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RESUMEN GENERAL

La cuenca alta del rio La Antigua es considerada como una region hidrolégica de alta
diversidad e importancia ecoldgica, donde el bosque meséfilo ha sido remplazado por
zonas ganaderas, agricolas y asentamientos urbanos. En este estudio, el diagndstico integral
de distintos factores a nivel de paisaje y local, asi como el uso de diferentes métodos de
bioevaluacion y con distinta resolucion taxondmica, permitié determinar el estado de
conservacion de doce arroyos de la cuenca alta del rio La Antigua, Veracruz. Se evaluaron
las relaciones de los principales usos de suelo de la region y las condiciones del habitat
riberefio, la calidad del agua de los arroyos, y los efectos sobre los ensamblajes de
macroinvertebrados acuéticos, durante estaciones climaticas contrastantes, tomando como
condiciones de referencia arroyos que drenan el bosque meséfilo de montafia. Los
resultados mostraron como distintos factores alterados del medio riberefio y acuatico (ej.
simplificacion del habitat, concentracion de materia organica, de iones, sedimentos y
temperatura del agua), asi como la estacionalidad, pueden modificar la reproduccién de una
especie de microcrustaceo (Cladocera: Ceriodaphnia dubia), la presencia y abundancia de
especies de un ensamblaje particular de insectos acuéticos (Odonata) y la riqueza 'y
abundancia a nivel de familia de los ensamblajes de macroinvertebrados acuéticos. Los
arroyos con el mejor estado de conservacion fueron aquellos que drenan en microcuencas
conservadas de bosque mesofilo, seguidos por los arroyos de pastizales, los de cafetales y
por ultimo, los arroyos con influencia urbana, que fueron los mas alterados. Los resultados
indican que las practicas de manejo locales tales como la eliminacién de la vegetacion
riberefia y las descargas directas de aguas residuales son las principales responsables del
estado de conservacion de los arroyos estudiados. La sustitucion del bosque mesofilo por
zonas agricolas y ganaderas, asi como el crecimiento poblacional continian amenazando la
permanencia de este importante ecosistema, haciéndose cada vez mas importante tomar

medidas para su conservacion y mejor manejo.
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CAPITULO 1

Introduccion general
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Introduccion general

El bosque mesofilo de montaria es el ecosistema de mayor biodiversidad de flora y fauna
por unidad de area en México (Challenger 1998). Resulta de gran importancia ecoldgica e
hidroldgica, ya que es mundialmente reconocido por su papel en el mantenimiento de los
ciclos hidroldgicos y de nutrientes de las tierras bajas (Hamilton et al. 1995; Bruijnzeel
2004). En México, tal vez sea el ecosistema mas amenazado ya que ocupa del 0.5 al 1%
del territorio nacional (Gonzalez-Espinosa et al. 2012) y s6lo quedan remanentes
discontinuos y con distribucion restringida de bosque meséfilo primario en las serranias de
Nayarit, en la Huasteca Alta Hidalguense, en la Sierra Madre del Sur y Franja
Neovolcanica de Jalisco, en las zonas montafiosas de Chiapas y en Veracruz; en la cuenca
alta del Balsas, en los Tuxtlas, y en la zona Centro (CONABIO 2010). El bosque mesofilo
de montafia del Centro de Veracruz se encuentra entre los 1,200 a los 2,100 m.s.n.m
(Williams-Linera 2007). Desde la vertiente este del volcan Cofre de Perote drena de oeste a
este los arroyos de la cuenca alta del rio La Antigua, pasando por los municipios de
Acajete, Tlanehuayocan, Coatepec, Xalapa, Xico y Teocelo, hasta desembocar en el rio

Pescados, en el municipio de Jalcomulco.

Los cambios de uso de suelo en la cuenca alta del rio La Antigua, Ver.

Entre 1990 a 2003 cerca del 50% de la vegetacion natural de la cuenca alta del rio La
Antigua tuvo algin cambio de uso de suelo. En esta region el bosque mesdéfilo de montafa
fue remplazado principalmente por plantaciones de café de sombra, pastizales para ganado
y por la urbanizacién (Mufioz-Villers y Lépez-Blanco 2008). De acuerdo al Sistema de
Informacion Agroalimentaria y Pesquera (SIAP 2012), Veracruz cuenta con la mayor
poblacion ganadera del pais con el 12% del total nacional. El Distrito de Coatepec abarca
los municipios de Xalapa, Coatepec, Xico, Teocelo y Cosautlan, y aunque solo contribuye
con el 2% de la poblacion ganadera del estado, en la zona esta actividad econdmica es una
de las principales a nivel local (Martinez y Cruz 2009). Ademas, es el segundo estado

productor de café en México, generando el 26% de la produccién a nivel nacional. Las
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areas urbanas ocupan aproximadamente el 7% de la superficie de la cuenca alta del rio La
Antigua, sin embargo, no han dejado de incrementarse afio con afio (Mufioz-Villers y
Lopez-Blanco 2008). Debido a la importancia de estas actividades agropecuarias y al
crecimiento urbano en la region, se requiere de estudios de diagnostico que determinen el
impacto de estas actividades sobre los ecosistemas dulceacuicolas (Thomsen et al. 2012),
los cuales son reconocidos entre los mas fragiles y amenazados por las actividades humanas
a nivel global.

El impacto de la transicion de un paisaje natural a uno dominado por actividades
humanas puede ser evaluado al identificar el uso del suelo predominante en una region
como factor determinante del “estado ecoldgico” de los ecosistemas dulceacuicolas (Meyer
y Turner 1994), el cual integra los cambios estructurales de las comunidades de organismos
acuaticos, pero también incluye a los cambios hidrolégicos, fisicoquimicos y de la

vegetacion riberefia, como efectos de las alteraciones antropogénicas (Prat et al. 2009).

Habitat y calidad del agua

Para poder determinar de forma integral el estado ecoldgico de los arroyos de microcuencas
con diferente uso de suelo, se evaluaron las condiciones del habitat riberefio y de las
caracteristicas fisicoquimicas del agua, ya que el manejo inadecuado de los diferentes usos
de suelo puede modificar ambas condiciones de los cuerpos de agua. Por ejemplo, la
disminucion de la vegetacion riberefia por deforestacion puede reducir la entrada de
material organico aléctono al cauce (procedente de la zona ribefiera), tal como la hojarasca,
madera en descomposicidn y detrito, y en su lugar generar un aumento en la produccion
primaria (Benstead y Pringle 2004), puede reducir la evapotranspiracion y llegar a
aumentar el caudal (Ross et al. 1990) e incrementar la temperatura del agua debido a la
reduccion de la sombra sobre el cauce (Couceiro et al. 2006). El pisoteo de las vacas en los
pastizales, la disminucion de la vegetacion herbacea en las plantaciones agricolas, y la
frecuencia y volumen de las descargas domésticas pueden desestabilizar los bancos en la
orilla (Bengeyfield 2007; Diana et al. 2006; Baker et al. 2008). La eliminacion de la

vegetacion riberefia en arroyos urbanos (Booth y Jackson 1997) o la simplificacion de su
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estructura en zonas agricolas pueden producir la pérdida del suelo e incluso la
sedimentacion de los cuerpos de agua (Chapman y Chapman 2003). En los pastizales, el
paso libre del ganado hacia el cauce puede incrementar la materia organica en el agua, a
través de las heces (Hubbard et al. 2004). En las plantaciones de café, los restos de los
insecticidas utilizados para controlar plagas pueden llegar a los arroyos y liberar sus
componentes toxicos, a traves de la escorrentia del suelo, particularmente durante la
estacion de lluvias (Guadarrama-Zugasti 2000). En las areas urbanas las descargas de las
aguas residuales domésticas de forma directa en los arroyos que las atraviesan, pueden
producir un aumento significativo de los nutrientes y contaminantes y una reduccion

significativa del oxigeno disuelto (Walsh et al. 2005).

Tipos de métodos para la bioevaluacion del estado ecoldgico de los ecosistemas

dulceacuicolas

La bioevaluacién de los cuerpos de agua se basa en el conocimiento de la capacidad natural
que tienen los organismos acuaticos de responder a perturbaciones. Las respuestas de los
organismos a la alteracion de su medio se pueden manifestar y determinar a distintas
escalas como son la bioquimica, la fisioldgica, la histol6gica, la genética (biomarcadores);
y también a nivel de individuo, poblacién, comunidad o ecosistema (bioindicadores)
(Springer 2010). Las técnicas de bioevaluacion que se aplican pueden ser in vitro o in situ,
dependiendo del objetivo del estudio. Si se requiere evaluar los efectos a nivel de individuo,
de una sustancia quimica en particular como plaguicidas, fertilizantes, herbicidas, residuos
industriales, sustancias quimicas nuevas, algun tipo de efluente contaminado, o incluso
alguna sustancia de la que aun no se han evaluado sus posibles efectos, se recurre a
procedimientos estandarizados llevados a cabo in vitro en un laboratorio especializado,
Ilamados bioensayos o pruebas de toxicidad (Diaz-Béaez et al. 2004). Para ello se utilizan
organismos de prueba, de los que se tiene muy buen conocimiento sobre su ciclo bioldgico
y posibles respuestas ante cambios en su medio. En estas pruebas los organismos se

exponen a distintas concentraciones de una o varias sustancias potencialmente toxicas. Las
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respuestas medibles se determinan a nivel de individuo, y pueden ser:
muerte/supervivencia, inhibicidn/promocion del crecimiento, cambios morfologicos,
fisioldgicos, histoldgicos o de comportamiento (Castillo-Morales 2004). Los resultados de
los bioensayos tienen limitaciones al extrapolar, ya que al valerse solamente de una o de
algunas especies, las predicciones o extrapolaciones en el medio natural a nivel de
poblaciones y comunidades acuaticas pueden cambiar, debido al sinnimero de condiciones
ambientales y de interacciones con el resto de los organismos que integran la comunidad
(Castillo-Morales 2004). Evitando la necesitad de extrapolar a las condiciones naturales,
también se utilizan las técnicas de bioevaluacion in situ llamadas biomonitoreos, para los
que a través de muestreos periodicos en el sitio a evaluar, se determinan los efectos de las
perturbaciones sobre organismos acuaticos capaces de responder a éstas, llamados
bioindicadores. Comunmente se utilizan peces, algas 0 macroinvertebrados acuaticos. La
seleccion del grupo de bioindicadores depende de las caracteristicas del lugar y de los
objetivos del biomonitoreo (Resh 2008). Los macroinvertebrados son actualmente los més
utilizados (Springer 2010), y en Estados Unidos se usan en los programas de biomonitoreo
en todos los estados (Resh 2008). La US EPA sugiere el uso de multiples grupos (Barbour
et al. 1999). Las respuestas de los macroinvertebrados se pueden medir a través de varios
enfoques, entre los que se encuentran los ampliamente utilizados indices bidticos, que
asignan un valor numérico a grupos taxonémicos basados en la tolerancia a la
contaminacion y perturbacion del habitat (Cairns y Pratt 1993). Otro enfoque es el que se
basa en la determinacién de métricas de los ensamblajes de macroinvertebrados. Las
métricas son medidas que representan algunos aspectos de la estructura, composicion y
funcion bioldgica de los ensamblajes de macroinvertebrados acuaticos, que cambian al
incrementarse el impacto humano (Barbour 2000). Las métricas se pueden agrupar en las
siguientes categorias: a) riqueza y composicion de taxa, b) grado de tolerancia a la
contaminacion, c) ecologia alimentaria y d) atributos poblacionales. Una vez obtenidas las
métricas se eligen las que mejor reflejan las respuestas predichas, pudiendo asi relacionar la

causa de la alteracién del ecosistema y su efecto bioldgico.
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Estacionalidad

Los macroinvertebrados son sensibles a las variaciones de algunas caracteristicas de su
hébitat, tales como el tipo de sustrato disponible en el medio acuético (Buss et al. 2004), el
ancho de la vegetacion riberefia (Rios y Bailey 2006), la temperatura del agua (Haidekker y
Hering 2008), el flujo de corriente y el caudal (Lytle et al. 2008). Principalmente estos
ultimos tres factores pueden variar estacionalmente, y en consecuencia también modifica la
composicion de los ensamblajes de macroinvertebrados, donde aquellos sensibles a estas
variaciones responden fenoldgicamente a los cambios estacionales de su medio (Dallas,
2002). Debido a la estacionalidad del habitat y de los organismos acuéticos, la
Environmental Protection Agency de EUA (US EPA) recomienda que, dependiendo del
objetivo del biomonitoreo, éste se desarrolle en distintas estaciones a lo largo del afio (si se
requiere incluir la variabilidad estacional), o bien, se utilicen los datos de una estacion en

particular.

Resolucion taxonémica

La resolucion taxondmica se refiere al nivel taxonémico en el que se identifican los
macroinvertebrados para poder determinar sus respuestas ante perturbaciones en el
ambiente. En algunos estudios, la identificacion de los macroinvertebrados a nivel de
especie y género ha podido distinguir gradientes de alteracion en el habitat, en comparacion
con algun sitio de referencia en condiciones naturales o las menos alteradas, mientras que a
menor resolucion taxondmica, por ejemplo a nivel de familia, se pueden detectar las
diferencias més contrastantes entre distintos tipos de alteracion del medio (Guerold 2000;
Hawkins et al. 2000). Sin embargo, otros estudios han encontrado que las diferencias que se
detectan a nivel de familia son similares a las diferencias que se pueden detectar a nivel de
género o especie (Chessman 1995, Marshall et al. 2006; Chessman et al. 2007; Buss y
Vitorino 2010), lo cual se debe a qué tantos y cuales factores ambientales se analizan, asi

como la escala con la que se estén observando las causas y efectos (Chessman et al. 2007).
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Esta inconsistencia en los resultados al utilizar el nivel de especie, género o familia para la
evaluacion del estado ecoldgico de los ecosistemas dulceacuicolas, ha permitido la amplia
utilizacion de protocolos de biomonitoreo a estos tres niveles. Un impedimento que se tiene
para la identificacion a nivel de especie para los macroinvertebrados acuaticos
particularmente de zonas tropicales (Prat et al. 2009), es que no se cuenta con suficiente
informacion taxonomica (claves taxondmicas) a este nivel para todos los grupos de
macroinvertebrados acuéticos. Los protocolos de biomonitoreo rapido (RBP; Rapid
Bioassessment Protocols) sugeridos por la EPA, y que se aplican ampliamente en EUA,
sugieren la resolucion taxondémica a nivel de familia con el objetivo de reducir tiempos,
esfuerzo y costos en la examinacion de las muestras y obtencion de resultados (Resh y
Jackson 1993). Por lo tanto, éste nivel de identificacion taxondmica es apropiado para
aplicar en México y en la region de estudio, donde no se cuenta con suficientes estudios

taxondmicos de los macroinvertebrados acuaticos.

Antecedentes

En nuestro pais se comenzo a incorporar técnicas de biomonitoreo para la evaluacion de la
calidad del agua en la Red Nacional de Monitoreo desde 1998 (Saldafa et al. 1998; Huerto
et al. 2005). De manera oficial para monitorear las estaciones hidroldgicas nacionales,
CONAGUA actualmente utiliza indicadores quimicos y microbiolégicos, y solo en pocos
laboratorios se incluyen los macroinvertebrados y ensayos de toxicidad con Daphnia sp.
(Crustacea: Daphniidae) (CONAGUA 2008). México cuenta con alrededor de 34
especialistas en ecotoxicologia y durante los ultimos afios han adaptado y desarrollado
pruebas de toxicidad para las especies y necesidades particulares del pais (UAM-INE 2005;
Ramirez-Romero y Mendoza-Cant 2008). Por otra parte, aunque todavia son pocos los
estudios en los que se han utilizado a los macroinvertebrados como bioindicadores, el
namero de estudios se ha incrementado durante la tltima década (Mathuriau et al. 2012).
En la cuenca del rio La Antigua solamente se tiene como antecedente el trabajo de Saldafia-
Fabela et al. (1998, 2001), en el que utilizaron macroinvertebrados acuaticos para

determinar la calidad del agua del rio Pescados. En los tltimos afios SEMARNAT ha
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estado desarrollando las posibilidades para la incorporacion de las técnicas de biomonitoreo
en la legislacién ambiental (Mendoza-Cantu et al. 2007; Mathuriau et al. 2012), y se han
disefiado protocolos para evaluar y monitorear los ecosistemas acuaticos de forma integral
(Pérez-Munguia et al. 2006; Mathuriau et al. 2012).

Planteamiento de la tesis

En este trabajo se estudiaron los efectos de diferentes usos de suelo en la cuenca alta del rio
La Antigua sobre el habitat riberefio y del cauce, la fisicoquimica del agua y los
macroinvertebrados acuéticos, durante el estiaje y la estacion de lluvias, utilizando
diferentes métodos de bioevaluacién y resolucion taxondmica. A nivel de especie se utilizé
como organismo de prueba al cladécero Ceriodaphnia dubia (bioensayos, Capitulo 2), a
nivel de ensamblajes de macroinvertebrados (biomonitoreo) se utiliz una resolucion
taxondmica a nivel de especie, en particular para el Orden Odonata (Capitulo 3), y a nivel
de familia para todos los insectos acuaticos (Capitulo 4). Las hipotesis y predicciones
planteadas para cada caso son:

a) El manejo de los diferentes usos de suelo altera la calidad del agua de los arroyos. La
calidad del agua es mejor en arroyos de microcuencas de bosque meséfilo y es mas alterada
en arroyos urbanos (Capitulo 2, 3y 4).

b) Los diferentes usos de suelo, a través de la calidad del agua de los arroyos, modifican la
fecundidad de Ceriodaphnia dubia, misma que es mayor en muestras de agua de arroyos de
bosque mesdéfilo y menor en muestras de agua de arroyos urbanos. Durante la temporada de
[luvias ocurre una dilucion de los solutos en el agua. La reduccidn de la fecundidad, como
resultado de la alteracion de la calidad del agua, es menor que en el estiaje, sobre todo en
los arroyos mas alterados quimicamente (Capitulo 2).

c) Las condiciones del habitat reflejan un mayor estado de conservacion en los arroyos de
bosque con respecto a los arroyos de microcuencas con diferente uso de suelo (capitulo 3y
4).

d) El grado de alteracion del habitat y de la calidad del agua se relaciona con la presencia y

abundancia de las especies de odonatos. Se espera encontrar especies sensibles a
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alteraciones en el habitat y en la calidad del agua en arroyos de bosque mesofilo, y una
disminucion de éstas y un aumento de especies tolerantes a cambios en su medio en el resto
de los arroyos, particularmente en los arroyos urbanos. Debido a la dilucién de solutos en la
temporada de lluvias, las diferencias de los ensamblajes de odonatos con respecto a los
arroyos de bosque mesofilo se reducen en la estacion de lluvias, sobre todo en los arroyos
mas alterados quimicamente (Capitulo 3).

e) El grado de alteracion del habitat y de la calidad del agua se relaciona con la presencia y
abundancia de los macroinvertebrados acuaticos. En comparacién con arroyos de bosque
mesofilo, se espera encontrar una reduccion de la riqueza de taxa de macroinvertebrados
acuaticos, el aumento de taxa tolerantes y la disminucién de taxa sensibles a alteraciones de
su medio en arroyos que fluyen en microcuencas con diferente uso de suelo, sobre todo en

arroyos urbanos (Capitulo 4).
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ABSTRACT
This study evaluated the effect of water quality of streams from micro-watersheds with
different land use (cloud forest, coffee plantation, pasture and under urban influence)
during the dry and rainy seasons, lying within the upper watershed of the La Antigua river
in Veracruz, Mexico. Water characteristics were measured and laboratory subchronic
toxicity tests were performed to evaluate average accumulated progeny, broods per female,
and non-reproductive females of Ceriodaphnia dubia. The cloud forest contained
chemically undisturbed streams, while the lowest levels of chemical alteration were
detected in pasture streams: low fecundity of C. dubia was observed in both types of
streams. The most disturbed streams were those associated with coffee plantations and
under urban influence, which resulted in enhanced C. dubia fecundity; however, the highest
chemical disturbance, found in a stream with urban influence, led to reproduction
suppression in the dry season. The most favorable conditions for reproduction were
provided by nutrient and probably organic enrichment in streams associated with urban
environments and coffee plantations, while in cloud forest and pasture streams, the natural,
and close to natural water chemistry caused a reduction in fecundity. Female fecundity was
higher during the rainy season.
Key words: Rural and urban streams, water quality, fecundity, toxicity test, Mexico.
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Introduction

Land use changes can be the major factor in determining watershed water chemistry,
affecting the habitat, water chemistry and aquatic biota (Allan & Castillo, 2007; Biicker et
al., 2010). Land use effects depend on the hydrological regime of the watercourses, which
can vary seasonally, especially during dry and rainy seasons.

