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ABSTRACT
The phenology of wetland submerged macrophytes related to environmental factors

Little information is available about the phenology (i.e., the timing of recurrent events in life cycles) of submerged aquatic
plants although they play a key role in wetlands. To establish a long-term data series concerning the phenology of aquatic
plants, we are monitoring an artificial shallow pond in a depression between sand dunes in Albufera de Valéncia Natural
Park (Spain). The macrophyte diversity in the pond is moderate: two angiosperms (Potamogeton pectinatus and Utricularia
australis) and four charophytes (Nitella hyalina, Chara aspera, Chara vulgaris and Chara hispida). We continuously
monitored the underwater temperature, at two sites and depths, through the use of probes with data-loggers. Other water
variables (such as sestonic chlorophyll g, salinity, pH and oxygen) were monitored monthly. Samples of macrophytes were
collected frequently to record the emergence and maturation of flowers/seeds in angiosperms, and sexual organs/oospores
in charophytes. The relationship of phenological features to water temperature was tracked by calculating growing degree-
days (GDD). The timing of the emergence and maturation of the sexual organs (antheridia and oogonia) of C. hispida was
dependent on the water depth: both sexual organs had already ripened by 70 GDD in shallower water (where there was no
clear interruption of sexual reproduction), whereas in deeper water antheridia achieved this at 270 GDD, oogonia at 325
GDD. Oospores required twice as much heat to ripen in deeper water as in shallower water. Although N. hyalina had a similar
phenology, it required more time and accumulated heat to become fertile: more than 1000 GDD were needed to ripen the
sexual organs and oospores. C. vulgaris’ sexual reproduction was detected in spring, whereas C. aspera specimens remained
fertile during the whole year. Both studied angiosperms flowered in late spring and mid-summer. P. pectinatus produced fruits
at 900 GDD, whereas neither fruits nor seeds were detected for U. australis. These initial data represent a first glance at the
life cycle of the submerged macrophytes inhabiting this pond as well as at the basic environmental conditions that affect their
phenology and which, in turn, are also influenced by climate change. It represents the first detailed study of the phenology of
Mediterranean charophytes from wetlands, and it lays the foundation for our forthcoming research.
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RESUMEN
La fenologia de los macrdfitos sumergidos de humedales en relacion con factores ambientales

Existe poca informacion disponible sobre la fenologia (el ritmo de los eventos recurrentes de los ciclos vitales) de las plantas
acudticas sumergidas, a pesar de que desemperian una importante funcion en los humedales. Con el objetivo de establecer una
serie temporal larga sobre la fenologia de las plantas acudticas, estamos monitorizando una laguna somera creada en una
depresion interdunar en el Parque Natural Albufera de Valéncia, que presenta una diversidad de macrdfitos moderada: dos
angiospermas (Potamogeton pectinatus y Utricularia australis) y cuatro cardfitos (Nitella hyalina, Chara aspera, Chara vulgaris
y Chara hispida). Hemos monitorizado de forma continua la temperatura subacudtica, en dos zonas de distinta profundidad,
mediante el uso de sondas con registradores de datos. Hemos medido mensualmente otras variables acudticas. Las muestras
de los macrdfitos se recolectaron frecuentemente y se registro la aparicion y maduracion de flores/semillas en angiospermas
y de drganos sexuales/odsporas en cardfitos. Las caracteristicas fenologicas se relacionaron con la temperatura del agua
mediante el cdlculo de la “suma térmica-grados dia” (GD). C. hispida mostro diferente ritmo en la aparicion y maduracion
de sus organos sexuales (anteridios y oogonios) en funcion de la profundidad: ambos maduraron con 70 GD en las aguas
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someras (donde parece que la reproduccion no se interrumpio), mientras que en aguas mds profundas los anteridios y los
oogonios maduraron tras 270 y 325 GD, respectivamente. Las odsporas necesitaron el doble de calor para madurar en
las aguas mds profundas. Aunque N. hyalina presentd una fenologia similar, necesito mds tiempo y calor acumulado para
ser fértil: mds de 1000 GD para madurar los organos sexuales y odsporas. La reproduccion de C. vulgaris se detecto en
primavera, mientras que los ejemplares de C. aspera permanecieron fértiles durante todo el afio. Las dos angiospermas
estudiadas florecieron a principios de primavera y mediados de verano. P. pectinatus produjo frutos a los 900 GD, mientras
que no se detecto ningun fruto o semilla en U. australis. Estos datos iniciales suponen una primera imagen del ciclo de vida
de los macrdfitos sumergidos de esta laguna, asi como de las condiciones ambientales bdsicas que afectan a su fenologia,
las cuales estdn influidas por el cambio climdtico. Este representa el primer estudio detallado de la fenologia de cardfitos

mediterrdneos de humedales y establece las bases para nuestras proximas investigaciones.

