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Abstract

Understanding patterns of beta diversity (heterogeneity) and its components (substitution and subset) is important for man-
aging freshwater ecosystems and the research on these topics has increased over the last decade. However, there has been
limited empirical research exploring the drivers of these components of beta diversity in ponds from agricultural landscapes,
in which hydroperiod length is often a key structural driver. The purpose of our work was to examine the contribution of
substitution (species replacement among sites without changes in richness) and subset (species differences among sites
when species-poor sites constitute subsets of those with a greater number of taxa) structuring processes on macrophyte beta
diversity patterns of sixteen permanent and ten temporary Mediterranean ponds. We also aimed to test the structuring role
of local environmental factors and geographic isolation and to determine whether there are differences in the community
heterogeneity and the relative importance of the substitution and subset fractions of beta diversity between permanent and
temporary ponds. We found that temporary ponds were environmentally and biologically less heterogeneous and supported
lower richness than permanent waterbodies. In both pond types, beta diversity almost entirely reflected patterns of species
substitution rather than subsets. Local environmental conditions, and not among-pond distance, were the main drivers of
macrophyte community structure. Overall, our results suggest that local environmental variables operating through niche
processes were the primary mechanisms driving macrophyte beta diversity patterns, thus highlighting the importance of
environmental heterogeneity for maintaining pond community diversity in agricultural landscapes. Accordingly, conserva-
tion initiatives and ecosystem management strategies should include permanent and temporary pond clusters comprising
wide environmental gradients in their efforts to ensure high levels of regional biodiversity.

Keywords Aquatic plants - Beta partitioning - Community structure - Environmental factors - Temporary and permanent
ponds - Metacommunity

Introduction

Ponds have been historically neglected and knowledge on

their functioning has lagged behind compared to larger
aquatic ecosystems such as lakes and rivers (De Meester

P4 Camino Fernéndez-Aldez et al. 2005). However, these ponds are now recognized as
mcfera@unileon.es important features in landscapes throughout the world. Evi-
Margarita Fernandez-Aldez dence from Europe and America suggests that, despite their
mfera@unileon.es small surface area compared to larger freshwater and ter-

restrial habitats, these ecosystems constitute biodiversity
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Spain plant species, as well as extensive food webs (Davies et al.
2 Department of Agroforestry Sciences, University 2008; Jeffries 2008). This is particularly relevant in the
of Valladolid, Valladolid, Spain Mediterranean region, where ponds contribute significantly
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to regional biodiversity thanks to their abundance and their
high spatial and temporal variability (Grillas et al. 2004;
Florencio et al. 2009; Oertli et al. 2009; Van den Broeck
et al. 2015). Unfortunately, more than half of European
ponds have disappeared during the past century (CEC 1995).
The rapid loss of biodiversity due to agricultural expan-
sion, urban development, fragmentation and partial or total
destruction of the habitat brings an urgent need for more
scientific research in order to understand patterns of species
diversity and the forces controlling community composition
and assemblage structure (Scheffer et al. 2006).

Recently, it has been recognized that a better knowledge
of patterns of diversity is essential for managing and pre-
serving aquatic ecosystems (Alahuhta et al. 2017). Species
diversity consists of three main components across different
spatial scales: alpha or local diversity, gamma or regional
diversity and beta diversity or community dissimilarity. Beta
diversity describes among-site spatial variation in commu-
nity composition (Anderson et al. 2011), and it has been
connected with two different but complementary processes:
turnover (species replacement among sites without changes
in richness) and nestedness (species differences among sites
when species-poor sites constitute subsets of those with a
greater number of taxa) (Baselga 2010; Legendre 2014).
This beta partitioning is based on an incidence measure of
dissimilarity. A similar approach based on abundance data
has recently been proposed by Baselga (2013, 2017). In
this approach, variation in assemblage composition (beta
diversity) can be separated into balanced variation in spe-
cies abundance, analogous to turnover in incidence-based
patterns, and abundance gradients, equivalent to species
nestedness.

The partitioning of beta diversity into substitution
(whether expressed as species turnover or balanced varia-
tion in abundance) and subset patterns (species nestedness
or abundance gradients) offers a powerful approach to guide
regional conservation strategies (Socolar et al. 2016). If sub-
stitution patterns are dominant, conservation efforts should
probably be directed to preserve heterogeneous sets of ponds
with different community compositions. By contrast, strong
subset patterns among sites may require conservation actions
that prioritize species-rich sites over species-poor sites
(Socolar et al. 2016).

The relative contribution of substitution and subset frac-
tions to beta diversity may be driven by many forces such
as local conditions, species-specific dispersal abilities and
spatial processes (Tonkin et al. 2015). One of the most
important among them might be hydroperiod length, which
is considered as the principal constraint of aquatic habitats,
limiting the development of species (Della Bella et al. 2008;
Zokan and Drake 2015).

