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ABSTRACT
Changes in climate, land use and local conditions drive macrophyte assemblages in a Mediterranean shallow lake

Mediterranean shallow lakes are affected by many deterioration processes like eutrophication, land-use changes along its
drainage basin and climate change. Aquatic plants are expected to reflect the ecological changes of shallow lakes since they
are in close contact with the environmental factors. We assessed the influence of climate, land use and local conditions on
macrophyte community changes in Sentiz Lake, a steppe water body located in the northwest of Spain, using long term data
of local conditions, satellite imagery, orthophotography and climatic series. We found important changes in the environmental
drivers of aquatic macrophyte assemblages (e.g. mean depth, water surface area, shore vegetation, mean annual temperature
and grassland coverage). Similarly, we found that aquatic macrophyte growth forms responded to different environmental
controlling factors: submerged and floating-leaved hydrophytes responded to local conditions, while big helophytes and small
helophytes responded to land use and climate, respectively. Overall, our study suggests that management efforts aimed at
preserving aquatic macrophyte assemblages of shallow Mediterranean lakes should focus not only on local conditions of each
lake but also on their watersheds and climate. Therefore, this study improves the knowledge of the environmental drivers of
aquatic macrophyte assemblages of shallow Mediterranean lakes, incorporating long term data of both physical and biological
parameters and providing a basic framework for applying management and conservation strategies in these and other similar
ecosystems.
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RESUMEN

Los cambios en el clima, los usos del suelo y las caracteristicas locales determinan la comunidad de macrdfitos en una
laguna somera mediterranea

Las lagunas mediterraneas sufren procesos de deterioro derivados de la eutrofizacidn, los cambios en los usos del suelo de su
cuenca de drenaje y el cambio climatico. Es esperable que las plantas acuaticas respondan a los cambios ecoldgicos al encon-
trarse en estrecho contacto con los factores ambientales. En este estudio se evalGa la influencia del clima, los usos del suelo y
las caracteristicas locales en los cambios experimentados por la comunidad de macréfitos de la laguna Sentiz, un medio
lenitico y de caréacter estepario situado en el noroeste de Espafia. Para ello, se han utilizado datos de las caracteristicas
locales, imagenes de satélite, ortofotografias y series climaticas. El estudio reveld la existencia de importantes cambios en los
factores ecologicos determinantes de las comunidades de macrofitos, destacando los cambios sufridos en la profundidad
media, la superficie del medio palustre, la vegetacion higrdfila, la temperatura media anual y la cobertura de pastizal. Asimis-
mo, se ha encontrado que la evolucién temporal de la cobertura de los hidréfitos sumergidos y con hojas flotantes estuvo
determinada por las caracteristicas locales, mientras que la cobertura de los grandes y pequefios heldfitos estuvo definida por
los cambios en los usos del suelo y en las condiciones climaticas, respectivamente. Nuestro estudio sugiere que las estrategias
de conservacion de las comunidades de macrofitos en lagunas someras mediterraneas deben enfocarse no solamente en la
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gestion de las caracteristicas locales de cada laguna, sino también en la gestion de sus cuencas de drenaje y teniendo en cuenta
la evolucion climética. En este sentido, nuestros resultados mejoran el conocimiento de los factores ambientales de las comuni-
dades de macrdfitos de lagunas someras mediterraneas, incorporando series histéricas tanto de las caracteristicas fisico-qui-
micas del ecosistema como de sus comunidades biolégicas. Finalmente, se pretende aportar informacion relevante de los
factores determinantes de las comunidades de macrdfitos a la hora de implementar estrategias de gestion y conservacion de

estos y de otros ecosistemas leniticos similares.

Palabras clave: eutrofizacion, factores ecoldgicos, laguna mediterranea, macrdfitos, plantas acuaticas

INTRODUCTION

Shallow lakes are especially important ecosys-
tems since they constitute biodiversity islands
and hot-spots, supporting high biodiversity,
namely invertebrates and aquatic macrophytes
(Loh & Wackernagel, 2004). Human influence
has been a primary cause of changes in the struc-
ture of biological communities of shallow lakes
through induced actions like climate change,
eutrophication, biological invasions and land-use
changes on their catchment area (Ormerod et al.,
2010). In many cases, these direct impacts inter-
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act synergistically or antagonistically modifying
the physical structure of communities and the
allochthonous inputs (Bosch et al., 2014).