Palabras clave: Angiospermas, plantas acudticas, cardfitos, charcas mediterrdneas, suma térmica.

INTRODUCTION

Submerged macrophytes play a key role in
ecological and biochemical processes of aquatic
ecosystems in general, and wetlands in particular.
They improve water clarity and quality as well as
providing food and shelter for different groups
of fauna, such as fish, waterfowl or invertebrates
(Carpenter & Lodge, 1986). However, human
activities are currently threatening wetlands, and,
hence aquatic plants, through factors such as
eutrophication, biological invasions, or habitat
destruction. The term “global change” refers to
all these anthropogenic alterations of the basic
processes of the Earth, including the widely
known climate change (Vitousek, 1994). It is ex-
pected that changes in the hydrological regimes,
among others, will affect the quantity and quality
of the water supply to wetlands (Erwin, 2009).
According to projections in the Mediterranean
region, the rising global temperature will be cou-
pled with a decrease in precipitation and a longer
summer drought, increasing aridity (Richardson
et al., 2013). Thus, Mediterranecan wetlands
are more vulnerable than others in the current
changing environment. Hence, the macrophytes
that inhabit them are also more vulnerable.
Variations in different environmental factors,
such as temperature or precipitation, highly
influence the distribution and abundance of
submerged macrophytes (Lacoul & Freedman,
2006). Their sensitivity to both short and long-
term changes makes them highly useful as

water quality indicators (Aguiar et al., 2014).
Among submerged macrophytes, charophytes
(green macroalgae) are especially vulnerable to
environmental factors such as the ones affected
by climate change (Rey-Boissezon, 2014; Rojo
et al., 2015). Historical worldwide records of
charophyte distribution have already shown the
disappearance of several populations and the
decline of rarer species, while predictions note
the increase of some species (winners) and the
decrease of others (losers) within the current
ongoing ecological change scenario (Auderset
Joye & Rey-Boissezon, 2015). Moreover, popu-
lations of the same species can even be affected
in different ways (Rojo et al., 2015).

An approach that is commonly used to track
the effects of climate change on species is the
study of their phenology (Parmesan, 2006), i.e.,
the monitoring of the timing of the recurrent
events of their life cycles, such as flowering.
Although much is known about the long-term
effect of climate change on the phenology of
terrestrial ecosystems (Richardson et al., 2013),
there is little information regarding aquatic
systems and even less regarding aquatic plants.
Some studies focus on emergent macrophytes by
means of remote sensing observations (Alahuhta
et al., 2011), whereas others focus on floating
plants (Peeters et al., 2013) and their interac-
tion with submerged macrophytes based on
in situ observations of cover (Netten et al.,
2011). However, it is difficult to find studies
with species-level observations of submerged
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macrophytes (Rey-Boissezon, 2014). This latter
approach allows researchers to precisely study
different phenophases (stages of the life cycle) of
the same or various species, including vegetative
and reproductive ones, and to scale phenology
from a local to a regional level (Chuine et al.,
2000). Species, or phenophases, may differ in
their responses to rising temperatures and so
disrupt their synchronic and interdependent inter-
actions with other organisms or other particular
life-cycle stages (Donnelly et al., 2011).

SPAIN

427

In this context, to create a long-term data se-
ries on the phenology of aquatic plants, we have,
since 2013, monitored a Mediterranean shallow
pond in a depression between sand dunes. The
pond was created in 2007 within Albufera de
Valéncia Natural Park (Spain) as part of the
restoration of the seashore dune front and its as-
sociated water bodies (locally called mallades).
The pond currently contains medium macro-
phyte diversity: the charophyte species Chara
hispida, Chara aspera, Chara vulgaris and Ni-
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tella hyalina, the submerged angiosperm Pota-
mogeton pectinatus, and the free-floating plant
Utricularia australis. Here, we present the initial
data concerning the reproductive phenology of
these species in relationship to certain environ-
mental factors such as those reflected in temper-
ature data. We used the accumulated growing
degree-days parameter to estimate the heat
required by each species to produce its sexual
structures.

