with its corresponding accumulated experimental sample, using the
function beta.temp, taking into account that it is aimed at comparing
samples through time for the same site.

We analysed the overall (y) diversity of the two sets of samples
(active and hatching experiment metacommunities) in order to as-
sess whether one was more diverse than the other. Considering that
it is not possible to detect all the species in a set of samples due to
practical limitations (Colwell & Coddington, 1994), to evaluate the
diversity detected with our sampling effort and to estimate the pro-
portion of the total diversity that we could assess with our samples,
we calculated the size-based rarefaction and extrapolation curve for
the two sets of samples and for orders of diversity g = O (species
richness), g = 1 (exponential of Shannon entropy), and q = 2 (inverse
of Simpson dominance), following Chao et al. (2014). The size-based
rarefaction and extrapolation curve visually indicates whether our
estimates of true diversity are well fitted. Typically, when the sam-
ple is extrapolated to double the size of the observed sample, the
size-based rarefaction and extrapolation curve for species rich-
ness (order 0), does not stabilise and represents a lower bound, so
there can be some uncommon species that have not been detected
(Chao et al., 2020). In these cases, Chao et al. (2014) and Chao and
Jost (2012) proposed to infer diversity for a standardised fraction of

the metacommunities, the C that is, the minimum value among

max’
maximum coverage values for samples when the samples have been
extrapolated to twice the sample size. Then, for any valueup to C .,
we can estimate the diversity and the evenness of our assemblages,
and they can be compared. Finally, we assessed the evenness pro-
file following Chao et al. (2020), which can indicate if our samples
are evenly distributed for species abundances, for orders g = 1 and
q = 2. When this happens, the profile is a horizontal line at the level

of g =0, otherwise it is a decreasing function of order g.

TABLE 1 Number of taxa for each taxonomic group, either
exclusive of the hatching experiment setting (HE), exclusive of the
initial active community (IA), or shared between settings (HE and I1A)

HE HE and IA 1A
Rotifera 30 16 33
Copepoda 4 1 12
Cladocera 15 9 8
Anostraca 2 2 1
Ostracoda 16 13 11
Total 67 41 65

All statistical tests and ordination analyses were performed in
R ver. 3.6.1 (R Development Core Team, 2019) using libraries vegan
(Oksanen et al., 2020), ade4 (Dray & Dufour, 2007), BiodiversityR
(Kindt & Coe, 2005), betapart (Baselga & Orme, 2012) and iNEXT
(Chao et al., 2014).

3 | RESULTS

3.1 | Metacommunity composition and
environmental setting

A total of 106 taxa (including juveniles) were found in the initial ac-
tive metacommunity and 108 in the hatching experiment metacom-
munity (Table 1, Table S2). No individuals were found in the control
samples without sediment. Among the different taxa that emerged
during the experiment, rotifers stood out, as 43% of the taxa found,
with a similar frequency in the active samples (46%). The next group,
in terms of taxonomic richness, was the ostracods, with 27% of taxa
in the experiment and 23% in the active metacommunity. Ostracods
were closely followed by cladocerans, with 22% and 16% of taxa, re-
spectively, in both sets of samples. Copepods (5%) and fairy shrimps
(4%) had similar representation in the hatching experiment, but in
the active community copepods (12%) were more represented than
fairy shrimps (3%). Altogether, in the two assemblages, we found a
total of 173 different taxa, out of which 41 taxa were shared by both
sets of samples, while 67 were exclusive to the hatching experiment
and 65 were exclusive to the initial active metacommunity (Table 1).

Regarding environmental variables, oxygen saturation in the
experiments was 69 +16%, a little bit lower than in field (87 +25%,
Table S1, S3). Water conductivity was 629 + 750 uS/cm, in the rank
of, but slightly lower, than the field measures (970 + 1,450 uS/cm).
Finally, pH was similar in both datasets; 7.8 + 0.3 for the experiment,
and 8.0+ 0.4 for the active community samples (Tables S1, S3).

