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Abstract Mountain wetlands provide unique information be-
cause their biota is highly specific and contributes significant-
ly to regional diversity. The goals of this study were assessing
altitudinal and temporal variation in the distribution of
Heteropteran assemblages in mountain wetlands; and study-
ing the phenology of the most abundant species. All stages of
Heteroptera and data on environmental variables were collect-
ed monthly over one year from five mountain wetlands. A
simple community structure, and also a low richness of aquat-
ic true bugs, composed of four Heteropteran families
(Corixidae, Belostomatidae, Notonectidae and
Gelastocoridae), characterized our ponds. Richness and abun-
dance varied temporally and spatially (p < 0.0001); and in-
creased at higher elevations. Additionally, the highest abun-
dance of cold stenothermal species occurred at the highest
altitudes where harsh conditions are prevalent. Ectemnostega
(E.) quadrata and S. (T') jensenhaarupi, both endemic to the
Andes region, were the most abundant species. Both these
species showed univoltine cycles and overwintered as adults.
Biodiversity of the Heteroptera reached maximum values in
summer when water temperature increased. Temporal and
spatial monitoring studies provide key information on the
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distribution, diversity, and habitat requirements of
Heteropteran species as well as on conservation and manage-
ment of these vulnerable habitats and species which are faced
with climate warming.

Keywords Aquatic heteropteran communities - Phenology -
High-mountain ponds - Arid environment

Introduction

Small wetlands have been highlighted as extremely important
habitats because they host a high and unique biodiversity
(Oertli et al. 2008), which contributes significantly to regional
biodiversity (Williams et al. 2004). In recent years, many stud-
ies have focused on them because of their importance as res-
ervoirs for rare species, in many cases endemic (Biggs et al.
2005), and because they are highly vulnerable to climate
change. These environments represent unique areas and are
used as sentinel systems (De Meester et al. 2005) to detect and
assess global warming and its consequences, since climate
changes rapidly with height over relatively short horizontal
distances (Ruml and Vuli¢ 2005). Thus, high-altitude wet-
lands are ideal as model systems because of their small size,
simple community structure and low taxonomic richness (De
Meester et al. 2005).

Phenological studies may provide key information to un-
derstand the effects of climate change on ecology, forestry,
agriculture and human health (Van Vliet and Schwartz
2002), for they reflect shifts in the timing of different pheno-
logical phases (Ruml and Vuli¢ 2005). Very few studies have
been performed analyzing temporal variations in macroinver-
tebrate communities in temporary and permanent ponds
(Scheibler and Ciocco 2011; Mereta et al. 2012;
Fontanarrosa et al. 2013; Karaouzas et al. 2015).

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13157-016-0735-x&domain=pdf

266

Wetlands (2016) 36:265-274

Among aquatic invertebrates, the Heteroptera (Hemiptera)
are a particularly interesting group to study because they pos-
sess great plasticity to inhabit a variety of environments, such
as saline ponds, high mountain wetlands, hot springs, and
large rivers (Polhemus 2008). But little is known about the
altitudinal distribution ranges of aquatic Heteropteran diversi-
ty and even less about their life cycle in the Andes Mountains.
The scarce information available comes almost exclusively
from old surveys (Macan 1954; Schnack 1976; Bachmann
1981; Savage 1990; Tully et al. 1991); and from ponds affect-
ed by salinity (Scheibler and Ciocco 2011, 2013).

The main goals of this study were to assess spatial and
temporal variations in the distribution and composition of true
bugs in five mountain wetlands following an altitudinal gra-
dient; and to contribute to increasing the knowledge of the life
cycle of Sigara (T.) jensenhaarupi (Jaczewski) and
Ectemnostega (E.) quadrata (Signoret) (Corixidae), endemic
species and the most abundant aquatic true bugs found in
high-altitude mountain ponds.

Materials and Methods

In order to accomplish the goals of the study, we selected five
sampling sites following an altitudinal gradient. Sampling was
carried out monthly over a complete annual cycle and, to
characterize each pond, we measured eleven environmental
variables on a monthly basis. To investigate variations in bi-
otic variables, a GLM analysis was performed using month
and sampling site as factors. To evaluate how Heteropteran
communities and environmental variables were correlated
with altitude, we used a Spearman’s correlation test. For the
description of the phenology of E. (E.) quadrata and S. (T))
Jjensenhaarupi, we quantified immature and adult specimens
of each species.