During the rainy season, if the riparian vegetation has been reduced and simplified, it is
more likely for storm runoff to carry waste, agrochemicals, animal feces, and other
chemical pollutants into the water channel, along with the increased stream discharge
(Chapman, 1992), whereas during dry season pollutants may concentrate in a smaller
discharge, resulting in concentrations that may exceed levels that pose a toxicity risk to
aquatic organisms (Duke et al., 1999).

The tropical montane cloud forest of Veracruz has been replaced, over recent decades, by
coffee and sugar cane plantations, and cattle pasture (Mufioz-Villers & Lépez-Blanco,
2007; Williams-Linera, 2007). Herbicides, fertilizers, and insecticides are widely used by
coffee producers (Nestel, 1995; Guadarrama-Zugasti, 2000). When it rains, fertilizers leach
or wash from crop soils into nearby waterways, releasing nutrients, while insecticides
release toxic compounds.

The coffee plantation soils of the area are rich in phosphorus and potassium, as a
consequence of fertilizer application and habitat transformation (Geissert & Ibafiez, 2008).
In the rainy season, soil can also be eroded leading to sedimentation of the watercourse, as
reflected by the suspended solids in coffee plantation streams in the area (Martinez et al.,
2009; Vazquez et al., 2011). Soil erosion causes leaching of suspended solids that contain
organic matter (Bellanger et al., 2004).

In pastures dedicated to livestock grazing, nitrogen and phosphorus increase in streams
where there is no control of the disposal of animal manure to the stream channel, as is the
case with the pastures in this study.

Urbanization is also increasing in the region, although it occupies less than 7% of the La
Antigua river upper watershed area (Mufioz-Villers & Lopez-Blanco, 2007). The urban
areas of this study are not influenced by industry, but also do not feature a complete

municipal sewage collection network necessary to prevent untreated household wastewaters
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being discharged directly into the watercourses. This is the cause of increased loads of
organic matter (wastes), nitrates (garden fertilizers), phosphates (fertilizers and detergents),
suspended solids (wastes and runoff), chloride (bleach, urine, feces), ammonium and
sulfate (urine and feces) (Tchobanoglous et al., 1991; Chapman, 1992; Burks & Minnis,
1994; Kumar, 2002; Jonsson et al., 2005).

Nutrient and organic compound enrichment caused by manure, fertilizers and sewage input
into watercourses, can cause negative responses in crustacean cladoceran communities (in
terms of species number, density, biomass, body length) (Yufeng et al., 1998) while
sometimes enhancing their reproduction (Nanazato & Yasuno, 1985; Kuhl et al., 2010).
Laboratory toxicity tests under controlled conditions have been widely used to demonstrate
the adverse effects of chemicals on aquatic biota (Adams, 2003). Certain taxa, known as
surrogate organisms, have been selected for this purpose due to their particular sensitivity
to environmental and chemical stressors (Niemi & McDonald, 2004). Ceriodaphnia dubia
Richard 1894 (Crustacea: Branchiopoda: Cladocera) is widely used for toxicity tests in
North America (Bazin et al., 2009). The advantages of using this cladoceran lie in its
importance as a link in aquatic food chains, short life cycle, low breeding costs, high
sensitivity to toxic substances, and the low test water volume required to run bioassays
(Bazin et al., 2009). The species is considered representative of freshwater zooplankton;
even though it is more common in lakes and ponds, it also inhabits the quiescent sections of
streams and rivers (Kim & Joo, 2000), where the flowing water flushes out the zoo- and
phytoplankton on which it feeds (Sa-ardrit & Beamish, 2005). As a filter-feeding species, it
mainly feeds on phytoplankton, but can also ingest bacteria, protozoa, organic debris and
other suspended particles (Monakov, 2003).

Large-scale ecotoxicological research on aquatic ecosystems has focused mainly on
temperate countries (Lacher & Goldstein, 1997). In Mexico, although there is an increasing
use of toxicity tests as a tool complementary to the commonly used physicochemical water
quality assessments (Mendoza-Cantu et al., 2007; Ramirez-Romero et al., 2007), to our
knowledge, these tests have not been used to determine the impact on aquatic life caused by
land use activities in watercourses.

The aim of this study was to evaluate the effect of water quality of streams in micro-
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watersheds of various land uses on the fecundity of C. dubia, during the dry and the rainy
seasons. We tested the hypothesis that water from streams located in urban areas should
cause a strong decrease in C. dubia fecundity, followed by coffee plantation stream water,
and finally pasture stream water. Fecundity should be optimum in undisturbed cloud forest
stream water. Regarding seasonality, we assumed that rain runoff would increase the
concentration of nutrients in the streams, but also the increased stream discharge caused by
the rains should produce a dilution effect on physicochemical indicators, leading to higher

C. dubia reproduction relative to the dry season.

Materials and methods

Study area. We selected two streams for each of the four land uses in the upper watershed
of the La Antigua river, located in the state of Veracruz, Mexico: tropical montane cloud
forest, named cloud forest streams (F1, F2), cattle pastures, named pasture streams (P1,
P2), coffee plantation streams (C1, C2), and streams with mixed land uses but greater urban
influence, named urban influenced streams (U1, U2) (Fig. 1). These streams descend the
eastern slope of the Cofre de Perote volcano, and supply water to the surrounding urban,
agriculture and pasture areas. The streams range from first to third order in morphological
hierarchy (Table 1). Elevation ranges from 1000 to 1600 masl. All of the sites feature
humic andosols and are located in micro-watersheds with at least 50% of the area covered
by the corresponding assigned land use. Urban streams were surrounded by a considerable
area of coffee and sugar cane plantations (Table 1), but the water samples were collected in
the urban area of influence. The climate in the region is characterized by three main
seasons: a humid-cold season (featuring northerly cold fronts “nortes”, November-March),

a dry season (April-June), and a rainy season (July-October) (Williams-Linera, 2007).

Water sampling. Water samples for bioassays and water quality assessment were collected
in April (dry season) and October (rainy season) 2010. Sampling sites were selected where
each land use was represented in the local riparian zone. For bioassays, 2 L of water were
collected from the center of the stream channel and for water quality measurements, 4 L of

water (2 from runs and 2 from pools in each stream) were collected for chemical
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assessment. Samples were taken from each stream in sterilized polypropylene flasks —
except for those to determine phosphorus, which were taken in 250 ml glass bottles — and
then transported to the laboratory in coolers with ice to prevent microbial degradation and
chemical transformation. Samples for water quality assessment were kept refrigerated for a
maximum of 24 h before analysis (APHA, 1998). Samples for bioassays were kept in a
freezer at -20 °C and defrosted one day prior to preparation of test solutions. As no volatile
or semi-volatile toxic substances were expected, samples were frozen for better
preservation of any chemical with potentially toxic effects.

Physical and chemical variables. Discharge (Q), depth and instantaneous velocity were
measured through a transversal transect of each stream using a meter stick and a flow meter
(Probe 101FP201). Discharge was calculated as Q= Av, where A is the transversal area and
v is the flow (m® s™*) (Hauer & Lamberti, 1996). Temperature (T, °C), dissolved oxygen
(O, mg L™), and conductivity (Cond, pS cm™) were determined with a combination probe
(YSI, Model 85). A potenciometer was used to determine pH in situ (Oakton, pH 11 series).
We used the APHA methodologies to determine physicochemical variables in each stream
(American Public Health Association, 1998). Total suspended solids (TSS, gravimetric
method), total hardness (Hard, HACH titration method using EDTA), total alkalinity (AlKk,
phenolphthalein method), ammonium (NH,", Nessler method), nitrates and nitrites (NOs™ +
NO;", colorimetric method), total phosphorus (TP, persulfate digestion and colorimetry
with the ascorbic acid method), chlorides (CI, colorimetry), and sulfates (S0.%, ion
chromatography) were determined in the laboratory.

Toxicity tests. The test method used in this study was a subchronic toxicity assessment
based on the short-term method of the U.S. Environmental Protection Agency (US EPA,
2002). For each test solution, we used ten Ceriodaphnia dubia female neonates (age < 24 h)
obtained from controlled cultures of adult parthenogenetic females; these neonates were
individually distributed in translucent 30 ml polystyrene cups. The green microalga
Pseudokirchneriella subcapitata (Korshikov) Hindak was supplied as food during the
bioassays at cell density of 1 million cells m L™, in accordance with the US EPA (2002).

Cladocerans were kept in environmental chambers at 25 °C and with a 16:8 h photoperiod.
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Thirty two test solutions were prepared as follows: two streams for each land use (cloud
forest, pasture, coffee plantation, and urban influenced), and four water concentrations:
12.5, 25, 50 and 100%, to evaluate the effects on cladoceran reproduction. Organisms were
examined every day for eight days and the neonates produced by each female were counted
and then discarded.

Each solution and food was renewed every day. Toxicity assessments were conducted with
water samples from the dry and rainy seasons.

Fecundity per female was measured considering the following dependent variables: average
accumulated progeny released per female (named progeny), average number of broods
(named broods), and number of non-reproductive females (measured as the proportion from
the total females, and named non-reproductive females) during the entire test period (eight
days).

The dilution water was reconstituted soft water (42 mg L™ CaCOs), since hardness analyses
revealed that all of the streams had soft water (from 9 to 45 mg L™ CaCOs). Fifteen control
females, raised on hard reconstituted water of 160-180 mg L™ CaCO; as suggested by US
EPA guidelines, accompanied every series of tests, but were only used to validate the
sensitivity of the C. dubia strain in use as the test organism, as our goal was to compare the
types of streams in relation to the pristine cloud forest associated streams. Low water
hardness can be a factor that affects C. dubia reproduction (Cowgill & Milazzo, 1991b;
Harmon et al., 2003; Lasier et al., 2006); therefore, to evaluate a possible water hardness
effect of dilution water on C. dubia reproduction (previously reared on hard water), we
compared the cladoceran fecundity in the rainy season with previous toxicity assessment
results using water samples obtained during the preceding rainy season (2009) and the same
water test concentrations, where hard water was used as dilution water (160-180 mg L™
CaCOg) (unpublished data). General Linear Model (GLM) analyses, with Poisson’s error,
were conducted to compare fecundity of C. dubia females in hard and soft water at the
different concentrations tested. Fecundity was the same regardless the hardness of dilution
water (progeny: G2= 2.8, p = 0.25; broods: G2= 0.5, p =0.78; G2 = likelihood ratio Chi-
square). We can thus be assured that the water hardness of dilutions in our experiments did

not affect the C. dubia reproduction.
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Statistical analysis. In order to determine differences between streams and seasons based
on the water quality variables, we used principal component analysis (PCA) applying the
Multi-Variate Statistical Package program (MVSP 3.1; Kovach, 1999). Logarithms were
calculated for each variable (except pH). GLM were used to analyze the effect of the
following independent variables on each of the fecundity dependent variables: land use
(cloud forest, pasture, coffee plantation, and urban influenced), water concentration (12.5,
25, 50 and 100%) and seasons (dry and rainy). Water concentration was analyzed as a
nested variable on each stream. We used a Poisson’s distribution for the GLM analysis of
progeny; the broods presented over-dispersion, so we used a quasi-Poisson distribution. For
the “non-reproductive females” variable, we used an arcsine transformation and then
conducted a nested ANOVA, as recommended by Crawley (2002) for certain types of
proportions. Only the second-degree interactions of the independent variables were tested.
Akaike Information Criteria (AIC) was used to obtain the optimal model. The best-
supported model has the lowest AIC compared to other models (Crawley, 2002). However,
analysis of deviance was used to obtain the optimal model for progeny. Statistical analyses

were carried out using R 2.9.0 software (R development Core Team, 2006).

Results

Water quality. Table 2 presents the average values of the physicochemical variables of
water from each stream from April (dry season) and October (rainy season), separately. In
this study, the cloud forest streams showed the coolest temperatures and highest oxygen
values (Table 2). In addition, F1 had the lowest total alkalinity. P1 showed higher values of
temperature, conductivity, total hardness, total alkalinity, and ammonium than P2, but not
as high as those observed in the coffee plantation and urban influenced streams; only total
alkalinity was very similar. P2 showed total phosphorus as high as U1, but presented the
lowest conductivity, total hardness, and ammonium, together with the cloud forest streams.
P2 was thus as undisturbed as the cloud forest streams, but P1 was moderately altered.
Stream U1 presented among the highest values of total suspended solids, ammonium, and

total phosphorus. Along with U2, the stream C1 had the highest values of conductivity and
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total hardness. Both coffee plantation streams had the highest discharge and the highest
nitrite and nitrate concentrations. Coffee plantation and urban influenced streams contained
at least twice the amount of total suspended solids of the other streams. The urban stream
U2 had the highest average values of more numbers of variables; conductivity, total
suspended solids, ammonium, total phosphorus, chloride, and sulfate, but presented the
lowest oxygen concentration of all the streams.

Based on the physicochemical variables measured with separated seasonal values, the PCA
(Fig. 2) shows a relationship between stream condition and season. Axis 1 explains 55.6%
of the variance and suggests a disturbance gradient in the streams. Both cloud forest
streams were associated with the highest concentrations of DO (negative scores in axis 1),
while pasture streams were not associated with any particular variable. Meanwhile, coffee
plantation streams were related to the highest values of conductivity and hardness, and U2
had the highest concentrations of chloride, sulfate and ammonium (positive scores). Axis 2
explained 23.1% of the variance and was associated with an eutrophication gradient. Coffee
plantation streams showed high concentrations of NO3™ + NO3', alkalinity, and pH (positive
scores) and U2 showed the highest concentrations of total phosphorus (negative scores).
The remaining parameters presented lower values. April scores were always located to the
right of the PCA, and October ones to the left. Thus, half of the water quality parameters
tended to be lower during the dry than during the rainy season, and this was positively
related to the discharge found for each stream and season. However, suspended solids,
alkalinity, nitrates and nitrites and pH all lacked this tendency. Dissolved oxygen and
phosphorus were higher in the rainy season than in the dry season (Table 2).

Discharge tended to be greater during the rainy than during the dry season, except for urban
influenced streams: U1 presented higher discharge during the dry season, and U2 presented
the same discharge in both seasons. During the dry season, U1 had the highest discharge
followed by C2 and forest streams. Pasture streams, C1, and U2 had the lowest discharges.
In the rainy season, coffee plantation streams clearly showed the highest discharge, while

U2 presented the lowest discharge of all the streams during this season (Fig. 3).
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Toxicity tests. Test acceptability criteria were met, according to the US EPA guidelines
(US EPA, 2002), since 93% of the control cladocerans survived (14 out of 15), and mean
number of offspring was more than 15 neonates per female (x aprit =16.9 £ 0.9; X october =
22.3 + 1.1). Routine parameters of test solutions were controlled, and fluctuated as follows:
Oxygen (mg L™h: Average = 4.27, Min = 3.9, Max = 5.42; pH: Average = 8.01, Min =
6.07, Max = 8.75; Conductivity (uS cm™): Average = 140.02, Min = 40.7, Max = 543; and
Salinity (ups): Average = 0.09, Min =0, Max =0.3.

The minimal model for the reproduction variables (progeny and broods) showed that land
use, season, the interaction between these two factors, and between land use and dilutions,
significantly influenced fecundity (Table 3). There were more progeny for urban influenced
streams, followed by coffee plantation streams than for pasture and cloud forest streams
(Fig. 4a). There were significantly more progeny during the rainy season than during the
dry season (Fig. 4b). The land use-season interaction showed that progeny increased with
stream alteration gradient during the dry season (Fig. 4c). During the rainy season there was
a similar pattern, but in coffee plantation streams progeny increased significantly, and was
lowest in pasture streams. However, with natural water (100% concentration) of U2 in the
dry season, C. dubia reproduction was inhibited in all the test females. In general, for all the
water concentrations the pattern of progeny was similar to that showed in all land uses (Fig.
4d). Only in the cloud forest and pasture streams at 100% concentration, there was
significantly less progeny relative to the other concentrations (Fig. 4d).

Regarding the “broods” variable, C. dubia had less broods in cloud forest and pasture
streams than in coffee plantation and urban streams (Fig. 5a). Number of broods was
significantly higher in the rainy than in the dry season (Fig. 5b). In a similar pattern to that
observed in progeny, the number of broods from cloud forest streams increased
significantly in the dry season, but in the rainy season broods increased significantly in
cloud forest streams, and was lowest in pasture streams (Fig. 5¢). Only in 100% of water
concentration of the coffee plantation, pasture and urban influenced streams was the
number of broods of C. dubia significantly lower relative to the other water concentrations
(Fig. 5d).
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Season had influence on the number of non-reproductive females (p = 0.01): there were
more in the dry than in the rainy season (Dry = 15.9%, Rainy = 8.6% of the total number of
females). Moreover, in the rainy season, at least one female reproduced in each test

solution.

Discussion

In this study, cloud forest streams were the most oxygenated, and had the coolest
temperatures and lowest values of physicochemical variables. This agrees with the results
obtained by Martinez et al. (2009) and Vazquez et al. (2011), suggesting that the cloud
forest streams studied herein are a good representation of an undisturbed ecosystem. Also,
cloud forest streams had the lowest conductivity, hardness, and alkalinity concentrations,
together with one of the pasture streams. Several studies at the La Antigua upper watershed
have found that the streams and rivers of this region have similar chemical characteristics
(Astudillo-Aldana, 2009; Cortés-Soto, 2010; Vazquez et al., 2011).

