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Highlights
1. A spring was created to increase local charophyte diversity in a Natural Park.
2. Five species grew from sediment oospores; C. hispida was dominant.

3. The charophyte meadow played a key role in the maintenance of clear-water
phases.

4. Nutrient competition and allelopathy primarily caused low microalgal numbers.

5. Some factors threaten charophyte growth, but the restoration plan was successful.



Abstract

A small, shallow basin was created and flooded with groundwater in a Reserve Area in
Albufera de Valencia Natural Park (AVNP) under the scope of a restoration program.
The goal was to mimic typical environments such as freshwater springs, abundant in
AVNP in the past but currently suffering from deterioration. The final objective was to
increase the local biodiversity of submerged macrophytes, particularly charophytes.
From April 2009 (a few months after flooding) to September 2012, the dynamics of
charophyte growth and related physical, chemical and biotic factors were followed. Just
after flooding, five charophyte species grew spontaneously when oospores germinated
in the sediments. C. hispida populations largely dominated the community and
developed dense meadows that covered virtually the entire bottom. Charophytes
exerted a clear negative influence on microalgal densities (through nutrient competition
and allelopathy), increasing water transparency. C. hispida stands precipitated
substantial CaCO; in the form of encrustations on the plants, accompanied by
coprecipitation of inorganic phosphorus, maintaining low concentrations of soluble P in
the water. Reduced groundwater inflow, increased salinity, increased nutrient
concentration, increased turbidity and increased feeding pressure by waterfowl,
separately or by negative synergistic effects, considerably reduced charophyte
development during the final year of the study. Despite the charophyte decrease, the
stoneworts in this newly created water spring represent one of the most extensive and
dense stands of submerged vegetation within AVNP, verifying the achievement of one

of the goals of the restoration plan.

Keywords: Chara hispida meadow, Nitella hyalina, restoration, sediment bank,
charophyte-microalgal interaction, zooplankton, herbivore pressure.



1. Introduction

Charophytes are a component of submerged vegetation. They are of considerable
interest due to the numerous beneficial roles they perform (Coops, 2002; Kufel and
Kufel, 2002). However, charophytes remain severely threatened (Lambert and Davy,
2011; del Pozo et al., 2011; Auderset Joye and Schwarzer, 2012; Baastrup-Spohr et
al., 2013). In semi-arid areas, such as the coast of the Mediterranean, the habitat has
deteriorated severely (Parcerisas et al., 2012). In these zones, where large and deep
water bodies are scarce, the wetlands with their lagoons, coastal ponds and shallow
and small water bodies represent essential aquatic ecosystems for the development of
charophytes (Martinez-Taberner and Moya,1991; Alonso-Guillén, 2011). Albufera de
Valéncia Natural Park (AVNP), a protected area of 21,000 ha that includes the largest
lagoon (3,500 ha) on the Iberian peninsula, an area of 14,000 ha devoted to rice fields,
several shallow water bodies in inter-dunal depressions and groundwater springs, is
likewise threatened. The main lagoon, largely covered by charophytes in the past
(Rodrigo et al., 2010) is currently hypertrophic and has no submerged vegetation. The
water springs in AVNP, formerly abundant, have deteriorated (due, e.g., to desiccation
and pollution, Soria, 1992). The richness of charophytes in the area has been severely
reduced. The authorities have sought to allow the charophyte diversity to recover by
restoring the affected springs, but the charophyte richness has not yet recovered.
Seven water springs in the Natural Park were examined, but charophytes (only two
species, Chara vulgaris L. and Nitella hyalina (De Candolle) C. Agardh) could be
detected sporadically in only two of these springs (Alonso-Guillén, 2011). Within a
Reserve Area (Tancat de la Pipa) in AVNP and under the scope of a broader
restoration program (Rodrigo et al., 2013a, b), a small, shallow basin was created in
2008 and flooded with subterranean waters in an attempt to mimic the typical springs in
the area, with the final goal of increasing the area’s charophyte richness. The recent

creation of this body of water furnishes a perfect scenario for investigating (i) whether