METHODS

Study area

The Llacuna Nova del Canyar (LNC hereafter,
39°19’41.1”N, 00°18"16.1”W, Fig. 1) is an in-
terdunal shallow pond created as part of the
EU funded project Life Enebro (2004-2008) in
Albufera de Valéncia Natural Park (Spain). It was
part of a substantial effort to restore the former
habitats found at the Devesa del Saler, a 14 km
long, 1 km wide sand bar that separates Albufera
de Valéncia Lagoon from the Mediterranean
Sea. Before the protection of the area, during
the 1960s-1970s, an extensive dune system
was destroyed as part of an urbanization plan.
Citizen mobilizations during the 1980s halted
the construction. Since then, many projects have
tried to restore the dunes and the typical shallow
ponds situated between them.

The LNC has an area of approximately
5900 m?, with a depth of less than 50 cm in most
parts and a maximum depth of 150 cm. Like
the rest of the nearby artificial ponds, it is filled
by rainfall and groundwater but also influenced
by saline spray, resulting in an oligohaline
waterbody (bicarbonate alkalinity: 297 mg/L;
chloride: 639 mg/L; sulphate: 29 mg/L; cal-
cium: 107 mg/L; magnesium: 58 mg/L; sodium:
365 mg/L by February 2014). During the pe-
riod under study, a high density of vegetation
(genera Phragmites, Typha, Juncus and Scirpus)
emerged on the surface of the pond, whereas
scattered meadows of submerged macrophytes
covered the bottom. The species Chara hispida
dominated other species, mainly by forming

monospecific dense beds. Moreover, in some
localized areas, C. hispida coexisted with the
submerged angiosperm Potamogeton pectinatus;
in others, with Chara vulgaris and Chara as-
pera. This latter species was also found forming
monospecific clusters in shallower waters, as
was Nitella hyalina, which grew in small and
localized clusters. The free-floating plant Utricu-
laria australis, which was detected for the first
time in the pond in October 2013, coexisted with
all other species, as it was distributed across the
whole surface of the water.

Monitoring of water conditions and
submerged macrophytes

Temperature data within the pond have been
recorded every half hour since July 2013 and
since January 2014 with three probes provided
with Onset HOBO® data loggers (Bourne,
MA, USA). One of the probes was set up as an
atmospheric sensor in the middle of the pond,
whereas the others were tuned as underwater
sensors: one of them was submerged 40 cm
from the surface below the atmospheric sensor
in an area 120 cm deep (deeper water), and the
other was installed at the eastern edge of the pond
in shallower water (10 cm from the surface in
a 30 cm deep area) (Fig. 1). Furthermore, from
January to July 2014, we quantified some water
variables such as pH, conductivity, salinity, and
dissolved oxygen monthly, with portable field
measuring equipment at three sampling stations
(S1, S2 & S4 in figure 1). Water samples were
also taken in these places for sestonic chloro-
phyll a measurements. These samples were
transported in plastic bottles to the laboratory,
where they were filtrated through glass microfi-
bre filters (Whatman GF/F, Maidstone, Kent,
UK). After chlorophyll extraction with 90 % ace-
tone, sample absorbances were measured with
a spectrophotometer to calculate chlorophyll a
concentration with the Jeffrey and Humphrey
(1975) trichromatic method.