A 1 m wide vegetated buffer can significantly reduce concentrations of fecal coliform
bacteria from cow manure in runoff (Sullivan et al., 2007). Local cattle producers leave
some trees along the riverside (first author pers. obs.) and do not treat their pastures (they
do not apply chemical fertilizers or manure for pasture fertilization, and avoid the burning
treatment to enhance pasture growth: local cattle farmers, pers. com). This practice
probably helps to maintain the chemistry of the streams closer to that of natural conditions.
However, total phosphorus was high for one of the pasture streams compared to the cloud
forest and coffee plantation streams. This could be due to the presence of cow manure near
the stream channel (first author pers. obs.) as a result of the free access of livestock to the
stream for drinking water (no other source of drinking water was present on the fields). On
the other hand, phosphorus is released from cattle manure trough runoff mostly during the
rainy season (Sharpley et al., 1998; Soupir et al., 2006). In fact, we found that for both
pasture streams, TP was greater during the rainy season than during the dry season (P1april
=0.03, Ploctober = 0.2; P2 aprit = 0.02, P2 octoner = 0.8).
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Coffee plantation streams showed the highest concentrations of nutrients, almost certainly a
result of fertilizer use (Nestel, 1995; Guadarrama-Zugasti, 2000), and one of these streams
also showed high values of conductivity, total suspended solids, total hardness and total
alkalinity. At the La Antigua upper watershed, Martinez et al. (2009) and VVazquez et al.
(2011) also found that suspended solids, conductivity and nutrients were higher in coffee
plantation than in pasture streams, whereas cloud forest streams had the lowest values. This
occurs because riparian forests and grasslands can delay or prevent nutrient transport from
nearby areas to streams (Osborne & Kovacic, 1993), since the understory vegetation retains
the soil runoff.

As we hypothesized, the urban influenced streams studied presented the highest values for
several physicochemical variables, but U2 in particular was the most chemically altered
stream, reaching the highest values of the water quality measurements such as total
suspended solids, ammonium, chloride, sulfate, and the lowest oxygen concentration. These
variables are indicators of chemical alterations caused by the input of domestic wastewaters
(Tchobanoglous et al., 1991; Burks & Minnis, 1994; USGS, 1999; Kumar, 2002; Jonsson et
al., 2005).

A significant proportion of land use at both mixed micro-watersheds (U1 and U2) is coffee
and sugar cane plantations, where the use of pesticides is frequent (Nestel, 1995;
Guadarrama-Zugasti, 2000); however, the sampling sites were also directly influenced by
domestic wastewaters, since both streams cross an urban area of influence from 0.6 to 1 km
upstream from the sampling site. In this area, sewage collection is either non-existent or
inefficient at best (first author pers. obs.). In short, cloud forest streams represent the
natural condition of the streams, the stream least altered from this condition was P2, and the
most altered was U2. The rest were moderately disturbed.

In relation to water quality parameters and season, non-seasonal changes in levels of
nitrates and nitrites could be a result of pesticide application by coffee producers (against
the coffee berry borer) and fertilizers in the studied areas in early April and September
2010 (local coffee producers’ pers. com.). Suspended solids would have had no apparent
seasonal changes because sampling took place several days after the last rain, giving time

for most of the sediment carried by runoff to precipitate. Nonetheless, total phosphorus also
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showed higher concentrations in the rainy season in coffee plantation streams. This could
be the result of fertilizers entering the channel via soil runoff. Other authors also report an
increase of nutrients in rivers during the rainy season (Wang et al., 2009).

Generally lower water quality parameters in the dry season could be positively related to
the discharge levels found for each stream and season, which suggests dilution of
contaminants takes place during the rainy season. However, the discharge was greater for
U1 during the dry season, while for U2 discharge was the same in both seasons. This is
evidence of a non-seasonal alteration in the urban influenced streams, as they depend on
intermittent household discharges (Schiff & Tiefenthaler, 2003). Greater discharge took
place in the coffee plantation streams, and is related to their third hierarchy order condition.
However, even though these were the largest streams, their water quality was entirely
related to the coffee plantations in the watersheds to which they belong. This water quality
Is characterized by higher concentrations of suspended solids and nitrates and nitrites
(Vazquez et al., 2011). Therefore, no other land use effect had enough influence on the
water quality of these bigger streams.

Regarding the toxicity tests, and contrary to the original hypothesis, the results revealed
that fecundity (progeny and number of broods) among land uses was lower for cloud forest
and pasture streams than for coffee plantation and urban influenced streams (except for U2
during the dry season, with 100% concentration). These results can be related to the higher
values of conductivity, ammonium, suspended solids, and lower dissolved oxygen of the
coffee plantation and urban influenced streams which, as indirect indicators of organic
matter, could have had benefits for cladoceran fecundity through the additional supply of
food. This species is not a selective filter feeder (Monakov, 2003) and, in response to the
increase of potentially assimilable organic particles (food augmentation), females could
grow and reproduce better (Rose et al., 2000).

C. dubia can also feed on bacteria (Anderson & Benke, 1994), other algae (Wylie & Currie,
1991), and particulate organic matter (Kirk, 1991); however, in addition to the supplied
food (P. subcapitata microalgae), the cladocerans probably fed on other particles, such as
organic matter present in suspended solids, as has been observed by other authors (Salonen

& Hammar, 1986; Santos et al., 2006). The females thus enhanced their fecundity,
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particularly when grown in coffee plantation and urban stream samples, which had the
highest values of suspended solids. In addition, coffee plantation streams showed the
highest levels of nitrates and nitrites, while U2 had the highest levels of phosphorus; both N
and P lead to a nutrient enriched medium that could also explain the cladoceran fecundity
results. Kuhl et al. (2010) found that in some nutrient-enriched rural and urban Brazilian
streams fecundity higher than that of the controls. In fact, Ceriodaphnia sp. has been found
to be a useful bioindicator of watercourse eutrophication provoked by sewage discharges
(Kumar, 2002).

In this study cloud forest and pasture streams, along with the lower levels of nutrients and
possibly limited organic matter in comparison with coffee plantation and urban influenced
streams, presented very low water hardness (from 8 to 22 mg L™ CaCO3) and, since
calcium ion is essential for the composition of the crustacean exoskeleton (Greenaway,
1985), calcium deficiency could have prevented exoskeleton formation during molting, and
therefore, reproduction.

While the use of herbicides, fertilizers, and insecticides is widespread by coffee producers
in the region (Nestel, 1995; Guadarrama-Zugasti, 2000), the overall impact of fertilizers
and pesticides applied to coffee crops did not lead to lower fecundity of C. dubia. Coffee
producers used pesticides and fertilizers in the watersheds of the streams studied in early
April and September 2010, during the rainy season but a couple of weeks before the water
was sampled for toxicity tests. During rainy periods, relatively high concentrations of
pesticides in the streams would be present only for a short period of time (first-flush), after
which a rapid decrease in concentration takes place (Cooman et al., 2005). Hall (1993)
compared C. dubia reproduction between first-flush periods and post first-flush periods
during the rainy season, and found that reproduction decreased during the first-flush, but
increased during the post-flush; he suspected that this was the effect of organic pesticides
contained in the effluent from a wastewater treatment plant. Gersberg et al. (2004) found
peak toxicity values within the first 1-2 h after initiation of rain events, and suggested that
non-polar organic compounds could be responsible for such toxicity. Both previous studies
suggest that it is possible that no toxicity was found for C. dubia in coffee plantation stream

waters, even when pesticides were used before sampling. This is because the first flush
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events, containing the peak in pesticides caused by runoff, were missed when water was
sampled.

Fecundity was significantly higher (more progeny, more broods, and more reproductive
females) during the rainy than during the dry season, probably due to the generally higher
water quality and discharge in the streams during the rainy season. In addition, when
chemical alteration reached its highest levels (U2 100% concentration, in the dry season)
reproduction was inhibited in C. dubia. Obtaining results similar to ours, Vitale (2007)
documented greater toxicity for C. dubia during the dry than during the rainy season, but
related it to greater hardness and total dissolved solids (1,429 mg L) during the dry
season.

Consistent with the Mexican guidelines (CE-CCA, 1989; CONAGUA, 2008), which shows
the maximum levels of several water quality parameters for the protection of aquatic life in
freshwater ecosystems; DO for U2 in the dry season was lower than the minimum level (5
mg L™); TSS maximum level (20-30 mg L) was exceeded by the coffee plantation and
urban influenced streams; NH,4 (0.06 mg L™) was exceeded by the F2, P1, coffee plantation
and urban influenced streams; TP (0.05 mg L) was surpassed by the C1, cloud forest,
pasture and urban influenced streams; and sulfate was exceeded in all the streams (0.005
mg L™). There are no Mexican criteria available for conductivity, hardness, alkalinity,
nitrates and nitrites for aquatic life protection, and the other parameters were not exceeded
in any stream. The maximum level of ammonia was surpassed to the greatest extent by U2
in the dry season, when no C. dubia reproduction was recorded. Nimmo et al. (1989)
reported a 48-h LC50 value of > 1.43 mg L™ un-ionized ammonia, while Cowgill &
Milazzo (1991a) found a 48-h LC50 of 9 mg L™ total ammonia and Andersen & Buckley
(1998) reported a 48-h LC50 of 1.18 mg L™ of un-ionized ammonia: these three studies
used survival as the endpoint of C. dubia toxicity effects. Our data showed a maximum
average concentration of 13.8 mg L™ of ammonium (0.3 s.e.) for U2, but once converted
to the un-ionized form (0.36 mg L™) it is lower than the toxic concentration found in these
surveys.

Toxic conductivity levels for freshwater fauna are considered above 500 pS cm™ (Pond et
al., 2008), but the highest average in U2 was 317.12 pS cm™ (+0.89 s.e.), so it is possible
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that this variable did not affect reproduction of C. dubia. Conductivity greater than 1000 pS
cm™ is negatively related with C. dubia reproduction (Mitchelmore, 2010), and a
significant decrease in the richness and abundance of riverine macroinvertebrate taxa has
been found with conductivity above 500 puS cm™ (Kefford et al., 2006; Pond et al., 2008;
Pond, 2010). Furthermore, conductivity can be correlated with sulfate values (Bryant et al.,
2002; WVDEP, 2008). Sulfate values higher than 100 mg L™ are considered toxic to
freshwater fauna in British Columbia (Singleton, 2000), but this parameter was recorded at
50.3mg L™ (+2.89 s.e.) in U2, and was therefore unlikely to be toxic for the test organism
we used.

In the present study, the most favorable conditions for C. dubia reproduction were provided
by nutrient and probably organic enrichment through sewage and organic sediments in
urban and coffee plantation associated streams, while in the tropical montane cloud forest
and pasture streams, the unpolluted and close to unpolluted water chemistry, along with
natural soft waters, caused a reduction in fecundity, probably through the reduced
availability of food particles, and a deficiency in ions necessary for growth. Thus, by using
a test involving not only physicochemical parameters but also living organisms, the results
show that chemical alterations can be positive for some aquatic organisms. Subchronic
toxicity tests performed yielded useful information about the changes in physicochemical
water parameters due to anthropic activity and the positive impacts of these water quality
alterations on the secondary productivity of stream ecosystems. These positive impacts
have a limit, however, at which an excess of organic matter will reduce water quality and

impair the natural aquatic biota.
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Tables

Table 1. Characteristics of the studied streams in the La Antigua River upper watershed, Veracruz, Mexico. F = forest, P =

pasture, C = coffee plantation, U = mixed with urban influence, SC = sugar cane cover, as a percentage of the total micro

watershed surface.

Stream % F %P %C %U %SC Total area Soil type Coordinates Order* Altitude
(km?) W N (m.as.l.)
F1 68.7 24.6 2.2 4.3 0.1 3787 Humic andosol 96°59'27.01" 19°31'19.009" 2 1491
F2 89.5 8.1 1.3 0.0 0.0 479 Humic andosol 97°00'11.22" 19°30'55.40" 1 1577
P1 15.7 80.4 0.8 2.7 0.0 405 Humic andosol 97°02'27.77" 19°23'52.95" 2 1473
P2 171 58.1 20.1 4.3 04 848 Humic andosol 97°00'20" 19°26'22" 1 1343
C1 151 27.3 49.6 54 1.6 16320 Humic andosol 96°58'42.344" 19°22'28.822" 3 1054
C2 14.6 10.8 67.7 4.2 24 13425 Humic andosol 96°58'11.468" 19°20'52.191" 3 947
Ul 6.7 3.1 35.8 27.6 26.6 11716 H. andosol/ 96°5271.22" 19°27'33.81" 2 1401
haplic feozem
U2 4.2 2.9 61.4 5.2 26.2 3264 Haplic feozem 96°55'54" 19°27'00" 2 1132

*Order: Stream classification are based on the number of tributaries upstream (Strahler, 1957)
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Table 2. Average values of the environmental variables (+ standard error) from dry (April 2010) and rainy (October 2010) season

water samples from the study streams. F = cloud forest, P = pasture, C = coffee plantation, U = mixed with urban influence.

Temp = temperature, DO = dissolved oxygen, Cond = conductivity, TSS= total suspended solids, Hard = hardness, Alk =

alkalinity, NHs* = ammonia, NOs+NO,™ = nitrtate+nitrite, TP = total phosphorus, CI” = chloride, SO4* = sulfate.

Temp DO pH Cond TSS Hard* Alk NHs  NO;+NO, TP Ccr SOZ
(CaCO;  (CaCO;
C)  (mgL? (uSem®)  (mgLY) mgLY) mgL?) (mgL')  (mgL?)  (mgL') (mgL?) (mgL™)
Dry
FL 1613  7.00 713 2752 6.75 18.70 0.00 1.20 0.02 4.63 4.41
+0.01  +0.30 +0.04  +0.02 +2.33 14 +0.49 +<0.01  £0.22 +<0.01  +0 +0.31
F2 14.58 7.16 7.53 30.81 6.32 19.16 0.18 1.17 0.06 4.6 457
+0.11  +0.30 +0.02  +0.12 +3.92 24 2017 +0.01 +0.22 +0.02 +0 +0.49
PL 2078 5.8 736 7115 1.83 40.32 0.28 0.22 0.03 5.06 5.24
$0.02  +0.39 +011  +0.09 +0.16 312 131 +0.02 +0.04 +<0.01  +0.17 +0.34
P2 1817  6.52 749 27.00 3.16 17.61 0.07 0.50 0.02 5.45 4.96
+0.02  +0.28 +0.03  +0.06 +0.63 101 +0.23 +<0.01  +0.09 +<0.01  +0.21 +0.47
Cl 2039 586 799 11590 31.31 60.33 0.12 6.01 0.06 5.56 4.63
+0.02  +052 +0.08  +0.17 +10.60 468  +2.00 +<0.01  +1.09 +0.01 +0.02 +0.17
C2 1931 645 713 73.86 17.9 36.30 0.25 4.61 0.02 5.52 5.39
+0.02  +0.44 +0.19  +1.59 +0.26 252  +0.96 +0.01 +0.84 +<0.01  +0 +0.24
Ul 1884 537 752 5822 26.30 33.2 0.27 1.75 0.08 5.33 5.27
+01  +0.06 +0.02 4022 +18.58 20 2015 +<0.01  +0.46 +0.01 +0.23 +0.48
U2 2079 050 751  317.12 23.90 24.18 13.84 0.35 2.31 20.62 50.3
+0.03  +0.11 +0.02  +0.89 +1.55 488 0.8 +0.30 +0.05 +0.04 +0.29 +2.89
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F1

F2

P1

P2

C1

C2

U1

U2

13.53
+0.01
9.6

+0

17.34
+0.02
15.28
+0.01
19.13
+0.01
16.88
+0.04
18.02
+0.02
20.17
+0.01

7.59
+0.08
8.59
+0.12
6.61
+0.17
5.82
+0.55
6.11
+0.28
6.98
+0.31
551
+0.27
1.45
+0.16

6.43
+0.11
5.59
+0.13
7.67
+0.03
6.29
+0.08
7.84
+0.02
6.97
+0.13
6.73
+0.08
6.91
+0.01

23.50
+<0.01
23.45
+0.03
74.06
+0.06
22.49
+0.07
104.71
+0.18
62.68
+0.95
60.73
+0.60
173.03
+1.01

Rainy

5.35

+0.61 8.9

5.67

+2.22 10.6
2.11

+0.50 30.5
2.73

+0.05 9.25
12.13

+0.74 44.55
12.19

+1.91 22.6
21.63

+3.78 19.95
38.08

+10.87 37.75

13.63
+0.12
17.10
+0.26
48.74
+0.22
16.74
+0.15
54.00
+0.26
35.39
+0.71
30.65
+0.21
71.94
+0.26

0.03
+<0.01
0.03
+<0.01
0.03
+<0.01
0.02
+<0.01
0.16
+0.01
0.04
+0.01
0.26
+0.01
1.61
+0.07

1.48
+0.27
1.28
+0.01
0.22
+0.01
0.16
+0.03
4.64
+0.81
2.87
+0.53
1.56
+0.41
0.69
+0.04

0.13
+0.01
0.07
+0.01
0.20
+0.05
0.82
+0.40
0.19
+0.01
0.07
+0.02
0.53
+0.02
1.67
+0.04

2.98
+0.04
4.02
+0.11
3.71
+0.04
3.64
+0.07
3.93
+0.12
3.86
+0.11
4.41
+0
11.7
+0.25

2.27
+0.06
2.34
+0.08
2.15
+0.07
2.08
+0.12
2.28
+0.05
2.74
+0.08
2.56
+0.19
9.85
+0.27

*For hardness only one value was registered, then, no standard error was calculated.

53



Table 3. Minimal models (LR y° likelihood ratio) for the effect of land use, season, and
water concentration (nested on land use) on the progeny and broods from females of

Ceriodaphnia dubia.

Factor LR y° df p value
Progeny

Land use 410.65 3 <0.0001
Season 289.03 1 <0.0001
Land use: Season 41.92 3 <0.0001
Land use: Concentration 46.80 4 <0.0001
Broods

Land use 33.501 3 <0.0001
Season 94.054 1 <0.0001
Land use: Season 9.657 3 0.05
Land use: Concentration 33.740 4 <0.0001




Figure captions

Figure 1. Location of the sampling sites within the La Antigua river upper watershed,
Veracruz, Mexico. F = cloud forest, P = pasture, C = coffee plantation, U = mixed with
urban influence.

Figure 2. PCA ordination of the sixteen physicochemical variables from April, 2010 (A)
and October, 2010 (O). DO = dissolved oxygen, Alk = total alkalinity, Hard = total
hardness, Temp = temperature, TSS= total suspended solids, Cond = conductivity, TP =
total phosphorus. F = cloud forest, P = pasture, C = coffee plantation, U = mixed with urban
influence.

Figure 3. Average stream discharge (x standard error) in the dry (April, 2010) and rainy
seasons (October, 2010). F = cloud forest, P = pasture, C = coffee plantation, U = mixed
with urban influence.

Figure 4a-d. Average progeny per Ceriodaphnia dubia female (x 95% confidence interval)
for each (a) land use, (b) season, (c) interaction of land use and season, and (d) water
concentration (%) (nested on land use). Asterisks highlight significant differences. F =
cloud forest, P = pasture, C = coffee plantation, U= mixed with urban influence.

