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RESUMEN

Los servicios derivados de los ecosistemas de alta montafia contribuyen al bienestar de millones de
personas quienes por tanto dependen del buen funcionamiento de estos ecosistemas. La investigacion
hidrolégica tiene mayores antecedentes en el Sur del Ecuador (Austro) pero las investigaciones
ecoldgicas sobre la estructura y funcionamiento de los diferentes ecosistemas de alta montafia son
poco comunes. La combinacion de investigacion hidroldgica y ecoldgica proveeria un diagnostico
mas integrado sobre el funcionamiento e importancia de estos ecosistemas, lo cual podria luego ser la
base de nuevos proyectos y medidas de proteccion y conservacion. Este articulo describe la
investigacion en curso que tiene como objetivo general el efectuar la caracterizacion detallada de la
estructura de los ecosistemas acuaticos basada en campafias de muestreos en los diferentes niveles
troficos y el estudio de la limnologia. Los objetivos mas especificos se ocupan de (1) la definicién del
estado de conservacion de los ecosistemas de alta montafia; (2) el estudio del efecto de la cubierta
vegetal sobre la estructura de las comunidades acuéticas; (3) la determinacion del impacto de la
conectividad hidrolégica sobre la composicion de la fauna de diferentes ecosistemas; y (4) la
investigacion del efecto de la radiacion ultra violeta sobre las comunidades acuéticas. Las actividades
de la investigacion en curso trataran: la planificacion detallada de las campafias de muestreo, el
desarrollo de campafias intensivas de muestreo, trabajo de laboratorio y el analisis de datos empleando
diferentes métodos estadisticos. Los resultados de la investigacion mejoraran el conocimiento sobre el
funcionamiento de los ecosistemas de alta montafia.

Palabras clave: Ecosistemas acuaticas, montafas altas, cubierta de vegetacion, radiacion ultravioleta,
conectividad hidrolégica, funcionamiento de ecosistema.

ABSTRACT

Ecosystem services in high mountains support the life of millions of people dependent on the well
functioning of these ecosystems. Collection and interpretation of hydrologic data in South Ecuador
has a long record but almost no ecological investigation has been carried out in the various aquatic
ecosystems. Combined, hydrologic and ecological research would provide an integrated picture on the
functioning and importance of high mountain ecosystems which in future could be the base of new
projects and policies on protection and conservation measures at local and regional scale. This article
describes an ongoing research with general objective the characterization of the structure of various
aquatic ecosystems based on the sampling of different trophic levels and analysis of the limnology.
More specific objectives are: (1) definition of the conservation status of high mountain lagoons; (2)
analyzing the effect of vegetation cover on aquatic community structure; (3) assessing the impact of
hydrological connectivity on the faunal composition of different ecosystems; and (4) examining the
effect of ultraviolet radiation on the status of aquatic communities. Project activities cover: detailed
planning of sampling activities, implementation of sampling campaigns for the collection of needed
samples and information, laboratory work, data analyses using various statistical methods and
publishing results in extension and scientific manuscripts. The project will improve the knowledge of
the ecosystem functioning of high mountain ecosystems in South Ecuador.
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1. INTRODUCTION

Ecosystems generate a range of essential goods and services for human well-being, collectively called
ecosystem services (Nelson et al., 2990). The Millennium Ecosystem Assessment distinguishes four
categories of ecosystem services: provisioning (e.g., seafood, water), regulating (e.g., climate, floods),
supporting (other services, e.g., pollination and pest control for food production), and cultural (e.g.,
serenity, inspiration).