Climate change is one of the most serious
threats for ecosystems and, particularly, for the
biodiversity of wetlands and shallow lakes
(Parmesan & Yohe, 2003). Shallow lakes are
vulnerable to climate change and thus they can
warn us about such changes taking place (Adrian
et al., 2009). Besides climate change, Feld et al.
(2016) documented other stress factors on macro-
phyte assemblages such as habitat degradation
and land-use changes.
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Figure 1. Map of Spain showing the location of Sentiz Lake in a hypsometric data frame. Inset are the level curves around Sentiz
Lake. Mapa de Espafia en el que se muestra la localizacion geografica de la laguna Sentiz sobre una base hipsométrica. Se incluyen

también las curvas de nivel préximas a la laguna Sentiz.
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Aguatic plants are closely related to environ-
mental conditions of lakes and ponds through the
root-systems and leaves, which are surrounded in
a dense chemical solution compared with terres-
trial plants (Heegaard et al., 2001). Macrophyte
assemblages are known to be good indicators of
environmental disturbances and climate change
(Lauridsen et al., 2015). It is thus expected that
macrophyte assemblages respond strongly to
changes in climate, land use and local conditions.

Macrophytes have an essential role in ecosys-
tem dynamics by modifying the biological structure
and the physicochemical properties of the littoral
area (Carpenter & Lodge, 1986). Shallow lakes can
exist in two alternative stable states depending on
the development of aquatic macrophytes: a clear
water state, in which macrophytes are the principal
primary producers, and a turbid water state, domi-
nated by phytoplankton (Scheffer et al., 1993).
Macrophytes generate positive feedbacks to main-
tain stable clear water states through sediment
stabilization, nutrients uptake and storage, and by
providing spatial refuge to macroinvertebrates and
zooplankton (Scheffer, 1999). Changes in climate,
trophic state, acidity, hydroperiod length, salinity,
land use, habitat diversity and sediment composi-
tion are able to modify macrophyte assemblages,
reducing their diversity and affecting negatively to
ecosystem services (Carpenter & Lodge, 1986;
Kissoon et al., 2013).

Mediterranean region is particularly vulner-
able to climate change, with greater increases in
summer temperatures than other European
zones (Pefia-Ortiz et al., 2015). In addition,
Mediterranean lakes have been historically far
less studied than temperate lakes. It is therefore
urgent to develop a greater understanding of the
environmental drivers of aquatic macrophyte
assemblages of shallow Mediterranean lakes,
incorporating long term data of both physical and
biological parameters.

In this study we analyze the relative influence
of climate, land use and local conditions on
aquatic macrophye assemblages in a shallow
Mediterranean lake. Finally, we expect to find
which environmental drivers are responsible for
the changes experienced by the aquatic macro-
phyte assemblages of an Iberian steppe lake
during the last twenty years.

METHODS
Study area

This study was performed in Sentiz Lake
(42°33’22”N, 5°12°26°W, altitude: 940 m), a
small (maximum area=4.5 ha), permanent and
shallow (mean depth=0.8 m) water body that
suffers significant reduction in water surface area
during summer. Sentiz is located in the northwest
of Spain in an agricultural landscape (Fig. 1). The
dominant lithology consists of low thickness
post-Tertiary sediments (‘rafias” and alluvial
terraces), which superficially cover the great
Tertiary detrital deposits.

Climate characterization is referred to as dry
temperate Mediterranean with cold, usually rainy
winters and hot summers with low rainfall. These
characteristics result in significant summer drought.