3.2 | Temporal changes in the hatching experiment

The interstructure of the PTA shows the progressive differentiation
of the species assemblages throughout the experiment from day
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1 to 28 (Figure 2, Table 2). The experimental metacommunity was
changing at a higher rate until approximately day 5. Table weights
for experimental assemblages varied between 0.22 and 0.44
(Table 2) during the experiment, but the values were slightly higher
and similar between times from day 5 onwards. Moreover, the cos?
values indicate that the compromise table is mostly represented by
the period between days 5 and 28 (Table 2). Therefore, the hatching
metacommunity changed more rapidly during the first days of the
experiment, but afterwards the change rate slowed down and was
more stable, and between days 11 and 21 the metacommunity was
most similar to the compromise table. Differences through time
could be related to variations in the hatching phenology of each
species during the experiment. At the beginning, copepods and fairy
shrimps hatched more frequently than later on (Figure 3). Until day 8
there was a burst of rotifers and ostracods, and the cladocerans also
increased. From day 11 there was a second increase in cladocerans,
rotifers, and ostracods, although the latter two groups, unlike the
others, do not seem to show saturation at the end of the experiment
(28days), in terms of the appearance of new species (Figure 3). The
low RV coefficients and table weight values of the initial active
metacommunity (Table 2, Figure 2) indicate that this dataset is quite

different from that of the experiment, although it is closer to the

PCA Axis 1 (34.1%)

PCA Axis 2 (14.8%)

FIGURE 2 Interstructure ordination by means of a partial triadic
analysis of the hatching experiment datasets, including a matrix for
each day of revision after the starting of the experiment (days 1-28,
indicated by the numbers) and the initial active metacommunity
(IA). Each arrow represents the correlation of each table included in
the analysis (the eight matrices of each revision day plus the matrix
of the active metacommunity), with the two axes of a principal
component analysis summarising the global structure and the
relationships between each moment of the experiment. The circle
corresponds to maximum correlation values of =1 and 1 for each
axis
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experimental assemblages during the first week of the experiment
(days 1-5) than to those observed later on (days 11-28).

3.3 | Differences between the active and
experimental metacommunities

Results of the PROTEST analysis suggest a significant concordance
(mu2 =0.85, p = 0.01) between the compromise table of the hatch-
ing experiment and the active metacommunity. Notwithstanding
this correlation between both datasets, SIMPER analysis indicated
that 28 taxa are responsible for 75% of the differences between
them. Taxa that showed significant differences between the active
and experiment datasets were the copepod Metacyclops minutus,
the cladocerans Chydorus sphaericus, and Ceriodaphnia reticulata,
Cyprididae ostracods, and Bdelloidea rotifers (these last two groups
were not identified to species level). The three taxa first mentioned
were more abundant, and even exclusive (in some cases) to the active
metacommunity but not to the hatching experiment (Table S2), and

the last two taxa were found exclusively in the hatching experiment.

3.4 | Diversity analyses

The global Sorensen index was 0.95 for the initial active metacom-
munity and 0.94 for the hatching experiment. The analysis of p diver-
sity indicated that the differences in species composition between
ponds in each of the two datasets were mostly due to turnover
(0.89 for the active metacommunity and 0.91 for the hatching ex-
periment). That is, the species of one pond are mostly replaced by
other species in other ponds in both the active and the experimental
datasets. When we compared pond samples of the active metacom-
munity with their corresponding ponds in the experiment, the me-
dian p diversity was 0.88. Differences in species composition were
also mostly due to turnover (median value 0.81). Only in the case
of one pond were the differences mostly due to nestedness, and in
the case of another pond differences were due to both processes
equally (Table S4).