Study Area

Five sampling sites were selected following an altitudinal gra-
dient in the northwest of Mendoza Province, Argentina: (i)
Horcones Lake (HO); (ii) Tambillos Dam (TAM); (iii)
Upward Uspallata (UU); (iv) Downward Uspallata (DU),
and (v) Potrerillos (PO) (Fig. 1). All sampling sites are located
along the longitudinal gradient of the Mendoza River basin
(18,484 km?), and are representative of mountain wetlands in
the Andes Mountains of Central Argentina, covering two bio-
geographical provinces (Andean and Monte, Morrone 2006).
The Mendoza River basin is located in Argentina’s Central
Andes in the north of Mendoza Province (32°00'- 37°35" S;
66°30'- 70°35" W) (Fig. 1). This watershed is mostly fed by
snow melt from the Andes Mountains. Snowfall is the pre-
dominant water input to the Andes mountain range. Rainfalls
occur in spring and summer, though their contribution to the
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Mendoza River is insignificant. The regional climate can be
defined as arid, of maximum continentality and typically tem-
perate (Departamento General de Irrigacion 2006).

The water bodies studied (Fig. 1) were represented by 1)
Horcones Lake: a glacial and permanent lake located at the
highest altitude (2981 m asl), included as a RAMSAR site,
placed in Aconcagua Provincial Park (710 km?) in the High
Andes region (Mount Aconcagua 6962 m a.s.l.) on the
Cordillera Principal. Horcones Lake was characterized by a
great abundance of Chara sp. (algae) and riparian vegetation
formed by Carex aff: Gayana and Schoennoplectus pungens.
2) Tambillos Dam: a permanent dam lying at high elevation
(2458 m asl) on the Cordillera Frontal in the Andean province,
fed by the Tambillos stream and with dominance of Chara sp.
Riparian vegetation was composed of Larrea nitida. 3 and 4)
Upward Uspallata and Downward Uspallata: the third and
fourth sampling sites are connected to the Uspallata River, a
permanent tributary of the Mendoza River, located in the de-
pression of Uspallata Valley, between the Cordillera Frontal
and the Precordillera. Both sampling sites presented macro-
phytes, which were absent in the rest of the sampling sites.
Riparian vegetation was represented by Cortaderia
rudiuscula, Proustia cuneifolia and Tessaria absinthioides.
5) Potrerillos: the last sampling site is situated in the
Precordillera and is fed by the Mendoza River. Sampling
was performed on the banks of the dam, in an area with abun-
dant poplar trees (Populus sp., Salicaceae) which belonged to
a former camping ground, which was flooded by the river
when the Potrerillos Dam was built. Annual rainfall during
the study period was 224.4 mm at Potrerillos locality (PO)
and 248.2 mm at Polvaredas (2286 m asl, close to Horcones
Lake) (HO) with a rainfall peak occurring in January at
Potrerillos (26.5 mm) and in May at Polvaredas (30 mm) (data
provided by Secretaria de Recursos Hidricos, Argentina). The
main characteristics of the ponds studied are specified
in Table 2.

Sampling

Sampling was carried out monthly over a complete annual
cycle, between October 2007 and September 2008. January
and February (summer) were sampled twice, because these are
the months when abundance of the Heteroptera reaches its
peak (Bachmann 1981), and we wanted to asses abundance
for each stage of Heteropteran species. Three replicates of
each sample were taken in each pond, by thoroughly sweeping
with a hand net (mesh size =500 pm) across the various hab-
itats. Total sampling time was 60 min for each pond. Samples
collected in the field were preserved in 95 % ethanol and
deposited in the National Collection of the Entomology
Laboratory of IADIZA-CCT CONICET Mendoza, voucher
specimens were deposited at the Museo de La Plata, Buenos
Aires, Argentina.
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Fig. 1 Map of study area
indicating sampling sites

following an altitudinal gradient Argentina

Finally, to characterize each pond, we measured monthly the
following environmental variables: conductivity (uS cm';
Hanna conductivity meter HI 9033), pH (Hanna pH meter,
HI 9025), transparency (m; Secchi disk), water and air tem-
perature (°C; mercury thermometer), depth (m; calibrated
stick), environmental humidity (% Hygrotherm HTO5), %
Oxygen saturation (% O,, Hach Dissolved Oxygen meter),
pond area (m?), macrophyte/algal richness and type of
substrate.

In the winter months, HO (from June to September 2008)
and TAM (from June to July 2008) could not be sampled
because the ponds were frozen. PO was sampled in October
2007, February 2007, and from March to August 2008 be-
cause of its temporary nature.

Data Analysis

Abundance and richness were calculated for each sample and,
for this purpose, a data matrix was constructed with biotic
variables (number of individuals: larvae and adults of each
taxon) for each replicate, month and sampling site, over a
complete annual cycle (2007-2008).