High mountains are producing half of the worldwide freshwater resources and millions of people
in South America are dependent on these for hydropower, irrigation, domestic and industrial uses. As
pressure on these environments increases due to global changes and anthropogenic impacts, it is clear
that balancing the needs of water for humans against ecosystems (terrestrial and aquatic) is, and will
increasingly become, a premier issue (Petts et al., 2006). If water resources in the high mountains are
not properly managed they will rapidly decline resulting in the loss of biodiversity and the distortion
of the water regulating capacity of the wet ecosystems of the Andes (Celleri and Feyen, 2009).
Furthermore, one of the fundamental factors for sustainable development is water availability, not
only because of human needs, but also because water and temperature are primary factors in shaping
plant biomass distribution through biological evolution, and succession (Zalewski, 2002). By positive
feedback mechanisms with the atmosphere, vegetation cover stabilizes the global heat budget and
regulates the amount of water and nutrients retained and released by ecosystems to ground and surface
waters (Baird and Wilby, 1999). According to Zalewski (2000, 2002) provides the control and
regulation of water and nutrient cycling, by synergistically integrated hydrological and biotic
processes at the catchment scale, opportunities for the enhancement of the absorbing capacity of
ecosystems against human impacts. Field and experimental studies showed that regulating the
hydrology of systems, the biological dynamics of these systems (e.g., negative symptoms of
eutrophication) are affected and can be controlled (Mitsch, 1993).

Due to the complexity of ecosystems it is increasingly agreed that scientific research trying to
understand the functioning of these systems and how these systems control the environment require
the effective integration of disciplines (Kundzewicz, 2002). In most of the developing countries, such
like Ecuador, monitoring stations have been established to collect quantitative hydrological data with
the objective to provide information on the temporal and spatial variability of water availability. This
activity being the input for hydrological research has not been complemented by data collection in
support of research in other disciplines, such as geophysics, biology, and socio-economy.
Biological/ecological research could help to understand the structure and functioning of high
mountain ecosystems and forms the basis to any conservation and protection measures.

Ecological research has demonstrated that food webs in nature contain hundreds to thousands of
species, reticulately connected via multiple species links of various strengths in the same and different
habitats (Polis and Strong, 1996). Therefore to understand the functioning of an ecosystem it is
necessary to consider different trophic levels (i.e., microorganisms, plankton, macroinvertebrates,
fish, etc.). In Ecuador most research focuses on macroinvertebrates and investigates the environmental
factors which influence their distribution (Jacobsen et al., 1997; Jacobsen and Encalada, 1998; Sites et
al., 2003). Some papers report on the sampling of zooplankton communities in high mountain lagoons
(e.g., Barros and Carrasco, 2006) but most of these manuscripts are highly descriptive not providing
insight in the functioning of these systems. Freshwater algae, involving the identification of algal
communities and their temporal evolution, is an important tool for assessing the quality of aquatic
ecosystems and to predict the direction of future changes (Calado et al., 2005). For instance in
Europe, phytoplankton was chosen as key biological quality element for the establishment of the
Water Framework Directive ecological status in reservoirs and lakes. In Ecuador, research on
freshwater phytoplankton and their role in the different ecosystems does not exist primarily by lack of
appropriate monitoring programs. It also explains why ecosystem assessment in Ecuador is partial.
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High mountain catchments in the Andes encompass several different aquatic ecosystems (i.e.,
rivers, marshes, lagoons and ponds), which are connected on the landscape level. In the paramo,
environmental conditions (i.e., rainfall, soil water content, evapotranspiration, etc.) are relatively
constant (Celleri and Feyen, 2009) creating a stable environment. As such any change in these
conditions, depending on the buffering capacity of the ecosystem, could strongly deregulate the
stability of the aquatic communities. In addition, the relative high and fairly uniformly distributed
rainfall and low evapotranspiration guarantee hydrological connectivity between the different water
bodies and it is suspected that any change in environmental condition might have a cascading effect
on aquatic ecosystems. To fully understand and conserve the integrity of aquatic ecosystems at
catchment level it is essential to study the diversity, connectivity and vulnerability of all aquatic
species. The biological functioning of these systems should be fully understood before further studies
could evaluate the impact of natural or anthropogenic induced changes.

This article discusses the research activities deployed with the general objective to define the
baseline relation between the natural factors vegetation cover, hydrological connectivity and
ultraviolet radiation and the structure and functioning of high mountain aquatic ecosystems at
different trophic levels.

e

Figure 1. Picture illustrating sampled small ponds in the Zhurucay catchment.