The size-based rarefaction and extrapolation curves (Figure 4)
for the active and experimental metacommunities showed that the
calculated asymptotic values were good estimators of true diver-
sity for orders 1 and 2. However, for order O, the asymptotic values
corresponded to minimum species richness (Figure 4). Our samples
were sufficient to estimate the true diversity in a proportion of 99.9%
(C
may contain infinitely uncommon species (Table 3). The difference in

max value). In the remaining 0.1% of both datasets, the individuals
species richness (order 0) between the datasets was only 1.71 spe-
cies. For orders 1 and 2 the asymptotic values were higher in the
active metacommunity than in the experiment (Table 3). The even-
ness profiles (Figure 5) indicated that individuals were slightly more
evenly distributed in the experiment than in the active metacom-
munity. Most of the differences between the datasets were due to
the presence of uncommon species with low abundances (Table S2).
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TABLE 2 Partial Triadic Analysis values for each day of revision of the hatching experiment (day 1-day 28) and for the initial active
metacommunity (IA): RV coefficients between pairs of matrices (revision days or IA) indicate the similarity between them (the higher the
value, the lower the temporal metacommunity variation); table weights indicate the contribution of each moment of the experiment (each
day) or the IA to the average matrix; cos? values indicate the amount of information represented in the average matrix

RV coefficients

Day 1 Day 3 Day 5 Day 8 Day 11
Day 1 1
Day 3 0.28 1
Day 5 0.16 0.44 1
Day 8 0.29 0.23 0.42 1
Day 11 0.18 0.14 0.29 0.46 1
Day 14 0.14 0.16 0.24 0.29 0.61
Day 21 0.11 0.21 0.16 0.36 0.47
Day 28 0.10 0.12 0.10 0.29 0.36
IA 0.11 0.10 0.01 0.07 0.06
—g—_Anostraca
Copepoda
@ Cladocera
30 [===+ == Ostracoda
= == == Rotifera
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} - — —
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2 20 e —
° / a e,
3 /)
E /e
z ¥ —* \I’%\ / o«
o
10 / / L

Day 14 Day 21 Day 28 1A Table weights cos
0.22 0.34
0.26 0.44
0.30 0.51
0.39 0.68
0.44 0.76
1 0.41 0.72
0.51 1 0.40 0.74
0.32 0.46 1 0.33 0.60
0.06 0.07 0.08 1 0.09 0.17
FIGURE 3 Taxonomic richness of the
major groups of invertebrates (Anostraca,
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4 | DISCUSSION

Our results are similar to those found by Garcia-Roger et al. (2008),
who compared the rotifer communities of brackish temporary
ponds resulting from a hatching experiment with those directly
sampled in the field. They found no statistical differences between
the metacommunities but reported some unique species in each
dataset. Our results show high levels of diversity in the initial
metacommunity of Mediterranean temporary ponds, and the need to
use both methodologies to fully describe it. This is because, despite
both metacommunities being very similar, we have also found many
species exclusive to each dataset. The significant similarity found
between the assemblages, makes sense since the largest source

30

of recolonisation for non-flying invertebrate species in temporary
ponds is the egg bank that accumulates in the sediment (Brendonck
et al.,, 2017). Nevertheless, B diversity is notably high between both
datasets, and species turnover is responsible for the differences.
The egg bank has a temporal component (Brendonck & de
Meester, 2003) since it can accumulate resting forms for months
to years (Brendonck et al., 2017), which makes it possible to have
a high diversity of resting forms. However, there are a number of
important conditions triggering hatching. For example, oxygen level
is crucial for breaking the latency of resting forms in many aquatic
invertebrates (Alekseev et al., 2007). During our experiment, oxy-
gen saturation was above 50% in all containers, which might have al-
lowed the hatching of many resting forms, even some that would not
hatch under normal (anoxic or hypoxic) conditions in pond sediment.
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FIGURE 4 Size-based rarefaction

(solid lines) and extrapolation (doted

lines) curves for the initial active (bluish)

and the hatching experiment (brownish)
metacommunities. HE: hatching 100
experiment metacommunity; IA: initial
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TABLE 3 Diversity values of orders q = O (species richness), g = 1 (exponential of Shannon entropy) and q = 2 (inverse of Simpson
dominance) for both the initial active and the hatching experiment metacommunities. Three diversity values are presented for each order of

diversity: the asymptotic (estimated) value for C_.