The reproductive phenology of macrophytes
was monitored from July 2013 to July 2014.
From July 2013 to the end of the year, submerged
macrophyte samples were taken sporadically
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from several sites in the pond. From January
2014 onwards, macrophytes were collected from
six sampling stations at different depths (Fig. 1).
Harvested by hand from the shore of the pond,
or with the assistance of a hook, all the macro-
phytes were collected at a higher frequency in
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the spring-summer (every 7-10 days) and at a
lower frequency in the autumn-winter (once a
month). C. hispida was sampled at two stations:
S1 (where an inflatable kayak was needed to
access the macrophytes) and S4. The rest of the
macrophytes were sampled at only one station:
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Figure 2. Water conditions from different sampling stations within the Llacuna Nova del Canyar. Underwater temperature (A),
sestonic chlorophyll a concentration (B), conductivity (C), pH (D) and dissolved oxygen data (E) are shown. Condiciones del agua de
diferentes estaciones de muestreo de la Llacuna Nova del Canyar. Se muestran los datos de temperatura del agua (A), concentracion
de clorofila a sestonica (B), conductividad (C), pH (D) y oxigeno disuelto (E).
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C. asperain S1”, P. pectinatus in S2, U. australis
in S2” and N. hyalina in S3. C. vulgaris was
found spread across different locations such as
S17, S2 and S4. All the samples were kept in
plastic bags and immediately transported to the
laboratory inside an insulated bag provided with
coolers. At the laboratory, fresh material was
washed to eliminate sediment, epiphytes and
other organic matter and kept in tap water in
a refrigerator prior to subsequent examination
over next few days. Otherwise, samples were
fixed in ethanol (70 %) and further observed.
The emergence and maturity of sexual organs
was monitored for all the macrophytes with an
Olympus*Y SZ61 binocular loupe (Shinjuku,
Tokyo, Japan) with a graduated ocular microme-
tre. Between 15 and 30 specimens of each
species per sampling date and station were ob-
served (except for C. vulgaris because only a few
specimens of this species were found over the
whole period). Flower and seed production was
recorded for angiosperms, whereas antheridia
(male sexual organs), oogonia (female sexual
organs) and oospores (the product of fertilisation
of gametes) were observed for charophytes in
their unripe/ripe stages.

Data analysis

Water temperature and phenological features
were analysed with a “growing degree-days”
approach (Rey-Boissezon & Auderset Joye,
2012). The Growing Degree-Days (GDD) pa-
rameter uses temperature data to estimate the
energy accumulated each day over the course of
a season (period). It can measure the quantity of
heat that an organism requires to develop from
one phenophase to another in its life cycle, and,
hence it is commonly used to describe and pre-
dict phenology (McMaster & Wilhelm, 1997).
We calculated this parameter with the Ac-
tual Temperature Method (no -cutoff) from
the HOBOware®Pro Growing Degree Days
Assistant (Bourne, MA, USA), which uses the
logging interval of the temperature data (30
minutes in this case) to perform a numerical
integration. The low threshold of temperature,
below which there is no growth of charophytes,

is not well-defined (Rey-Boissezon, 2014). For
that reason, we established it as the minimum
temperature of the annual cycle (7.9°C). The
method described uses the area between the
curve and this low threshold to compute the
GDD. We used the 1st January as the starting
date (biofix). Differences between GDD from
shallower and deeper waters were evaluated with
a Student t-test (paired samples) using the sta-
tistical package IMB®SPSS® 22.0 (Armonk,
New York, USA). Finally, the analysis of the
reproductive life cycle of each species was made
according to the GDD of its area of growth, or the
most similar one (shallower water for C. hispida
from S4, C. aspera, C. vulgaris, N. hyalina and
U. australis; deeper waters for C. hispida from
S1 and P. pectinatus).

RESULTS

Water conditions

The underwater temperature in the middle of the
pond (S1) ranged from 8 °C to 27 °C during the
annual cycle (Fig. 2A). In shallower water (S4),
the temperature was more variable than in deeper
sites, namely, up to 8 °C warmer and 2 °C colder
depending on the season and the time of day.
Temperature data were different for both areas.
Thus, the areas accumulated different amounts of
heat (p < 0.05), with higher amounts in shallower
waters (Fig. 3A).

In general, with rising temperature, the
sestonic chlorophyll a concentration increased
across the whole pond (Fig. 2B). In S1 and S4,
where monospecific beds of C. hispida grew,
chlorophyll values were approximately 2-5 ug/L
during the whole period, reaching a maximum
of 7-10 ug/L by the end of July. The salinity of
the pond also rose with increasing temperature,
ranging from 1.3 g/L to 2.1 g/L, this being more
variable in shallower water (see the dynamic
of conductivity in figure 2C). The pH also
changed, ranging from 7.2 to 8.2 (Fig.2D).
Dissolved oxygen in water was always higher in
shallower water (Fig. 2E), where a dense bed of
C. hispida grew and reached the water surface.
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Oxygen decreased when higher temperature and
chlorophyll concentration values were found.