Figure 5a-d. Average broods per Ceriodaphnia dubia female (x 95% confidence interval)
for each (a) land use, (b) season, (c) interaction land use and season, and (d) water
concentration (%) (nested on land use). Asterisks highlight significant differences (p <

0.05). F = cloud forest, P = pasture, C = coffee plantation, U = mixed with urban influence.
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CAPITULO 3

Effects of land use on streams and larval Odonata assemblages in the La Antigua upper

watershed, Veracruz, Mexico
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Abstract

Human actions through land use changes are increasingly promoting the deterioration of aquatic
biota and their habitats in freshwater ecosystems. This study evaluated the effect of stream water
quality, derived from regional anthropogenic activities in the La Antigua River upper watershed,
Veracruz, Mexico, on Odonata larval assemblages during the dry and rainy seasons in 2010.
Odonata were collected from streams flowing through land having different uses: pastures, coffee
plantations, urbanization, and cloud forests. In this study forest streams provided reference
conditions, the least difference in water quality compared to these streams was detected in pasture
streams. Major differences were shown between coffee plantation and urban streams. Habitat
conditions were best for forests and worst for one urban stream in particular. Water ions were
diluted during the rainy season. The principal factors that influenced Odonata assemblages were
habitat simplification, water temperature, organic enrichment, and sedimentation. Between
seasons, the effects were related to the dilution of chemicals during the rainy season. In
comparison to the forested streams, the most altered streams (urban) had the greatest influence on
the Odonata larvae, followed by the coffee plantation streams, and then pasture streams. The
results showed some larval Odonata species in the La Antigua River upper watershed can be
considered as reference indicators of cloud forest streams, while others can be considered as
indicators of altered streams, and others as indicators of greater anthropogenic disturbance.
Support is provided for the conservation of Odonata diversity in streams draining montane cloud
forests.

Key words: larvae; water quality; habitat; anthropogenic disturbance; cloud forest; pasture;

coffee plantation; urban areas; freshwater.
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Introduction
Streams are among the most threatened ecosystems in the world (Hering et al., 2006). Human
actions such as land use change pose a great threat to the ecological integrity of freshwater
ecosystems by impacting habitat structure, water quality, and the biota (Strayer et al., 2003).
In tropical regions, montane cloud forests are among the most important ecosystems for their
great ecosystem services (Bubb et al., 2004), such as the supply of high quality water and their
unique biodiversity with ecological, pharmaceutical and ecoturism potential (Bruijnzeel et al.,
2010), but rates of habitat loss are high and pollution has increased in the last decades (Bonell et
al., 2005), affecting aquatic invertebrates including the Odonata (Bticker et al., 2010). In Mexico,
montane cloud forests have been replaced by pastures, coffee and sugarcane plantations, and
urban areas (Mufioz-Villers & Lopez-Blanco, 2008). In pastures, livestock grazing can modify
stream channel morphology, soil compaction, erosion and riparian vegetation (Belsky et al.,
1999), and also can cause organic enrichment through excretory wastes, that augment nutrient
and pathogen loads in streams (Hubbard et al., 2004). In coffee plantations, the soil may be
eroded, due to the reduction of vegetative ground cover, causing increased sedimentation in
streams which is reflected by the high amount of suspended solids in streams draining coffee
plantations (Véazquez et al., 2011). In addition, coffee producers commonly use insecticides
(Guadarrama-Zugasti, 2000), which in the rainy season can be washed out from crop soils into
nearby watercourses. Urban land use can substantially affect stream habitat, by changing flow
patterns, channel morphology, and the physical and chemical characteristics of stream water
(Beavan et al., 2001).

The habitat requirements of odonates are highly species-dependent (Watson et al., 1982).
The most important variables of the physical habitat determining the presence of odonate larvae
are the composition and structure of the streambank vegetation (Schindler et al., 2003; Butler &
de Maynadier, 2008), the hydrologic regime and flow (Stewart & Samways, 1998; Oppel, 2005),
and the presence of macrophytes (Oppel, 2005). Odonata larvae exploit a variety of habitats, but
nearly all live in littoral ones (Campbell & Novelo-Gutiérrez, 2007).

Assemblages of Odonata larvae may respond to anthropogenic disturbances by altering
their structure and composition, species richness, abundance and diversity (Ormerod et al., 1990;
Clark & Samways, 1996). In general, anthropogenic disturbances of the habitat and water quality
may increase the abundance of dominant species (especially tolerant species), making the
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assemblage less even, less diverse and less rich in species (Azrina et al., 2006). Odonata larvae
have been used as bioindicators of the integrity of freshwater ecosystems given that they spend
most of their life as larvae, making this a critical life stage in determining the abundance and
distribution of Odonata in local waters (McPeek, 2008). Several characteristics of odonates make
them useful indicators of habitat conditions, such as their rapid response to environmental
changes (Briers & Biggs, 2003; Catling, 2005), amphibiotic life history (Corbet, 1999), special
habitat condition requirements (Korkeamaki & Suhonen, 2002), varied tolerances for aquatic
pollution (Corbet,1993; Catling, 2005), widespread geographic distribution, accessibility for
quantitative sampling (Oertli, 2008), and their relatively well known taxonomy (Gonzélez-
Soriano & Novelo-Gutiérrez, 1996).

The objective of this study was to assess the effects of different land uses in tropical
streams of micro-watersheds of the upper La Antigua basin (pasture, coffee plantation, urban,
cloud forest) using stream water quality, instream and riparian habitat, and the structure and
composition of the larval Odonata assemblage during the dry and rainy seasons. We expected that
streams flowing through forests would serve as references for water and habitat characteristics,
and the rest of the streams would be altered in these characteristics. As Odonata larvae have a
varied tolerance to water pollution, we expected to find very sensitive species living in streams

with little to no disturbance, while tolerant species would be living in highly disturbed streams.

Materials and methods

Study site

The streams studied flow through the eastern slopes of Cofre de Perote volcano in the La Antigua
River upper watershed, in Veracruz, Mexico (Figure 1). We selected three perennial streams for
each of four predominant land uses in the region: tropical montane cloud forest (forests: F1, F2,
and F3), cattle pastures (pastures: P1, P2, and P3), shaded coffee plantations (coffee: C1, C2, and
C3), and mixed land uses with high urban influence (urban: U1, U2, and U3). They are located in
micro-watersheds with at least 50% of their surfaces covered by the assigned land uses (from
order 1 to 3). Soil type in the region is humic andosol and the altitude ranges from 947-1629 m
a.s.l. Urban stream watersheds were also influenced by coffee plantations and sugarcane
cultivation, but the water and Odonata larvae were collected in the urban area of influence. The
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region has three main climatic seasons: a humid-cold season (‘nortes’, November—March), a dry

season (April-June), and a rainy season (July-October) (Williams-Linera, 2007).

Physical and chemical variables

Water samples were collected during extreme seasons; dry (April) and rainy (October) of 2010.
For each stream we selected a 100 m stream reach for sampling, selected where each land use
was represented in the adjacent area of the stream (except for U2, which had no access until the
end of the urbanized area and the sampling site was located at a coffee plantation). For physical
and chemical analysis, 4 | of water were collected in polyethylene jars from different sites (along
the 100 m reach. Water samples for the determination of total phosphorus were collected in 250
ml glass bottles. Water samples were refrigerated (4°C) for 24 - 48 h before analysis.

Discharge was calculated as Q = Av, where A is the cross-sectional area and v is the flow
(m*s™) (Hauer & Lamberti, 1996). For determination of discharge (Q), depth and instantaneous
velocity were measured along a cross-sectional transect using a metric ruler and flow meter
(Probe 101FP201). Several parameters were measured in situ; temperature (T, °C), dissolved
oxygen (O,, mg 1), and conductivity (Cond, pS cm™) were determined with a combination probe
(YSI, Model 85). A potentiometer was used to determine pH (Oakton). In the laboratory, there
were determined: Total suspended solids (Tss, gravimetric method), total alkalinity (Alk,
phenolphthalein method), ammonium (NH,", Nessler method), nitrites (NO,", diazotization
method), nitrates (NO3’, colorimetry with the brucine method), total phosphorus (TP, persulfate
digestion and colorimetry with the ascorbic acid method), chlorides (CI°, argentometric method),
sulfates (SO,%, turbidimetric method). Sodium (Na*) and potassium (K*) were measured with a
flame photometer (Corning, Model 410), and calcium (Ca**), and magnesium (Mg?*) were
measured using atomic absorption spectrophotometry (Shimadzu, Model AA6501). Analyses
were conducted using AOAC (1990) and APHA (1998) spectrophotometric techniques.

Physical habitat assessment

A general evaluation of the surrounding habitat structure that influences stream water
characteristics was conducted using a qualitative index (Barbour et al., 1999). This method
consists of a visual estimate of the physical in-stream environment and riparian habitat. Scores

were assigned for each habitat characteristic, and categorized as poor (0-5), marginal (6-10), sub-
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optimal (11-15), or optimal (16-20). Scores from individual metrics were summed to evaluate the

physical habitat in each stream.

Odonata sampling and identification
Odonata larvae were collected in a 100 m reach of each stream during the dry season (April) and
rainy season (October) in 2010, on the same days when water samples were collected. For each
sample, a D-frame aquatic net (45 x 12 cm) with 500 pm mesh was swept through 1 m?, and
depending on the type of substrate, loose substrate was kicked in front of the net and embedded
rocks were hand-brushed, or the net was repeatedly thrust among vegetation. Fourteen samples
were collected: seven in runs and seven along the margins (with slow flow). In urban streams,
only four samples were collected (two in the channel center and two along the margins) as with a
preliminary sampling in urban streams an oversimplification of the macroinvertebrate richness
was observed. Gray (2004), e.g. used only three macroinvertebrate samples per site in urban
streams

Samples were preserved in 96% ethanol and larval Odonata were separated from the rest
of the sample within 48 h of the sampling date. Larvae were preserved in 80% ethanol and
species were identified using a stereoscopic microscope (Leica, MZ6), specialized keys (Novelo
in litt.) and catalogued specimens. All specimens were deposited in the Entomological Collection
at the Instituto de Ecologia, A.C. (IEXA), in Xalapa, Mexico.

Data analysis

Stream discharge was compared between seasons using a t-test on log-transformed data to
provide homogeneous variances. A Kruskal-Wallis test was conducted to compare discharge
among streams draining areas with different land uses. Corbet (1999) defines four habits that
correlate with morphological and behavioral characteristics: claspers, hiders, shallow-burrowers,
and sprawlers. To describe the structure of the Odonata assemblages between different land uses,
the relative abundance of odonate larvae of these categories, as well as the family level was used
to compare between land uses. Odonata total larval species abundance was used to calculate the
inverse Simpson’s (D) and Pielou’s (J) indices, and the values of individual streams were
grouped by land use type. Each index was compared using a one-way ANOVA or Kruskal-Wallis
test among land use types. When statistical significance was obtained, the post-hoc Holm-Sidak
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method was used, to correct for Type | error due to multiple comparisons. SigmaStat ver. 3.5
(2006) was used for all analyses.

To assess sampling effort, sample-based rarefaction curves using Chao 2 and ICE
(incidence-based coverage) were constructed as was the Clench equation (abundance-based
coverage), from which percent Odonata richness was calculated from the expected values for
each land use type. EstimateS ver. 8.2 (Colwell, 2009) was used for this analysis. The species
richness estimators revealed that 91-100% of the estimated richness was achieved for forest
streams (Clench = 91%, Chao 2 = 100%, ICE = 100%), 81-100% for pasture streams (ICE =
81%, Chao 2 = 93%, Clench = 100%), 92-100% for coffee plantations (Clench = 92%, ICE =
92%, Chao 2 = 100%), and 64-88% for urban streams (Clench = 64%, ICE = 70%, Chao 2 =
88%). Therefore, sampling effort was sufficient for forest, pasture and coffee plantation streams,
while urban streams appeared to be under-sampled based on the Clench equation (64% of the
total expected richness).

A cluster analysis was carried out to determine similarities in the species composition of
Odonata assemblages between the studied streams. We used the species presence-absence data,
grouped with Sorensen’s Index and the Unweighted Pair Group Method with Arithmetic Mean
(UPGMA) in the Multi-Variate Statistical Package program (MVSP; Kovach, 1999). To analyze
the relationship of the Odonata assemblage abundance data with water physical and chemical
variables and season, a Canonical Correspondence Analysis was conducted (PC-ORD for
Windows 5; McCune & Mefford, 2005). Prior to analysis, the average number of Odonata larvae
per sample and the average of water physical and chemical variables were transformed to log
(x+1) (except pH) to stabilize variances. The statistical significance of the ordination axes was

assessed by the Monte Carlo permutation tests (999 permutations).
Results

Water physical and chemical variables

Discharge of the streams from the La Antigua River upper watershed was significantly lower
during the dry season (0.01+ 0.005 m*s™) than the rainy season (0.03+0.01 m*s™) (t = -2.083, 46
d.f., p =0.043) (Figure 2a). Discharge was not significantly different between streams within
seasons (H = 18.16, d. f. = 11, p = 0.08) (Figure 2b). Comparing the average values of the
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variables, water temperature of streams from cloud forests was the lowest (13.6 °C) and was
highest in urban streams (19.7°C) (Table 1). In addition, streams from cloud forests were the
most oxygenated (7.3 mg I'*) while the least oxygenated streams were urban (3.5 mg I™%). The
most alkaline pH was recorded for C1 and P1 (7.7 and 7.9, respectively), and for the rest of the
streams it was circumneutral. Streams from cloud forests exhibited the lowest conductivities
(23.4 uS cm™) and alkalinities (15.5 mg I™). Total suspended solids were greater in urban and
coffee plantation streams (19.2 mg I'*) than in streams from cloud forests and pastures (6.1 mg I
1). The highest nitrate + nitrite concentrations were found in streams from coffee plantations (4.4
mg I™) and U3 (3.6 mg I'") than in the rest of the streams (0.8 mg I™). Ammonium was higher in
urban streams (2.8 mg I"*) than in the remaining streams (0.1 mg I™"), as well as total phosphorus
(urban, 0.8 mg I'™"; others, 0.1 mg I'") and potassium (urban, 2.8 mg I'; others, 0.22 mg I™%).
Chloride, sodium, and magnesium were generally higher in urban and coffee plantation streams
(CI', 6.8 mg I; Na* 5.3 mg 1) than in streams from pastures and cloud forests (CI", 4.2 mg I'™:;
Na* 1.4 mg I'"). Silica was lower in streams from cloud forests (23.8 mg I"*) than in other streams
(37.6 mg I'Y). Finally, calcium was higher for streams in F1, coffee plantations, and U2 (7.9 mg I

1) than in the remaining streams (4.6 mg I'™") (Table 1).

Physical habitat assessment

Cloud forest streams had better habitat (total scores = 146-152) than pasture, coffee plantation
and urban streams (Table 2). For pools, marginal to optimal substrates existed for every stream
type, with a mixture of substrate materials such as gravel, sand, mud, root mats and submerged
vegetation. For channels, all cloud forest streams had an optimal substrate favorable for epifaunal
colonization (mix of snags, submerged logs, undercut banks, and cobble). For pastures and two of
the coffee plantation streams, the substrate for epifauna was optimal to suboptimal, and for urban
streams it was suboptimal to poor (Table 2). Cloud forest streams were the only ones with
optimal bank stability provided by vegetation. Pasture streams had generally stable banks
protected by grass, but coffee plantation and urban streams had low bank stability. The riparian
vegetation in cloud forest streams was dominated by trees, did not have grasses, and had the

greatest canopy cover which provided shade to the stream channel. In pasture streams, the

69



dominant stratum in the riparian zone was grass, in coffee plantations there was no dominant

stratum, and in urban streams the riparian vegetation was reduced (Table 2).

Odonata assemblage structure and composition

Seven Odonata families were found in the streams of the La Antigua River upper watershed, with
three belonging to the Suborder Zygoptera and four to the Suborder Anisoptera (Table 3). The
most abundant family was Calopterygidae (54.2%), followed by the Libellulidae (16.6%),
Coenagrionidae (12%), Gomphidae (11.3%), Cordulegastridae (3%) and Aeshnidae (3%) and
Platystictidae (0.2%). In total, 19 Odonata species were encountered (Table 3). The most
abundant species was Hetaerina cruentata (31.7%) followed by H. vulnerata (15.9%), both
representing almost half of the total Odonata larvae found. Argia lacrimans, Brechmorhoga
tepeaca, Erpetogomphus viperinus, Hetaerina capitalis, Brechmorhoga pertinax, Argia sp. 1,
Argia sp. 3, Cordulegaster diadema, Oplonaeshna armata, and Erpetogomphus boa had an
intermediate abundance, and the rest of the species were rare. All species were collected in the
dry season, excepting Argia extranea. In the rainy season, all except three species were collected:
Ph. suasus, A. ulmeca, and I. denticollis (Table 3). There was more larvae on the rainy season
(732) than on the dry season (443).

Families and habits in relation to land use
There were six Odonata families in forest streams, five in coffee plantation and pasture streams,
respectively, and four in urban streams. Calopterygidae represented more than half of the
Odonata assemblages in almost every type of stream, except in coffee plantation streams (Figure
3a). Gomphidae was mostly represented in coffee plantation streams, than in the other stream
categories. Coenagrionidae were more abundant in urban streams. Platistyctidae only appeared in
C2, representing only 2.4% of the total Odonata assemblage of this stream. The families
Cordulegastridae and Aeshnidae were only present in forest streams. Libelullidae was better
represented in coffee plantation and pasture streams than in cloud forest and urban streams
(Figure 3a).

When grouped by habits (Figure 3b), claspers (all Argia species, I. denticollis, H.
capitalis, H. cruentata, H. vulnerata, Palaemnema sp., O. armata) were generally the most
abundant type of larva. Almost 100% of the larvae in urban streams were claspers, and less in
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forest > pasture > coffee plantation streams. Sprawlers (B. pertinax and B. tepeaca) were present
in all streams, but were not abundant in forest and urban streams, and accounted for 27-28% of
the larval assemblage in pasture and coffee plantation streams. Hiders (E. boa, E. viperinus, Ph.
suasus) were present in cloud forest and pasture streams (representing less than 10% of larval
abundance), and coffee plantation streams (accounting for 40% of larval abundance). Shallow-
burrowers (C. diadema) were associated with cloud forests; while hiders were better represented

in coffee plantation streams.

Biodiversity in relation to season and land use

Total richness per land use category was: cloud forest (10 spp.), pasture (13 spp.), coffee
plantation (12 spp.), and urban (7 spp.). Simpson’s Index (D) was significantly different among
seasons (F =0.16, d.f. = 1, p = 0.009), and was greater during the rainy season than during the
dry season (Drainy = 0.46 = 0.07; Dgry = 0.26 + 0.06). Land use alone had no significant effect on
D (F=0.2,d.f. =3, p = 0.92), but significant interaction existed between land use and season (F
=7.2,d.f. =3, p =0.003) (Figure 4a). During the dry season, D was zero for the urban streams,
and during the rainy season, D was greater for urban streams than cloud forest streams (Drorest =
0.28 £ 0.04; Dyrpan = 0.71 £ 0.15) (Figure 4a). Pielou’s Index was not significantly different
among land uses (F = 2.2, d.f. = 3, p = 0.12), nor among seasons (F =0.1,d.f. =1, p =0.72)
(Figure 4b), although for pasture and forest streams there were changes between seasons, mainly
for the species with intermediate abundances.

The dominance-diversity curves differed among streams (Figure 4c). The changes in relative
abundance from the most important species to the next were great in streams from cloud forest.
During both seasons, H. vulnerata was the dominant species in streams from cloud forests
(50.5% of the total Odonata abundance). Oplonaeshna armata and Cordulegaster diadema were
the second and third most important species. In streams from pastures and coffee plantations, the
change in relative abundance from one species to the next was small because there were many
species with low abundance (Figure 4c). H. cruentata dominated (46%) in pasture streams in
both seasons. In streams from coffee plantations during the dry season E. viperinus dominated
(35.8%), while during the rainy season it was H. cruentata (33.3%). Finally, for streams in urban

areas, A. lacrimans was the dominant species during the dry season (40%), and H. cruentata
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during the rainy season (71.8%). The rest of the species had a relative abundance of less than
30% (Figure 4c).