(the minimum among maximum coverage values for samples extrapolated to twice their

sample size; see Chao et al., 2020); the empirical value (directly obtained from field and experimental datasets); and the undetected diversity

value (difference between the asymptotic and the empirical values)

Initial active

Hatching experiment

Orders of Asymptotic for

diversity C Empirical

max
0 117.92 106 13.92
1 21.52 21.45 0.07
2 12.32 12.31 0.01

= HE
— |A

0.75

0.5

Evenness

0.25

qo0 q1 q2
Diversity order

FIGURE 5 Evenness (E) profile for orders of diversity g =0
(species richness), g = 1 (exponential of Shannon entropy), and

q = 2 (inverse of Simpson dominance) for the initial active (IA, blue)
and the hatching experiment (HE, brown) metacommunities

Undetected C

Asymptotic for

Empirical Undetected

max
119.63 108 11.63
20.30 20.24 0.06
9.44 9.43 0.01

In the field, during the first days of inundation, there is usually very
little water accumulated in the pond, and oxygen levels may be too
low to stimulate hatching in some resting forms. Furthermore, the
temperature conditions selected for the hatching experiment were
similar to those occurring in Mediterranean ponds in autumn or
spring (the expected time for infilling of temporary ponds). However,
despite the inundation period being where the greatest emergence
occurs (Olmo et al., 2012), the year we sampled was unusual, as the
ponds were filled in early winter, when temperatures are lower. This
may have caused discrepancies between the species hatched in the
laboratory and those found in the field. It is also possible that, be-
cause some species require special conditions, or special incubation
periods to hatch (Vandekerkhove, Declerck, Brendonck, Conde-
Porcuna, Jeppesen, & de Meester, 2005), their resting forms could
not hatch in the particular experimental setting and therefore those
species were not detected in the experiment. Differences in micro-

habitat heterogeneity, either when collecting the sediment or when
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sampling the active metacommunity may also be partially responsi-
ble for the observed differences in species composition (Strachan
et al., 2016a). Nevertheless, overall the two metacommunities were
significantly correlated (according to our Procrustes analysis), sup-
porting the use of hatching experiments to show general patterns of
species composition in temporary habitats.

The hatching experiment is also a good method to identify the
initial species occupying pond metacommunities from the egg bank
since, as hatching of individuals proceeds, they can be immediately
extracted and identified. In this sense, our results show how the ex-
perimental metacommunity develops over time, although we must
take into account that interactions among species were artificially
reduced (as specimens were removed each time the experiment
was checked). At the beginning of the experiment, metacommunity
structure changes more rapidly than towards the end of the ex-
periment. This is influenced by the group of organisms that hatch.
Depending on the target group, the duration of the hatching exper-
iment can be modified. For example, copepods and especially fairy
shrimps usually appear shortly after flooding (Williams, 2006), so
that when working with these organisms, the duration of the ex-
periment may be shortened. Other groups of microinvertebrates,
including rotifers, cladocerans, and ostracods, also have species that
appeared early in the experiment. Nevertheless, they occur at high
species richness in these ponds; thus, many species could differ in
their hatching time and therefore some species may appear later on
(Bandeira et al., 2020; Rosa et al., 2021). We have shown that the
best option to gather accurate information from the egg bank about
invertebrate diversity in temporary ponds is by establishing a rela-
tively long-term hatching experiment (i.e. 1 month long or longer).