the charophyte diversity has increased in the area of the Natural Park but also (ii)
whether charophytes are able to colonise and grow in the newly created water spring
as a result of the germination of propagules in the sediment bank and, consequently,
(iii) the ecological role of the charophytes in the trophic status of this new ecosystem.
We studied the propagules in the sediment bank and followed the dynamics of
charophytes for the four years since the creation of the new water body, and we
monitored the time course followed by selected physical, chemical and biological
factors. The relationships between charophytes (as submerged macrophytes) and
microalgae include a set of known mechanisms, such as competition for inorganic
nutrients (Mulderij et al., 2007), allelopathy in both directions (van Donk and van de
Bund, 2002; Pflugmacher, 2002), light limitation (Scheffer et al., 1993; Arthaud et al.,
2012) and the consequence of shifts in both the size structure and functional roles of
the plankton (Bakker et al., 2013), e.g., a decrease in non-edible cyanobacterial
filaments (Rojo et al., 2013). Moreover, macrophyte beds offer zooplankton a refuge
from fish predation (Burks et al., 2002; Carpenter et al.,1985). In turn, large herbivorous
crustaceans feeding on microalgae can help maintain water clarity (Blindow et al.,
2000, 2002), although this is not always the case (Compte et al., 2011). For this
reason, we also studied the relationship between charophyte development and
plankton community structure to determine whether these macrophytes, via controlling
effects on the plankton, are involved with water transparency in a positive feedback
process. Another biotic factor considered was the pressure on the charophyte stands
exerted by herbivorous waterfowl. We discuss the possible mechanisms that maintain
the clear-water state as well as the possible reasons for the changes in vegetation

observed at the end of the study period.



2. Materials and methods

2.1. Study site

The artificial water spring is located within the Tancat de la Pipa Reserve Area (AVNP;
39° 21’ 57" N, 0° 20’ 55" W; Fig. 1A), a 40 ha zone formerly devoted to rice crops
(Rodrigo et al., 2013a). After the construction of the basin, it was fed by groundwater
sources via a deep artesian well. It has a surface area of approximately 4 ha and mean
and maximum depths of 0.9 m and 2.2 m, respectively. The groundwater inflow is
located in the northwest part of the basin, and there is an outlet in the southwest part
(Fig. 1A). Initially, the inflow was approximately 4 | s, but the inflow later gradually
decreased. The flow stopped entirely in January 2012 (Fig. 1B). The artesian well was
rebuilt, and the groundwater inflow was re-established one month later to values similar
to those at the beginning of the project. The water spring has hard water with a
bicarbonate concentration of 160 + 4 mg I'* (annual mean * standard deviation). Just
after flooding, several cultures of Myriophyllum spicatum L. were planted in the water

spring by the managers.

2.2. Charophyte sampling and analyses

To assess the potential contribution of the seed bank in the sediments in the new basin
as a source of future vegetation development through germination, two sediment cores
(length 10 cm, diameter 6 cm) were taken to search for charophyte fructifications at the
end of 2008 after flooding by the managers. The sediment was extracted from the tube
and homogenised, and an aliquot was taken to determine the sediment water content
immediately after sampling. The remaining sediment was washed sequentially with tap
water and sieved (mesh sizes 1000, 500 and 250 pum) (Rodrigo et al., 2010). The three
fractions obtained after sieving were observed using a stereomicroscope. The
charophyte remains (3,900 fructifications isolated and identified) consisted of oospores

and gyrogonites (calcified oospores). Gyrogonites and oospores were removed with a



brush and/or forceps, identified and separated by species. Four fructification types
(“apparently viable” and non-viable oospores and gyrogonites) were distinguished.
Apparently viable oospores were defined as intact, hard oospores that did not undergo
deformation when pressed with the forceps and contained “healthy” starch granules
(de Winton et al., 2004; Rodrigo et al., 2010). Apparently viable gyrogonites were
defined by the presence of an intact calcium carbonate cover. The four fructification
types were counted, and the relative frequencies per gram sediment dry weight were
calculated.

The first survey to assess charophyte richness was performed in March 2009, a few
months after flooding. Charophyte biomass per surface unit was determined bimonthly
thereafter from April 2009 to September 2012 at three sampling stations (Fig. 1A).
Charophyte thalli from 0.034 m? quadrats were harvested, washed in water to eliminate
residues of sediment and epiphytic algae and dried at 70 °C. The dried biomass from
each sample was weighed to obtain dry weight. The carbonate content of the
charophyte incrustations was determined as the difference in dry weight before and
after washing the charophytes with an HCI solution to remove the incrustations. This
procedure was adapted from the method described in Kufel et al. (2013). The results of
this method did not significantly differ from those of the loss-of-ignition method (Heiri et
al., 2001) (unpublished results). The carbonate content was determined from the
whole-charophyte sample used for measurment of the dry weight and, in several
individuals, from the differentiated apical and basal parts of the plant.