2. MATERIALS AND METHODS

Aquatic sampling campaigns are initiated in the following areas:

(1) The small lagoons in the microcatchment of the river Zhurucay (13,92 Km®) are situated in the
south west of Ecuador in the area called Quimsacocha (Fig. 1). The altitude ranges from 3400
to 3900 m above sea level, with a mean terrain slope of 25.53%. The sampling campaign of
various small lagoons with similar size, all situated in a circle of 300 m enables quantifying the
effect of hydrological connectivity in periods of high and low rainfall. Two rivers (Fig. 2) in the
Zhurucay microcatchment having similar characteristics (substrate, size, runoff, etc.) but
different vegetation cover (i.e., pajonal and Polylepis forest) are also sampled for analyzing the
effect of vegetation cover on the aquatic communities.

(2) The microcatchment of Mazar lies in the catchment of the Paute River. The catchment occupies
165,77 Km? with different vegetation cover (pasture, agriculture, high mountain rainforest,
pajonal). A river with similar characteristics (substrate, size, runoff, etc.) like the rivers in the
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Zhurucay microcatchment was chosen for sampling. This river is situated in a basin mainly
covered with rainforest.

@ ‘ (b) ©
Figure 2. General view of the 3 sampled river systems, respectively with pajonal (a), Polylepis forest
(b) and high mountain rainforest (c) cover.

(3) The lagoon of Torreadora, in Cajas National Park (Fig. 3), was chosen to explore the effect of
ultraviolet (UV) radiation on the aquatic communities. The lagoon is situated 2°46°25” S and
79°13°20” W, at an altitude of 3900 m above sea level, occupying an area of 19.2 ha and has a
maximum depth of 40 m.

Macroinvertebrates are sampled along a 50 m transect using a Hess cylinder (Fig. 4a), taking 5
replicates with a monthly frequency, providing a quantitative measure of the number of
macroinvertebrates per square meter (ind m?). For qualitative sampling of macroinvertebrates, for
example in small lagoons, a 250 micron mesh hand net (Fig. 4c) is used.

Together with the sampling of macroinvertebrate, water samples are collected and analyzed for
chlorophyll a, total phosphorus, nitrate, hardness and alkalinity. At the moment of sampling also the
water temperature, dissolved oxygen, turbidity, conductivity and pH are measured. Zooplankton and
phytoplankton are sampled using plankton net with different mesh size, 64 and 10 micron respectively
(Fig. 4b), filtering a defined volume of water to obtain a quantitative measure expressed in number of
individuals per liter. For studying the effect of ultraviolet radiation on the zooplankton and
phytoplankton population stratified water samples to a depth of 40 m are collected in the Torreadora
lagoon using the VVan Dorn sampler (Fig. 4d). The sampler collects a defined volume of water. Water
samples are filtered using the plankton net to obtain for each depth a representative sample of the
zooplankton and phytoplankton population. Additionally, samples are taken at each depth from which
50 zooplankton adults are selected to analyze the carotenoid concentration. Zooplankton produces
carotenoid to cope with UV radiation. UV damages zooplankton and other organisms mainly by
photo-produced changes in the cell. As defence mechanism zooplankton relies on the production of
photo-protective pigments, more in particular carotenoid molecules. As a consequence of this
mechanism the concentration of carotenoid in zooplankton is a direct measure of the accumulated UV
radiation. In situ the temperature, dissolved oxygen, turbidity, conductivity and pH are measured; and
in the laboratory the concentration of chlorophyll a, dissolved organic carbon, nitrate and total
phosphorous are defined. Additionally, the attenuation of UV-A and UV-B along the depth of the
lagoon Torreadora is measured with a radiometer. Macroinvertebrates and zooplankton are preserved
in a 4% formaldehyde solution. A mixture of lugol and formaldehyde at a final concentration of 4% is
used to preserve the phytoplankton samples.
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Figure 4. Sampling devices used for fieldwork: a) Hess cylinder; b) plankton net; c) hand net; d) Van
Dorn sampler.

In the laboratory samples (Fig. 5) are identified to the lowest taxonomic level using different
identification keys (i.e., de Bicudo and Menezes 2006; Dominguez and Fernandez, 2009; Smirnov
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1996). The chemical composition of water samples are analyzed using standard methods (Andrew et
al., 2005). Carotenoid in the zooplankton samples is extracted and analyzed by spectrophotometry.

(b)

Figure 5. Groups of organisms from different trophic levels a) phytoplankton, b) zooplankton and c)
macroinvertebrate.