The coexistence of temporary and permanent pond pro-
vides environmental heterogeneity at a regional scale, which
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can in turn promote the coexistence in a region of species
with differing degrees of tolerance to water stress (e.g. Ala-
huhta et al. 2017; De Meester et al. 2005; Della Bella et al.
2008; Rolon et al., 2008). It is well known that macrophyte
diversity patterns and assemblage structure also respond to
many other drivers, including specific local conditions and
regional landscape factors (e.g. Oertli et al. 2009; O’Hare
et al. 2012). Many of the environmental forces structuring
diversity patterns and composition of macrophyte assem-
blages are regarded as deterministic (e.g. pond size, altitude,
land uses and water chemistry). In such cases, a niche-selec-
tion filtering (i.e. species sorting) from the regional species
pool plays the major role in shaping local community com-
position (Chase 2003, 2007). Drought in particular is known
to generate deterministic processes. It works as an environ-
mental filter which shapes community structure (Chase and
Leibold 2003; Chase 2007). In fact, deterministic niche selec-
tive forces might be more prominent in temporary ponds.

The overall purpose of this study was to explore differ-
ences in macrophyte diversity and community composition
patterns between temporary and permanent ponds in an agri-
cultural landscape. A more specific aim was to identify the
environmental drivers responsible for these patterns and to
determine whether hydroperiod (temporary vs permanent)
influences among-pond community heterogeneity and the
contribution of substitution and subset patterns to beta
diversity. It was hypothesized that local richness would be
higher in permanent systems. Likewise, beta diversity was
expected to be higher among permanent ponds because of
their higher environmental heterogeneity. Furthermore, the
relative influence of local environmental factors and among-
pond distances on the structure of macrophyte communities
was analysed in temporary and permanent ponds. Local fac-
tors were expected to be more important than among-pond
distances in both temporary and permanent systems due to
the small spatial extent of the study and the good dispersal
capabilities of macrophytes.

Materials and methods
Study area

This study was conducted in 26 ponds belonging to a pond
complex associated with the Castile Channel in a steppe
area of the Northern Iberian Plateau (Spain). Altitudes
range between 750 and 800 m.a.s.l. All the ponds lie in an
agricultural landscape and are affected by a number of dis-
turbances, in particular sedimentation, livestock activities,
and diffuse pollution. They have an anthropogenic origin,
arising from the construction of the Castile Channel in the
eighteenth century as a result of water filtering from the
channel or because the flow of water from small streams and
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irrigation canals was blocked by the Channel bank (Junta de
Castilla and Le6n 2010). Nowadays, all these ponds function
like natural systems, although some of them are subjected
to excavation or have been partially invaded by croplands.
Their mean area is 3.2 ha, but most of them are between 1
and 2.5 ha. Maximum depth is usually between 0.6 and 2 m
(mean 1.2). The climate in this area is Continental-Mediter-
ranean, with a wide seasonal variation in temperature since
summers are usually hot and dry and winters are primarily
cold. Rains are more frequent in autumn and spring. This
climate dynamic leads to a seasonal filling regime in most
ponds, with strong intra-annual water level fluctuations.
Sixteen of the ponds do not usually dry up although they
experience low water levels in summer, the remaining ten
ponds dry up every year, typically in summer. These ponds
are referred to as permanent and temporary ponds, respec-
tively (Fig. 1). Their hydrological regime is closely related
to the Castile Channel. Some of the permanent ponds are
connected to the Channel through leakages. Both the per-
manent and temporary ponds are fed by water inputs from
streams, irrigation channels or surface runoff from the catch-
ment (Junta de Castilla and Le6n 2010). Temporary ponds
usually remain dry over July, August and September, how-
ever, this period may differ among ponds depending on their
depth. Furthermore, there are interannual variations, since
the ponds depend on spring rainfalls. Table 1 summarizes
some environmental variables measured in the study ponds.

Sampling

Macrophyte communities were sampled once in June or July
2005 using transects. The number of transects in each pond
ranged between two and eight, depending on the pond area,
the development of the shore (Jensén 1977) and vegetation
heterogeneity. The average numbers of transects performed
in the permanent and temporary ponds were 4.3 and 4.4,
respectively. Quadrats (0.5 m X 0.5 m) were placed at vary-
ing intervals of 0—5 m along each transect depending on
the vegetation heterogeneity. Percentage coverage of each
species was quantified within each unit. The mean coverage
of each species in a pond was calculated as the sum of cover-
ages of the species in all sampling units divided by the total
number of sampling units used in the pond. Nomenclature
followed Flora Iberica (Castroviejo et al. 1986-2013), Ciru-
jano et al. (2008, 2014), and Fernandez-Aléez et al. (2012).