Four vegetation maps were developed during the summers of 2009-2012. The
boundary of the water spring was determined on foot by recording the coordinates at
intervals of 4 m using a global positioning system (GPS, Garmin, Etrex, Kansas City,
USA). Twenty-two radial transects across the spring were made on each occasion.
Coordinates and water depths were recorded at intervals of 3 m. Submerged

vegetation patches and helophyte cover were also located. Each group of coordinates



was analysed using the GIS free software programme gvSIG 1.9 to represent
vegetation locations and area cover. The total biomass was calculated from the area
cover and the mean biomass per unit surface area for the corresponding sampling

months.

2.3. Water level and flow measurements

Water level fluctuations were recorded weekly by the managers of the area from
readings on a graduated pole set up in the northern part of the water spring. The
fluctuations indicated in figure 1B are expressed relative to depth zero on the day the
pole was installed. Groundwater flow was measured with a continuously registering

flow meter installed by the managers in the water spring in August 2009.

2.4. Sampling and analyses of water and determination of the underwater light climate
Physical and chemical variables were measured and water samples taken monthly
from April 2009 to September 2012 at approximately 13:00 from a boat positioned
close to the centre of the water spring (Fig. 1A). The water temperature, the dissolved
oxygen concentration (DO), the conductivity/salinity and the pH were measured in situ
using portable field measurement equipment (WTW® probes). Depth profiles of light
penetration were determined by measuring in situ subaquatic irradiance with a Q
32010 Li-Cor quantum spherical sensor connected to a Li-Cor 250 meter at 10 cm
intervals at the deepest part of the water spring. These measurements were made from
the boat. The boat was held in position with a rope that was tied to the boat and to two
points on the shore of the spring. Secchi depth measurements were also recorded.
Water samples for chemical and biological analysis were collected with a jar 10 cm
below the water surface and kept in cool and dark conditions prior to analysis. The
concentrations of total suspended solids, total phosphorus (TP), total nitrogen (TN),

nitrate, nitrite, ammonium and silicate and the values of turbidity and chemical oxygen



demand were determined using standard methods (as described in Martin et al., 2013
and Rodrigo et al., 2013b). The Chl a concentration was calculated following the
method described in Rodrigo et al. 2013b. Phytoplankton samples were preserved in
250 ml PVC bottles and fixed immediately with iodine-Lugol solution. Metazooplankton
(rotifers, cladocerans and copepods) was collected by filtering up to 5 | of water
through 37 ym Nytal mesh. Each sample was fixed immediately with sucrose-formalin
(Haney and Hall 1973). The phytoplankton and metazooplankton determinations were

performed following Rojo et al. (2012).

2.5. Determination of waterfowl abundance
The abundance of ducks and coots was determined by counts. Censuses were
conducted at fortnightly intervals with a telescope, always within the first three hours

after dawn.

2.6. Statistical analyses

The normality of the distributions of the variables analysed and the homeoscedasticity
of the samples were tested with Kolmogorov-Smirnov and Levene tests, respectively. If
both conditions were satisfied, a one-way ANOVA and a post hoc Bonferroni analysis
were used to compare the means of the variables. Otherwise, non-parametric tests
were used. The relationships between Chl a concentration and Secchi disc
measurements and the light extinction coefficient were analysed using linear
estimation.

Correlations between variables were calculated on transformed data: physical and
chemical variables were log-transformed except pH and the percentages (e.g., %DO),
and variables referring to the biotic community were square root transformed. A cross-
correlation analysis was used because it allows lagged effects to be detected; many

ecological relationships are commonly delayed in the plankton community (Reynolds,



1997), and this procedure has proved to be a fruitful approach to reveal such time-
lagged effects (Alvarez-Cobelas et al., 2006). All statistical analyses were carried out

with SPSS version 19.0.0 computational software.

