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ABSTRACT

Hydric regime in Mediterranean freshwater forested wetlands and their relationship with native and non-native forest
cover

In different Mediterranean zones (MZ) of the world, extensive areas of native forests have been replaced by forest plantations
composed of non-native species that exceeded 264 million ha globally in 2010. In Chile, 80% of these plantations are
distributed in the same zone where forested wetlands are dominant. Non-native forest plantations are inversely related to the
quantity, distribution and availability of water resources. In this study, the characteristics of the water regime of the forested
wetlands were assessed, and their relationship to non-native forest plantations and native forest cover was established. The
results indicated that most forested wetlands present a significant decrease in both depth and water volume in the summer
(p <0.05), which is related to a decrease in rainfall. However, those wetlands with a higher percentage of non-native forest
plantations in their basins (> 18%) presented a temporary water regime, unlike those in which native forest dominated (>21%),
which presented a permanent water regime. Strong negative relations were registered (p < 0.05) among the percentage of forest
plantation and water availability, minimum depth and minimum water volume. On the other hand, the percentage of native
forest was positively related with the same variables (p < 0.05). This study presents a clear relationship between forest activity
and water availability, especially during the summer, when the normal decline of the water resources in the wetlands worsens.
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RESUMEN

Régimen hidrico en humedales boscosos Mediterrdneos de agua dulce y su relacion con coberturas boscosas nativas y
exoticas

En diferentes zonas Mediterrdneas (MZ) del mundo, extensas dreas de bosque nativo han sido reemplazadas por plantaciones
forestales de especies exdticas que superaron las 246 millones de hectdreas en el 2010. En Chile cerca del 80% de estas
plantaciones se distribuyen en la misma zona donde dominan los humedales boscosos. Se ha descrito que las plantaciones
forestales exdticas estdn inversamente relacionadas con la cantidad, distribucion y disponibilidad de los recursos hidricos.
En este estudio se evaluaron las caracteristicas del régimen hidrico de humedales boscosos y se establecio su relacion
con las coberturas de plantacion forestal exdtica y bosque nativo. Los resultados indican que la mayoria de los humedales
presentaron una disminucion significativa en la profundidad y volumen de agua en época estival (p < 0.05), relacionada con
igual disminucion en las precipitaciones. Sin embargo, aquellos con un mayor porcentaje de plantaciones forestales en sus
cuencas (>18%) presentaron un régimen hidrico temporal, a diferencia de aquéllos donde domind el bosque nativo (>21%)
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que presentaron un régimen hidrico permanente. Se registraron fuertes relaciones negativas (p < 0.05) entre el porcentaje de
uso de suelo forestal exdtico y disponibilidad hidrica, profundidad minima y volumen minimo de agua. En tanto, el porcentaje
de bosque nativo se relaciono positivamente (p < 0.05) con la disponibilidad hidrica, volumen minimo, profundidad media y
profundidad minima. Este estudio muestra una clara relacion entre la actividad forestal y la disponibilidad de agua, sobre
todo en época estival, donde se agudiza el normal descenso de los recursos hidricos.

Palabras clave: Plantaciones forestales exdticas, régimen hidrico, humedales boscosos, bosque nativo, zona Mediterrdnea.

INTRODUCTION

Changes in land cover are considered important
variables in the hydrological cycle (Farley et al.,
2005; Huber et al., 2008; Lara et al., 2009). For-
est plantations with non-native species (e.g., Pi-
nus spp., Eucalyptus spp.), in comparison with
native forests or pasture cover, can produce a
number of effects on terrestrial ecosystems be-
cause they are inversely related to the quantity,
distribution and availability of water resources
(Echeverria et al., 2007). Among the most im-
portant effects, an increase in evaporation can be
mentioned (Farley et al., 2005; Jackson et al.,
2005; Scott & Prinsloo, 2008). This is directly
related to an increase in the interception of rain-
fall (Huber & Trecaman, 2000). In addition, an
increase in transpiration has also been reported
and is related to the root uptake of these species,
which tends to cover a larger area and reach a
greater depth (Huber & Trecaman, 2000; Jackson
et al., 2005; Scott & Prinsloo, 2008). The root
uptake causes a reduction in the surface runoff, a
reduction in the groundwater and a lower aquifer
recharge (Hofstede, 2001).