Several water samples were randomly taken from the
whole water column at different locations in each pond
along a shore-centre transect using a core and were com-
bined and mixed to make a composite sample. Conductiv-
ity, pH, temperature, dissolved oxygen and turbidity were
measured in situ using field probes (Model LF 323, Model
330i and Model OXI 320, respectively, WTW) and a port-
able turbidimeter (Model 2100P, Hach). The composite

® Temporary ponds
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—— Castilla Channel
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Fig.1 Inset map of Spain and location of the 26 study ponds along
the Castile Channel

samples were analysed in laboratory for total phosphorus
(TP), soluble reactive phosphorus (SRP), nitrate (NO;™-N),
ammonium (NH,*-N), total suspended solid (TSS), alka-
linity, chloride, sulphate, calcium, magnesium, sodium,
potassium and chlorophyll “a”. Samples were preserved
at 4 °C until they were analysed. All analyses were car-
ried out according to standard methods (APHA 1989). All
the physical and chemical variables were measured on the
same date as the vegetation sampling.

Pond area was measured on images available in SIG-
PAC (the Spanish Geographical Information System for
Agricultural Parcels, https://www.sigpac.jcyl.es/visor/)
and maximum pond depth was determined by measuring
depth at each vegetation sampling unit.

Data analysis

To explore possible differences in macrophyte community
composition between temporary and permanent ponds a
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Table 1 Summary of all
the environmental variables

Temporary ponds

Permanent ponds

measured in permanent and Mean Minimum Maximum Mean Minimum Maximum

temporary ponds
pH 7.4 7.0 7.7 7.6 7.1 8.3
Conductivity (uS cm™) 676 254 1619 688 201 1236
Turbidity (NTU) 2.8 1.2 4.9 2.8 1.4 5.1
Alkalinity (meq L") 6.4 2.1 16.0 52 1.8 7.9
Chloride (mg L) 27.0 5.0 80.0 479 4.0 149.0
Sulphate (mg L") 10.00 2.0 27.5 17.3 1.0 58.0
Sodium (mg L") 9.6 1.3 53.0 11.0 1.0 43.0
Potassium (mg L™ 2.8 0.5 7.2 6.6 0.2 54.0
Calcium (mg L™ 71.9 5.9 123.0 69.7 23.0 102.0
Magnessium (mg L™1) 22.9 52 106.0 19.2 3.6 32.0
Nitrate (mg L) <0.001 <0.001 <0.001 0.09 <0.001 0.75
Ammonium (mg L™ 0.15 0 0.33 0.18 0 0.69
SRP (ug L") 25.2 19.9 29.8 102.9 8.6 518.4
TP (ug L™ 245.0 68.5 971.8 217.5 44.4 821.8
Chlorophyll a (ug L™ 20.8 1.8 54.1 8.6 0.6 56.5
Maximum depth (cm) 48 30 80 165 70 290
Area (ha) 1.7 0.3 8.3 4.1 0.5 29.4

Nitrate concentrations in temporary ponds were undetectable (<0.001 mg L")

non-metric multidimensional scaling (NMDS) analysis
was performed on the Bray—Curtis similarity matrix. A
SIMilarity of PERcentages Analysis (SIMPER) was con-
ducted to identify which species were more frequent in
temporary and permanent ponds and therefore contributed
to the dissimilarities between the two types of ponds (cut
off criteria=90% of cumulative contribution to overall
dissimilarity).

Alpha and gamma diversity (measured as species rich-
ness) were determined separately for each pond type. Analy-
sis of Variance (ANOVA) was used to test whether pond
types (permanent and temporary ponds) differed in their
local species richness. The data were checked for normality
and homoscedasticity using Shapiro Wilk’s and Levene’s
tests, respectively.

The effect of log-transformed environmental variables
on local species richness in temporary and permanent
ponds was also investigated using stepwise multiple regres-
sion with forward selection (cut-off for variable selection
p <0.05). Multicollinearity between pairs of environmental
variables was examined using Pearson’s correlation coeffi-
cient and the variables highly intercorrelated (Pearson corre-
lation coefficient > 0.7) were removed. Hence, environmen-
tal variables used in step-wise multiple regression were pH,
conductivity, SRP, TP, ammonium, potassium, chlorophyll
a, turbidity, pond area, and maximum depth.