Macrophyte sampling

Macrophyte vegetation was sampled once a year
in the summer of 1994, 1995, 2002, 2004, 2006
and 2015 along transects. A transect is defined as
a line from one shore to the opposite shore at right
angles with the longest line. The number of
transects was calculated as a function of lake area
and shore development (Jénsen, 1977), but these
were increased or decreased in-situ, considering
the spatial heterogeneity of the macrophyte com-
munity. Square sampling units (0.5x0.5 m) were
placed along each profile at distances depending
on the homogeneity of the vegetation (for exam-
ple, in the littoral zone, where community changes
with increasing depth are quicker, sampling units
were placed closer to each other, whereas in the
central area, with more uniform depth, gaps
between consecutive samples were increased).
Percentage coverage for each species and depth
were recorded at each sampling unit. Mean cover-
age for each species was calculated as the sum of
coverages of the species in all sampling units
divided by the total number of sampling units
used in the lake. For statistical analyses, mean
coverage values were transformed into a semi
quantitative scale ranging between 1 and 7 (1, <1
%; 2, 1-3 %; 3, 3-6 %, 4, 6-12 %; 5, 12-25 %; 6,
25-50 %; 7, >50 %) in order to reliably represent
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the least abundant species (Fernandez-Aléez et
al., 2016). Finally, Percentage Volume Infested
(PVI) was calculated for the whole lake following
Canfield et al., (1984):

n
ViHi/Zi
PVIt = Z N/
=1

where PVIt is the PVI of transect t; Vi is the
percentage of vegetation cover within the
sampling unit i; Hi is the maximum plant height
in sampling unit i; Zi is the maximum depth in
sampling unit i; N is the total number of sampling
units along the transect.

Environmental drivers

We analyzed 24 environmental variables in
relation to climate, land use and local conditions
(Table 1) to determine their relative influence on
macrophyte community changes in Sentiz Lake.

Climate

A total of three climate variables were analyzed
(Table 1). Mean annual temperature and total
annual precipitation were obtained from the
Spanish Meteorological Agency (AEMET) from
1973 to 2015. Meanwhile, total annual evapotran-
spiration was calculated following Thornthwaite
(1948).

Land use

Land use coverage (shore vegetation, croplands,
grasslands, peat moss, scrublands and urban) was
calculated for 100 and 500 m buffer radius around
the lake through orthophotography obtained from
the Agricultural and Technological Institute of
Castilla y Leon (ITACYL) for the years 1977,
2000, 2002, 2004, 2006 and 2014. By using
different buffer zones we were able to determine
the environmental heterogeneity around the lake
(Hanson et al., 2012). In addition, we measured the
minimum distance between the croplands and the
lake. Finally, land use Diversity and Uniformity
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were calculated based on the Shannon-Weaver
Index (Table 1). Spatial analyses were conducted
with ArcGIS 10.2 (ESRI Inc.).

Local conditions

Water surface area was measured using Digital
Satellite Imagery during the summer from 1994
to 2015 using the ETM+ device of Landsat 7 and
Landsat 8 Satellites. Mean depth was determined
by measuring depth within each sampling unit
along the macrophyte profiles during the summer
of 2000, 2002, 2004, 2006 and 2015.

A total of seven chemical parameters were
measured once a year in the summer of 1994,
1995, 1996, 2000, 2003, 2004, 2005, 2006 and
2015. Conductivity, pH and dissolved oxygen
were measured in-situ using field probes (HACH
Model HQ 40 d). Secchi depth was also recorded,
but we used the ratio Secchi depth: lake depth
instead because of the low water depth (Fernan-
dez-Aléez et al., 2016). Several integrated water
samples were taken from the whole water column
at different locations using a corer (tube of 6 cm
diameter and 1 m long). The integrated sample
was analyzed in order to determine total phospho-
rus (TP), orthophosphate (SRP), chlorophyll-a
and total suspended solids (TSS) (Table 1). Nutri-
ent samples were fixed with mercuric chloride
(HgCl») and preserved at 4 °C until analyses were
carried out. All analyses were conducted follow-
ing standard methods (APHA, 1989).

Statistical analyses

Environmental drivers (climate, land use and
local conditions)

We performed ombrothermic diagrams to detect
possible variations in climate patterns. For that
purpose, we chose two temporal intervals ranging
between 1973-2004 and 2005-2015. The first
interval matches the standards for this kind of
analyses and the second one is sufficient, in
absolute terms, for scientific validation.

The Pearson correlation coefficient between
years and environmental parameters was used to
detect temporal trends in climate, land use and
local conditions. Variables that did not fit normal-
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Table 1. Climate, land use and local variables studied. Mean (X), minimum (Min), maximum (Max) and standard deviation (SD)
values for each variable are included. Variables de clima, usos de suelo y caracteristicas locales estudiadas. Se incluyen los valores
medios (X), minimos (Min), maximos (Max) y las desviaciones estandar (SD) de cada parametro.