Phenology of submerged macrophytes

Charophytes

Depending on the depth where shoots were grow-
ing, the timing of the emergence of the sexual
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organs of the species C. hispida varied (Fig. 3A).
The C. hispida specimens from the middle of the
pond and deeper water (S1) developed their first
male and female sexual organs simultaneously
at the beginning of March, with an accumulated
heat of 160 GDD. Antheridia ripened first, by the
end of the month, and approximately 100 GDD
later than the emergence of both types of sexual
organs. Approximately one week and 50 GDD

B 2500 7 Nitella hyalina

2000 -

1500 - @
0. ol

1000

(@)

500 -

Growing Degree Days

0

Jan Feb Mar Apr May Jun Jul Aug

2014
D 2500 Utricularia
australis
2000 -
2 B
8 1500 - 4
[
e
(=2}
& 1000
g) 5 —_—S1
3 500 :{E
3
15} / S4
0 — . .
Jan Feb Mar Apr May Jun Jul Aug
2014
_______________ R
Charophytes

O Unripe antheridium
@ Ripe antheridium

i Ripe oogonium

@ Ripe oospore

|
[

[

I

[

I

[

[
@ Unripe oogonium :
I

I

|

[

[

[

I

§ Calcifying oospore |
|

Figure 3. Phenology of Chara hispida (A), Nitella hyalina (B), Potamogeton pectinatus (C) and Utricularia australis (D). The
figure shows the moment at which each phenophase appeared for the first time. Schematized phenophases are explained at the bottom
of the figure. Fenologia de Chara hispida (A), Nitella hyalina (B), Potamogeton pectinatus (C) y Utricularia australis (D). La figura
muestra el momento en que cada fenofase aparecio por primera vez. La explicacion de los esquemas para cada fenofase aparece en
la parte inferior de la figura (de arriba a abajo y de izquierda a derecha: Angiospermas / Flor | Fruto / Turion / Planta flotante /
Cardfitos | Anteridio inmaduro / Anteridio maduro | Oogonio inmaduro | Oogonio maduro /| Odspora madura / Odspora en proceso

de calcificacion).



432 Calero et al.

Chara hispida Chara vulgaris

Nitella hyalina

Potamogeton
pectinatus

Figure 4. Photographs of different phenophases. Chara hispida: ripe antheridium (the rounded sexual organ) and ripe oogonium
(A); ripe oospore (left) and calcifying oospore (B). Chara vulgaris: ripe antheridium (the rounded sexual organ) and ripe oogonium
(C). Nitella hyalina: unripe antheridium (the rounded sexual organ) and unripe oogonium (D); ripe antheridium (E); ripe oogonium
(F); ripe oospore (G). Potamogeton pectinatus: flower (H); fruits (I). Chara aspera: open antheridium (J); ripe oogonium (K); ripe
oospore (L). Utricularia australis: turion (M); free-floating plant (N); flower (O). Fotografias de las distintas fenofases observadas.
Chara hispida: anteridio maduro (el drgano sexual redondo) y oogonio maduro (A); odspora madura (izquierda) y odspora en
proceso de calcificacion (B). Chara vulgaris: anteridio maduro (el organo sexual redondo) y oogonio maduro (C). Nitella hyalina:
anteridio inmaduro (el organo sexual redondo) y oogonio inmaduro (D); anteridio maduro (E); oogonio maduro (F); oospora madura
(G). Potamogeton pectinatus: flor (H); frutos (I). Chara aspera: anteridio abierto (J); oogonio maduro (K); odspora madura (L).
Utricularia australis: turion (M), planta flotante (N); flor (O).
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afterwards, the first ripe oogonia were observed
(Fig. 4A). Finally, the first oospores appeared in
mid-May at 750 GDD and started to calcify by
mid-July (1630 GDD; Fig. 4B). From the begin-
ning of April to late June, all the sampled shoots
were fertile and showed sexual organs. By con-
trast, C. hispida from the eastern edge of the pond
and shallower waters (S4) already had ripe sex-
ual organs at the first sampling date, equivalent to
70 GDD. The shoots showed their first oospores
by the end of March (350 GDD) and started to
calcify in early June (1300 GDD). The period of
maximum fertility, with 100 % of the shoots fer-
tile, ranged from early March (215 GDD) to late
June (1550 GDD).

The phenology of N. hyalina was similar to
C. hispida, although N. hyalina became fertile
later in the year and required more accumulated
heat to do so (Fig. 3B). Antheridia emerged in
mid April at 550 GDD, whereas the first oogonia
appeared a month later (Fig. 4D), at 930 GDD,
when 50 % of the specimens had at least one sex-
ual organ. The first ripe antheridia and oogonia
were observed by the end of May (1100 GDD;
Fig. 4E-F). In early June, at 1320 GDD and with
60 % of the shoots fertile, the first oospores ap-
peared (Fig. 4G). By the end of the period under
study, up to 70 % of the sample specimens had
sexual organs.