A non-parametric Permutational Multivariate Analysis
of Variance (PERMANOVA, Anderson 2001) was used to
test whether pond types (permanent and temporary) differed
in their variability in species composition. PERMANOVA
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compares the variability within groups against the vari-
ability between groups and calculates a Pseudo-F statistic
and its corresponding P value based on permutations (999
replicates) of species compositional data. A significant
PERMANOVA Pseudo-F value may indicate differences
in dissimilarity between groups (differences in within-
group centroids in multivariate space), differences in the
within-groups dispersion (mean distances of members to
their group centroid), or both. To test whether pond types
differed in their within-type dispersion, or beta diversity, a
complementary analysis, the test of homogeneity of multi-
variate dispersion (PERMDISP, Anderson et al. 2006) was
performed. This test compares between-group differences in
the distance from ponds to their group centroid using anal-
ysis of variance. The null hypothesis of no differences in
beta diversity between two pond groups was assessed using
999 permutations of residuals (Anderson et al. 2006). Both
PERMANOVA and PERMDISP were calculated based on
Bray—Curtis dissimilarity. Similarly, PERMANOVA and
PERMDISP based on Euclidean distances of standard-
ized environmental variables were used to test if perma-
nent and temporary ponds differed in their environmental
heterogeneity.

The abundance-based beta diversity partitioning approach
proposed by Baselga (2013, 2017) was used to evaluate if
variation in community composition within each pond type
was more closely linked to balanced variation in abundance
(i. e. substitution) between ponds or to abundance gradients
in which one assemblage is a subset of another (i.e. sub-
sets). These fractions are analogous to the replacement and
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nestedness components of incidence-based dissimilarity
(Baselga 2010). To partition beta diversity based on Bray—Cur-
tis matrix for each pond type, two approaches were used. First,
the overall multiple-site dissimilarity was assessed, consider-
ing the total beta diversity (Bgc), as well as its two compo-
nents, the balanced variation in abundance (B ;) and abun-
dance gradient (Bgc gra) (Balselga 2017). In order to reduce
the bias caused by the different number of ponds (16 perma-
nent vs 10 temporary) of each group, a resampling procedure
was used for permanent ponds, taking 100 random samples
of 10 ponds and computing the average beta diversity values
(Baselga 2010). Second, to determine beta diversity partition-
ing between pairs of ponds a pairwise dissimilarity procedure
was used, in which the pairwise dissimilarity index (B,.) was
fractioned into balanced variation in abundances (B, ) and
abundance gradients (P ,,,) (Baselga 2013). Thus, three pair-
wise dissimilarity matrices were built: Bray Curtis dissimilar-
ity, balanced variation and abundance gradients.

Next, for each group of ponds, RELATE (comparative Man-
tel-type tests on similarity matrices) routine with 9999 permu-
tations of sample data was used in order to explore possible
relationships between biotic dissimilarity computed as Py,
Prcbar and Py o, and the spatial and environmental distances
(Euclidean distance). This routine uses Spearman rank correla-
tion and incorporates a significance test derived by permuta-
tion to test the null hypothesis of complete absence of match
between the two matrices (Clarke and Warwick 2001). Pre-
viously, the BIOENV analysis (Clarke and Ainsworth 1993)
was used to obtain “the best” environmental distance matrix
from all log-transformed environmental variables, such that
the combined variables maximized the correlation between
environmental and biological dissimilarity. The matrix of spa-
tial distances contained pairwise geographic distances between
all ponds calculated from latitude and longitude.

ANOVA and stepwise multiple regression were conducted
with SPSS v.21, while beta diversity partitioning was per-
formed using the R package betapart version 1.4 (Baselga
et al. 2017) for R (R Core Team 2013). The remaining statisti-
cal analysis (NMDS, SIMPER, PERMANOVA, PERMDISP,
BIOENYV, RELATE) were carried out with PRIMER7 soft-
ware, including the PERMANOVA + add-on.

Results

Macrophyte species richness and composition
in temporary and permanent ponds

Sixty-two species (gamma diversity) were identified in the
study area. Twenty-eight of them were emergent and thirty-
four were hydrophytes (twenty-nine rooted submerged, three
rooted floating-leaved, one free submerged and one free
floating macrophyte species). A total of fifty-nine species

were recorded in permanent ponds and thirty-four in tem-
porary ponds.

The species X sites NMDS analysis segregated perma-
nent from temporary ponds (stress 0.21) and corroborated
the initial division in permanent and temporary ponds
(Fig. 2). SIMPER revealed a taxonomic dissimilarity of
67.45% between the two types of ponds. The taxa con-
tributing most to this dissimilarity were Schoenoplec-
tus lacustris (L.) Palla, Phragmites australis (Cav) Trin
ex Steud, Persicaria amphibia L. (Gray), Drepanocla-
dus aduncus (Hedw.) Warnst, Typha domingensis Pers.,
and Hippuris vulgaris L. (Table 2). The average simi-
larities among permanent and among temporary ponds
were 32.49 and 45.25%, respectively. S. lacustris and P.
australis were the most frequent and abundant species
in permanent ponds and four hydrophyte species were
frequent and exclusive of them: Lemna minor L., Myrio-
phyllum spicatum L., Chara hispida var. major (Vaill.
ex Hy) R.D. Wood, and Ceratophyllum demersum L.
Furthermore, other aquatic species such as Myriophylum
verticillatum L., Nitella mucronata (A. Braun) F. Miquel,
Nitella translucens (Persoon) C. Agardh, Potamogeton
crispus L., Potamogeton lucens L., Ranunculus peltatus
Schrank, Zannichellia palustris L. and Zannichellia pel-
tata Bertol. were only found in permanent ponds. The
most frequent and abundant species in temporary ponds
were S. lacustris and D. aduncus. Furthermore, two spe-
cies of bryophytes were only found in temporary ponds
(Amblystegium serpens Schimp., Brachytecium rutabulum
(Hedw.) Schimp.).