Cluster analysis based on the presence/absence of larval Odonata species resulted in
groups of streams that coincided with land use in the micro-watersheds (Figure 5). Cloud forest
streams were similar in species composition, and shared more similarities with coffee plantation
and pasture streams than with urban streams. Coffee plantation and pasture streams were
analogous, but differed principally from urban ones. Finally, urban streams resembled the least to

the other streams.

Species and environmental variables

CCA analyses showed the first axis significantly (Monte Carlo test, 999 permutations, p < 0.01)
explained 22.5% of the variance, reflecting a gradient from or of forest streams to pasture, coffee
plantation and urban streams (Figure 6a). Oplonaeshna armata, H. vulnerata, C. diadema, Argia
ulmeca, Argia sp. 3, Argia sp. 1 and H. capitalis formed a group associated with oxygenated
cloud forest streams. The second axis explained 12.2% of the variance and separated in the upper
plot the coffee plantation in both seasons and urban streams in the dry season with the highest
values of suspended solids, potassium, sulfate, and nitrates + nitrites, that were associated with
Phyllogomphoides suasus, Palaemnema sp., and E. viperinus. Other species associated with
coffee plantation streams but also with pasture ones were Brechmorhoga tepeaca, Argia anceps
and Argia sp.2, which were related with higher values of conductivity and alkalinity. On the other
extreme, at the negative side of axis 2, there were those urban streams in the rainy season with
the highest concentrations of phosphorus. Ischnura denticollis, B. pertinax, A. extranea, A.
lacrimans, and H. cruentata formed a group associated with pasture in both seasons and urban
streams in the rainy season (Figure 6a).

Almost every physical and chemical variable was higher during the dry season (April)
than during the rainy season (October), as the dry season scores were generally located to the
upper part related to the rainy season scores in Figure 6a. Uldoes not appear in the plot, as no
Odonata larvae were recorded for this season in this particular stream. As well, the remaining
physical and chemical variables do not appear in the plot as they did not correlate with the site

scores.
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Discussion

Effects of land use on water quality and habitat

In this study, cloud forest streams were the most oxygenated, and had the coolest temperatures
and lowest values of physical and chemical variables. This agrees with the results obtained by
Véazquez et al. (2011), suggesting that the cloud forest streams studied herein are a good
representation of an undisturbed ecosystem. In comparison, the streams from pastures, coffee
plantations, and urban streams revealed some alterations of habitat and water conditions. Streams
in pasture ecosystems had several substrate types in the pools and channels, and there was
sediment deposition and bank instability, and almost no riparian vegetation or canopy cover,
which are important for larval and adult Odonata because they use plants as perching platforms to
hide from predators and as habitat cues for oviposition sites (Stewart & Samways, 1998; Corbet,
1999). Pasture streams had water chemistry more similar to that of forest streams than the other
streams examined, perhaps because farmers do not use chemical fertilizers or manure for pasture
fertilization, and also avoid burning (cattle farmers’ pers. comm., October 2010). Coffee
plantation streams also had several substrates in the pools and channels, but exhibited more
sediment deposition and bank instability, although there was more vegetative protection and
canopy cover than pasture streams. In these localities, farmers apply selective pruning to control
weeds (Guadarrama-Zugasti, 2000) which reduces the density of the herbaceous layer that
normally retains soil run-off to give stability to the streambank (Arellano, 2000). Coffee
plantation streams generally had high values of conductivity in comparison to cloud forest and
pasture streams, as well as the highest nutrient concentrations, certainly the result of fertilizer use
(Guadarrama-Zugasti, 2000). Our study agrees with a previous study in the La Antigua upper
watershed by Vazquez et al. (2011) who found that suspended solids, conductivity and nutrients
were higher in coffee plantation streams than in pasture streams, whereas cloud forest streams
had the lowest values. This likely occurs because riparian forests prevent or delay nutrient
transport from the uplands to streams, since the understory vegetation retains the soil runoff
(Osborne & Kovacic, 1993). Urban streams showed expected habitat and water chemistry, had
lower variety and abundance of substrates for invertebrate establishment, higher channel
simplification, greater bank instability, and reduced vegetative protection. There were also higher

temperatures, higher concentrations of phosphorus, ammonium, and chloride, and greater
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sediment deposition and lower oxygen levels than the other streams, which indicate organic
enrichment (Walsh et al., 2005).

Seasonality of water chemistry and Odonata

There were lower ion concentrations during the rainy season than the dry season, likely due to
solute dilution, driven by a greater discharge. The exception was U1, that had the opposite
tendency, but which may be a case of non-seasonal perturbation characteristic of some urban
streams where discharge depends more on the intermittent nature of domestic discharge than on
seasonal patterns (Walsh et al., 2005).

Most odonates showed a seasonal pattern. Some species reproduce shortly after the rainy
season begins, producing numerous larvae when there is more breeding habitat than during the
dry season. Yet, for many other species inhabiting running waters it is safer to survive the rains
as adults because the larvae may be washed away by higher water (Clausnitzer et al., 2012). In
this survey larval abundance was lower during the dry season than the rainy season; mature
larvae emerged throughout the dry season, reducing their abundance in water bodies. Likewise,
Odonata adults reproduced throughout the rainy season, such that at the time of sampling, egg
hatching had occurred, explaining the higher abundance of young larvae during the rainy season.
In addition, species richness was similar between seasons, but greater dominance (D) occurred
during the rainy season than the dry season, particularly because the most abundant species, H.
cruentata, tripled its abundance (Ngry = 92, Nrainy = 281). In addition, during the dry season, D in
cloud forest streams was significantly greater than urban streams. This resulted because there
were only four species in urban streams with only one or two individuals collected per species,
but during the rainy season there were five species, of which two were very abundant (H.

cruentata and A. lacrimans).

Variations in Odonata assemblages with land use

Our findings suggest that the influence of human impacts on the habitat and water quality
conditions of the streams in the La Antigua River upper watershed are reflected in the Odonata
assemblages. In cloud forest streams, Calopterygidae dominated the assemblage, while there was
a more even distribution among the Cordulegastridae, Aeshnidae, Libellulidae, and
Coenagrionidae, and with minor representation, the Gomphidae. The burrowing Cordulegastridae
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were mainly found in forest streams, and this is related to its preference for small shaded streams
with abundant riparian vegetation, as adults perch on vegetation with greater vertical height
(Ormerod et al., 1990). In streams with open and sunny channels, those in pastures and coffee
plantations, the Libellulidae increased their abundance at the expense of the Aeshnidae and
Cordulegastridae. In wider third order streams (two of the coffee plantation streams) where there
has been even more erosion and sediment deposition, as well as more open canopy, the
burrowing Gomphidae were more abundant, while Calopterygidae and Coenagrionidae were less
abundant. Nonetheless, in the conditions provided by urban streams, the Calopterygidae and
Coenagrionidae increased in abundance at the expense of the Gomphidae and Libellulidae,
though the coenagrionids A. ulmeca, Argia spp. 1-3 in cloud forest streams were replaced by A.
anceps, A. extranea, A. lacrimans, and I. denticollis in urban streams. Platistyctidae only
appeared in C2, representing only 2.4% of the total Odonata assemblage collected in this stream.
Urban streams were dominated by clasper species attached to shoreline plant roots, as there was
little available microhabitat for epifaunal establishment in the center of the channel (Remsburg &
Turner, 2009).

More species were observed in pasture and coffee plantation streams than in forest and
urban streams. The species absent in forest streams, but present in pasture and coffee plantation
streams were: Brechmorhoga tepeaca, Argia anceps, Erpetogomphus viperinus,
Phyllogomphoides suasus and Palaemnema sp. The first two genera have been found indicators
of water quality alterations derived from coffee mill processing in Costa Rica (Fernandez &
Springer, 2008). The Gomphidae E. viperinus and Ph. suasus in our study were associated with
sediments found particularly on coffee plantation streams. Therefore, the increased richness in
pasture and coffee plantarion streams is a result of the altered water quality of these types of
streams, which for urban streams the opposite occurred; there was less richness because of the
worse water quality conditions. At the family level there were little differences for the family
number between the streams from different land use microwatersheds. This coincides with other
studies that suggest the more specific the taxonomic resolution, the greater the detection capacity
for more subtle differences (Guerold, 2000; Hawkins et al., 2000).

The species associated with forest streams were O. armata (Aeshnidae), C. diadema
(Cordulegastridae), and H. vulnerata (Calopterygidae). Most Aeshnidae have been rated as
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indicators of unpolluted streams (Corbet, 1999). Oplonaeshna armata and C. diadema require
approximately two years to complete their aquatic development, so their presence could suggest
that the aquatic conditions of forest streams has not changed for the last two years. Hetaerina
vulnerata was found by Astudillo-Aldana (2009) to be more abundant in a less chemically
disturbed site of the Huehueyapan River, which belongs to the same watershed of La Antigua, in
comparison with a more chemically disturbed site of the same river. Some water chemistry
parameters between the forest and pasture streams were similar, although temperature varied
(from 2 to 6°C), being cooler in cloud forest streams. Temperature could be a limiting factor for
the three species that were associated only with cloud forest streams. Apart from temperature, it
is possible that the scarcity of riparian trees in pastures could have reduced the presence of some
species in these sites, such as Cordulegaster, which uses trees near the shore as adult emergence
sites (Ormerod et al., 1990).

Hetaerina capitalis (Calopterygidae), A. anceps, A. ulmeca, Argia sp. 1 and Argia sp. 3
(Coenagrionidae), occurred mostly in forest and pasture streams. In general, some Calopterygidae
species are common in sites with little or no disturbed forests (Esquivel, 1997). Hetaerina
capitalis inhabits mountainous shaded streams running through cloud forests (Novelo-Gutiérrez,
2000). Argia ulmeca has been previously found inhabiting small rocky streams (Novelo-
Gutiérrez, 1992), such as the cloud forest and pasture streams in this survey. On the other hand,
H. cruentata may be capable of adapting to anthropogenic perturbations, being abundant in most
stream reaches studied, except in the undisturbed ones, namely cloud forest, suggesting that water
temperature and insolation could be important determinants for this species. Astudillo-Aldana
(2009) also found this species very abundant in the two sites on the Huehueyapan River.

In pastures and coffee plantations there was a reduction of shade over the water providing
more open sunny areas that benefits libellulid development (Fulan et al., 2011). This family has
been considered indicative of both clean, unpolluted streams and those that are organically
polluted (Corbet, 1999). Erpetogomphus viperinus and Ph. suassus (Gomphidae) and
Palaemnema sp. (Platystictidae) were best represented in streams flowing through coffee
plantations. Gomphidae larvae burrow in sand and mud substrates (McPeek, 2008) which
characterized coffee plantation streams, but were scarcely present in urban streams. More

degraded waters may have more toxic substances in the sediments that are diluted in the water
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column. As well, burrowers (which are more sedentary) may find it more difficult to extract
oxygen from such sediments, compared to other species that are more active and exposed.

Species more tolerant to organic enrichment were found in urban streams. Odonata
assemblages from these streams had more species with lower abundance and fewer, but more
abundant species. Argia extranea (an uncommon species in this study, only found in U2), A.
lacrimans, and I. denticollis (a rare species in this study, only found in U3) are coenagrionids,
and indicative of unpolluted streams. Argia has been considered somewhat pollution-tolerant
(Corbet, 1999). Ischnura can generally tolerate a wide range of chemical conditions, including
high organic loading (Hilsenhoff, 1991), and low oxygen (Solimini et al., 1997). Given the
organic pollution indicators in the urban streams studied, this condition may be beneficial for
some tolerant odonates, such as Ischnura sp., as there would be sufficient prey that also benefit
from the organic pollution, such as chironomid larvae (Thompson, 1978).

Compared to the other stream categories examined, urban streams had the most different
species composition. Urban streams also had the lowest habitat scores and the lowest Odonata
species richness. These results could occur if there was little suitable substrate and scarce riparian
vegetation. Other studies have also shown that in urban streams there is a frequent decrease in the
availability of habitat structure and channel features that can act as cover for aquatic biota (Booth
& Jackson, 1997; Finkenbine et al., 2000). Odonata larvae can be influenced by changes in
vegetation structure in both aquatic and riparian habitats (Remsburg & Turner, 2009; Campbell &
Novelo-Gutiérrez, 2007).

Historically, it is likely that the streams in the La Antigua upper watershed shared a
common species pool that has been modified by landscape fragmentation due to anthropogenic
land use. Thus, the biotic assemblages present in streams draining tropical montane cloud forest
areas, vegetation which once dominated the region, are reference systems. Overall, our results
showed that the habitat characteristics and the stream chemistry from different land use micro-
watersheds likely shaped the Odonata assemblages, according to habitat use and species tolerance
towards the physical and chemical water alterations. Between seasons, the larval assemblage
effects were consistent with the dilution of chemicals in the rainy season.

Our results indicate that, in comparison with cloud forest streams, the most chemically
and physically altered streams (urban) caused a larger impact on the Odonata larvae assemblages
composition, followed by coffee plantation streams, and then pasture streams. The principal
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factors influencing Odonata assemblages were riparian habitat simplification, water temperature,
organic enrichment, and sedimentation. The results showed that some larval Odonata species in
the La Antigua River upper watershed could be considered indicators of reference cloud forest
streams in the region, while others could be considered as indicators of altered streams, and
others as indicators of anthropogenic disturbances in the region. These data provide support for

the importance of conserving biodiversity of streams draining montane cloud forests.
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Table 1. Average values of physicochemical variables (+ standard error) in the studied streams in the La Antigua river upper watershed

(F = cloud forest, P = pasture, C = coffee plantation, U = mixed urban influence).

NO3
e Temp DO pH Cond Tss Alk NHs" +NO2 P cr S0, Si Na* K* ca®  Mg*
g 1 1 1 (CaC(:l)3 1 1 1 1 1 1 1 1 1 (nlg l—
o (°C)  (mgl”) @Scm™®  (mgl™) mg I7) (mgl’) (mgl?) (mgl?) (mgl)) (mgl?) (mgl?) (mgl”) (mgl) (mgl”) )
1483 730 678 2551 6.05 16.19 0.02 1.33 0.06 3.80 3.34 25.02 0.96 7.80 2.03
F1 (0.27) (0.16) (0.09)  (0.42) (1.14) (0.69) (0.004)  (0.04)  (0.01) (0.21)  (0.31) (0.28) (0.37)  0(0) (2.20)  (0.37)
12.09 7.87 656  27.13 6.0 18.13 0.10 1.23 0.07 4.31 3.45 23.47 0.91 0.09 2.67 1.24
F2 (0.52) (0.20) (0.21)  (0.77) (2.09) (0.30) (0.02) (0.03)  (0.01) (0.09) (0.37) (0.36) (0.34) (0.04)  (1.51) (0.26)
1385 674 670  17.65 14.34 12.30 0.03 1.0 0.03 4.19 3.42 23.07 0.81 0.03 490  0.86
F3 (0.14) (0.31) (0.13)  (0.31) (6.38) (0.55) (0.01) (0.05) (0.004) (0.14)  (0.31) (0.31) (0.31)  (0.03) (1.51) (0.05)
19.06 625 771 7262 2.0 44,52 0.15 0.22 0.11 4.39 3.69 37.90 3.27 0.54 452 1.97
P1 (0.36) (0.22) (0.06)  (0.30) (0.25) (1.26) (0.03) (0.02)  (0.03) (0.19)  (0.43) (201) (0.36) (0.19)  (1.05) (0.72)
16.72 617 689 2475 3.0 17.18 0.05 0.33 0.42 4.54 3.52 26.01 1.01 0.06 4.48 2.29
P2 (0.30) (0.31) (0.13)  (0.47) (0.30) (0.17) (0.01) (0.05)  (0.22) (0.26)  (0.44) (0.86) (0.39) (0.04)  (1.73) (0.86)
16.92 686  7.09  51.09 5.12 34.22 0.16 0.17 0.05 4.13 3.56 30.64 1.31 0.06 5.77 3.11
P3 (0.18)  (0.08) (0.03)  (0.42) (0.56) (0.15) (0.04) (0.03)  (0.01) (0.15)  (0.36)  (0.85)  (0.50)  (0.04)  (1.41) (0.76)
19.73 6.00 791  110.30 21.72 57.16 0.14 5.33 0.13 4.75 3.46 32.38 3.32 0.17 7.08  3.69
c1 (0.13) (0.30) (0.04)  (1.17) (6.11) (1.31) (0.01) (0.18)  (0.02) (0.25)  (0.31) (0.26)  (0.90)  (0.08)  (1.27) (0.97)
18.10 672  6.89 6827 15.13 35.85 0.15 3.74 0.04 4.69 4.06 36.36 3.72 0.76 6.37 2.48
c2 (0.25) (0.27) (0.13)  (1.48) (1.39) (0.59) (0.03) (0.24)  (0.01) (0.22)  (0.36) (2.31) (0.80) (0.29)  (0.31) (0.28)
18.95 651 748 7475 5.58 38.28 0.28 4.19 0.08 5.06 3.61 36.87 3.76 0.32 7.55 2.99
c3 (0.19) (0.25) (0.03)  (0.23) (0.24) (0.72) (0.06) (0.16)  (0.01) (0.38)  (0.25) (1.09) (0.55) (0.12)  (0.04) (0.21)
18.45 544 712  59.42 24.0 31.93 0.27 1.66 0.31 4.87 3.92 36.73 4.67 0.51 5.84 2.35
U1 (0.14) (0.05) (0.13)  (0.50) (7.86) (0.50) (0.005)  (0.04)  (0.09) (0.20)  (0.56)  (0.51) (0.77)  (0.30)  (0.89) (0.17)
2043 104 717  234.78 31.0 48.06 7.73 0.52 1.99 16.16  30.08 7425  12.44 7.33 10.62 259
U2 (0.07) (0.14) (0.07) (15.96) (5.74) (6.17) (1.59) (0.04)  (0.09) (1.17)  (5.41) (335 (356) (1.11)  (0.93) (0.27)
2036 404 679  64.32 18.04 29.12 0.33 3.68 0.15 5.25 3.91 27.62 3.90 0.66 4.07 1.31
U3 (4.16) (0.13) (1.39)  (1.33) (5.63) (7.28) (0.03)  (0.04)  (0.02) (0.20)  (0.29)  (0.20)  (0.65)  (0.25)  (0.36)  (0.21)
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Table 2. Physical characterization of the riparian and instream habitats for each 100 m stream

reach. Abbreviations: t = trees, s = shrubs, h = herbs, g = grass. Numbers represent the scores of

the visual evaluation of ten metrics from scale 0 to 20; scores increase as habitat quality
increases: poor 0-5; marginal 6-10; sub-optimal 11-15; optimal 16-20 (F = cloud forest, P =

pasture land, C = coffee plantation, U = urban). Bank characteristics are the result of summing

the right and left banks.