3. Results and Discussion

The fructifications in the sediment bank surveyed immediately after the flooding of the
spring by the managers belonged to 11 species of charophytes: Chara aspera
C.L.Willdenow, C. baltica A.Bruzelius, C. braunii C.C.Gmelin, C. globularis J.L.Thuiller,
C. hispida L., C. vulgaris L., Chara sp. (an unusual fructification morphotype; Rodrigo
et al., 2010), Lamprothamnium papulosum (K.Wallroth) J.Groves, Nitella hyalina (De
Candolle) C.Agardh, Tolypella glomerata (Desvaux) Leonhardi and T. prolifera (Ziz ex
A.Braun) Leonhardi. The fructifications of T. glomerata were the most abundant (69%;
Fig. 2A), although the numbers of apparently viable oospores were low (3%; Fig. 2B).
The fructifications of C. hispida represented only 1% of the total; however 34% of these
fructifications appeared to be viable. The viability of the charophyte fructifications was
verified based on the observed germination of several species in the water spring. The
procedures used to transform former rice fields in the current Reserve Area (e.g., the
construction of the basin using machinery) caused the sediments to be disturbed. The
area occupied by these rice fields was previously the Albufera de Valéncia lagoon (AV
lagoon hereafter). Deep sediments corresponding to the saline period of the AV
lagoon’s history (Rodrigo et al., 2010) were moved upwards as a result of the
construction project. Due to this movement, the surficial sediments were found to
contain fructifications formed by species that are characteristic of fluctuating and high
saline conditions, e.g., L. papulosum (Soulié-Mérsche, 1998). Previous studies on the
viability of charophyte fructifications have shown that oospores as old as 60 years
buried in the AV lagoon sediments can germinate (Rodrigo et al., 2010); this finding

was confirmed in the present study. The presence of C. braunii fructifications in the



spring sediments is explained by the previous use of the area as a rice field, a type of
habitat in which this species is common (Alonso-Guillén, 2011). In March 2009, a few
months after flooding, five species (C. hispida, C. aspera, C. vulgaris, N. hyalina and T.
glomerata) grew spontaneously in the spring as a result of the germination of the
fructifications in the sediments. Thus, of the seven species found in the sediment bank
(not including species from saline environments) whose fructifications could potentially
germinate in the current environmental conditions of the water spring, five different
species (a high proportion) germinated. T. glomerata appeared and covered the shores
during the cool period. C. vulgaris and C. aspera did not increase their distribution, and
neither did the planted M. spicatum. Instead, C. hispida was the dominant charophyte.
It had already developed a dense and permanent monospecific stand a few months
later. This is an example of how charophytes can outcompete tall-growing angiosperms
such as M. spicatum under low phosphorus supply and high water-clarity (Richter and
Gross, 2013). Charophytes have been described to have more efficient nutrient uptake
systems at low nutrient availability (Bakker et al., 2010; Wuestenberg et al., 2011),
allowing them to outcompete angiosperms. N. hyalina occupied small areas in the
water spring, primarily within the emergent vegetation in the shallower areas of the
spring (Fig. 3A). It reached its maximum biomass in July 2010, 0.7 Kg DW m?,

The environmental conditions that allowed the development of C. hispida in the water
spring were fluctuating and not wholly cyclic throughout the study period, as observed
in similar ecosystems (Rojo and Rodrigo, 2010; Rojo et al., 2012) that are subjected to
disturbances such as the lack of water input during the winter of 2011-12 (Fig. 1B).
However, the water level fluctuations (considering the maximum and the lowest level
throughout the study) resulting from variations in inflow, outflow, evaporation and
rainfall were only approximately 20 cm in magnitude (Fig. 1B). The water spring
exhibited strong fluctuations in water temperature with the annual cycle, as found in