Mean alpha diversity, measured as local species rich-
ness, was significantly (p <0.01) higher in permanent ponds
(mean +sd, 18.9+7.5; range 7 to 40 species) than in tempo-
rary ponds (13.1 +3.4; range 8 to 20) (Fig. 3).

Stress 0.21
*
o® o * *
*
@ ¢ ° .
°c ¢ . .
o © *
o
* *
*
*
° Permanent Ponds ¢
Temporary Ponds O

Fig.2 Non-Metric Multidimensional Scaling plot of macrophyte
community structure in permanent (black diamonds) and temporary
(grey circles) ponds

@ Springer



20 Page6of12

M. Fernandez-Alaez et al.

Table2 SIMPER analysis
showing species ranked
according to their contribution

Taxa

Cumulative
contribution %

Mean abundance

to the dissimilarity between Permanent Temporary

;eomng:r(irll);_ilgl gggrﬁﬁiﬁiative Schoenoplectus lacustris (L.) Palla 22.25 41.30 18.02

contribution is shown) Phragmites australis (Cav) Trin ex Steud 23.25 6.05 32.97
Polygonum amphibium L 11.06 7.10 41.70
Drepanocladus aduncus (Hedw.) Warnst 4.88 13.05 49.52
Typha domingensis Pers 11.53 0.50 56.62
Hyppuris vulgaris L 5.53 6.30 62.72
Carex riparia (R.Br.) Poir 5.44 2.10 67.06
Juncus articulatus L 5.88 2.50 71.16
Typha latifolia L 6.13 3.35 75.23
Sparganium erectum L 3.25 0.30 77.88
Lemna minor L 322 0.00 80.20
Phalaris aundinacea L 0.56 2.00 82.18
Myriophyllum spicatum L 3.13 0.00 84.08
Eleocharis palustris (L.) Roemer & Schultes 1.44 2.25 85.82
Galium palustre L 1.53 3.50 87.52
Carex pseudocyperus L 0.47 1.50 88.91
Utricularia australis R. Br 1.97 0.45 90.22

45

F=9.44 p=0.005 — Mean [] Mean+SE T Min-Max

40 _
35
30

25

=

Species Richness

Permanent Temporary

Hydroperiod

Fig.3 Comparison of macrophyte species richness (a diversity) of
permanent and temporary ponds. Inset are the results from the Analy-
ses of Variance (ANOVA)

The most important environmental variables influencing
species richness were pond area (positively correlated) and TP
(negatively correlated) in both types of ponds (Table 3). These
two variables explained 64.51% and 84.62% of the variation in
species richness among permanent and temporary waterbod-
ies, respectively.

@ Springer

Community and environmental heterogeneities
in temporary and permanent ponds

PERMANOVA showed significant differences (p <0.05) in
abundance-based beta diversity of macrophyte community
between temporary and permanent ponds. (Table 4). The
differences between the two pond types were due to com-
positional differences (location of temporary and permanent
ponds in multivariate space) and to differences in the relative
dispersion of ponds within each group (PERMDISP F=7.32,
p=0.028), which was lower for temporary ponds (Fig. 4A). In
addition, significant differences in the environmental condi-
tions between the pond types and in their multivariate disper-
sion (PERMDISP, F=4.41, p=0.047) were found. Permanent
ponds were significantly more heterogeneous in their environ-
mental conditions than temporary ponds (Table 4, Fig. 4B).