To investigate variations in biotic variables (total abun-
dance, abundance and richness of each species), a temporal
analysis was performed using month (M) as a factor, and a
spatial analysis using sampling site (SS) as a factor. Discrete
data (abundance) was analyzed using Poisson distribution
with logarithm as link function, and tested with X°. Because
residual errors in the model showed over-dispersion (i.e., re-
sidual deviance was higher than the degree of freedom of the
residual), the model was rescaled to correct for biases in the
statistical test of hypotheses (Crawley 1993), using F tests
instead of X” as a measure of fit. Detailed procedures for this
type of analysis can be found in Crawley (1993) and

McConway et al. (1999). For this analysis we used
Generalized Linear Models (GLM; GENSTAT software, ver-
sion 4.2, 2005). Using GLM analyses, we also estimated the
percent variation explained by the model for each biotic re-
sponse variable as follows: % of explained variability = ex-
plained deviance/total deviance % 100.

To know the correlation levels between altitude and struc-
ture of Heteroptera (total species richness and total abun-
dance), and between altitude and physicochemical variables,
we performed a Spearman’s correlation test. Only those
Spearman’s correlation coefficients (rho = ) showing
p < 0.05 were considered to be significant.

To describe the phenology of E. (E.) quadrata and S. (T")
Jjensenhaarupi, we quantified immature and adult specimens
of each species. To separate each instar, we followed Scheibler
and Melo (2010) and Melo and Scheibler (2011). The individ-
uals counted for life history descriptions were: 1021 nymphs
and 283 adults of E. (E.) quadrata, and 2087 nymphs and 875
adults of S. (T") jensenhaarupi.

Results
Environmental Variables and Pond Characterization

Water temperature ranged from 2.9 °C (in May at TAM) to
25.1 °C (in April at DU). Minimum water depth was 0.04 m
(in November at UU), and maximum water depth was 1.1 m
(in January at TAM). Humidity varied from 14 % (during
November) to 83 % (during February). Minimum conductiv-
ity was 115 uS cm ™' (in January at TAM), maximum conduc-
tivity was 1700 uS cm ! (in October at PO), and pH varied
between 6.67 and 9.72 (Table 2).
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HO sampling site exhibited higher conductivity values, al-
kaline pH, and substrate composed mostly of sand and silt.
TAM sampling site was linked to presence of cobble and
pebble substrate, higher transparency and depth, and the low-
est conductivity values. Both sampling sites had presence of
algae (Chara sp. and Cladophora sp.) and maximal oxygen
saturations values (Table 2). UU and DU were the only sites
showing presence of macrophytes. UU was also characterized
by presence of cattle and human urbanization. Conductivity
values increased almost twice at DU with respect to UU. The
area is surrounded by farms that dump their wastes into
the Uspallata River, therefore polluting the ponds. PO was
a temporary site with absence of macrophytes and with
the highest values of conductivity, which showed long
periods of dryness depending on the water provided by
the Mendoza River. The area is very urbanized as it is
near the Potrerillos Dam where recreational activities are
performed. Environmental characteristics of the sampling
sites studied are provided in Table 2.

Richness, Distribution and Monthly Variations
in the Heteroptera

During the annual sample period (2007-2008), we col-
lected 4332 specimens (nymphs and adults) belonging to
four families of Heteroptera (Corixidae, Notonectidae,
Belostomatidae and Gelastocoridae) (Table 1). Corixidae
were found at all sampling sites. Gelastocoridae showed
the lowest abundance and was present only at TAM and
UU; Belostomatidae and Notonectidae were only found at
UU and TAM, respectively. Total abundance varied

among sampling sites (F4.176 = 79.78; p < 0.001; % of
explained variability =44), ranging from one species (.
(E.) quadrata) at HO to five species at TAM and UU
(Table 1). Although these two sites showed the highest
richness of Heteroptera, they differed in total abundance:
TAM had 2610 specimens, and UU 405 specimens
(Fig. 2a-b). On the other hand, DU and PO were the sites
with the least abundance and richness (DU: 2 species, 9 spec-
imens; PO: 2 species, 3 specimens) (Fig. 2a-b).

Ectemnostega (E.) quadrata and S. (T)) jensenhaarupi were
the species with the highest abundance all along the sampled
year (Tables 1 and 2). Total abundance showed also signifi-
cant differences among months (F;5.176 = 18.75; p <0.001; %
of explained variability =33), the highest abundance was
registered during summer (mainly December—February)
(Fig. 3a); maximum abundance also matched the highest re-
cords of air and water temperature (Figs. 4 and 5). Total rich-
ness showed more significant differences among sampling sites
(F4.176 = 32.68; p < 0.001; % of explained variability =37) than
among months (F3_17¢ = 4.54; p < 0.001; % of explained var-
iability =17). January and March were the months with the
highest species richness (Fig. 3b).