Freshwater ecosystems are susceptible to di-
rect effects of forest activity because the combi-
nation of the described processes (e.g., transpi-
ration, interception) largely determines the con-
tribution of water to these ecosystems (Swank &
Douglas, 1974). This is particularly relevant in
MZ because the absence of rainfall during the
summer (Di Castri & Hajek, 1976; Barry & Chor-
ley, 1985) implies that the groundwater reserves
of the surrounding terrestrial ecosystems would
be the sources of the main contributions in order
to maintain a permanent water regime (Ward &
Trimble, 2004; Zimmermann et al., 2006).

In different MZ of the world (e.g., Iberian
Peninsula, Chile, California), extensive areas of
native forests have been replaced by forest plan-
tations composed of non-native species. These
species, due to their fast growth rate, are very
profitable for the pulp and paper industry (Fer-
reira et al., 2006). Globally, forest plantations
have increased from 178.3 million ha in 1994 to
264 million in 2010, and it is expected that forest
plantations will exceed 300 million ha by 2020
(FAO, 2010). In Portugal, 21% of the forested
area is occupied by non-native plantations (DGF,
2005), while in Spain, they represent more than
12% of the total forest cover (MMA, 2003) and in
Chile, it has been reported that non-native plan-
tations cover more than 17% of the forest in the
country (CONAF, 2011).

In Chile, in the same zone in which forest
plantations have been established (MZ), a large
amount of unique forested wetlands are also
distributed. These wetlands are dominated by na-
tive arboreal species from the Myrtaceae family,
including the following genera: Myrceugenia,
Blepharocalyx, Luma and Tepualia (Correa-Ara-
neda et al., 2011, 2012). These environments
have been recently studied from a limnological
perspective (e.g., Correa-Araneda et al., 2011),
although their functioning is still unknown (Cor-
rea-Araneda et al., 2012) and only potential
effects of forest activity on the water resource
have been proposed, noting that they can produce
changes in the variables that determine the hy-
droperiod (Echeverria et al., 2007; Angeler et al.,
2010). These are the main factors that determine
the functioning of this type of ecosystems, and
we can infer that there is a more extreme and pro-
longed summer drought by the increased water
consumption by exotic forest plantations in the
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studied watersheds. On this basis, this study
assessed the characteristics of the water regime
of forested wetlands with the aim of establish-
ing their relationship with non-native forest
plantations and native forest cover.

METHODOLOGY

Study area

The study area is located in southern Chile
(Araucania Region: 37°-40° S), where the exotic
forest activity is more intensive (80%) (CONAF,
2011), and there is a greater concentration of
forested wetlands (Correa-Araneda et al., 2011).
The predominant climate in this zone is the wet-
Mediterranean type, characterized by dry sum-
mers and wet winters with annual precipitation
in the range of 1200 mm to 1600 mm. Summer
temperatures fluctuate between 14 and 23 °C,
and winter temperatures fluctuate between 7 and
13°C (Di Castri & Hajek, 1976, DGA, 2013).

Site selection was based on a classification ob-
tained by a modification of the methodology pro-
posed by the Water Framework Directive from
the European Union (EC, 2000). This methodolo-
gy uses a series of edaphological, climatic and
morphological variables at the basin scale to
identify statistically similar groups of wetlands,
from which the formation of four types of
wetlands is indicated. The group with the highest
number of wetlands was chosen (n = 12), whose
edaphic characteristics (silt-loam) and morphol-
ogy (low slope) would indicate the presence
of permanent hydric regimes (Fuentes-Junco,
2004); those wetlands formed an intervention
gradient in relation to land cover with non-native
forest plantations and native forest conservation
were also identified.

The percentage of land cover was determined
by means of the delimitation of the basins that
drain towards their respective wetlands using a
digital elevation model (DEM) based on topo-
graphic maps (1:25 000) prepared by the Chilean
Military Geographic Institute (IGM, 1968). In
each basin, the surface covered by forest planta-
tions and native forests was calculated by means
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Figure 1. Location of the studied forested wetlands (e;
Vergel, Pumalal, Nohualhue, Quepe, Petrenco), meteorologi-
cal stations used for precipitation data (A; E1, E2, E3) and the
mayor city (). Ubicacion de los humedales boscosos estudi-
ados (®; Vergel, Pumalal, Nohualhue, Quepe, Petrenco) y las
estaciones meteorologicas utilizadas (A; El, E2, E3).

of the Chilean Vegetation Census (CONAF-
CONAMA-BIRF, 2007). Finally, wetlands with
a range of non-native cover of 3-25% and a
range of native forest of 6-36% were selected
(Table 1), corresponding to the highest and
lowest percentages of both soil covers registered
in the identified wetlands. Others soil covers are
detailed in Table 1. All analyses were carried out
using ArcGis 9.3 software.