In terms of sampling effort, it is important to note that it can be
difficult to integrate all the spatial heterogeneity of the active meta-
community when combining water column (i.e. plankton) and ben-
thic samples. Some species of cladocerans, rotifers, and copepods
live associated with the benthos (Wetzel & Likens, 2000), so they
can be underestimated in water column samples, and in the benthic
ones, since the hand nets we used had larger pore size than the nec-
essary to capture some of these organisms. For example, bdelloid
rotifers are associated with benthic environments and they did not
appear in plankton field samples, but we found them in 20 (out of 32)
different ponds in the hatching experiment. There are also species
that live associated with macrophytes (Wetzel & Likens, 2000), and
they may be difficult to detect. In the field, we tried to sample differ-
ent microhabitats including macrophytes, but at the beginning of the
hydroperiod, and particularly in winter, macrophyte cover is usually
very low. It is therefore possible that we underestimated phytophi-
lous species in the initial active metacommunity. By contrast, some
species and their egg banks have patchy distributions (Brendonck &
de Meester, 2003; Pinel-Alloul & Ghadouani, 2007); and this hetero-
geneity may not have been fully covered by our sediment sampling,
resulting in some species being underrepresented in the experimen-
tal dataset.

Besides hatching from the egg bank, there are other ways by
which rotifers and crustaceans can colonise and establish in a

temporary pond, such as arriving from other ponds through dis-
persal or surviving the dry period in a resting form other than rest-
ing eggs. Pinceel et al. (2016) showed that not all resting forms are
transported uniformly by wind. Some are more easily transportable
than others, so that they can be readily dispersed during the dry
season and reach new ponds. As the community is re-established
from the egg bank (Brendonck et al., 2017), these transported rest-
ing forms can also hatch and affect the community in that pond and,
consequently, the entire metacommunity. Some species of micro-
crustaceans, including many Candonidae ostracods, do not produce
resting eggs (Mesquita-Joanes et al., 2012). Consequently, they may
arrive from nearby water bodies by means of dispersal through water
overflows or sometimes by wind or by zoochory (Brendonck & de
Meester, 2003). Also, juvenile or adults of some ostracod species can
withstand desiccation for long periods buried in the sediment with
the valves tightly closed (Horne, 1993). Similarly, some cyclopoid
copepods have larval dormancy stages, that is, their resting forms
are not eggs but juvenile or subadult copepods entering latency just
before reaching adulthood or maturation (Alekseev et al., 2007). The
resting forms of species with such strategies, may have remained
somewhere in the ponds during the dry phase, and they might not
have been sampled during sediment collection (Frisch, 2002; Olmo
et al., 2020), but later appeared in the active pond metacommunity.

When studying the zooplankton of temporary ponds, it is com-
mon that only a few species are dominant and most species occur in
relatively low abundances (Anton-Pardo & Armengol, 2010). Resting
eggs produced by uncommon species are scarce and they may have
a low probability of being found in egg bank samples. Nevertheless,
our results showed similar species richness between both metacom-
munities, although the evenness values of orders g = 1 and 2 indi-
cate that in the experimental metacommunity the individuals were
slightly more homogeneously distributed among species than in the
active metacommunity. This may be due in part to these uncommon
species, which appear in the active metacommunity with very small
abundance, causing the active metacommunity to be slightly more
unbalanced than in the experiment. However, it is also possible that
the continuous extirpation of individuals in the experiment pre-
cluded rapid population growth of some species with high growth
rates, which may otherwise become more abundant when growing
in the field. The fast growth of fairy shrimps, ostracods, or large
cladocerans might allow them to outcompete smaller invertebrates
under natural conditions (Aguilar-Alberola & Mesquita-Joanes, 2011;
Williams, 2006). Nevertheless, some biological interactions, such as
predation, or resource depletion can act as limiting factors in natural
conditions. For example, Yousif et al. (2013), showed how ostracods
can prey over resting forms of another species acting as a biocontrol.