Partitioning beta diversity. Relative contribution
of environmental and spatial factors to community
structuring

Using the multiple site framework and the pairwise dissimi-
larity approach proposed by Baselga (2013, 2017), the dis-
similarities in species composition and abundance among
ponds (B, B.) were found to be slightly higher in per-
manent than in temporary ponds (Table 5). Both, pairwise
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Table 3, Results ‘?f multiple Estimate SE Coefficient SE t(8) P

regression analysis of the effect

of environmental variables on Temporary ponds

ga]f:rofs’lt’;’;‘;;f;gf:oi ;Ch“ess’ Tntercept 133 0.10 12.92 <0.001
Log pond area 0.87 0.13 0.26 0.04 6.67 <0.001
Log total Phosphorus -0.39 0.13 -0.14 0.04 —3.00 0.020
Entire model: R=0.938, Adjusted R?=0.846, F, 7, p<0.001
Permanent ponds
Intercept 1.66 0.17 9.67 <0.001
Log pond area 0.65 0.15 0.28 0.07 4.24 <0.001
Log total Phosphorus - 048 0.15 -0.23 0.08 -3.12 0.008

Entire model: R=0.832, Adjusted R2=0.645, F, 13, p<0.001

Table 4 Results of PERMANOVA analyses examining the effects of
hydroperiod on macrophyte communities (Bray—Curtis dissimilari-
ties) and environmental variables (Euclidean distances)

Source df Sum of squares Mean square Pseudo-F P

Macrophyte communities

Hydroperiod 1 6832 6832 3.27 0.004
Residuals 24 50,118 2088

Total 25 56,949

Environmental variables

Hydroperiod 1 4.02 4.02 3.10 0.005
Residuals 24 31.06 1.29

Total 25 35.08

and multiple-site measures revealed that among-assemblage
dissimilarities were explained (in both types of ponds) by
balanced variation in abundance (B, .- Bpc par)> analogous

)

60 -

40 |

20 A

PCO2 (16.3% of total variation)

-40

-60 -40 -20 0 20 40 60

PCO1 (29.2% of total variation)

to spatial turnover, —rather than abundance gradients (B, g,
Bsc.gra)s analogous to nestedness—in both types of ponds
(Table 5).

The RELATE test conducted on the variable sets selected
by BIOENV (Table 6) revealed that variation in species
abundance (beta diversity) and its two components were
significantly correlated with local environmental variability
(p <0.05) in permanent ponds. However, we considered that
the relationship between environmental factors and abun-
dance gradients was of little relevance because of the small
contribution of this component to global beta-diversity.
None of the biological dissimilarity matrices were signifi-
cantly related to spatial distances between ponds. Similarly,
in temporary ponds, both Bray—Curtis dissimilarity and the
balanced variation in abundance were linked to environ-
mental heterogeneity, but no significant correlation between
spatial distances and Bray—Curtis dissimilarity or its two
components was detected (Table 6).

o

0.5 1

-0.5 1

PCO2 (21.2% of total variation)

-2 -1.5 -1 -0.5 0 0.5 1 15 2

PCO1 (26.6% of total variation)

Fig.4 Heterogeneity of macrophyte communities (a) and environmental conditions (b) visualized in an ordination space of principal coordinate
analysis based on Bray—Curtis dissimilarity and Euclidean distances. Vectors connect particular ponds with their centroids
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Table 5 Contribution of B
balanced variation in abundance be

ﬁbc.bal

BBC.gra BBC ﬁBC.BAL ﬁBC.GRA

and abundance gradients

toull k Temporary ponds
to pairwise Bray—Curtis

0.785 0.694 (88.4%)  0.091 (11.6%)

dissimilarity (Bue Pocsar Pocge) M.ea.n 0.547 0422 (77.1%)  0.125 (22.9%)
and to overall multiple-site Minimum 0296  0.076 0.015
Bray—Curtis dissimilarity (Bgc, Maximum 0.900 0.868 0.455
Ppc.aL Pec.ora) in temporary Permanent ponds 0.838  0.787 (93.9%)  0.051 (6.1%)
and permanent ponds Mean 0.675 0.59 (88.3%) 0.079 (11.7%)
Minimum 0.251 0.028 0.001
Maximum 0918 0.888 0.431

Percentage contribution is presented in parenthesis

Table 6 Results of BIOENV
and RELATE analyses showing

Env. Distance

Spatial distance

correlations of beta diversity Index r p r p Environmental variables selected by BIOENV
(Total, Bray—Curtis; balanced
variation in abundance, Temporary ponds
Balanced; abundance gradients, Bray—Curtis 0.489 0.001 0.045 0.355 pH, turbidity, TSS, ammonium, potassium
Gradient) with environmental Balanced 0550 0002 —0.013 0495  Conductivity, TSS, ammonium, TP
‘s’;:tf;ﬂ;gt;ﬁzs E;:\tj::f)piﬁs Gradient 0255 0059 —0062 0593  Turbidity, sulphate, SRP, chlorophyll a
Permanent ponds
Bray—Curtis 0.302 0.011 0.184 0.123 Alkalinity, calcium, SRP
Balanced 0.339 0.004 0.234 0.056 Conductivity, calcium, SRP
Gradient 0.470 0.002 —-0.184 0.930 Turbidity, calcium, area, maximum depth