Sampling methods

The study was carried out by means of sampling
from April 2011 to March 2012. Daily rainfall
(mm) data were used in order to determine the
pattern of rainfall in the zone under study and
its relationship with the water variables of the
wetlands. These data were collected from the da-
tabases of the Chilean General Water Com-
mission (DGA, 2013). The selected stations
(E1: 38°31'07”S-72°27'08"”W; E2: 38°57"33"”S-
72°36'30”W; E3: 39°00'52”S-73°04'58"W) are
the closest to the studied wetlands (Fig. 1).

The hydric regime and temporal variation
of water level (cm) were determined by means
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of autonomous water level sensors (HOBO U20-
001-02) with a measurement range of 0 to 30 m
in depth. These sensors were calibrated for mea-
surement intervals of one hour over the course of
one year (April 2011-March 2012). From these
analyses, the maximum depth (cm), minimum
depth (cm), average depth (cm) and water avail-
ability (%; difference between highest and lowest
volumes determined) was calculated.

In order to determine annual variations in the
water volume (m?), the volume was calculated bi-
monthly in 100 m? quadrants (n = 3), using an
adapted version of the equation for lake systems
(Schneider, 2000), which includes the area occu-
pied by the islets. This equation is based on the
volumetric measurement of horizontal sections of
the water column, which are then aggregated ac-
cording to their number of sections (bottom con-
tour) to obtain the total volume (Equation 1).

H((Ay = 1) + (A = b) + NA = T) - (A - 1))

3

(1
Where H is the average depth (cm) of the water
column in those sectors where the islets are not
present. A; and A, represent the area (cm?) of the
upper and lower profiles of the water column,
respectively, whereas /; and I, are the sum of the
upper and lower areas (cm?), respectively, of
the present islets through the water column. The
islets consist of the submerged portions of the ar-
boreal vegetation, defined by the adventitious
and horizontal roots systems that emerge from
the main trunk, and accumulate fallen leaves and
sediment around them (Correa-Araneda et al.,
2012).

The height of the water table (WT) was de-
termined bimonthly by means of a scuttled per-
foration that determined the percentage of time
for which wetlands remained flooded (depth > 0
cm), saturated (0 > WT > —30 cm) and dry (WT
< =30 cm), according to the description by Cole
et al. (20006).

Vtotal =

Statistical analysis

In order to determine if there were differences at
the temporal scale for the depth and water volume

variables, a one way ANOSIM variance analy-
sis was used (Clarke & Warwick, 2001), using
the season as a factor (summer and winter) on a
distance matrix (Euclidian). Regression and cor-
relation (Pearson) analyses between hydrological
variables and land covers were carried out. The
same analysis was performed between the rain-
fall data and hydrological variables of the wet-
lands. Relationships were considered significant
when p < 0.05. All the analyses and graphics
were carried out by means of Primer v.6 (Clarke
& Gorley, 2006) and SigmaPlot v.11.0 (Systat
Software, Inc.) software.

RESULTS

The studied wetlands ranged in area from 107 to
346 hectares, with drainage basins between 1642
and 3630 ha and altitudes between 26 and 182
m.a.s.l. The land cover from non-native forest
plantation varied between 3% and 25% (Pinus
radiata-Eucalyptus globulus), whereas the land
cover from native forest (Nothofagus spp.) varied
between 6% and 36% (Table 1).

Annual rainfall records varied between 1186
and 1250 mm, with a clear seasonality, with be-
tween 70% and 77% concentrated in the win-
ter (April-September) (Table 1). Monthly rainfall
was closely correlated with the depth and volume
of most of the wetlands (r > 0.6; p < 0.001), ex-
cept for the water volume in Nohualhue (r = 0.2;
p > 0.05) (Fig. 2).