Freiry, Weber, et al. (2020) studied the diversity of zooplank-
ton resting forms from temporary ponds in a subtropical region.
They found that p diversity between ponds was rather high and
concluded that this was one of the major contributors to the total
diversity of ponds in the study area. We analysed the p diversity
between ponds of the active and experimental metacommunities
and in both cases it was high. Furthermore, the largest contributor
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to p diversity was turnover for both metacommunities. This indi-
cates that each pond is unique; although most of the ponds in-
cluded in our study are temporary, they usually harbour species
that do not appear in other ponds with similar characteristics.
Furthermore, the p diversity between ponds in the experimental
metacommunity was slightly higher than that of the active one. In
the hatching experiment, all invertebrates were extracted shortly
after hatching, thus factors such as predation, competition, or
rapid population growth did not strongly affect the biological con-
trol of this metapopulation. However, in the active metacommu-
nity of ponds, despite being also a pioneer metacommunity, these
biotic interactions cannot be avoided. This may be the reason why
some species that were detected in the experiment were not found
in the active metacommunity. It is also possible that some species
were missed during sampling but detected in the experiment.
Another important factor that can influence pond metacommu-
nity structure and development is the length of the hydroperiod.
For instance, Stenert et al. (2017) observed that cladoceran com-
munities change according to pond hydroperiod length. This may
be extended to the entire microinvertebrate community of these
ecosystems, and consequently the variation of hydroperiod dura-
tion among ponds, may also partially explain the high p diversity in
both metacommunities. In addition, the timing of pond inundation
is also important. In the Mediterranean region, rains usually occur
during autumn, thus driving a peak of hatching at this time. However,
as we have already mentioned, this is variable. In fact, during the
sampling year of this study, autumn was very dry and pond inun-
dation occurred in early winter, at a time when environmental con-
ditions are not optimal for the hatching of most species, probably
affecting the initial stages of metacommunity development and its
biodiversity. This problem may become an established trend over
the next years due to climate change. Most probably, the rainy sea-
son in Mediterranean environments will be reduced (IPCC, 2014;
Sala et al., 2000), affecting the infilling of the ponds and producing
long-term changes in their hydroregime (Bagella et al., 2016). This
may strongly influence the egg bank and metacommunity dynamics
(Pinceel et al., 2018; Pyke, 2005). If the hydroperiod is shortened,
the egg bank can be eroded, because hatching organisms may not
have enough time to complete their life cycles and produce rest-
ing forms (Pinceel et al., 2018). Global warming may also affect the
hatching response of resting forms, producing alterations in the
life cycles of zooplankton species (Dupuis & Hann, 2009; Jones &
Gilbert, 2016), significantly reducing the biodiversity of the egg bank

and, eventually, of temporary pond metacommunities.

5 | CONCLUDING REMARKS

Our study focused on the initial metacommunity of temporary
ponds, an early phase of their ecological succession with large ef-
fects on its subsequent development (Loeuille & Leibold, 2008).
In the present study, we showed how the initial metacommunity

Freshwater Biology VS| LEYM

composition already accounts for high biological diversity, although
many species may remain undetected, so consequently even higher
diversity values should be expected. In addition, we also showed
how valuable hatching experiments are to uncover temporary
pond biodiversity, as they can generate diversity estimates close
to those obtained from field sampling campaigns and they can be
used as a complementary tool to find species not detected in the
active metacommunity, possibly achieving in combination, a species
richness estimation up to 60% higher than using only one method.
This study also highlights the high biodiversity of temporary ponds,
and the importance of protecting these ecosystems that are highly
sensitive to environmental alterations (Blondel & Aronson, 2005).
Furthermore, pond metacommunities can be used as models for cli-
mate change studies, focusing on predicting the effects of a global
change scenario on freshwater fauna (Blaustein & Schwartz, 2001;
Parra et al., 2021); Strachan et al. (2016b) showed that the assem-
blages in open waters and fringing trees of a coastal plain present
resilience and resistance, respectively, to false starts of the hydro-
period. When analysing the threats and conservation measures for
temporary ponds, Zacharias et al. (2007), stated that conservation
efforts must be focused on several small ponds, such as those in-
cluded in the present study, in order to maintain high levels of biodi-
versity. Considering the high spatial and temporal § diversity that we
observed, our results support the idea that the maintenance of these
networks of temporary ponds must be done on a spatial basis, but
also on a temporal scale for the sake of efficient management strate-
gies (Cayrou & Céréghino, 2005; de Bie et al., 2008; Jeffries, 2005).
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