Discussion

Macrophyte species richness and composition
in temporary and permanent ponds

Hydroperiod is known to be one of the key factors control-
ling macrophyte assemblage composition and diversity pat-
terns (Maltchick et al. 2007; Rolon et al. 2008; Van Geest
et al. 2005). Drought is the principal environmental filter
for macrophytes living in temporary waters (Welborn et al.
1996), especially in Mediterranean regions (Grillas and
Roché 1997). This is apparent in our study in the differences
between permanent and temporay ponds. Permanent ponds
in the study area supported richer macrophyte assemblages
than temporary ones as previously found by Della Bella
et al. (2008), Gioria et al. (2010), and Rolon et al. (2008).
Average pond area and number of transects per pond were
similar in both pond types. Thus, it can be assumed that
higher richness values in permanent ponds were not due to
pond size or sampling effort. Presence of water throughout
the year allowed for the development in permanent ponds of
hydrophytes with long life cycles requiring permanent sub-
mergence, like Myriophyllum verticillatum L., Ch. hispida,
Groenlandia densa (L.) Fourr, Zannichellia palustris L.,
Zannichellia. peltata Bertol, M. spicatum or C. demersum,
absent from the temporary ponds in the study area. These
findings are consistent with Pitzig et al. (2012), who found
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that hydrophytes are positively linked to hydroperiod length.
However, some hydrophyte species survived in temporary
ponds thanks to their fast-growing cycles (e.g. Ranunculus
peltatus Schrank and Ranunculus trichophyllus Chaix) and
their capability to develop terrestrial forms and to live on
wet soils (e.g. P. amphibia, Potamogeton natans L.)

Environmental drivers of macrophyte community
richness

Pond area and trophic status (measured as TP concentration)
were the variables best explaining the variation in species
richness in both types of ponds. The positive relationship
between area and richness of aquatic plants is well known (e.
g. Bosiacka and Pienkowski 2012; Della Bella et al. 2008).
In fact, the species-area relationship is considered one of
the most robust generalizations in ecological theory (He and
Legendre 2002). Likewise, trophic status has often proved
to be a good predictor of macrophyte richness in wetlands
(e.g. Akasaka et al. 2010; Lougheed et al. 2001). Waters
with high nutrient content are usually species-poor (Della
Bella et al. 2008; Jeppesen et al. 2000). However, small
water bodies naturally tend to be more nutrient-rich than
large lakes while supporting higher species richness (Davies
et al. 2008; Williams et al. 2004). In the study area a signifi-
cant decline in macrophyte species richness with increasing
TP in both temporary and permanent ponds was observed.
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As shown by other authors (Della Bella et al. 2008; Vest-
ergaard and Sand-Jensen 2000), the highest richness values
were found in mesotrophic or moderately eutrophic ponds
(45-80 pg L! TP), that is, in the lower end of the available
trophic gradient in the study area.

Community and environmental heterogeneities
in temporary and permanent ponds

In spite of the small spatial scale of the study, Bray—Curtis
dissimilarity revealed a high spatial variability in macro-
phyte assemblages in both pond groups. This supports the
assumption that ponds are environmentally heterogeneous
and thus strongly contribute to freshwater diversity at the
regional level (Williams et al. 2004). It also agrees with the
perception that macrophyte assemblages comprise a het-
erogeneous group of species with varying adaptations and
tolerances to flooding and soil saturation or hydrological
variations (Cronk and Fennessy 2001). Our results, however,
point to the fact that such assemblage heterogeneity is not
equally high in permanent and temporary ponds.

Hydroperiod has been mentioned as a variable strongly
influencing chemical characteristics of aquatic habitats
(Escalera-Vazquez and Zambrano 2010). As expected,
chemical characteristics were more heterogeneous across
permanent than temporary ponds. Such high environmen-
tal heterogeneity in permanent ponds was likely caused by
differences in the relative contribution of inflows with dif-
ferent origin (leakage from the Castile Channel, rainfall,
irrigation channels, and surface runoff). For example, the
water coming from the Castile Channel is of higher qual-
ity than that from farmland runoff, small streams or irriga-
tion channels, more affected by intense agricultural activ-
ity around the ponds. These chemical differences among
permanent ponds are enhanced by hydrological differences
since volume reduction in summer was not the same for all
the ponds. Given the strong influence of chemical character-
istics on composition and richness of aquatic plant assem-
blages (Alahuhta 2015; Fernandez-Aléez et al. 2018; Vest-
ergaard and Sand-Jensen 2000), the increased beta diversity
in permanent ponds can be seen as a natural consequence
of differential response to the environmental gradients of
species with different ecological requirements (Chase and
Leibold 2003).