Mediterranean latitudes (Fig. 4A). The pH of the water remained highly constant
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through time, ranging from 7.0 to 8.2. However, salinity tripled, changing from 1.3 to 4.1
g I'* (Fig. 4B). The salinity increase is related to the variation in the underground water
supply (Fig. 1B) (r=0.89; p=0.003 for 2001, when the principal salinity increase was
observed). Orthophosphate concentrations were always below 0.005 mg P I'*;
however, TP ranged from 0.005 to 0.09 mg P I'*, with the highest concentrations
occurring in April 2012. The ammonium and nitrate concentration ranged from 0.01—
0.21 mg N I and 0.1-1.0 mg N I, respectively. The TN concentration varied between
0.1 and 2.1 mg N I'"* (Fig. 4C). Overall, the values of all nutrient concentrations were
higher beginning at the end of 2011. The underwater light climate varied substantially,
as indicated by the range of Secchi disc (SD) depths from 0.5 m to 1.75 m (the latter
value corresponding with the bottom of the water spring, where the SD depth was
measured (Fig. 4D)), Even in deeper parts of the spring, however, the bottom could be
observed in the springtime. The photosynthetically active radiation (PAR) at the mean
depth of the water spring (0.9 m) ranged over one order of magnitude, from a
maximum of 1230 pmol photons m™?s™ (60% of incident light) in July 2010 (sunny day),
when the maximum charophyte biomass was measured, to 130 pmol photons m?s™
(25% of incident light) in February 2012 (cloudy conditions). During most of the first two
years, the PAR reaching a depth of 1.5 m (most of the spring was shallower than 1.5
m) was greater than 175 umol photons m?s™ (over 2 mol photons m?d™), which
facilitated both germination and vegetative growth for the establishment of C. hispida
(De Winton et al., 2004).

No variation in the C. hispida biomass per unit surface area was found among the three
sampling sites within the C. hispida bed; the ANOVA found no statistically significant
differences in the annual means. For this reason, we will use the spatial mean values
from the three sites in the remainder of this paper. The maximal length observed for
individuals of C. hispida was 1.15 m. During most of the year, the apical parts of these

plants were at the surface (Fig. 3B). The C. hispida biomass per unit surface area

11



described an annual pattern, with the growth period beginning in early spring and
senescence at the end of summer (Figs. 4A-5A), although the meadows overwintered.
Maximum biomass increased together with the coverage and was as high as 2.3 £ 0.7
Kg DW m?in July 2010 (Figs. 4A-5A); the minimum values occurred in April 2012,
substantially less than 0.5 Kg DW m™ (Fig. 5A). The annual mean biomass of C.
hispida in 2010 was higher than that measured for the same species in a deeper
transparent lake in Spain (Rodrigo et al., 2007) and of the same order of magnitude as
that found in other shallow lakes possessing abundant charophyte vegetation (Pukacz
et al., 2013). C. hispida coverage changed from more than 3,000 Kg DW in summer
2009 to a maximum of greater than 12,000 Kg DW in 2010 and decreased to less than
2,000 Kg DW in June 2012 (Table 1).

During the first three annual cycles (2009 to 2011), C. hispida followed the pattern
described above. Growth began when temperatures were still low (12-16 °C) and
decreased when the temperatures became high (approximately 30 °C). The periodical
dynamics of temperature and Chara growth showed a two-month lag (r = -0.50, p =
0.006, lag = 2); as stated above, the dynamics were different beginning in 2011. The
temperature was higher in winter, and the lagged covariation between temperature and
Chara growth was no longer observed (Fig. 4A). The salinity (Fig. 4B), which had
fluctuated slightly from 2009 until the end of 2011, was substantially higher beginning
at the end of 2011, and this change could also have affected the freshwater species C.
hispida. Typical freshwater species of the genus Chara are able to regulate their turgor
for a salinity range up to a certain threshold. In C. vulgaris, this threshold may be as
much as 6 g I'* (Winter and Kirst, 1991). Species of the genus Nitella appear not to
regulate turgor. Hence, N. hyalina could also have been affected by the increase in
salinity in the water spring; however the release of competition with C. hispida due to

its coverage decline (Fig. 3A) might explain the increase of N. hyalina coverage
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observed in 2012. The results for inorganic nutrients showed that the highest measured
concentrations of P and N coincided with less charophyte development; is this high
level of P and N a cause of the charophyte decline or, alternatively, its consequence?
The release of organic and inorganic nutrients has been considered a consequence of
the senescence of submerged plant communities (Thorén et al., 2004; Rodrigo et al.,
2007). In 2009-2011, however, during the autumn decay of the C. hispida meadow, the
nutrient concentrations did not increase in a way that would be relevant to this
hypothesis. The nutrient concentrations only increased significantly during 2012,
coinciding with the hydrological disturbance previously mentioned (Fig. 1B). It is
probable that the increase in compounds such as ammonium, the only compound with
a statistically verified inverse relationship with C. hispida biomass (r=-0.46, p=0.013,
lag=2), was damaging to the charophytes. Ammonium concentrations exceeded the
threshold considered toxic for some macrophyte species (0.14 mg N I'*; Smolders et
al., 1996) only in 2012, particularly in May and August. Nitrate has also been described
as producing the greatest detrimental effect on charophyte occurrence in the field
(Lambert et al., 2011). Certain species can be inhibited if they are exposed to nitrate
concentrations greater than extremely low values. The nitrate concentrations in the
water spring from the end of 2011 and 2012, although they were the highest values
observed, were far less than the critical limit of 2 mg I'* (mean annual average)
described by Lambert et al. (2011) as necessary to protect charophytes within wetland
ecosystems. Therefore, the increment in nutrient concentrations might be both a
consequence of the uptake of fewer nutrients by the lower biomass of charophytes and
a cause for the decline of the charophytes.