Environmental

. Variables X Min Max SD
drivers
Precipitation (mm) 525 300 798 123
Climate Temperature (°C) 10.9 10 11.9 0.5
Evapotranspiration (mm/yr) 59.6 58.2 63.0 1.4
Shore vegetation (%) 19.23 11.30 28.39 6.61
100 m  Grasslands (%) 56.11 37.15 66.67  10.75
buffer Peat moss (%) 1.64 0 3.64 1.55
Croplands (%) 23.01 8.33 36.47 11.56
Shore vegetation (%) 2.14 1.59 2.88 0.49
Grasslands (%) 21.45 17.83 25.70 3.31
Land Use 500 m Peat moss (%) 6.85 6.37 7.34 0.44
buffer Croplands (%) 65.19 60.14 69.51 3.83
Scrublands (%) 3.44 2.89 3.89 0.35
Urban (%) 0.93 0.63 1.16 0.20
Minimum distance from crops (m) 47.76 18.13 119.17  39.56
Land use diversity (S-W) 1.49 1.39 1.58 0.08
Land use uniformity 0.58 0.54 0.61 0.03
pH 8.1 7.2 9.3 0.6
Oxygen (mg/ 1) 6.36 3.9 9.6 1.81
Conductivity (uS/cm) 380 228 577 112
Local Chlorophyll a (mg/L) 17.22 5.74 5741 16.10
conditions Total phosphorus (TP) (ug/L) 64.90 25.06 14157 33.18
Orthophosphate (SRP) (ug/L) 6.89 1.55 24.14 7.02
Suspended solids (TSS) (mg/L) 12.98 2 23.1 7.84
Water surface area (Ha) 4.5 4.0 8.5 0.1
Mean depth (m) 0.49 0.34 0.65 0.12

ity were log (x) or log (x+0.1) transformed. In the
case of percentage variables, the arcsin (x/100)1/2
function was used in order to fit normality. How-
ever, for those variables which could not achieve
normality, even after log-transformation, the
Spearman Coefficient (rs) was calculated. Corre-
lation analyses were also done between groups of
environmental drivers and between them
(climate, land use and local conditions) and
macrophyte growth forms (big helophytes, small
helophytes, submerged and floating-leaved
hydrophytes and charophytes). For that purpose,
we harmonized the available data from AEMET,
ITACYL and Landsat with the long-term data of

both hydrochemical and biological parameters.

We examined the interannual (1994-2015)
patterns of the log-transformed hydrochemical
composition (chlorophyll-a, total phosphorus,
orthophosphate, suspended solids, conductivity, pH
and oxygen) using Principal Component Analysis
(PCA). Previously, we calculated Pearson product
moment correlations between hydrochemical
variables to identify and remove those showing
multicollinearity (Pearson’s p-value<0.05).

Pearson and Spearman correlations were
calculated with STATISTICA v.8 (StatSoft Inc.),
while PCA was performed with CANOCO for
Windows 4.5.

Limnetica, 37(1): 159-172 (2018)
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Macrophyte community

Detrended Correspondence Analysis (DCA) of
the species data was used to determine whether
linear or unimodal ordination methods should be
adopted (ter Braak, 1995). The gradient length of
axis 1 exceeded 2.0 standard deviation (SD) units
of turnover and thus, a Correspondence Analysis
(CA) on coverage data of species was performed
in order to assess macrophyte community changes
(1994-2015). Similarity in species composition
among years was investigated using cluster
analysis based on the Bray-Curtis dissimilarity
index. We constructed the Bray-Curtis dissimilar-
ity matrix because it ignores joint absences and is
suitable for species data (Legendre & Legendre,
1998). The ANOSIM test was used to verify the
statistical significance (90 % confidence) of the
cluster analysis. Finally, in order to confirm the
previous analyses, we performed a Non-Metric
Multidimensional Scaling (NMDS) based on
the similarity matrix between years. NMDS
contributes to represent the biological variation
of the cluster (Free et al., 2006).