Regarding the water regime, it was observed
that the Petrenco, Quepe and Nohualhue wet-
lands presented a permanent surface cover, with
depths that varied between 15.7 and 83.5 cm and
a water volume of 592 758-5 826 864 m® (Ta-
ble 1). On the other hand, the Pumalal and Vergel
wetlands presented temporary regimes, which
were flooded 199 (54.5%) and 215 (58.9%) days,
respectively, in a period of one year, with depths
that varied between O and 82.4 cm and a water
volume that varied between 0 and 4 800 075 m®.
These wetlands remained without a visible
water column during the entire summer season,
specifically from December 2011 until April
2012 (Fig. 2). Statistical analyses support this
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variation because both the water volume and
depth in these sites presented highly significant
differences over time (p < 0.001; Table 2). How-
ever, when the water cover was not present, the
soil in these sites remained saturated (Table 1).

4 18
= 16
3 14
k= 12
<
E 9] 10
- -8
= 1 A 6
53
g 4
20 1 2
3 0

5 142
T, i
L4 14.0
=
<
£ 3] - 13.8
£7] - 136
53
Z
w1 - 134
o
—

0 132

5 15.7
T, i
z 4 15.6
g
g 3] - 155
£ - 154
[y
z
w1 - 153
(@]
—

0 15.2

ApMa Ju Jul Ag Se OcNo De Ja Fe Ma
Month

Log (volume+1)

In wetlands with a permanent water regime,
the volume decreases from August (No) and
September (Que) until March (No, Que). In Pe-
trenco, this decrease was between September
and December. The depth exhibits a clear de-

%
£
E
o
Zz
on
Q
—
15.3
- 15.2
- 151 %
£
- 15.0 =
Z
- 149
—
- 14.8
14.7

ApMa Ju Jul Ag Se OcNo De Ja Fe Ma
Month

Figure 2. Temporal variation of depth (—), volume (---) and rainfall (—-—) in the wetlands (Ve = Vergel, Pu = Pumalal, No =
Nohualhue, Que = Quepe, Pe = Petrenco). Values represent the monthly average (log (x+1) of the measurements in the hour (depth
and volume) and daily range (rainfall). All r coefficients are significant (p < 0.001), and they represent the degree of correlation of
the depth and volume of rainfall (except for volume in Nohualhue p > 0.05). Variacion temporal de la profundidad (—), volumen
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valores representan el promedio mensual (log (x+1) de mediciones en un rango diario (precipitaciones) y horario (profundidad y
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profundidad y volumen (excepto para el volumen en Nohualhue (p > 0.05).
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crease between October and March (Nohualhue),
September and February (Que) with an important
increase in December, and in Petrenco, from July
to February with a small increase in September
(Fig. 2). The variation in the water level was
significant among the different seasons (winter
and summer) with the exception of the Quepe
wetland, which presented stable depths over
time (p > 0.05). However, the volume of water
presented no statistically significant variation
over time (p > 0.05; Table 2).

The correlation analyses among the studied
variables indicated a negative relationship (p <
0.05) between the percentage of land cover of
non-native forest plantation in the basin and the
water availability (r = —0.86), minimum depth
(r = —0.81), minimum water volume (r = —0.78)
and mean depth (r = -0.58) (Fig. 3). Signifi-
cant and positive relationships (p < 0.05) were
also found between the percentage of land cover
in native forest and water availability (r = 0.84),

minimum volume (r = 0.83), minimum depth
(r = 0.86) and mean depth (r = 0.75) (Fig. 3).

DISCUSSION

By the late 1990s, approximately 50 % of the
Earth surface had been directly affected by hu-
man action (Vitousek et al., 1997), and the forest
industry was one of the economic activities with
a greater contribution to this type of change (Fer-
reira et al., 2006), replacing a large amount of the
forest cover in many countries with plantations
of fast-growing non-native species. In Chile,
these species were successfully established
primarily between 32° and 41° south, covering
approximately 17% of the forestland of the coun-
try (CONAF, 2011). Pizarro et al. (2006) and
Little et al. (2009) recorded significant increases
in non-native forest cover in central southern
Chile. These authors indicate that in the period

Table 2. Volume (m?) and depth (cm) values (mean + standard deviation) from wetlands in the winter and summer seasons. R-
values are the result of a one-way ANOSIM. Significance levels: ns = p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001. Valores
(promedio + desviacion estdndar) de volumen (m®) y profundidad (cm) de los humedales en las épocas de invierno y verano . Valores
de R son el resultado de test de ANOSIM de una via. Niveles de significancia: ns = p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.