Another resource related to C. hispida growth dynamics is light availability (de Winton
et al., 2004; Schneider et al., 2006), which is related to the shadow effect of the seston.
This relationship is likewise complex (van Donk and van de Bund, 2002). The dynamics

of the phytoplankton explained 70% (p<0.0001) of the variation in the Chl a

13



concentration (Fig. 5A), and it was also related to the level of suspended solids (r=0.78,
p<0.0001). Sestonic Chl a was inversely and significantly correlated with water
transparency (Fig. 6).

Phytoplankton biomass ranged from 0.1 to 154 mm?® I* and Chl a from 0.5 to 46 ug I"*
(Fig. 5A and B). During the first summer (2009), phytoplankton biomass corresponded
to eutrophic water conditions (Willén, 2000), and the ecological status of the spring
according to the Water Framework Directive guidelines (WFD, 2000; CEDEX, 2010),
based on phytoplankton and other metrics involving aquatic flora, was “poor”. However,
its ecological status improved to “moderate” in 2010, favoured by the development of
the charophyte stands. Microalgal biomass was related to suspended solids and
turbidity (r=0.61, p<0.0001 and r=0.69, p<0.0001, respectively) and to TN and TP
(r=0.45 and r=0.57, respectively, p<0.0001). Overall, microalgal biomass was shared
by the different phytoplankton taxonomic groups. However, when phytoplankton
biomass was high (Fig. 5B), filamentous cyanobacteria (Planktolyngbia sp.,
Geitlerinema sp., Pseudanabaena sp.) were the principal contributors. As a result, the
proportion of the phytoplankton variance explained by the cyanobacteria was high
(r=0.95, p<0.00001). A lagged and inverse relationship was found between C. hispida
growth and phytoplankton biomass (r=-0.42, p=0.01, lag=2; Fig. 5A-B). Cyanobacteria
grew when the Chara beds started to decline (r=-0.43, p=0.008, lag=2). This inverse
relationship is relevant because filamentous cyanobacteria are unmatched competitors
in low light and also represent a photoautotrophic group that can produce exceptionally
high turbidity per unit phosphorus (Scheffer et al., 1997), hampering the growth of
charophytes. Moreover, charophytes and microalgae can affect each other through
competition via inorganic nutrients and/or allelopathy. Charophytes have been
described as a nutrient sink (Kufel and Kufel, 2002), particularly for nitrogen (Rodrigo et
al., 2007). Their N uptake is very efficient, and they remove this nutrient from the water

column (Rodrigo and Alonso-Guillén, 2008). Charophytes are also known to affect

14



phosphorus cycling by direct uptake and by deposition of calcium carbonate in the form
of encrustations on the tissues, accompanied by coprecipitation of inorganic P
(Pelechaty et al., 2013; Puckaz et al., 2013; Kufel et al., 2013). Charophytes from this
water spring also precipitated large amounts of calcium carbonate, with an annual
mean of 30% (+ 15% SD) of the DW for C. hispida and 21+ 9% for N. hyalina. The
proportion of CaCOj; on charophytes increased from the cool to the warm season,
reaching a value near 55% at certain times (June). However, no statistically significant
differences were found between the apical portions (new tissue) and the basal portions
(old tissue) of the same individual. Clearly, coprecipitation may have contributed to
maintain low soluble P concentrations, always < 0.005 mg I, in the water spring (Kufel
et al., 2013). The clear negative influence exerted by C. hispida on microalgal densities
can also be related to infochemical interactions (Hilt and Gross, 2008). C. hispida
collected from this water spring is the macrophyte species (in comparison to M.
spicatum and N. hyalina) with the strongest allelopathic effect on natural assemblages
of microalgae and particularly on cyanobacteria, as recently demonstrated in laboratory
experiments (Rojo et al., 2013).