In addition, temporal changes of PVI (2000,
2002, 2003, 2004, 2005, and 2015) were explored
following the methodology described in Environ-
mental drivers (climate, land use and local condi-
tions).

Detrended Correspondence Analysis (DCA)
and Correspondence Analysis (CA) was
performed with CANOCO for Windows 4.5,
while PRIMER 5 was used to carry out ANOSIM
and NMDS.

RESULTS

Environmental drivers (climate, land use and
local conditions)

The comparison between ombrothermic diagrams
for the two time intervals (1973-2004 and
2005-2015) showed an increase in climatic aridity,
represented by an accentuated decline in precipita-
tion (Fig. 2). This decrease in precipitation was
remarkable in spring and summer, corresponding
with the growth period of aquatic macrophytes.
Furthermore, a higher degree of seasonality in
precipitation patterns, as well as a notable decline
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Figure 2. Ombrothermic diagrams for the two intervals

(1973-2004 and 2005-2015). Vertical bars represent precipita-
tion (mm) and black lines represent temperature (°C). Diagra-
mas ombrotérmicos para los dos intervalos temporales estudia-
dos (1973-2004 y 2005.2015). Las barras verticales representan
la precipitacion (mm) y las lineas la temperatura (°C).

of such variable in summer, was observed. There
was a significant increase in mean annual temper-
ature with time; nevertheless, we did not find
significant changes for total annual precipitation
and total annual evapotranspiration (Table 2).
Regarding to the land use near the lake, the
most relevant changes from 1977 to 2014
happened around the first 100 m buffer around
Sentiz Lake: shore vegetation and peat moss
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Table 2. Temporal changes of climate, land use and local variables (*p<0.05; **p<0.01). See Table 1 for abbreviations and units.
Cambios temporales de las variables de clima, usos de suelo y caracteristicas locales (*p<0.05; **p<0.01). Ver Tabla 1 para las

abreviaturas y unidades.

Environmental . Pearson Spearman p
- Variables S -
drivers coefficient coefficient
Precipitation (n=43) -0.25
Climate Temperature (n=43) 0.38 *
Evapotranspiration (n=13) 0.22
Shore vegetation (n=6) -0.81 *
100 m  Grasslands (n=6) 0.82 *
buffer  Croplands (n=6) 0.74
Peat moss (n=6) -0.83 *
Shore vegetation (n=6) -0.86 *
Grasslands (n=6) -0.71
Land Use 500m Croplands (n=6) 0.70
buffer  Peat moss (n=6) 0.33
Scrublands (n=6) 0.03
Urban (n=6) -0.38
Min. distance of crops (n=6) -0.77
Land use diversity (S-W) (n=6) -0.71
Land use uniformity (n=6) -0.71
pH (n=9) -0.44
Oxygen (n=9) -0.08
Conductivity (n=9) 0.12
Chlorophyll a (n=9) 0.54
Local conditions TP (n=9) 0.41
SRP (n=9) 0.42
TSS (n=9) 0.68 *
Lake surface (n=13) -0.69 *x
Mean depth (n=5) -0.94 *x

coverage significantly diminished while grass-
lands showed a significant increase. For the 500
m buffer, only shore vegetation showed a signifi-
cant reduction. At the same time, there was a
marked decrease in the minimum distance
between croplands and Sentiz Lake, as well as an
important reduction in land use diversity from
1.58 to 1.44 bits (Table 2).

We found significant changes for TSS and a
significant reduction in lake water surface area
and mean depth. Furthermore, although there
seemed to be a trend for TP, SRP and chloro-
phyll-a over the last 20 years, this was not signifi-
cant (p>0.05; Table 2).

Results from the PCA (Fig. 3) suggested an
eutrophication gradient defined by the concentra-
tions of chlorophyll-a, TP and SRP. The relative
position of samples indicated an increasing influ-
ence of eutrophication in more recent years, espe-
cially in 2000 and 2006. The most distant years
received minimal influence from eutrophication
related variables, even though chlorophyll-a, TP
and SRP showed an occasional reduction in 2015.