In spite of the differences in flooding duration that can
be expected among temporary ponds, they were less het-
erogeneous than permanent ponds in both environmental
and biological characteristics, as similarly found by Chase
(2003) and Lopes et al. (2014). Periodical drought has been
postulated as a factor imposing environmental filters with
strong capacity to select species from the regional pool
(Chase 2003, 2007; Welborn et al. 1996) resulting in more
similar niche-assembled communities (Chase 2007) and in

an inverse relationship between beta diversity and distur-
bance intensity (Chase 2003, 2007).

Partitioning beta diversity. Relative contribution
of environmental and spatial factors to community
structuring

The overall beta diversity originated almost entirely from
balanced variation in abundance in both pond types. This
substitution pattern is equivalent to the species turnover
often reported for studies of beta diversity in macrophyte
assemblages based on incidence-based measures of dissimi-
larity (Alahuhta et al. 2017; Boschilia et al. 2016). Further-
more, the results obtained in the study area reinforce the idea
stressed by Baselga (2010) that beta diversity in southern
Europe responds to substitution rather than subset patterns.

On the other hand, for a good understanding of metacom-
munity structure it is essential to disentangle the relative
contribution of environmental and spatial components to
the variation of communities. High values of beta diversity,
as in this study, could be attributed to deterministic pro-
cesses. Under this niche-based view, environmental filters
along with biotic interactions would be responsible for the
community composition (Leibold et al. 2004). In contrast to
the indications made by Padial et al. (2014), no significant
relationship between geographical distances and assemblage
heterogeneity was found. Such a result may be anticipated
given the small spatial scale of the study (maximum distance
between ponds around 70 km) and the absence of geographi-
cal barriers. Besides, the propagules of passive dispersers,
such as macrophytes, can be dispersed over long distances
by different vectors (Soomers et al. 2013; Soons et al. 2008).

Local environmental variables were the dominant drivers
structuring overall beta diversity, as well as substitution and
subset patterns in the two pond types. Relationships were
more significant in temporary ponds. Therefore, species sort-
ing, operating through niche processes, was the dominant
mechanism responsible for the dynamics of macrophyte
assemblages and the high beta diversity among ponds sepa-
rated by tens of kilometers (regional scale). Similar results
have often been reported for macrophyte assemblages (e.g.
Alahuhta et al. 2015; O’Hare et al. 2012) and other biologi-
cal communities (Heino and Tolonen 2017; Vanormelingen
et al. 2008).

The environmental factors responsible for the spatial pat-
terns of assemblage heterogeneity were different for each pond
type. In permanent ponds, the variation in macrophyte beta
diversity and in the patterns of spatial substitution were mainly
explained by ionic content (calcium, alkalinity, conductivity)
and SRP. High ionic content in aquatic habitats is common in
agricultural areas (Atkinson et al. 2011; Kissoon et al. 2013)
and its role in shaping macrophyte assemblages is well known
(e.g. Penning et al. 2008; Rolon et al. 2008; Vesstergaard and
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Sand-Jensen 2000). The relevance of calcium and alkalinity, in
particular, is due to the differences among macrophyte species
in the forms of carbon they assimilate (Maberly and Madsen
2002). Conductivity is closely related to alkalinity and calcium
and is globally recognized as a good predictor of macrophyte
composition (Rolon et al. 2008). By contrast, in temporary
ponds, the spatial beta diversity patterns were closely related
to trophic status, as deduced from the fact that the variables
included in the best environmental distance matrices were
turbidity, TSS, ammonium, potassium and TP. Runoff from
agricultural lands together with the effect of livestock activi-
ties and grazing are probably contributing to increase turbid-
ity and nutrient concentration, especially at the end of spring
when the ponds, just before drying up, have very low depth
and volume. Our results seem to agree with previous research
(Fernandez-Alaez et al. 2018; Lougheed et al. 2001; Penning
et al. 2008) on the fact that land use, particularly agriculture
and livestock, can cause substantial changes in the abundance
and composition of aquatic vegetation.

In conclusion, we found that temporary ponds were envi-
ronmentally and biologically less heterogeneous and sup-
ported lower richness than permanent ponds. Furthermore,
they rarely contributed species not present in permanent
ponds. Macrophyte beta diversity patterns were mainly
driven by species substitution and not by subset patterns
in both permanent and temporary ponds. This suggests that
pond clusters including both temporary and permanent
habitats comprising wide environmental gradients within a
region are essential for a high regional biodiversity (Baselga
2010). At the scale of our study, and in the absence of geo-
graphical barriers, spatial effects on beta heterogeneity were
negligible. Under these conditions, the substitution pat-
terns among ponds are mostly explained by species sorting.
Therefore, local environmental conditions impact the degree
of uniqueness of local macrophyte communities and hence
the importance of environmental heterogeneity for maintain-
ing community diversity.
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