Summer Winter
Volume Mean + SD Mean + SD R
Temporary
Vergel 627 625 +1079 473 2201 119+414 375 0.366 *
Pumalal 1389 325 +2406 381 4 555 887 +308 945 0.558 #**
Permanent
Quepe 3185375+314 059 3682939+399 310 —0.075 ns
Petrenco 5016904 + 144 134 5679 684 +202 385 0.132 ns
Nohualhue 735818 £ 124 486 1062 379 +134 343 0.030 ns
Depth Mean + SD Mean + SD R
Temporary
Vergel 13.4+13.3 42.5+23.3 0.358 *
Pumalal 3.1+4.6 20.3+8.7 0.621 **
Permanent
Quepe 152+6.3 229+8.5 0.156 ns
Petrenco 31.6+£8.6 48.6 +10.4 0.311*
Nohualhue 120+6.8 38.7+£24.7 0.372 **
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1975-2000 an increase in forest plantations of be-
tween 30% and 53% was produced, with an esti-
mated annual rate that varied between 4.5% and
10.5%. Even between 1995 and 2009, Chile pre-
sented one of the highest annual deforestation
rates of native forest (49 020 ha) and foresta-
tion (53 610 ha) with forest plantations in South
America (FAO, 2010; INFOR, 2010). Some of
the basins considered in this study show the same
trend, reaching up to 25% of forest cover that is
composed of non-native species. However, other
basins present a low intervention (3%) from ex-
otic species, which allows them to be used as ref-
erence sites in comparative studies.

The studied zone is characterised by rainfall
ranging between 1200 and 1600 mm per year (Di
Castri & Hajek, 1976, DGA, 2013). The results
indicate that the studied sites had rainfall in the
lower limit described for such zone, and its dis-
tribution was typical of a Mediterranean climate,
characterised by a marked seasonality. Seventy
to seventy-seven percent of the rainfall is con-
centrated between April and September, with a
decrease in the summer. This is consistent with
what has been described for the zone, where an
even more noticeable seasonality has been reg-
istered, with 85% of the rainfall concentrated in
the winter period (Little et al., 2009). Rainfall
is the main influence on the monthly and seasonal
variability of the water resources (Ward & Trim-
ble, 2004; Pizarro et al., 2006; Little ez al., 2009),
which is reflected in this study with a clear sea-
sonality in the water regime. It was observed that
principally in the summer season, there was a sig-
nificant decrease in the water depth and volume
in all wetlands.

Although precipitation can clearly explain
the water regimes of aquatic ecosystems, when
analysing systems similar in geology, morphol-
ogy and precipitation, it is interesting to evaluate
the different land covers as well as other sources
of variability in the water availability. This
analysis showed a negative relationship between
the non-native forest land cover and the water
availability, minimum volume and minimum
depth of wetlands. In particular, when there was
more than approximately 18% of non-native
forest land cover in the basins, these variables

tend to zero, presenting shorter hydroperiods. In
contrast, positive relationships between the per-
centage of native forest in the basins and the
same variables was observed. This indicates that
when more than 21% of the land cover is native
forest, a permanent water regime was fostered
in the wetlands. Similar results were obtained
by Mbano et al. (2009) and Garmendia et al.
(2012), who found a negative relationship among
the percentage cover of non-native plantations, the
water flow and the water productivity, respec-
tively. These results indicate that an increase
in the percentage of land intended for forest
plantations would be adversely affecting the wa-
ter inputs to the wetlands, especially when the
normal distribution of the volumes in the summer
season become critical. This is in agreement with
similar studies carried out in Chile where it has
been stated that the replacement of native forests
by plantations of Pinus and Eucalyptus spp.
produces a decrease in the water flows of small
basins, especially during the summer season
(Lara et al., 2009; Little et al., 2009), reaching
20.4% for every 10% increase in the area of
non-native forest plantations (Lara et al., 2009).
All this leads to the presence of large volumes of
water in the winter, which is the product of rapid
surface runoff due to the lack of an understory
that generates interception, as well as the lack
of the water resources in summer season, just as
found in the present study.