Temporal changes in macrophyte community

The first axis of the CA (49.2 % of variance)
revealed a gradual replacement in the macrophyte

Limnetica, 37(1): 159-172 (2018)
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community of Sentiz Lake (Fig. 4). Macrophyte
species typical of low nutrient conditions (Utricu-
laria australis, Myriophyllum alterniflorum,
Littorella uniflora and Nitella translucens)
defined the community in 1994 and 1995. After-
wards, species typical of low nutrient concentra-
tions and small helophytes (Glyceria fluitans,
Juncus articulatus, Alisma plantago-aquatica
and Antinoria agrostidea) were replaced by
hydrophyte species typical of eutrophic condi-
tions (Ceratophyllum demersum, Potamogeton
natans and Potamogeton trichoides) and big
helophytes (Typha latifolia, Typha domingensis
and Scirpus lacustris).

Cluster analysis distinguished two temporal
groups (Fig. 4). The first group included the most
distant years (1994 and 1995) and the second one
grouped the remaining years (2002, 2004, 2006
and 2015). These groups were supported by the
ANOSIM (R=1; p<0.1) and the NMDS ordina-
tion (Stress value=0.01).

In addition, although total PVI seemed to
show a rising tendency over the last 20 years, this

was not significant (p>0.05).

Macrophyte community and environmental
drivers (climate, land use and local conditions)

We found strong relationships between groups of
environmental drivers. TP was closely related to
croplands (r=0.98; p<0.05) and to the minimum
distance between croplands and Sentiz lake
(rs=0.96; p<0.05). At the same time, shore vege-
tation was negatively correlated to mean annual
temperature (rs=-0.89; p<0.05), whereas non-sig-
nificant relationships could be found between
climate and local variables.

Furthermore, our results showed strong
relationships between environmental drivers and
macrophyte growth forms: big helophytes were
closely related to croplands (r=0.88; p<0.05) and
shore vegetation (r=-0.92; p<0.05). Small helo-
phytes were highly correlated to climate, particu-
larly to total annual precipitation (r=-0.89;
p<0.05), whereas floating-leaved and submerged
hydrophytes were highly correlated to local
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Figure 3. Principal Component Analysis (PCA) for interannual (1994-2015) log-transformed hydrochemical parameters. VVariance
explained for each axis is included. Andlisis de Componentes Principales (ACP) realizado sobre las variables hidroquimicas transfor-
madas logaritmicamente. Se incluye la varianza explicada por cada uno de los ejes.
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conditions (mean depth; r=-0.88; p<0.05; TSS; Sentiz Lake, a shallow Mediterranean waterbody:

r=0.99; p<0.05, respectively). mean depth, water surface area and shore vegeta-
tion have been reduced while mean annual
DISCUSSION temperature has risen and grasslands coverage

has increased. Macrophyte community has
We found important changes in environmental responded concurrently to those changes:
drivers of aquatic macrophyte assemblages in ~ submerged macrophytes typical of high nutrient

Q A
- 2002 60
2(?‘04 £ 10
£ ®
E 9%
2006 @ |
A L A O A
vC. demer $E & & 2 =2 &
N. trans )
O P. trich
M. alter v
Lami %, o 1eous
® O & & P. amphi
U. austr = R3S QA plant T. latif
% e - grami P. natan R. pelta
1994 <o
G. fluit
0 -
A C. fragi T. domin
1995 I. fluit®
2015
=}
1.0 | | | 1.0