C. vulgaris was found almost nowhere in the
pond. Of the 10 shoots found during the whole
study period, only 3 of them from shallower wa-
ters were fertile. They showed ripe antheridia
and oogonia in early and mid-June (Fig. 4C), at
approximately 420 GDD. C. aspera specimens
were localized by early March, at 200 GDD,
when some of them already had ripe antheridia,
ripe oogonia and even ripe oospores (Fig. 4J-L).

Angiosperms

The two studied angiosperms flowered in late
spring and mid-summer (Fig. 3C-D). Potamote-
gon pectinatus showed its first flowers on 15
May with an accumulated heat of 750 GDD,
whereas the first fruits appeared on 28 May at 900
GDD (Fig. 4H-I). From that moment until 17 July
(1700 GDD), approximately 20 % of the plants

under study were fertile, this being the period of
maximum fertility. By the end of the period un-
der study, no specimen of P. pectinatus was fer-
tile. Meanwhile, Utricularia australis was in its
vegetative hibernating form (turion) until the 26
February (180 GDD), when the first free float-
ing plants emerged (Fig. 4M-N). The first flow-
ers appeared in summer, by 27 June (1600 GDD;
Fig. 40). Neither fruits nor seeds were detected
during the period under study.

DISCUSSION

Studies on the reproductive phenology of sub-
merged macrophytes are scarce, particularly in
the case of charophytes (Rey-Boissezon, 2014).
In fact, this study represents the first on the de-
tailed phenology of Mediterranean charophytes
from wetlands that includes information about
the accumulated heat required to produce sex-
ual structures. It is a first glance at the life cycle
of the submerged macrophytes from LNC, and it
provides information about basic environmental
conditions that affect the phenology of aquatic
plants, such as temperature, and which, in turn,
are also influenced by climate change. In a semi-
arid region such as the Mediterranean littoral ar-
eas of Spain, where lakes and other large water-
bodies are scarce, this small wetland pond is quite
rich in submerged macrophytes (two angiosperm
and four charophyte species), constituting a suit-
able scenario to monitor and compare the phenol-
ogy of all these species. Moreover, some of the
species being studied are particularly important
for the conservation of biodiversity. N. hyalina is
a charophyte species catalogued as “vulnerable”
in the Spanish territory (Cirujano et al., 2008)
and it has recently become extinct in several Eu-
ropean countries (Auderset & Schwarzer, 2012).
The free floating plant Utricularia australis is
catalogued as “endangered” in the regional leg-
islation (Aguilella et al., 2009). Its recent ap-
pearance in LNC represents a perfect opportunity
to monitor its life cycle in the wetlands of the
region, where information is also scarce. Thus,
with this study, we attempt to understand the re-
sponses of macrophytes to some basic environ-
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mental factors, as well as to highlight the value
of wetlands -shallow ecosystems, hence more af-
fected by temperature changes- to better under-
stand the processes involved in the phenological
changes related to climate change.

In general, charophytes from LNC seem to
be perennial because they grew during the whole
year in both shallower and deeper waters. C.
hispida from S1 and N. hyalina were fertile
during spring (from March-April) and summer,
according with the findings of Vromans et al.
(2013) for Chara sp. in estuaries, where sexual
reproduction happened in the same season and
for a period of 3-7 months. However, for the
species living in shallower water (such as C.
hispida from S4 or C. aspera), there was no
clear interruption of the production of sexual
organs during the period studied. In fact, Bonis
et al. (1993) found that C. aspera, among other
charophytes, produced sexual organs even during
autumn in experimental outdoors communities,
although maturation was not detected. Similarly,
the period of maximum fertility for C. hispida
(100 % of fertile plants) was longer in shallower
water compared to deeper water. These results
agree with the findings of Asaeda et al. (2007)
concerning N. hyalina and C. fibrosa, whose
meadows from shallower water have shorter life
cycles and higher rates of sexual organ produc-
tion than meadows from deeper water. They
assumed that the total shoot length of meadows
from shallow water -approximately 30 cm, and
similar to the length of C. hispida in S4 (LNC)-
could have grown in 60 days, and so the species
would have proliferated in just a few months.