Pool Channel Bank Riparian vegetation
[92]
: o 5 5 ¢
§ 2§ %35 g,
c S ) @ (@) o
9 [<5) o o [ (7)) c
8 5 & & R 4] & =€ g
8218 ¢ o ¢ ¢ ¢ 2 S£E & 3
== =] L = = S 5] fict @ Q = = <
nln o> L < o »h | o n > > n n (@)
F1 |19 8|4 20 7 20 10|18 20 20|146 tsh  75-100
F2 |8 8|9 20 14 17 17|20 18 200|151t tsh  75-100
F3 |15 9|8 20 17 18 9 |18 18 20| 152 tsh tsh 75-100
F 14083 7 20 12.7 83 12 (18.718.7 20 |149.7| --- ---
Mean
PL |8 7|3 20 6 13 2|8 0 0|67 g tg 0-25
P2 |19 14|10 20 18 18 6 (12 1 0 |118g tg 0-25
P3 |14 919 20 8 14 9 (14 12 0 |109|g tshg 50-75
P 13.710.0/7.3 20 10.7 15 5711343 0 |98.0|
Mean
Cl|8 109 20 6 18 3|4 14 2 | 94 |tshg tshg 50-75
C2 (12 12| 2 20 14 15 13|12 2 20122 |tshg tshg 25-50
C3 |10 147 17 10 7 2|0 12 20| 99 [ts tshg 50-75
C 10.012.00 6 19 10 133 6 |53 9.3 14 10500
Mean
ur|6 015 5 2 5 7|20 1 0|46 g tg 2550
U2 (10 10| 8 14 10 13 5|10 9 16|105(s tsg 50-75
U |14 9|5 18 15 10 104 6 2| 93 |sg tsg 25-50
U 10.06.3/9.3123 9 93 73|11.353 6 (813
Mean

85



Table 3. Odonata species presence and relative abundance in the la Antigua River upper watershed streams during the dry (D) and

rainy (R) seasons (F = cloud forest, P = pasture land, C = coffee plantation, U = urban).

F1. F2 F3 P1 P2 P3 Cl1 C2 C3 Ul U2 U3 Relative
abundance (%)

DRDRDRDRDRDRDRDRDRDRDRDR

Zygoptera

Calopterygidae

Hetaerina capitalis Selys X X X X X X X X X X 6.6
Hetaerina cruentata Rambur XXX XXX X XXX X X X 31.7
Hetaerina vulnerata Hagen X X X X X X 15.9
Total 54.2
Coenagrionidae

Argia anceps Garrison X X X X X 0.9
Argia extranea Hagen X 0.7
Argia lacrimans Hagen X X XX X X X X X X X X X 5.9
Argia ulmeca Calvert X X 0.2
Argiasp. 1 X X XX X X X X X 1.4
Argia sp. 2 X X X X X 0.5
Argia sp. 3 X X X X X 2.3
Ischnura denticollis Burmeister X 0.1
Total 12
Platystictidae

Palaemnema sp. X X 0.2
Total 0.2
Anisoptera

Aeshnidae

Oplonaeschna armata Hagen X X X X 3.0
Total 3.0
Gomphidae

Erpetogomphus boa Selys X X X X X X X X X 4.3
Erpetogomphus viperinus Selys X X X X 6.2
Phyllogomphoides suasus Selys X X X X 0.8
Total 11.3
Cordulegastridae

Cordulegaster diadema Selys X X X X X X X 3.0
Total 3.0
Libellulidae

Brechmorhoga pertinax Hagen X X X X XX X X X X XX X X 10.4



Brechmorhoga tepeaca Calvert
Total

X X X X

6.2
16.6
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Figure captions

Figure 1. Location of the sampling sites within the La Antigua upper river catchment, in
Veracruz, Mexico (F = forest, P = pasture, C = coffee plantation, U = urban).

Figure 2. (a) Water discharge between seasons, indicating the mean (horizontal dashed line),
median (horizontal solid line), and outliers (black small circles). (b) Average stream discharge (=
standard error) in the dry (April) and rainy seasons (October) (F = forest, P = pasture, C = coffee

plantation, U = urban).

Figure 3. (a) Relative abundance of Odonata families, and (b) relative abundance of different
Odonata habits in the studied streams grouped by land use in the La Antigua upper watershed. F

= forest, P = pasture, C = coffee plantation, U = urban.

Figure 4. Dominance, evenness (£ standard error) and Odonata species abundance between the
dry (black columns) and rainy seasons (grey columns) for the studied streams grouped by land
use in the La Antigua upper watershed: (a) Simpson’s Index, letters denote differences of the
interaction land use % season, (b) Pielou’s Index, (c) Rank abundance plots for the species
assemblages among land uses between seasons. Hetaerina cruentata (1), Hetaerina. vulnerata
(2), Brechmorhoga pertinax (3), Hetaerina capitalis (4), Brechmorhoga tepeaca (5),
Erpetogomphus viperinus (6), Argia lacrimans (7), Erpetogomphus boa (8), Cordulegaster
diadema (9), Oplonaeshna armata (10), Argia sp. 3 (11), Argia sp. 1 (12), Argia anceps (13),
Phyllogomphoides suasus (14), Argia extranea (15), Argia sp. 2 (16), Argia ulmeca (17),
Palaemnema sp. (18), I. denticollis (19). F = forest, P = pasture, C = coffee plantation, U = urban.

Figure 5. Cluster dendrogram based on Sorensen’s Similarity Index for the Odonata larvae
(species presence/absence) from 12 streams sites in La Antigua upper watershed. F= forest, P=

pasture, C= coffee plantation, U= urban.

Figure 6. CCA biplots showing (a) water quality parameters and streams, and (b) Odonata species
(based on mean individuals per sample) and water quality parameters. Stream codes: F = forest, P
= pasture, C = coffee plantation, U = urban. Season codes: D = dry, R = rainy. Environmental
codes: Tss = total suspended solids, Alk = alkalinity, NO3+NO; = nitrate + nitrite, TP = total

phosphorus, DO = dissolved oxygen, Cond = conductivity, Temp = temperature, SO, = sulfate.
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CAPITULO 4

Efectos del uso de suelo sobre los ensamblajes de macroinvertebrados en la cuenca alta del
rio La Antigua, Ver.

En preparacion
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Resumen

El cambio de uso de suelo en la cuenca alta del rio la Antigua ha alterado las caracteristicas
fisicoquimicas de los rios y arroyos que drenan en la region. El objetivo de este estudio fue
conocer los efectos en doce arroyos de microcuencas con distintos usos de suelo (bosque, cafetal,
pastizal, urbano) sobre el hébitat y la calidad del agua y los macroinvertebrados acuéticos, e
identificar los mejores bioindicadores de estas condiciones, utilizando métodos
multiparamétricos. Por una parte, en arroyos de bosque mesoéfilo se encontré mayor abundancia
de organismos intolerantes a materia organica e indicadores de las mejores condiciones del
habitat (Lepidostomatidae, Calamoceratidae), y en el otro extremo, los arroyos urbanos
mostraron una mayor abundancia de organismos tolerantes a mayores concentraciones de ésta
(Mollusca y Chironomidae), asi como la reduccién de la riqueza de familias de
macroinvertebrados acuaticos. No hubo diferencias entre la abundancia relativa de los taxa y las
métricas evaluadas de los macroinvertebrados de arroyos de pastizal y cafetal. En este estudio se
obtuvo informacion util para conocer el estado de integridad ecoldgica de los arroyos para

planear el mejor manejo de los diferentes usos de suelo.

Palabras clave: insectos, moluscos, platelmintos, acuaticos, bioindicadores, métricas, arroyos.
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Introduccion

Los ecosistemas dulceacuicolas se encuentran entre los mas amenazados a nivel mundial (Hering
et al. 2006), con una pérdida global del 37% de las especies y una reduccién del 70% de los
habitats dulceacuicolas de acuerdo al Living Planet Report de la WWF (2012). Las actividades
humanas a nivel de paisaje son la principal amenaza a la integridad ecoldgica de los ecosistemas
dulceacuicolas (Strayer et al. 2003), por lo que resulta urgente determinar como afectan la
estructura y funcionamiento de estos ecosistemas, con el fin de establecer mecanismos para su
restauracion. En regiones tropicales, el bosque mesofilo de montafia se encuentra entre los
ecosistemas mas importantes por su gran diversidad y servicios ambientales que brinda al ser
humano, como por ejemplo, la captacion de agua, control de la erosion del suelo y regulacion
hidrica (Bubb et al. 2004). Sin embargo, la velocidad de pérdida de habitats es alta, y la

contaminacion del agua contindla aumentando (Bonell et al. 2005).

Usos del suelo

En la cuenca alta del rio La Antigua ubicada en Veracruz, México, los principales cambios de uso
de suelo se deben a las actividades ganaderas, agricolas y al establecimiento de areas urbanas que
han favorecido la deforestacion de lo que originalmente fue bosque meséfilo de montafia en esta
region (Mufioz-Villers & L6pez-Blanco 2008). Dichas actividades se realizan incluso dentro de la
zona riberefia federal que por ley debe dejarse intacta (Ley de Aguas Nacionales, articulo 3°,
seccién XLVIII). La deforestacion modifica el habitat de la zona riberefia y del cauce e impacta
de forma negativa la calidad del agua de los arroyos. Por ejemplo, la pérdida de la vegetacion
puede disminuir la entrada al cauce de troncos, ramas y hojas, que son fuente natural de
microhabitats, materia organica y nutrientes al descomponerse (Bison y Bilby 1998). Asimismo,
puede ocurrir un incremento de la temperatura del agua, debido a la reduccion de la sombra
sobre el cauce (Couceiro et al. 2006). La disminucion de la vegetacion en las zonas riberefias de
pastizales, zonas agricolas y urbanas, asi como el pisoteo de las vacas, y la frecuencia y volumen
de las descargas domésticas en areas urbanas pueden desestabilizar las orillas y modificar la
morfologia del canal (Bengeyfield 2007; Baker et al. 2008). Esto puede incluso aumentar la tasa
de sedimentacion en los arroyos, debido al incremento de la escorrentia y la pérdida del suelo
(Chapman y Chapman 2003). En la zona de estudio se han detectado las siguientes actividades

que favorecen la perturbacion de los arroyos. En los pastizales, el ganado tiene acceso libre a los
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arroyos (obs. pers.), lo que puede incrementar la materia organica y patdgenos en el agua, a
través de las heces (Hubbard et al. 2004). En las plantaciones de café de sombra se aplican
herbicidas para reducir el crecimiento de malezas e insecticidas para controlar las plagas
(productores com. pers.; Guadarrama-Zugasti, 2000). Los restos de los pesticidas utilizados
pueden llegar a los arroyos y liberar sus componentes, a traves de la escorrentia del suelo,
produciendo un aumento en los niveles de nutrientes y compuestos toxicos en el agua (Allan
2004). En las areas urbanas son frecuentes las descargas de las aguas residuales domésticas
directamente en los arroyos que las atraviesan (obs. pers.), lo cual puede producir un aumento

significativo de los nutrientes, materia organica y contaminantes (Walsh et al. 2005).

Cualidades de los macroinvertebrados acuaticos como bioindicadores

En la actualidad uno de los grupos acuaticos mas utilizados para la evaluacién del impacto
ambiental en los rios y arroyos son los macroinvertebrados acuéticos (Springer 2010). Las
principales caracteristicas que los hacen buenos bioindicadores son: 1) tienen una amplia
distribucion geografica, 2) se les puede encontrar en una gran variedad de habitats y presentan
una amplia diversidad de habitos alimentarios, por lo que son abundantes e importantes desde el
punto de vista funcional dentro de los ecosistemas; estas cualidades generan un amplio rango de
respuestas ante diferentes perturbaciones en el ambiente; 3) tienen movilidad limitada y en
general, periodos generacionales cortos, que les permiten tener respuestas rapidas ante cambios
de las condiciones ambientales; y 4) son faciles de muestrear utilizando métodos de bajo costo
(Resh 2008; Springer 2010).

Las alteraciones del habitat y del agua por cambios del uso de suelo modifican la
composicion de los ensamblajes de macroinvertebrados acuaticos (Allan 2004; Kasangaki et al.
2008; Nessimian et al. 2008). Se ha encontrado que en sitios muy alterados disminuye la riqueza
de taxa y la abundancia de los grupos mas sensibles a modificaciones de su medio y dominan los
grupos tolerantes (Roque et al. 2003; Kasangaki et al. 2008). En respuesta a la pérdida de la
vegetacion riberefia, la abundancia de los macroinvertebrados que se alimentan de microalgas
puede aumentar, ya que éstas incrementan su biomasa por el incremento de la luz que incide
sobre el cauce (Delong y Brusven 1998, Quinn 2000). El aumento de nutrientes en el agua podria
tener los mismos efectos sobre las microalgas (Allan 2004). La sedimentacion puede reducir la
abundancia y riqueza de macroinvertebrados (Ritcher et al. 1997), ya que elimina a los
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organismos bentonicos que habitan en los espacios intersticiales del fondo, debido a que reduce la
respiracion al tapar sus estructuras respiratorias, o bien, afectar la alimentaciéon al reducir la
densidad de presas (Wood y Armitage 1997). Sin embargo, otros organismos que se alimentan de
particulas suspendidas o que utilizan los sedimentos para camuflarse con el sustrato, podrian
beneficiarse de una sedimentacion intermedia (Gray y Ward 1982). La entrada de materia
orgénica de fuentes antropogénicas puede modificar el sistema tréfico del arroyo, al aumentar la
abundancia de organismos exdéticos que se alimentan de ésta (Bison y Bilby 1998). Los restos de
insecticidas en el agua provenientes de la escorrentia del suelo, podrian tener efectos toxicos
sobre los macroinvertebrados (Schulz y Liess 1999).

Para interpretar y analizar el impacto de las actividades humanas sobre los ensamblajes de
macroinvertebrados y su medio se utilizan métricas, son parametros calculados que representan
algunos aspectos de la estructura, composicion y funcion biologica de los ensamblajes de
macroinvertebrados acuéticos, y que cambian al incrementarse el impacto humano (Barbour
2000). El objetivo de este estudio fue identificar los taxa y las métricas de macroinvertebrados
acuaticos que responden a las caracteristicas del habitat y de calidad del agua presentes en los
arroyos gue drenan distintos usos de suelo, en la cuenca alta del rio La Antigua. Las hipotesis y
predicciones fueron las siguientes. EI manejo de los diferentes usos de suelo altera la calidad del
agua de los arroyos. La calidad del agua es mejor en arroyos de microcuencas de bosque meséfilo
y es mas alterada en arroyos urbanos. Las condiciones del habitat reflejan un mayor estado de
conservacion en los arroyos de bosque con respecto a los arroyos de microcuencas con diferente
uso de suelo. El grado de alteracion del habitat y de la calidad del agua se relaciona con la
presencia y abundancia de los macroinvertebrados acuaticos. En comparacion con arroyos de
bosque mesdfilo, se espera encontrar una reduccién de la riqueza de taxa de macroinvertebrados
acuaticos, el aumento de taxa tolerantes y la disminucién de taxa sensibles a alteraciones de su
medio en arroyos que fluyen en microcuencas con diferente uso de suelo, sobre todo en arroyos

urbanos.
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Materiales y Métodos

Area de estudio

Los arroyos estudiados drenan desde la pendiente oriental del volcan Cofre de Perote, hasta llegar
a la desembocadura del rio Pescados, donde convergen los rios de la cuenca alta de la Antigua
(Figura 1). Se eligieron tres arroyos permanentes por cada uno de los usos de suelo
predominantes en la region: bosque mesofilo de montafia (bosques: F1, F2 y F3), pastizales para
ganado vacuno (pastizales: P1, P2 y P3), cafetales de sombra (cafetales: C1, C2 y C3), y mixtos
con influencia urbana (urbano: U1, U2 y U3). Los arroyos se distribuyeron en diferentes
microcuencas que tienen por lo menos el 50% de su superficie con la cobertura correspondiente a
cada categoria de uso de suelo. Las microcuencas de los arroyos urbanos también tuvieron
influencia de cafetales y cultivos de cafia, sin embargo los muestreos fueron realizados en el area
de influencia urbana. Se muestrearon arroyos de primero a tercer orden, principalmente en suelos
de tipo andosol himico y a una altitud entre 947 y 1629 m. s.n.m (Tabla 1). En la region se
presentan tres estaciones climaticas: fria-hiumeda (nortes, noviembre-marzo), seca (abril-mayo) y
[luviosa (junio-octubre) (Williams-Linera 2007). La precipitacion total anual varia entre los 1500
y 2000 mm.

Evaluacion del habitat

Se llevo a cabo la evaluacién de la estructura del habitat riberefio y del cauce, utilizando un
indice cualitativo sugerido por la EPA para arroyos de bajo orden (Barbour et al. 1999). Este
método consiste en la estimacion visual de las condiciones de los remansos, el canal y las orillas,
en donde se evaluan las siguientes caracteristicas: el tipo de sustrato (arena, gravilla, grava,
vegetacion sumergida y raices) y la variabilidad de remansos (profundos o someros); el canal del
flujo (qué tanto cubre la orilla el agua), la alteracion del canal (canalizacion o dragado), la
sinuosidad del cauce (si es recto o tiene curvas), la disponibilidad de sustratos para la epifauna
(mezcla de ramas, troncos y guijarros ) y la deposicion de sedimentos en el canal; la estabilidad
(proteccion de la orilla por la vegetacion riberefia y ancho de la vegetacion en las orillas). El
procedimiento consiste en asignar puntajes a cada caracteristica del habitat, categorizados como
pobre (0-5), marginal (6-10), subdptimo (11-15), y éptimo (16-20). Posteriormente los puntajes
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de las caracteristicas individuales se suman para evaluar el habitat en cada arroyo. Como
complemento, se describe la dominancia y presencia de estratos y la cubierta vegetal riberefia.

Variables fisicas y quimicas

Las muestras de agua de cada arroyo se colectaron en la estacion de lluvias (octubre) de 2010. En
cada sitio se estableci6 un transecto de 100 m para el muestreo, donde cada uso de suelo estuviera
representado en la zona adyacente al arroyo. Para el analisis de variables fisicas y quimicas del
agua se colecto una muestra de 4 L en recipientes de polietileno en diferentes sitios (4) a lo largo
del transecto de 100 m. Para la determinacion del fésforo las muestras de agua se colectaron en
frascos de vidrio de 250 ml. Las muestras de agua se refrigeraron a 4°C por 24-48 h antes de los

analisis que se realizaron en el laboratorio.

Para la determinacion del caudal (Q), se midio la profundidad y la velocidad instantanea a
lo largo de un transecto transversal utilizando un flujémetro (Probe 101FP201). El caudal fue
calculada como Q = Av, donde A es el area transversal y v es el flujo (m*/s) (Hauery Lamberti
1996). La temperatura (T, °C), el oxigeno disuelto (O, mg/L), y la conductividad (Cond, uS/cm)
se determinaron in situ con un medidor multiparamétrico (YSI Mod. 85) y el pH con un
potenciémetro (Oakton). En el laboratorio se determinaron las siguientes variables utilizando las
técnicas de APHA (1998): solidos suspendidos totales (Sst, método gravimétrico), amonio (NH,",
método Nessler), nitratos (NO3™, método colorimétrico con brucina), nitritos (NO," , método de
diazotizacion) , fésforo total (TP, digestion de persulfato y colorimetria con el &cido ascorbico),

cloruros (CI", método argentométrico), y sulfatos (SO.>, método turbidimétrico).