Altitude showed significant correlations with physico-

chemical variables: pH (Spearman § = 0.66
p = <0.0001), transparency (Spearman & = 0.33
p = <0.0001), pond area (Spearman & = 0.36

p = <0.0001), and also with biotic variables: total spe-
cies abundance (Spearman & = 0.69 p = <0.0001), and
total species richness (Spearman & = 0.57 p = <0.0001).
Nevertheless, it showed a negative correlation with con-
ductivity (Spearman & = — 0.43 p = <0.0001).

Table 1  Total individuals and standard deviation (in parentheses) of Heteropteran species collected from each sampling site in Mendoza wetlands
Species/Sampling sites HO TAM uu DU PO
Corixidae
Sigara (Tropocorixa) jensenhaarupi Jaczewski 0 2595 (64.1) 358 (12.17) 7(0.7) 2(0.38)
Sigara (Tropocorixa) femoridens Hungerford 0 0 0 2(0.31) 0
Sigara sp. 0 0 0 0 1(0.19)
Ectemnostega quadrata Signoret 1304 (42.05) 2(0.33) 0 0 0
Belostomatidae
Belostoma elegans Mayr 8 (0.71)
Belostoma sp. 38 (2.45)
Gelastocoridae
Nerthra ranina Herrich-Schaeffer 0 0 1(0.15) 0 0
Nerthra sp. 0 2(0.23) 1(0.15) 0 0
Notonectidae
Notonecta (Paranecta) peruviana Hungerford 0 3(0.5) 0 0 0
Notonectidae sp. 0 8 (0.87) 0 0
Total abundance 1304 2610 406 9 3

References: HO: Horcones Lake; TAM: Tambillos Dam; UU: Upward Uspallata; DU: Downward Uspallata and PO: Potrerillos Dam
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Fig. 2 Mean and standard error 14384

in a) abundance (larvae and
adults) of Heteroptera and b)
richness of Heteroptera for the
five mountain ponds. References:
HO: Horcones Lake; TAM:
Tambillos Dam; UU: Upward
Uspallata; DU: Downward
Uspallata and PO: Potrerillos
Dam

105,134

66,631

Abundance

2813

10,37

72,50
[ ]

967
L ]

0.21 0.1

Richness

HO TAM uu pu PO
Sampling sites

0,94
L

Phenology, Spatial and Temporal Variations of E. (E.)
Quadrata and S. (T.) Jensenhaarupi

Our data demonstrate a restricted distribution of E. (E.)
quadrata, which was only present at highest elevations,
whereas S. (T") jensenhaarupi showed a broader distribution,
as it was found at four of the five sampling sites. We conclude
that both species have a univoltine life cycle. Early instars of
E. (E.) quadrata (1, 2 and 3) began to appear in December
with a peak in this month; instar 3 had another peak in
January, instar 4 in February, followed by instar 5 with a peak
in March. Growth was faster during the summer (December-
March). Adults increased in abundance in April and May, with
maximum densities in October. During winter (June-
September), the lake is frozen so the higher abundance of
adults in October indicates that this is the overwintering
stage (Fig. 4). In the case of S. (T') jensenhaarupi, early

HO TAM uu ou PO
Sampling sites

instars (1, 2 and 3) began to appear in December, when
water temperature increased, showing low densities; instars
2 and 3 had a peak in February and March; instar 4 had a
peak in December, and instar 5 showed a peak in January.
From June to November, the density of immature stages was
zero. Only adults were able to pass through the winter and
early spring (Fig. 5).

Discussion

Species Richness

In agreement with observations of De Meester et al. (2005),
the mountain ponds studied showed a simple community

structure and also a low richness of Heteroptera. Four families
of Heteroptera were found: Corixidae, Belostomatidae,
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Fig. 3 Mean and standard error 83,077

in (a) abundance (larvae and

adults) and (b) richness of

Heteroptera over an annual cycle

(monthly variation) 85,67

42,371
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] BLL 2
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-
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Notonectidae and Gelastocoridae; among them, the most
abundant was Corixidae. Ectemnostega (E.) quadrata and S.
(T’) jensenhaarupi (Corixidae) were the most abundant ones;
both are endemic to the Andean region. This is important
because the highest mountain wetlands are known to be res-
ervoirs for rare species (Biggs et al. 2005).