Observations of C. hispida and N. hyalina
specimens showed that antheridia generally
required less accumulated heat in order for them
to be produced compared to oogonia, so that
male organs appeared before throughout the
growing season, according to the phenomenon
of protandry largely described for charophytes
(Guerlesquin, 1987). The sexual organs that
form a couple in these monoecious species (both
sexes on the same specimen) have an interrelated
growing dynamic, but when the antheridium
stops growing and ripens, the oogonium keeps
developing (Kwiatkowska et al., 1997). Thus,

maturation of antheridia from the same whorl
of a specimen comes before the maturation of
oogonia from that same whorl.

The charophyte that required the greatest
GDD to become fertile was N. hyalina. This
species needed 1300 GDD to ripen oospores,
approximately 500 and 1000 more than C. hispi-
da from S1 and S4, respectively. These two
populations of C. hispida behaved differently,
as specimens became fertile and sexual or-
gans ripened before —in both time and heat
requirements— in warmer (shallower) water.
Swiss researchers have also described large
differences between the life cycles of two Swiss
populations of the same species. In this case,
however, the charophyte under study was Nitella
gracilis and it required nearly half the number of
GDD to develop from one phenophase to another
in colder habitats, although they became fertile
and their sexual organs ripened slightly later in
the year (Rodrigo et al., 2013). These differing
results for the same species suggest that GDD
is not the only factor driving the reproductive
phenology of charophytes, although it may be the
main factor as stated by Rey-Boissezon (2014)
in the first description of a degree-day-based life
cycle of a charophyte. This author characterized
the dioecious species (with separated sexes:
female and male shoots) Nitellopsis obtusa.
However, there is still no evidence whether
monoecism or dioecism is a factor driving the
heat requirements of the species.

Although we have found that angiosperms re-
quired more accumulated heat than charophytes
to become fertile, both plants and macroalgae
produced and ripened their sexual organs before
the temperature peak of summer, so they can be
considered early-blooming species. According to
Sherry et al. (2007), increasing temperatures may
advance the reproductive phenology of this type
of plant. In fact, higher temperatures and an early
start of the growing season affect biomass and
distribution of submerged macrophytes (Rooney
& Kalff, 2000), so that these communities are
suitable candidates to help monitor the effects
of warming from climate change. Experiments
with both angiosperms and charophytes (Mckee
et al., 2002; Rojo et al., 2015) note that small
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increases of 2-4 °C, such as the ones expected
for the Mediterranean region by the end of this
century, affect their flowering and growth. The
present study is the beginning of a long-term
data series of investigations on the phenology
of submerged aquatic plants with the main aim
of analysing and predicting their responses to
the foreseeable changes in temperature associ-
ated with climate change. We expect that further
research will allow us to discuss whether charo-
phytes or angiosperms are more appropriate as
trackers of increasing temperature.

However, temperature is not the only factor
determining phenology. Multiple environmental
cues such as precipitation, irradiance or pho-
toperiod are sometimes required to trigger the
production of sexual organs in plants (Pau et
al., 2011). Experiments on charophytes showed
that the photoperiod considerably affects the
growth and final size of antheridia (Kwiatkowska
et al., 1997), whereas field studies note the
importance of depth and light intensity on the
size of oospores (Boszke & Bociag, 2008). In
the case of N. hyalina from LNC, although
growing in shallow water, the specimens grew
at the base of emergent plants (7ypha sp.) and
were widely covered by the free-floating U.
australis most of the time. The lack of sufficient
light availability might have been the reason
why this species developed its sexual organs so
late. Hence, we recently started to continuously
monitor underwater light availability in the LNC
to address the role of these other variables in
submerged macrophyte fertility in the future.
Moreover, the local community composition
can also affect the reproductive phenology of
the species (Pau et al., 2011). For example, the
overgrowing of free floating plants can produce
shading effects on submerged macrophytes
and alter the whole structural complexity of
the system (Meerhoff et al., 2007). In fact, in
some areas of LNC, U. australis blooming was
such that almost no light (<25 umolm—=s™!)
penetrated at 30 cm depth by the end of July
(Calero et al., unpublished data).

As mentioned before, the data presented here
are just initial data, but they lay the foundation
for our forthcoming research. We expect that this

first long-term data series concerning the phe-
nology of submerged macrophytes from Mediter-
ranean wetlands will contain both cooling and
warming periods (Sparks & Tryjanowski, 2005)
that will allow us to describe the macrophytes’
phenology and also the effects of the current
changing environment over phenological events,
bringing new insights into the response of these
species in the face of global change.
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