Muestreo e identificacion de macroinvertebrados acuéaticos

Los muestreos de los macroinvertebrados se llevaron a cabo en cada arroyo durante la estacion de
[luvias en octubre de 2010 en el mismo transecto de 100 metros en donde se colectaron las
muestras de agua. Se colectaron catorce muestras de macroinvertebrados: siete de rapidos (alta
velocidad de corriente) y siete de orillas (con baja velocidad de corriente), tratando de abarcar
todos los tipos de sustratos presentes (hojarasca, detritos, pastos, raices, macrofitas, rocas, limo,
arena). Para los arroyos urbanos solo se colectaron cuatro muestras, ya que durante el muestreo
de prospeccidn se encontrd una simplificacion de la riqueza de macroinvertebrados y una

abundancia excesiva de larvas de Chironomidae en tan sélo una muestra. Para la toma de
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muestras se utiliz6 una red acuética con marco en D (45 x 12 cm) con una apertura de malla de
500 pm, con la cual se barrié 1 m? del sustrato; si habia piedras grandes en el sitio de muestreo
éstas se lavaban manualmente sobre la red para desprender a los macroinvertebrados, en las
orillas se sacudié la red en la vegetacion, y las macrofitas que se encontraron sobre rocas se
sacudieron manualmente, para que se desprendieran los macroinvertebrados del sustrato. Las
muestras se fijaron en alcohol al 96%. En las siguientes 48 h de haber tomado las muestras, éstas
se lavaron utilizando un tamiz (con apertura de malla misma que la red acuatica) para separar los
restos de vegetacion. Posteriormente, bajo una lampara con lupa (Studio Designs12309), se
separaron todos los macroinvertebrados del sustrato mas fino, preservandolos en alcohol al 80%.
De acuerdo a los protocolos de Evaluacion Rapida 11 de Plafkin et al. (1989), se
identificaron los organismos a nivel de familia, pues se ha encontrado que este nivel taxonémico
es suficiente para conocer los efectos de las perturbaciones sobre los ensamblajes de
macroinvertebrados, y ofrece resultados mas facil y rapidamente que la identificacion a nivel de
especie (Thorne y Williams 1997). Para la identificacion se utiliz6 un microscopio estereoscopico
(Leica, MZ6) y guias de identificacion especializadas (Merrit et al. 2008; Epler 2010). Todos los

organismos se depositaron en la Coleccion Entomoldgica del Instituto de Ecologia, A.C. (IEXA).

Andlisis de datos

Para saber qué variables fisicoquimicas pudieron influir sobre la abundancia relativa de los
macroinvertebrados acuéticos en los diferentes arroyos, se llevaron a cabo correlaciones de
Spearman entre estas dos variables, y se eligieron solo las variables y taxa correlacionados
significativamente. Para identificar diferencias significativas de los ensamblajes de
macroinvertebrados acuaticos entre usos de suelo, se comparé la abundancia relativa por taxon
(familias de insectos acuéticos, crustaceos, moluscos y platelmintos) entre usos de suelo
(considerando los tres arroyos por uso de suelo como repeticiones), con un ANOVA de una via o
con su equivalente no paramétrico (Kruskal-Wallis) cuando no se cumplieron los supuestos de
normalidad y homogeneidad de varianzas. Cuando hubo diferencias significativas se utilizé la
prueba de Tukey para determinar entre qué usos de suelo hubo diferencias. Adicionalmente, se
Ilevd a cabo un analisis de agrupamientos con base en la abundancia relativa de los taxa de

macroinvertebrados acuaticos de cada arroyo, con el fin de identificar si los ensamblajes de
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macroinvertebrados son similares entre arroyos de microcuencas con el mismo uso de suelo, y si
difieren de los ensamblajes de microcuencas con distinto uso de suelo. Para ello se utiliz6 el
método de agrupamiento UPGMA y se eligio el coeficiente de Spearman, con el paquete
estadistico MVSP (Multi-Variate Statistical Package program; Kovach 1999). Por otra parte, se
eligieron y determinaron 25 métricas (Tabla 2) que han sido utilizadas comunmente por diversos
autores (Barbour et al.1999; Blocksom et al. 2002; Davis et al. 2003; Cho et al. 2011; Moya et al.
2011; http://www.epa.gov/) y que caracterizan a los ensamblajes de macroinvertebrados por su
riqueza, composicion y tolerancia a contaminacion organica.

Finalmente, se analizaron los puntajes resultantes de la evaluacion del habitat, las
variables de calidad del agua y las métricas de los macroinvertebrados para cada arroyo con un
Analisis Canonico de Correspondencias (CCA PC-ORD para Windows 5; McCune y Mefford
2005). Las variables fisicoquimicas (excepto el pH), las métricas y los puntajes del habitat se
transformaron previamente con log (x+1), con el fin de identificar relaciones entre las tres
variables, que pudieran reflejar los efectos de los usos de suelo sobre el hébitat, calidad del agua
y macroinvertebrados acuaticos en los arroyos de la region de estudio. Se eliminaron aquellas
variables fisicoquimicas que mostraron redundancia (multicolinealidad) que tuvieran un factor de
inflacion mayor a 20, quedando Unicamente cinco variables fisicoquimicas (conductividad,
fésforo total, s6lidos suspendidos totales, oxigeno disuelto y condicién del hébitat). Por su parte,
las siguientes métricas resultaron ser idénticas FT = %FT, FEPT = %FEPT, FE = %FE, FP =

%FP (Tabla 2), por lo que se eliminaron los porcentajes para correr el CCA.

Resultados
Evaluacion del habitat

Los arroyos de bosque tuvieron mejores condiciones del habitat (puntaje total = 146-152) que los
de pastizal, cafetal y urbanos (Tabla 3). La caracterizacion de los remansos mostro que la
variedad de sustratos fluctud entre marginal y 6ptima para todos los tipos de arroyos, siendo
optima (16-20), es decir, con una mezcla de arena, gravilla, grava, raices y vegetacion sumergida
(familia Podostomataceae), sélo en un arroyo de bosque y otro de pastizal. La condicion marginal

(6-10), caracterizada por la disminucidon de los tipos de sustratos presentes, se encontrd en todos
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los tipos de arroyos. El canal del flujo fue variable entre los doce arroyos, es decir, no hubo una
tendencia clara en relacién con los diferentes usos de suelo, y en general no hubo alteraciones
visibles de la morfologia del canal de canalizacion o dragado. Solo el arroyo U1 esta canalizado.
La sinuosidad de los arroyos en los tramos estudiados también fue variable entre los doce
arroyos, sin una aparente relacion con el uso de suelo. Todos los arroyos de bosque presentaron
un sustrato 6ptimo para la colonizacion de la fauna bentonica, es decir, una mezcla de ramas,
guijarros y troncos; en los pastizales y en dos de los arroyos de cafetal, el sustrato fue dptimo o
suboptimo, lo que significa una menor proporcion de la mezcla de ramas, guijarros y troncos; y
en los arroyos urbanos fue de sub6ptimo a pobre, es decir, una disminucion o ausencia de
diferentes sustratos, como ramas y troncos. Todos los arroyos presentaron deposicion de
sedimento (marginal y pobre), aunque particularmente en el arroyo de bosque F2 fue menor
(6ptimo = sin sedimentacion). La caracterizacién de las orillas mostr6 que los arroyos de bosque
fueron los Unicos donde hubo siempre proteccidn y estabilidad de la orilla por la presencia de la
vegetacion riberefia (6ptimo), ya que el estrato dominante fue el arbéreo, no presentd pastos y
tuvo la mayor cobertura del dosel. En los arroyos de pastizales el estrato dominante,
evidentemente fueron los pastos, mientras que aparentemente en los cafetales no hubo un estrato

dominante, y para los arroyos urbanos la vegetacion riberefia estuvo reducida (Tabla 3).

Variables fisicas y quimicas

La temperatura promedio del agua en los arroyos de bosque fue menor (9-13.5 °C) que en los
arroyos urbanos (18-20.17 °C) (Tabla 4.4). Asimismo, los arroyos de bosque fueron los méas
oxigenados (7.6-8.6 mg/L), y los menos oxigenados fueron los urbanos (1.4-4.6 mg/L). El pH
mas alcalino se registrd en los arroyos de C1 y P1 (7.8 y 7.7, respectivamente) y el mas acido fue
en F2 (5.6), para el resto de los arroyos el pH fue circumneutral (entre 6.1y 7.4). El arroyo F3
mostrd la conductividad mas baja (16.5 uS/cm), mientras que la mas alta fue para U2 (173.03
pS/cm). Los sélidos suspendidos totales fueron mayores en arroyos urbanos (7.75-38.08mg/L),
seguido de los cafetales (5.63-12.19 mg/L) y arroyos de bosques (5.35-16.87) y por Gltimo en los
arroyos de pastizal (2.11-4.64mg/L). EI amonio fue mayor en arroyos urbanos (0.23-1.6 mg/L)
que en el resto de los arroyos (0.02-0.26mg/L). La concentracion de nitratos + nitritos fue mayor

en arroyos de cafetales (2.87-4.64mg/L) y en U3 (3.55mg/L), que con respecto al resto de los
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arroyos (0.26-0.59mg/L). El fosforo total, los cloruros y sulfatos fueron mas altos en el arroyo

U2que en el resto de los arroyos (Tabla 4).

Composicion y abundancia de macroinvertebrados

Se colectd un total de 62 familias de insectos acuéticos agrupadas en nueve 6rdenes ademas de
otros taxa superiores de invertebrados acuaticos como Crustacea (Subphylum), Mollusca
(Phyllum) y Platelminta (Phyllum). De acuerdo a la abundancia relativa por grupo taxonémico
(Tabla 5), el grupo de macroinvertebrados mas abundante fue Diptera, seguido de
Ephemeroptera, Coleoptera, Trichoptera, Platelminta, Plecoptera, Odonata, Mollusca, Hemiptera,
Crustacea, Megaloptera y Lepidoptera. Las familias mas abundantes fueron Chironomidae
(Diptera), Leptohyphidae (Ephemeroptera), EImidae (Coleoptera), Baetidae (Ephemeroptera) y
Simuliidae (Diptera). Cabe mencionar que los ejemplares de Tubificidae, que s6lo se colectaron
en arroyos urbanos fueron muy abundantes se descartaron, ya que fue imposible llevar a cabo su

conteo, puesto que no se pudieron separar por individuo.
Usos de suelo y macroinvertebrados acuaticos

Con base en la abundancia relativa de las familias de insectos acuaticos y de los otros
invertebrados acuéticos (Crustacea, Mollusca, Platelminta), los arroyos se agruparon de acuerdo
al uso de suelo de sus microcuencas (Fig. 2). Se formaron dos grandes grupos: uno con los
arroyos urbanos y el otro agrupé a los cafetales, pastizales y bosques. Los arroyos de pastizal y de
cafetal fueron més similares entre si, y los arroyos de bosque se agruparon y separaron del resto

en el otro extremo del dendrograma.

De los 65 taxa colectados, aproximadamente la tercera parte se correlacioné con al menos
una variable fisicoguimica, y los moluscos fueron los Unicos que se correlacionaron
positivamente con los sélidos suspendidos, amonio y cloruros (Tabla 6). El resto de los taxa se
correlacion6 negativamente con el amonio y los cloruros, a excepcidn del oxigeno disuelto, para
el que todas las correlaciones significativas fueron positivas. La temperatura, la conductividad, y
los sulfatos se correlacionaron negativamente con diferentes familias (Tabla 6) , el fosforo total

con las familias Baetidae, Perlidae, Hydraenidae, Hydrobiosidae, Lepidostomatidae, Tipulidae y
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con los nitratos + nitritos solo la familia Psephenidae. Las familias que se correlacionaron con un
mayor nimero de variables del agua (temperatura, oxigeno disuelto, conductividad, s6lidos
suspendidos, amonio, fésforo total, cloruros y sulfatos) fueron: Nemouridae, Psephenidae,

Lepidostomatidae, Calamoceratidae, Hydraenidae, Tipulidae y Philopotamidae.

Solo en seis familias de insectos acuaticos y en los moluscos la abundancia relativa
promedio fue significativamente diferente entre arroyos con distinto uso de suelo (Tabla 7). Los
moluscos fueron mas abundantes en los arroyos urbanos que en los arroyos de pastizal.
Libellulidae fue méas abundante en arroyos de pastizales y cafetales que en arroyos urbanos. En
cambio, Perlidae estuvo presente en todos los arroyos excepto en los urbanos. Belostomatidae
fue més abundante en arroyos de cafetal que en arroyos de bosque, y no estuvo presente en
arroyos urbanos. Corydalidae fue mas abundante en arroyos de cafetal que en el resto de los
arroyos. Los tricépteros Lepidostomatidaey Calamoceratidae fueron igualmente abundantes en

arroyos de bosque, pastizal y cafetal, en arroyos urbanos no se colectaron.

Relacion entre usos de suelo y las métricas

En el analisis candnico de correspondencias el primer eje explicé el 49.1% de la varianza total
(prueba de Montecarlo, p =0.01), y mostrd un gradiente de uso de suelo. En el lado derecho del
diagrama se ubicaron los arroyos urbanos y del lado izquierdo se encuentran los arroyos de
pastizal, cafetal y de bosque (Figura 3a). El eje 2 explicé el 25% de la varianza total, y separé a
los arroyos mas alterados (U2 y U3) del resto de los arroyos. Los arroyos urbanos se
caracterizaron por tener las mayores concentraciones de solidos suspendidos totales y fosforo
total, y los valores mas altos de conductividad. En estas condiciones se encontraron los mayores
porcentajes de organismos tolerantes y mayor nimero de familias tolerantes (%Tol, FTol),
porcentaje de moluscos (%M), los mayores porcentajes de familias dominantes (%oDom;
Chironomidae y Platelminta), y de quironémidos (%Ch) en los arroyos urbanos U2 y U3 (Fig.
3b). Los mayores valores del indice Bidtico por Familia (IBF) también se encontraron en arroyos
urbanos. Por su parte, en el rio urbano U1, que es el menos alterado de los arroyos urbanos, se
asocio el mayor porcentaje de platelmintos (%PIla). En el otro extremo, el mayor porcentaje y

familias de plecopteros (%P, FP), el mayor nimero y porcentaje de familias intolerantes a
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materia organica (FIntol, %Intol), de crustaceos (%Cr) y nimero de familias de tricopteros (FT)
se encontrd en los arroyos de bosque, donde hubo mayores puntajes del habitat y una mayor
oxigenacion en el agua. Los valores mas altos para el resto de las métricas (FEPT, FETO, FE,

FD, FTot) se registraron en los arroyos pastizal y cafetal.

Discusion
Efectos del uso de suelo sobre el habitat y las variables fisicoquimicas del agua

Los arroyos de bosque estudiados mostraron las mejores condiciones del habitat y del agua, a
diferencia delos otros tipos de arroyos. Su gran cobertura arborea sobre el cauce que les da
sombra, los bajos valores de temperatura, conductividad, sélidos suspendidos y las altas
concentraciones de oxigeno son caracteristicos de arroyos de bosques (Kasangaki et al. 2008).
Los arroyos de pastizal presentaron distintos sustratos que favorecen el establecimiento de los
macroinvertebrados, como distintos tamafios de sustratos y vegetacién sumergida; sin embargo,
mostraron inestabilidad de las orillas, posiblemente por el paso libre del ganado vacuno y la
vegetacion riberefia. También presentaron caracteristicas del agua similares a los arroyos de
bosque, en parte porque en estos sitios no se usan fertilizantes para hacer crecer el pasto
(productores com. pers.). Los arroyos de cafetal mostraron distintos tipos de sustratos en el cauce,
pero presentaron inestabilidad de las orillas, ya que las orillas de los arroyos tienen baja densidad
de vegetacion herbacea (obs. pers.) que proteja la orilla, como se ha observado en otros cafetales
(Arellano, 2000). Por otra parte, las mayores concentraciones de nutrientes registradas en los rios
de cafetal, posiblemente se deben al uso de fertilizantes que ha sido reportado en el cultivo de
café (Guadarrama-Zugasti 2000).VVazquez et al. (2011) en arroyos de la misma region, también
reporta en rios de cafetal altas concentraciones de nutrientes y de sélidos suspendidos en
comparacion con pastizales y bosque mesofilo. Sin embargo, en el presente estudio, los solidos
suspendidos de los cafetales no fueron tan altos, al considerar s6lo el muestreo en la estacién de
[luvias, en cambio en el capitulo anterior que incluyd el muestreo del estiaje, si se encontrd un
aumento de los solidos suspendidos en arroyos de cafetal. En la estacion de lluvias los solidos
suspendidos de los arroyos de cafetal sélo fueron més altos con respecto a los arroyos de

pastizal. Por otra parte, los arroyos U2, y U3 mostraron en general el tipo de habitat y calidad del
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agua esperado para este tipo de arroyos, es decir, con una baja variedad y abundancia de sustratos
para el establecimiento de los macroinvertebrados, caracterizdndose por una ausencia de
vegetacion sumergida, de ramas y troncos, asi como inestabilidad en las orillas por la poca
proteccion de la vegetacion; y en el agua mayores temperaturas, mayores concentraciones de
fésforo, amonio, cloruros, sélidos suspendidos, y bajos niveles de oxigeno, que en el resto de los
arroyos. Estas caracteristicas son indicadoras de enriquecimiento organico proveniente de la
zona urbana (Walsh et al. 2005).

Efectos del uso de suelo sobre los macroinvertebrados acuaticos

La abundancia relativa de los taxa de macroinvertebrados y sus métricas diferenciaron a los
arroyos de bosque de los otros arroyos. Los resultados encontrados en este trabajo coinciden con
otros estudios en los que compararon arroyos de sitios agricolas, de pastizal, y urbanos con
respecto a sitios de bosque, encontrando que los arroyos de bosque fueron diferentes al resto de
los arroyos (Carlisle 2008; Kasangaki et al. 2008; Nessimian 2008; Bucker et al. 2010; Moya
2011; Carlson et al. 2012). En el presente estudio los arroyos de bosque se caracterizaron por una
mayor abundancia de organismos intolerantes a enriquecimiento de materia organica, como
Calamoceratidae y Lepidostomatidae (Trichoptera) y Perlidae (Plecoptera) (Hilsenhoff 1988), lo
cual puede estar relacionado con la buena oxigenacién y las bajas temperaturas del agua. Tanto
tricopteros como plecépteros requieren de habitats bien oxigenados y con bajas temperaturas
(Wiggins 1996; Stewart y Stark 2002; Merritt et al. 2008). Por otra parte, la mayor abundancia
de hojarasca en los arroyos de bosque (obs. pers.) posiblemente favorecié la mayor abundancia
de Lepidostomatidae y Calamoceratidae en estos arroyos, ya que estos organismos construyen su

refugio con hojarasca (Merrit et al. 2008).