The dynamics of the zooplankton (Fig. 5C) showed several peaks. In some cases,
these peaks were due to the development of small herbivorous rotifers. In others, they
were due to large crustaceans, particularly copepods (Acanthocyclops americanus
Sars, Eucyclops albuferensis Alekseev), which are omnivorous and consume rotifers
efficiently (Nandini and Sarma, 2007; Enriquez et al., 2011). The alternation of these
peaks is the reason that the total zooplankton dynamics was not explained by any of
the variables considered, either environmental conditions or the dynamics of other
aguatic groups. However, the separate analysis of the dynamics of the zooplankton for
each group showed that the initiation of rotifer growth coincided with the greatest
growth of the C. hispida beds. The maximum rotifer biomass was attained when C.

hispida was already declining (Fig. 5C; r=-0.35, p=0.01, lag=2); thereafter, the rotifers

15



also declined rapidly, and peaks of cyanobacteria (not edible by rotifers) were observed
together with the peaks of the copepods that fed on rotifers. For this reason,
crustaceans showed an inverse relationship with charophyte biomass (Fig. 5A-C; r=-
0.42, p=0.007).

Other biotic factors related to the decline of the submerged vegetation were the feeding
activities of herbivorous fish and birds (Krupska et al., 2012; Noorduis et al., 2002). The
fish community in this water spring is primarily dominated by mosquitofish (Gambusia
holbrooki Girard), a small cyprinodont exotic species that is planktivorous. For this
reason, a direct influence on charophyte meadows is not expected. The predatory
activity of mosquitofish could be the cause of the low abundance of large cladocerans
such as Daphnia spp. observed in the water spring (Compte et al., 2011). However,
although its abundance was not quantified, the exotic red swamp crayfish Procambarus
clarkii Girard was common in the charophyte beds. Because this crayfish species has
been found to feed preferentially on charophytes rather than higher plants (Cirujano et
al., 2004), it might also have contributed to the charophyte decline. Grazing by
herbivorous waterfowl is also known to cause significant disturbances to submerged
vegetation (Matuszak et al., 2012). Up to eight species of Anatidae are found in the
area of Tancat de la Pipa, but the mallard (Anas platyrhynchos L.) is the most
abundant. Among coots, the Eurasian coot (Fulica atra L.) is the most abundant.
Herbivorous waterfowl visited the water spring. The maximum numbers attained by
these herbivores were 31 ducks and 63 coots per day of observation in 2011 and 2012,
respectively (Fig. 5D). AVNP includes a large area of flooded ecosystems (the rice
fields; 14,000 ha) in which waterfowl find food. However, during the portion of the rice
crop cycle (from mid-February to mid-May) when the fields are dry, only small areas of
flooded habitats in the Park have submerged vegetation, and the birds become
concentrated in these areas. Tancat de la Pipa is one such area and is, therefore,

subjected to greatly increased grazing pressure. The higher abundance of coots and
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ducks in 2012 was related to the disappearance of the submerged vegetation in the
two adjacent shallow lagoons in the area (Fig. 1A; Rodrigo et al., 2013a, b) where the
birds primarily concentrated during 2009-2010, feeding chiefly on M. spicatum., During
summer 2012, moreover, there were clearly visible signs that the apical parts of the C.
hispida individuals in the water spring had been eaten by birds. Both ducks and coots
could easily have reached the charophyte stand, dabbling or foraging when the
vegetation was near the surface of the water. Additionally, the coots could have dived
to feed on deeper stands (Fig. 1B). Moreover, the denser population of waterfowl in the
water spring during the final portion of the study would have created an additional

nutrient supply due to the production of faeces (Matuszak et al., 2012).

4. Conclusions

Despite the decrease in charophyte coverage and biomass per surface unit in the last
year in the newly created water body, the stoneworts in this water spring constitute an
“island” of charophyte diversity in a “sea” of eutrophised waters because the spring still
represents one of the most extensive and dense stands of submerged vegetation
within AVNP. Accordingly, one of the goals of the restoration plan has been achieved.
Moreover, the charophyte community in the water spring has provided ecological
services because it has procured stocks for use as founder colonies in the revegetation
of the two small shallow lagoons of the same Reserve Area, which are under
restoration (Rodrigo et al., 2013a).