Figure 4. Correspondence Analysis (CA) performed on coverage data of macrophyte assemblages. Abbreviations: U. austr: Utricula-
ria australis; G. fluit: Glyceria fluitans; E. palus: Eleocharis palustris; A. agrost: Antinoria agrostidea; P. grami: Potamogeton grami-
neus; L. unifl: Littorella uniflora; A. plant: Alisma plantago-aquatica; M. alter: Myriophyllum alterniflorum; N. trans: Nitella translu-
cens; S. lacus: Scirpus lacustris; T. latif: Typha latifolia; P. natan: Potamogeon natans; P. amphi: Polygonum amphibium; P. trich:
Potamogeton trichoides; C. demer: Ceratophyllum demersum; R. pelta: Ranunculus peltatus; C. fragi: Chara fragilis; T. domin: Typha
domingenis; 1. fluit: Isolepis fluitans. Circles represent species typical of low nutrient conditions, diamonds represent species with no
apparent preference to low or high nutrient conditions, and white and black down-triangles represent hydrophytes and helophytes
typical of high nutrient conditions, respectively (Penning et al., 2008). Inset is the cluster analysis based on the Bray-Curtis dissimilari-
ty index. Analisis Factorial de Correspondencias (AFC) realizado sobre la cobertura de las especies de macrofitos. Abreviaturas: U.
austr: Utricularia australis; G. fluit: Glyceria fluitans; E. palus: Eleocharis palustris; A. agrost: Antinoria agrostidea; P. grami:
Potamogeton gramineus; L. unifl: Littorella uniflora; A. plant: Alisma plantago-aquatica; M. alter: Myriophyllum alterniflorum; N.
trans: Nitella translucens; S. lacus: Scirpus lacustris; T. latif: Typha latifolia; P. natan: Potamogeon natans; P. amphi: Polygonum
amphibium; P. trich: Potamogeton trichoides; C. demer: Ceratophyllum demersum; R. pelta: Ranunculus peltatus; C. fragi: Chara
fragilis; T. domin: Typha domingenis; I. fluit: Isolepis fluitans. Los circulos representan especies tipicas de ambientes oligotréficos,
los rombos simbolizan especies eurioicas en relacion al estado tréfico, y los triangulos invertidos blancos y negros representan,
respectivamente, hidrofitos y hel6fitos tipicos de condiciones con una alta concentracion en nutrientes (Penning et al., 2008). En el
recuadro se incluye el dendrograma basado en el indice de disimilitud de Bray-Curtis.
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levels, floating-leaved hydrophytes and big helo-
phytes have expanded their coverage to the detri-
ment of submerged hydrophytes typical of low
nutrient concentrations and small helophytes.
Additionally, this study revealed that macrophyte
growth forms responded to different environmen-
tal controlling factors: submerged and float-
ing-leaved hydrophytes responded to local condi-
tions, whereas big helophytes and small helo-
phytes responded to land use and climate, respec-
tively.

Environmental drivers (climate, land use and
local conditions)

Our study noted potential changes in climate
seasonality in the northwest of the Iberian Plateau,
mainly because of the expansion of the summer
period. This situation led to a significant decrease
in water surface area and mean depth of Sentiz
Lake. Recent studies have shown an expansion of
the summer in Europe and the Mediterranean
region between 5 and 12 days per decade during
the last 30 years (Pefia-Ortiz et al., 2015). At the
same time, Pefia-Ortiz et al. (2015) recorded
increases between 0.5 and 1.2 °C in mean annual
temperature for the Mediterranean region. Those
new climate conditions have resulted in extreme
droughts (Moss, 2012), water chemistry distur-
bances and significant decreases in water surface
area of shallow Mediterranean lakes and ponds
(Ejankowski & Lenard, 2015).

Shallow Mediterranean lakes are more sensi-
tive to changes in their catchments because of
their small size and the high degree of interaction
between them and their drainage basin (Szyper &
Goldyn, 2002). In this sense, our results showed
considerable changes of land use patterns from
1977 to 2014, particularly in the 100 m buffer.
The expansion of croplands, grasslands and the
important reduction of shore vegetation were the
most relevant changes.

Furthermore, our study revealed potential
changes in the local conditions of Sentiz Lake.
For example, mean depth, water surface area and
TSS showed significant changes while TP, SRP
and chlorophyll-a showed increasing trends.
Changes in water chemistry may be related to a
host of ecological drivers such as the expansion
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of croplands, climate change, reduction of the
water surface area of the lake and nutrient release
from sediment (Moss, 2012; Ejankowski &
Lenard, 2015).

Temporal changes in macrophyte community

In concordance with Egertson et al. (2004), our
investigation revealed that macrophyte communi-
ty changed from small helophytes (G. fluitans,
Eleocharis palustris, A. agrostidea, L. uniflora
and A. plantago-aquatica) and submerged macro-
phytes typical of low nutrient conditions (U.
australis, M. alterniflorum and N. translucens) to
big helophytes (T. latifolia, T. domingensis and S.
lacustris), floating-leaved hydrophytes (Polygo-
num amphibium and P. natans) and submerged
hydrophytes typical of eutrophic conditions (P.
trichoides and C. demersum). These macrophyte
community changes may be related to the strong
reduction of the water surface area (Partanen et
al., 2009). Additionally, we suggest that float-
ing-leaved macrophytes could accelerate the
natural succession of macrophyte assemblages,
releasing nutrients from the sediment in deoxy-
genated areas of the littoral zone (Feuchtmayr et
al., 2009).