Additionally, it has been indicated that
changes in volume or minimum depth have
always been considered more relevant than a
variation in the annual average (Little et al.,
2009) because they can directly affect the users
of the water resource (Farley et al., 2005). In ad-
dition, these variables define the characteristics
of the hydroperiod, which is one of the greatest
influences on the structure of communities of
both plants and animals in wetlands (Farley et
al., 2005). Therefore, a change in this variable
can generate modifications in the temporal distri-
bution patterns of aquatic communities (Angeler
et al.,2010).

These results are in agreement with the water
losses associated with non-native forest planta-
tions. Huber et al. (2008) estimated that in a plan-
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tation of Pinus radiata located in a similar zone
to the study area, up to 40 % of the annual rainfall
is lost, a product of the interception generated by
the canopy and up to 55 % as a result of evapo-
transpiration. The latter can be explained by the
high water demands, which have been ascribed
by several authors to Pinus radiata plantations as
well as Eucalyptus spp. (Farley et al., 2005; Jack-
son et al., 2005; Scott & Prinsloo, 2008).

It has been estimated that Eucalyptus globu-
lus can achieve a transpiration volume five times
larger than the amount transpired by slow growth
trees such as Podocarpus falcatus or Cupressus
lusitanica (Fetene & Beck, 2004). Likewise, Li-
cata et al. (2008) estimated that Pinus ponderosa
plantations had average water consumptions 33%
to 64% larger than that of an Austrocedrus chilen-
sis forest. Similarly, it has been observed that
plantations of P. radiata in central southern Chile
show only 5% of the percolation or infiltration
of rainfall (Huber et al., 2008), producing a de-
pletion of soil moisture reserves that can reach a
depth of three metres (Hofstede, 2001). However,
it has been determined that the conservation of ri-
parian native forests may significantly reduce the
adverse effects on water provision from forestry
plantations of exotic species (Little et al., 2015).

It is important to mention that given the forest
characteristics of the studied wetlands, there are
processes that can differ from other lentic ecosys-
tems. The forest component would be generat-
ing a larger interception of the direct precipita-
tion in comparison with lacustrine ecosystems or
freshwater marshes, which implies a lower water
contribution during rainy periods. However, the
same characteristics produce a lower penetration
of solar energy to the water, resulting in lower
evaporation of the water resource; this could ex-
plain the fact that those wetlands that presented a
temporary regime maintained a continuously sat-
urated soil.

In conclusion, the current study suggests that
forest plantations of non-native species and
native forest species are related to the water be-
haviour of forested wetlands, and the main factor
is the percentage of the basins that is intended
for this use. The results show the need to carry
out better management of the basins that drain to-

wards wetlands, especially in those in which the
forest activity is not yet intensive. Better manage-
ment can reduce the increase in the area planted
with fast-growing non-native species by means of
finding and fostering new economic alternatives
for the owners. The conservation or restoration
of buffer areas with native vegetation in areas
surrounding wetlands is also an important is-
sue. These zones have been recognized as areas
of ecological importance (Lemly & Hilderbrand,
2000), because of their roles in the ecosystem
processes regulation, water storage and aquifer
loadings, among others, thus favouring water
availability during drought (CHS, 2008, Little et
al., 2015).

Given that the effects of these environments
have been identified at the hydrographic basin
scale, the protection of these ecosystems by
means of the Chilean National System of Pro-
tected Wild Areas (SNASPE) does not fully
ensure their conservation. However, this can be
the first step for future integrated management,
especially for those ecosystems that still present
a low level of human intervention. In Chile, there
are no models for wetlands protection, except
for bogs (D.E.L. N° 1122) or those wetlands that
have been considered for an international protec-
tion model, such as Ramsar. For this reason, it
is important to note that the conservation efforts
through governmental tools should have to at
least consider the protection of as many different
ecosystems as possible. However, this does
not happen with this type of wetlands because
by being unknown or even not recognized as
wetlands, they have not been considered within
the Chilean protected areas to date. This is even
more relevant if it is considered that the forested
wetlands are unique ecosystems with global
significance by being located in a biodiversity
hotspot (Smith-Ramirez, 2004).
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