The C. hispida meadow played a key role in the maintenance of a clear-water phase
during the study period in this new aquatic habitat, as it was responsible for maintaining
low abundances of phytoplankton. The positive feedback mechanisms linking the
charophytes to the water transparency stabilised this clear-water state, particularly
during the second year, and also improved the trophic status of the water spring.

Temperature was the principal driver of charophyte growth and senescence; when the
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meadows declined, the phytoplankton community was dominated primarily by non-
edible cyanobacteria in autumn, most likely due to the decrease in allelopathic activity
of the senescent charophytes and shifts in zooplankton community composition.
Charophytes did not provide shelter to large cladocerans because abundant small
planktivorous fish could enter the vegetation and feed on the cladocerans. Many
ecological factors important to the development of charophytes changed
simultaneously during the final period of the first four years of “life” of this new habitat:
1) reduced groundwater inflow, 2) increased salinity, 3) increased nutrient
concentration, 4) increased turbidity and 5) increased herbivore pressure by waterfowl.
It is certain that all these factors acted together to affect the C. hispida stands
negatively. Because biotic-abiotic relationships in charophyte beds are very intricate
(van Donk and van de Bund, 2002), it remains to determine which of these factors is
the chief cause or if negative synergistic processes are involved. Additional research to

analyse the assumed processes more precisely is already planned.
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Legends to figures

Water level fluctuations (cm) w

Fig. 1. A: Location of the study site, including a morphometric map of the water spring
indicating the sampling sites (charophyte and water sampling sites are indicated by
asterisks and an x, respectively). The groundwater inflow and the outlet are also
shown. Isolines indicate water depth (cm). The grey area indicates helophyte cover. B:
Time course of the groundwater inflow and the water level fluctuations in the water

spring (referred to the O water depth on the day the pole was set up) during the study

period.
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Fig. 2. A: Percentage of charophyte fructifications found in the sediments of the water
spring in 2008 (after flooding the basin). B: Apparent viability percentages of these
reproductive structures.
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Fig. 3. A: Maps of vegetation cover in the water spring in the summers of 2009-2012.
Isolines indicate water depth (cm). B: Photograph of the C. hispida meadow at the
water surface in June 2010.
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Fig. 4. Dynamics of water temperature (C. hispida biomass represented by the

TP, irradiance (PAR) at a depth of 90 cm and

pH, salinity, N forms,

shadowed area)

Secchi disc depths (- >160 cm indicates the Secchi disc could be observed all the way

to the bottom) in the water spring.

28



50 7 mE=Charophyte biomass ==—Microalgal chlorophyll a Subterranean - 2.5
,inflow restored

\ l 08:03 | 2

- 1.5

1
40 { 1.0:05KkgDWm? | 1.7:0.5

30 A

Chlorophyll a (ug I'")

10 A

160 |

140 { ==Total phytopl,lankton
120 { —Cyanobactetia

W C. hispida biomass (kgDW m?) 3»

100 A
80
60 A
40 1
20

Microalgal biovolume (mm3 )

250 - c
—Crustaceani(copepods +
200 | clad.ocerans:)
—Rotifers

150 4

100 4

50 1

Zooplank. biomass (ugDW I)

60 { —Ducks

50 4 —Coots

40
30 1

10 1

Numbers of ducks and coots

2009

Fig. 5. Dynamics of C. hispida biomass per surface unit (the numbers indicate
meanzstandard deviation during the warm periods), microalgal Chl a, phytoplankton
biovolume, cyanobacteria biovolume, zooplankton biomass (rotifers and crustaceans:

copepods + cladocerans) and numbers of herbivorous waterfowl in the water spring.
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Table 1. Vegetation coverage (m?) and total (Kg DW) biomass of charophytes in the
water spring in the summers of four consecutive years (July-August except for 2012,
when June was the studied month). The coverage of helophytes (primarily Typha spp.

and Phragmites spp.) is also indicated.

2009 2010 2011 2012
Cover 'Total Cover .Total Cover .Total Cover .Total
biomass biomass biomass biomass

Chara hispida 4,644 3,111 5,326 12,185 6,378 7,684 3,125 1,781

Nitella hyalina 2 0.2 34 22 <1 -- 70 12

Helophytes 12,378 -- 12,408 -~ 12,590 -- -- --
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