The drastic loss of macrophyte species typical
of low nutrient concentrations could be related to
higher concentrations in TSS, chlorophyll a and
phosphorus (Klosowski et al., 2006). According
to Egertson et al. (2004), Sentiz Lake would be in
an early primary eutrophication stage, in which
macrophyte species typical of high nutrient
conditions (P. trichoides and C. demersum) grad-
ually replace submerged hydrophytes typical of
low nutrient conditions (M. alterniflorum). We
speculate that species turnover may be the result
of the interaction between changes in hydrochem-
ical conditions and the reduction of the water
surface area (Hellsten et al., 2006).

Macrophyte community and environmental
drivers (climate, land use and local conditions)

The influence of different environmental drivers
on macrophyte communities has already been
studied by some authors (Del Pozo et al., 2011,
Kissoon et al., 2013; Meier et al., 2015) although
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Figure 5. Principal interactions between climate, land use, local conditions and macrophyte growth forms. Add symbols (+) represent
positive interactions while subtraction symbols (-) represent negative interactions. Principales interacciones entre las variables
climaticas, los usos del suelo, las caracteristicas locales y las formas de crecimiento de los macrofitos. Los signos + representan
interacciones positivas y los simbolos — representan interacciones inversas o negativas.

the final conclusions of these studies are mixed.
Particularly, we found that macrophyte growth
forms responded to climate, land use and local
conditions (Fig. 5). Submerged and float-
ing-leaved hydrophytes responded to local condi-
tions (TSS and mean depth, respectively), while
big helophytes and small helophytes responded to
land-use changes (croplands and shore vegeta-
tion) and climate (total annual precipitation),
respectively. Similarly, Alvarez-Cobelas & Ciru-
jano (2007) found that emergent vegetation
responded to different controlling factors at
different levels of organization in Mediterranean
ponds. Furthermore, as well as in Ejanskowski &
Lenard (2015) and Feld et al. (2016), our study
showed strong relationships between climate,
land use and local conditions (Fig. 5). For exam-
ple, TP was closely related to croplands whereas
shore vegetation showed a negative correlation
with mean annual temperature.

Several surveys analyzed the environmental
controlling factors of aquatic macrophytes assem-

blages at various locations around the world. For
example, the predictors of macrophyte composi-
tion in northern European lakes included factors
such as lake size (Vestergaard & Sand-Jensen,
2000) and water chemistry (Heegaard et al.,
2001). Similarly, Smith & Haukos (2002) found
that land-use changes determined aquatic plant
assemblages in lakes and wetlands located in the
Southern Great Plains of the United States,
whereas Rolon & Maltchik (2006) reported that
pond area, hydrological fluctuations and water
conductivity were the most important predictors
of macrophyte community composition in ponds
located in Southern Brazil. Our results agree with
Del Pozo et al. (2011), Chappuis et al. (2014) and
Fernandez-Aléez et al. (2016), who revealed that
water chemistry, particularly nutrients, and land
use are among the most important environmental
drivers of macrophyte species composition,
distribution and abundance in Mediterranean
shallow lakes and ponds. To this regard, the most
outstanding result of our study compared to previ-

Limnetica, 37(1): 159-172 (2018)



170 Garcia-Giron et al.

ous surveys is that big and small helophytes, as
well as submerged and floating-leaved hydro-
phytes, are determined by different environmen-
tal controlling factors.

Overall, this study has improved the knowl-
edge of the environmental controlling factors of
aquatic macrophyte assemblages of shallow
Mediterranean lakes, incorporating long term
data of both physical and biological parameters. It
is evident from these results that management
efforts aimed at preserving aquatic macrophyte
assemblages of shallow Mediterranean lakes
should focus not only on local conditions of each
lake but also on their watersheds and climate.
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