3. DISCUSSION

Conservation of biodiversity ecosystems at landscape level is essential. Landscape ecology offers an
effective framework to integrate patterns and processes, examine environmental dynamics and
interactive pathways between landscapes; links research with management; and develops viable
strategies for conservation. To be effective, conservation efforts should be based on a solid conceptual
foundation and holistic understanding of natural ecosystems. The challenge for the future lies in
protecting the ecological integrity and biodiversity of aquatic systems in the face of increasing
pressures on freshwater resources (Ward, 1998). The presented research aims contributing to the basic
understanding of aquatic ecosystems in high mountains by analyzing the natural variation of biota and
guantifying the effect of natural environmental factors, in particular vegetative cover, hydrological
connectivity and ultraviolet radiation.

The influence of native vegetation cover on aquatic communities is not extensively studied in the
mountain region of South America. However, according to Sponseller et al. (2001) it has been proven
that in the northern hemisphere landuse has a major effect on aquatic community composition.
Streamside forest affect food quality and quantity for macroinvertebrates directly through inputs of
particulate food (leaf, soil, wood) and indirectly by affecting the structure and productivity of
microbial food web through shading and modifying the levels of dissolved organic carbon and
nutrients (Sweeney, 1993). Forest canopy and its effect on incident levels of light that reach the
stream is a major factor influencing benthic macroinvertebrate communities (Feminella et al., 1989).
Streams with open canopy have been shown to have higher periphyton standing crops and primary
production than more shaded areas (Fuller et al., 1986). As such macroinvertebrate grazers benefit
from improved food resources when more sunlight reaches the channel and algal growth is stimulated.
Shade influences water temperature and as such affect the species composition and life history
characteristics of resident species (Sweeney, 1993). Taxon richness (including total number of
Ephemeroptera, Plecoptera, and Trichoptera taxa) and Simpson’s diversity of the macroinvertebrate
community all heightens with increased tree cover at local scale in the Upper Thames River watershed
in southwestern Ontario (Rios and Bailey, 2006). Colin et al. (2004) found significant differences
between streams with pasture and tussock grass in percentage of macroinvertebrate based stream
health index and macroinvertebrate density. They reported that macroinvertebrate biodiversity was
generally higher in catchments with pasture than tussock land cover. Riley et al. (2003) consider this a
reflection of the negative effects of sediment deposition being outweighed by a positive effect of
higher nutrient levels on algal productivity fuelling more complex food webs (Townsend et al., 1998).
Some studies deal with landuse changes such as the effect of deforestation on macroinvertebrate
communities. Bucker et al. (in press) found in the high mountains of South Ecuador that on deforested
areas macroinvertebrate density, species evenness and densities of certain taxa were different to
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forested areas. Odonata was completely lacking in deforested sites. Based on an extensive review of
literature the authors expect to find very distinct macroinvertebrate communities in catchments with
different vegetation cover. Measurement of all relevant environmental parameters followed by
multivariate statistical processing of the data will reveal which variables are most important and
significantly affect the aquatic communities.