Previous studies highlight altitude, pH, conductivity and
presence of macrophytes as important environmental vari-
ables clearly correlated with species richness (Oertli et al.
2000, 2008; Hinden et al. 2005). Our results confirmed their
observations regarding pH, conductivity, and macrophytes. A
decrease in pH is correlated with a decrease in species rich-
ness, a decrease in conductivity is correlated with an increase
in species richness, and macrophytes are relevant drivers of
species richness (Ilg and Oertli 2014). On the other hand, and
in contradiction to previous studies, we observed that there is a
positive correlation between species richness and high altitude
that can be explained by the positive correlation observed
among altitude, alkaline and transparent waters, and largest

Dec JanA JanB FebrA Feb B March  Apnl May June July  Aug  Sep
Months

pond area. Despite being the highest pond, HO site did not
follow the same pattern for it showed the lowest richness. This
is because it is the sole site that is not fed by any tributary, is
frozen during all of the winter, and shows increased
conductivity. Oertli et al. (2008) had shown that presence of
a tributary significantly increases the number of taxa in ponds.
The presence of ice during winter represents a major obstacle
to organisms for they have to cope with low food availability,
low temperature, and low nutrient conditions (Sommaruga
2001). In addition, increased levels of conductivity cause de-
creased species richness (Ilg and Oertli 2014).

Species Abundance

Annual monitoring made it possible to detect variations in
species abundance along the altitudinal gradient.
Ectemnostega (E.) quadrata predominated at the highest
elevation (2891 m asl), while S. (T") jensenhaarupi was
found at different heights (2458—1350 m asl); and both
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Fig. 4 Phenological

Ectemnostega (Ectemnostega) quadrata
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species reached their maximum abundance at the highest
elevation of their distributional range (2891 and 2458 m
asl, respectively).

In our study, we observed that the highest abundance oc-
curred at the highest sites, and this result was confirmed by the
positive correlation found between total abundance and alti-
tude. This can be due to the fact that sites with higher species
abundance are permanent ponds which are largest in size; and
a high percentage of open water favors colonization of these
environments by corixids (Popham 1943; Bloechl et al. 2010).
Moreover, the highest ponds have a great abundance of algae
that can be used as both food resource and refuge against
predators. The Corixidae family has a particular preference
for stable aquatic systems with clear and oxygenated water,
with neutral to alkaline pH, a high percentage of open waters,
and presence of algae (Tully et al. 1991), all of which condi-
tions are met by our highest mountain wetlands. In conclu-
sion, the environmental conditions found in our highest
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Months

mountain ponds appear to be suitable for development and
survival of these true bugs.

Phenology

Maximum abundance of true bugs was recorded during sum-
mer when the highest water temperature was measured.
Moreover, larval stages of S. (T") jensenhaarupi (monitored
all year round) were zero in the winter and spring months.
Aquatic Heteroptera lay eggs mostly in spring, grow in sum-
mer, survive as adults and repeat the cycle of life (Polhemus
2008), all of which is consistent with our observations and
results. Corixids can produce one or two generations per year
depending on the species or climate (Hungerford 1948). The
most abundant species found in our mountain ponds showed
univoltine cycles and overwintered as adults. Additionally, the
characteristics of the ponds where they were found (long hy-
droperiod and consequently more stability) make it possible



for the species to complete their life cycle at the highest ele-
vations (2891 and 2458 m asl). However, these Corixidae
species produced only one generation per year; but it would
be interesting to ascertain whether the number of generations
of these Heteropteran species is dependent on climate as we
suggest, or if it is an intrinsic characteristic of the species.

The Corixidae family is cold-adapted (Cummins et al.
2008) and some of its species are considered to be cold steno-
thermal, as is the case of E. (E.) quadrata (Bachmann 1981).
Ilg and Oertli (2014) found that cold stenothermal species are
limited to mountain areas regardless of the harsh environmen-
tal conditions prevailing at high altitudes. The highest abun-
dance of cold stenothermal species in our study occurred at the
highest altitudes where harsh conditions (higher conductivity
values and frozen waters during the winter) prevail, such as
occurs in alpine ponds.

These high mountain ponds constitute irreplaceable habi-
tats for a variety of freshwater biota, as they harbor uncommon
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and endemic species. Our results confirmed that altitude is the
most important driver of Heteropteran species diversity.
Temporal and spatial monitoring studies provide key informa-
tion about the distribution, diversity and habitat requirements
of Heteropteran species as well as on conservation and man-
agement of these vulnerable habitats and species which are
faced with climate warming.
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