There is a general neglect of small-scale landscape elements, such as freshwater ponds and pools
yet, it has been shown in Europe that these small ecosystems contribute disproportionately to regional
diversity (Oertli et al., 2002; Williams et al., 2004). In pond systems, one of the key environmental
gradients structuring communities is the hydroperiod gradient (Brendonck and Williams, 2000).
Further local environmental factors, both the abiotic environment and biotic interactions (competition,
predation, parasitism and mutualism) may be important. Hydroperiod may induce a race against time
and exerts a strong impact on species sorting and selection gradients (De Meester et al., 2005). In
South America few research exist studying high mountain small lotic systems (i.e., Coronel et al.,
2004; Coronel et al., 2007), however research on the effect of hydroperiod or the derived hydrological
connectivity does not exist. Hydrological connectivity is defined by Pringle (2001) as the ‘water-
mediated transfer of matter, energy, and/or organisms within or between elements of the hydrologic
cycle’. Most studies deal with the importance of hydrological connectivity in rivers or streams,
whereas hydrological connectivity at different land scales and directions is the most relevant for
restoration measures (Jansson et al., 2007). It is to be expected that hydrological connectivity between
small landscape elements (i.e., ponds) defined by natural hydroperiod (i.e., during wet season ponds
have hydrological connectivity which might be disrupted during drier periods) also have an impact on
the dynamics of aquatic communities. Florencio et al. (2008) found that macroinvertebrate
community in Mediterranean temporary ponds changed in response to the hydroperiod. Studying
ponds and pools and their natural variation during a hydrological period will provide a baseline to
which any future change in the functioning of the system can be compared. Studying zooplankton in
these systems might be the most appropriate since zooplankton is obligatory aquatic without terrestrial
phases. Brendonck et al. (2000), for instance, showed significant patterns of isolation by distance in
large branchiopods at individual rock-pool sites with clusters of close-set pools, and reported strong
genetic differentiation, despite the fact that dispersal among pools by means of overflowing resting
eggs can be abundant (Brendonck and Riddoch, 2000). Coronel et al. (2007) observed only very small
differences in species numbers in temporary peat-pools in the Bolivian high mountains compared to
neighboring lakes. Although these pools were small and with short hydroperiod, cladoceran species
richness was in line with the larger and longer hydroperiod pools. In the Southern Ecuadorian high
mountains rainfall does not represent high variation; there is no strong dry season and as such ponds
do not dry out, however hydrological connectivity might shrink which probably explains endemism in
the different ponds.

High mountain aquatic ecosystems are known to be exposed to high UV radiation. This can
generate behavioral responses or morphological protection (i.e., production of protective pigments) in
the aquatic organisms. To avoid UV damage, zooplankton applies different strategies including
phenotypic changes, such as an increase in photo-protective pigments or an escape behavior, such as
vertical migration (Hader et al., 2007). Furthermore, they can switch between strategies or select an
optimally blended cocktail of available protection strategies. The evolutionary advantage of protective
pigments is, likely, the ability to utilize the whole water column during daytime; conversely, since the
amount of algal food is generally higher in surface waters; unpigmented individuals are restricted to a
less preferred feeding habitat in deeper waters. Jansson et al. (2007) showed that Daphnia seems to
rely on a combination of avoidance and pigmentation, whereas copepods almost exclusively rely on
photo-protective compounds for their UV defense. Contrary, Speekmann et al. (2000) observed that
pigmentation did not appear to play a role in UV radiation tolerance of 3 copepod species in estuarine
environment. Alonso et al. (2004) sampled three interconnected lakes differing in their transparency
and found that differences in the patterns of surface-water avoidance were unrelated to the abundance
and vertical distribution of the dominant planktivores as well as to temperature and food availability.
They were inversely related, however, to the average UV radiation levels within the surface layer. A
UV avoidance strategy was strongly confirmed for the copepod Boeckella gracilipes, on account of its
low UV tolerance and lack of photo-protective compounds. Exclusion experiments in a high altitude
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Andean lake indicated that the cladoceran Chydorus sphaericus and the rotifer Lepadella ovalis were
strongly inhibited by UV-B (Cabrera et al., 1997). Conversely, UV-B radiation had no effect on the
survival of the different life stages of the calanoid copepod Boeckella graalipes, suggesting a species-
specific difference in the sensitivity to solar UV-B radiation. Moreover, no reduction in the number of
copepod eggs per female and the number of nauplii produced was observed (Cabrera et al., 1997).
Personal observation confirms the higher pigmentation in calanoid copepods and surface avoidance in
the upper 3 m in the lagoon of Torreadora in Cajas National Park. The analyses of zooplankton
samples will indicate the community structure at day and night at different depths of the lagoon and
pigment analyses will show the pigmentation differences in the different species and individuals
occupying various depths. All measured environmental variables (physical, chemical, and biological)
will be used in multivariate statistics to explore which environmental variables in the studied areas are
responsible for the structure in the zooplankton communities.

The ongoing research aims monitoring different high mountain aquatic ecosystems as to
contribute to the baseline knowledge and assess the conservation status. The sampled ecosystems are
situated in protected areas and as such they still can be considered as pristine with good conservation
status. The impact of any future anthropogenic activities affecting these ecosystems can be quantified
with reference to the baseline being the expected output of this research, on the basis of which
appropriate conservation measures can be defined and put in place.
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