Los resultados de calidad de agua y del CCA confirman un gradiente de perturbacién en
la calidad del agua en el que los pastizales y cafetales muestran una alteracion intermedia. Estos
resultados se complementan con el indice Bi6tico por Familia (IBF) obtenido para cada tipo de
arroyo. Los valores del IBF sugieren que el agua de los arroyos de bosque fue de muy buena
calidad (IBF¢ = 3.9), la de arroyos de pastizal y cafetal fue de buena calidad (IBFp, c=4.5), y la
de arroyos urbanos fue pobre en calidad del agua (IBFy = 6.5). Estos resultados, asi como al
comparar los valores de las métricas utilizadas entre usos de suelo, no mostraron diferencias entre

los arroyos de pastizal y cafetal, a pesar de que en los arroyos de cafetal la conductividad, sélidos
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suspendidos y de nutrientes tendieron a ser mayores que en arroyos de pastizal. Posiblemente las
diferencias de estas variables no fueron lo suficientemente grandes para afectar la riqueza y
composicion de los macroinvertebrados. En otros estudios se ha encontrado que el
enriquecimiento con nutrientes y el aporte de sedimentos en zonas agricolas elimina taxa
sensibles y beneficia a taxa tolerantes a estas condiciones (Wagenhoff et al. 2011), por ejemplo
favorece a los grupos filtradores: moluscos, oligoquetos y quironémidos (Harding et al. 1999).
Otra posibilidad es que la falta de diferencias respecto a los efectos de arroyos de pastizal y
cafetal sobre los macroinvertebrados se deba a las diferencias de la calidad del agua con respecto
a la estacionalidad. En el capitulo 3 de esta tesis la identificacion a nivel de especie en las larvas
de odonatos permitio detectar, particularmente en el estiaje, la asociacion de algunas especies a
arroyos de cafetal, en donde se registraron mayores concentraciones de sedimentos, que utilizan

estas especies para enterrarse.

Al comparar entre usos de suelo, las alteraciones méas grandes que se reflejaron en las
métricas de los ensamblajes de macroinvertebrados las encontramos en los arroyos urbanos, que
se caracterizaron por presentar una mayor abundancia de organismos indicadores de perturbacion
antropogénica como los moluscos, quironémidos, y platelmintos; ademas presentaron una
reduccidon en el nimero total de familias de acuerdo al IBF. Algunos moluscos como caracoles y
almejas, son buenos indicadores de degradacién de la calidad del agua (Salanki et al. 2003), ya
que al ser filtradores, pueden ingerir microalgas, bacterias, y acumular particulas finas, por lo
que pueden tolerar altos niveles de de materia organica. Los quirondmidos también filtran
materia organica suspendida, se entierran en el sedimento y ademas toleran condiciones anoxicas
(Correa-Araneda et al. 2010). Tanto los moluscos como quirondmidos son también indicadores
de arroyos con aportes de sedimento (Gray y Ward 1982), ya que se entierran en él. La reduccién
en el nimero de familias en arroyos urbanos con respecto al resto de los arroyos, coincide con lo
reportado en otros estudios realizados en arroyos urbanos, en donde también se ha encontrado
una calidad del agua pobre, gran abundancia de organismos tolerantes a alteraciones en el agua y
la disminucion de la riqueza de taxa de macroinvertebrados (Paul y Meyer 2001; Allan 2004;
Meyer et al. 2005; Walsh et al. 2005; Carlisle 2008).

Para la mayoria de los taxa que se correlacionaron con al menos una variable del agua, el

aumento en la concentracion de cloruros y de amonio se correlaciond negativamente con su
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abundancia. Williams et al. (2004) identificaron al aumento de los niveles de cloruros en el agua
de arroyos como la causa de una disminucion de la abundancia, riqueza de especies y la
domindancia de Chironomus (Chironomidae). EI aumento del amonio en el agua también puede
ser un factor al que son sensibles ciertos macroinvertebrados, como por ejemplo algunos
efemerdpteros y crustaceos (Berenzen et al. 2001; Beketov 2004), y aunque el amonio es
relativamente no toxico, las reacciones quimicas en el agua lo convierten a amoniaco Y nitritos,
que si lo son (Maul 2004). Las familias que se correlacionaron negativamente con un mayor
numero de variables del agua, indicadoras de enriquecimiento de materia organica
(Lepidostomatidae, Calamoceratidae, Nemouridae, Tipulidae, Psephenidae, Hydraenidae, y
Philopotamidae) (Walsh et al. 2005), son en su mayoria consideradas intolerantes a materia
organica (Hilsenhoff, 1988).

En este estudio se identificaron los taxa y métricas que indican el tipo de condiciones del
habitat y del agua en diferentes arroyos de la cuenca alta del rio La Antigua. En arroyos de
bosque mesdéfilo se encontraron sobre todo organismos intolerantes a materia organica e
indicadores de buenas condiciones del habitat, y en el otro extremo, los arroyos urbanos
mostraron una mayor abundancia de organismos tolerantes a ésta y reduccién de la riqueza de
familias de macroinvertebrados acuaticos. Por su parte, no hubo diferencias entre arroyos de
pastizal y cafetal, y tampoco entre éstos con respecto a los arroyos conservados de bosque
mesdfilo. La informacion generada en este estudio representa un punto de partida y base para
futuros biomonitoreos en la region de la cuenca alta del rio La Antigua.
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Tabla 1.Caracteristicas de los arroyos estudiados de la Cuenca alta del Rio La Antigua. F =

bosques, P = pastizales, C = cafetales, U = urbanos.

% superficie por Area Tipo de suelo Coordenadas Orden Altitud
Total (m.s.n.m.)
microcuenca
o
)
£ F P C u (kmd) E N
<
F1 687 246 22 43 3787 Andosol himico  96°59'27.01" 19°31'19.009" 2 1491
F2 895 81 1.3 0 479 Andosol himico  97°00'11.22" 19°30'55.40" 1 1577
F3 696 269 07 25 1197 Andosol himico  97°00°23" 19°29°39" 2 1629
P1 17.7 79.1 15 1.1 405 Andosol himico 97°02'27.77" 19°23'52.95" 2 1473
P2 171 581 201 43 848 Andosol himico  97°00'20" 19°26'22" 1 1343
P3 251 713 338 0 361 Andosol himico  97°3'8.331" 19°23'53.771" 1 1486
Cl 151 273 496 54 16320 Andosol himico 96°58'42.344" 19°22'28.822" 3 1054
C2 146 108 67.7 4.2 13425 Andosol himico 96°58'11.468" 19°20'52.191" 3 947
C3 37 55 80 6.9 1560 Andosol himico 96°58'16.864"  19°21'10.169" 1 1072
Ul 6.7 3.1 35.8 276 11716 Andosol himico 96°57'21.22" 19°27'33.81" 2 1401
Feozemhéplico
U2 42 29 614 52 3264 Feozemhaplico  96°55'54" 19°27'00" 2 1132
us 31 106 227 283 6670 Andosol himico  96°58'14.64" 19°27'30.83" 2 1221

Feozemhaplico
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Tabla 2. Métricas de riqueza, composicion y tolerancia de macroinvertebrados acuéticos, y su

respuesta esperada con la perturbacién antropogénica de acuerdo Barbour et al. (1999) (%), Cho et
al. (2011) (%) y Moya et al. (2011) (%), Blocksom et al. (2002) (%), Davis et al. 2003 (°),

http://www.epa.gov/(°).

Abreviatura

Meétrica

Respuesta
hipotética con
alteracion
antropogénica

Riqueza
Ftot
FEPT
FETO
FE
FP
FT
Composicion
% FEPT
% FE
% FP
% FT
% FD
%E
% P
%T
% Ch
% Cr
% M

% Pla

Riqueza total de familias **

Riqueza de familias de EPT *?

Riqueza de familias de ETO *

Riqueza de familias de Ephemeroptera®?
Riqueza de familias de Plecoptera™?

Riqueza de familias de Trichoptera™?

% familias EPT **

% familias de Ephemeroptera?

% familias de Plecoptera™?

% familias de Trichoptera®?

% familias de Diptera*?

% abundancia relativa de Ephemeroptera®
% abundancia relativa de Plecoptera®

% abundancia relativa de Trichoptera?

% abundancia relativa de Chironomidae™*
% abundancia relativa de Crustacea®”

% abundancia relativa de Mollusca®

% abundancia relativa de Platelminta

disminuye
disminuye
disminuye
disminuye
disminuye

disminuye

disminuye
disminuye
disminuye
disminuye
aumenta

disminuye
disminuye
disminuye
aumenta

disminuye
aumenta

2
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Tolerancia
Fintol
Ftol
% Intol
% Tol
IBF

% Dom

NUm. de familias intolerantes 2, VT < 4

NGm. de familias tolerantes %, VT > 6

% abundancia relativa de Intolerantes?, VT < 4
% abundancia relativa de Tolerantes 2, VT > 6
IBF?, i pi vt/100*

% de la familia dominante *

disminuye
aumenta
disminuye
aumenta
aumenta

aumenta

*Indice IBF adaptado a la abundancia relativa: pi = abundancia relativa de la familia, vt= valor de tolerancia de la

familia, 100 = total de la abundancia relativa.
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Tabla 3. Caracterizacion del habitat riberefio y del cauce para cada arroyo. Abreviaciones: a =
arboles, b = arbustos, ¢ = hierbas, d = pasto, - = sin dominancia aparente. Los nimeros
representan los puntajes obtenidos con la evaluacién visual de diez caracteristicas de una escala
de 0 a 20; los puntajes incrementan conforme la calidad del habitat incrementa de la siguiente
forma: pobre 0-5; marginal 6-10; subdptima 11-15; dptima 16-20. Las caracteristicas del banco

son resultado de la suma delos bancos derecho e izquierdo.

Remanso Canal Orilla Vegetacion riberefia
2 8

) é lg g g

= — = = o| L v S

S S & < _g o S=1 B s 8 o

N S |2 & B 2 GSe|8 55 o5/% | & >

S0 = |3 :g 8 &8s 55|28 3§56 ©G|.8 8 o i
=Y 58 8 |g &8 8 ©3 ZeE|ls gE& L28|S |€ &€ 9
) S = = 2 o S 58 as|ls 28 G c € = S
= c 5 o no= §= S5'a 9 o| » o c 3 = o 7 >
< Onh > w < O h o On|lw oS 5|a [ o
F1 19 4 20 7 20 10 18 20 20 | 146 a abc  75-100
F2 8 9 20 14 17 17 20 18 20 | 151 a abc  75-100
F3 15 9 8 20 17 18 9 18 18 20 | 152 - abc  75-100

140 83| 7 20 127 83 12 | 187 187 20 | 1497 | i i
X Bosque
P1 8 7 3 20 6 13 2 8 0 0 |67 d ad  0-25
p2 19 14 [ 10 20 18 18 6 12 1 0 |118 d ad  0-25
P3 14 9 9 20 8 14 9 14 12 0 |109 d abcd 50-75
X Pasii 137 10073 20 107 15 57 113 43 0 980 | S

Pastizal

C1 8 0 | 9 20 6 18 3 4 14 2 |94 - abed 50-75
C2 12 12 | 2 20 14 15 13 12 2 20 | 122 - abed  25-50
C3 10 14 | 7 17 10 7 2 0 12 20 |99 ab abcd 50-75
X Cafetal | 100 120 6 19 10 133 6 53 93 14 | 105.0
Ul 6 0 [15 5 2 5 7 20 1 0 |46 d ad  25-50
u2 10 0 | 8 14 10 13 5 10 9 16 | 105 ab abd  50-75
U3 14 9 5 18 15 10 10 4 6 2 |93 bd abd 25-50
X Urbano | 100 83 [93 123 9 9.3 73 | 113 53 6 81.3
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Tabla 4. Valores promedio de las variables fisicoquimicas (+ error estdndar) en los arroyos de la

cuenca alta del rio La Antigua. Los valores mas altos se muestran en negritas.

NOs

Arroyo Temp oD pH Cond Sst NH,* +NOy TP cl S0~
(°C) (mg/L) (uS/em)  (mg/L)  (mg/L)  (mg/L)  (mg/L)  (mg/L)  (mg/L)
Bosque
F1 13.53 7.59 6.43 23.5 5.35 0.03 1.48 0.13 2.98 2.27
+0.01 +0.08  +0.11  +<0.01 +0.61  +<0.01 +0.27 +0.01 +0.04 +0.06
F2 9.6 8.59 5.59 23.45 5.67 0.03 1.28 0.07 4.02 2.34
+0.00 +0.12  +0.13 +0.03 +2.22  +<0.01 +0.01 +0.01 +0.11 +0.08
F3 13.20 6.75 6.15 16.15 16.87 0.05 0.64 0.04 3.67 2.33
+0 +0.5 +0.1 +0.04 +1.5 +<0.01 +0.09 +0.01 +0 +0.02
Pastizal
P1 17.34 6.61 7.67 74.06 2.11 0.03 0.22 0.2 3.71 2.15
+0.02 +0.17  +0.03 +0.06 +0.50  +<0.01 +0.01 +0.05 +0.04 +0.07
P2 15.28 5.82 6.29 22.49 2.73 0.02 0.16 0.82 3.64 2.08
+0.01 +0.55  +0.08 +0.07 +0.05  +<0.01 +0.03 +0.40 +0.07 +0.12
P3 16.05 6.85 7.00 49.28 4.64 0.02 0.26 0.07 3.66 2.23
+0.01 +0.1 +0.04 +0.2 +1.0 +<0.01 +0.04 +0.02 +0.04 +0.04
Cafetal
Cc1 19.13 6.11 7.84 104.71 12.13 0.16 4.64 0.19 3.93 2.28
+0.01 +0.28  +0.02 +0.18 +0.74 +0.01 +0.81 +0.01 +0.12 +0.05
C2 16.88 6.98 6.97 62.68 12.19 0.04 2.87 0.07 3.86 2.74
+0.04 +0.31  +0.13 +0.95 +1.91 +0.01 +0.53 +0.02 +0.11 +0.08
C3 18.09 6.95 7.41 74.96 5.63 0.05 3.57 0.14 3.67 2.67
+0.12 +0.1 +0.02 +0.1 +0.3 +0.01 +0.04 +<0.01 +0 +0.1
Urbano
U1l 18.02 5.51 6.73 60.73 21.63 0.26 1.56 0.53 4.41 2.56
+0.02 +0.27  +0.08 +0.60 +3.78 +0.01 +0.41 +0.02 +0 +0.19
u2 20.17 1.45 6.91 173.03 38.08 1.61 0.69 1.67 11.7 9.85
+0.01 +0.16  +0.01 +1.01 +10.87  +0.07 +0.04 +0.04 +0.25 +0.27
U3 19.82 4.63 6.45 57.95 7.75 0.23 3.55 0.22 4.59 2.97
+0.03 +0.3 +0.01 +0.04 +1.6 +0.01 +0.03 +0.01 +0.13 +0.06
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Tabla 5. Abundancia relativa de los grupos taxondmicos de macroinvertebrados acuaticos
colectados en los doce arroyos de la cuenca alta del rio La Antigua.

Orden/Familia Bosque Pastizal Cafetal Urbano

F1 F2 F3 P1 P2 P3 C1 c2 C3 U1 U2 Us %
Platelminta 0.35 000 276 050 1034 331 395 021 260 7942 036 167 7.7
Mollusca 0.29 045 041 000 011 000 201 007 043 450 338 239 114
Crustacea 1.73 000 438 000 023 022 006 026 029 000 000 000 063
Ephemeroptera 24.1
Leptophlebiidae 0.31 255 1331 250 1.88 144 7.03 068 246 000 000 0.0
Leptohyphidae 3290 195 260 1206 668 19.09 2015 7.13 3054 0.00 000 4.31
Heptageniidae 0.08 023 122 019 006 036 006 000 116 000 000  0.00
Baetidae 116 2806 950 2972 291 2061 421 1461 1505 054 003 072
Odonata 2.8
Platystictidae 0.35 008 008 054 137 130 082 031 376 000 005 0.00
Calopterygidae 1.73 053 138 28 280 187 213 028 029 094 000 2536
Coenagrionidae 0.43 000 041 012 017 007 000 000 000 000 023 9.09
Aeshnidae 0.00 030 016 000 000 000 000 000 000 000 000 0.00
Gomphidae 0.14 000 000 008 046 000 157 035 000 000 000 0.00
Cordulegastridae 0.14 008 089 000 006 000 000 000 000 000 000 0.00
Libellulidae 0.00 000 000 000 000 000 000 002 000 000 000 0.00
Plecoptera 3.82
Nemouridae 1200 893 081 000 006 094 000 000 000 000 000 0.0
Perlidae 0.37 060 601 012 051 029 18 153 333 000 000 0.0
Hemiptera 0.74
Mesoveliidae 0.00 000 000 000 000 000 000 000 029 000 000 0.00
Hebridae 0.00 000 000 004 000 000 000 028 014 000 000 0.0
Veliidae 0.06 000 106 038 011 072 000 005 087 000 000 0.0
Gerridae 0.06 000 000 000 006 022 000 000 000 000 000 0.00
Belostomatidae 0.16 000 024 108 057 029 100 047 130 000 000 0.0
Corixidae 0.00 000 000 004 000 000 000 000 000 000 000 0.00
Naucoridae 0.19 000 024 023 000 000 006 002 029 000 000 0.00
Saldidae 0.00 000 000 000 000 000 000 002 000 000 000 0.00
Coleoptera 12
Gyrinidae 0.00 000 000 000 000 000 000 007 000 000 000 0.00
Dytiscidae 0.02 000 049 004 000 000 000 000 014 000 003 0.0
Hydrophilidae 0.00 000 008 012 000 000 006 000 014 000 000 0.00
Hydraenidae 0.04 008 130 004 046 101 000 061 000 000 000 0.0
Staphylinidae 0.00 000 008 019 011 000 000 519 072 000 000 0.00
Scirtidae 0.02 000 000 012 011 007 276 005 058 000 000 0.0
Elmidae 4.34 570 1680 837 3307 1073 2065 1638 666 0.10 000 1.91
Dryopidae 0.00 000 000 012 000 007 006 038 000 000 000 0.00
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Ptilodactylidae
Psephenidae
Lampyridae
Curculionidae
Megaloptera
Sialidae
Corydalidae
Trichoptera
Philopotamidae
Hydropsychidae

Polycentropodidae

Ecnomidae
Xyphocentrodidae
Hydrobiosidae
Glossosomatidae
Hydroptilidae
Lepidostomatidae
Calamoceratidae
Leptoceridae
Helicopsychidae
Lepidoptera
Crambidae
Diptera
Simuliidae
Ceratopogonidae
Chironomidae
Dixidae
Culicidae
Tanyderidae
Psychodidae
Tipulidae
Stratyomidae
Athericidae
Tabanidae
Empididae
Syrphidae
Sarcophagidae

0.10
0.02
0.00
0.02

0.00
0.04

0.10
0.99
0.25
0.00
0.02
0.06
0.00
0.00
2.85
6.18
0.48
0.00

0.04

1.18
0.00
30.75
0.02
0.00
0.00
0.00
0.06
0.00
0.00
0.00
0.00
0.00
0.00

0.08
0.53
0.00
0.00

0.00
0.00

0.00
0.38
0.08
0.00
0.00
0.53
0.00
0.00
12.23
1.35
0.15
0.00

0.00

10.80
0.60
22.36
0.00
0.00
0.00
0.00
1.13
0.08
0.08
0.00
0.08
0.00
0.08

0.00
0.32
0.00
0.00

0.00
0.00

0.00
7.95
0.49
0.00
0.08
0.97
0.00
0.57
0.49
5.93
1.38
0.00

0.00

0.81
0.00
11.77
0.73
0.24
0.00
0.00
3.98
0.08
0.00
0.00
0.00
0.00
0.00

0.00
0.27
0.00
0.00

0.00
0.38

1.61
1.61
1.88
0.00
0.00
1.46
0.04
0.38
0.15
0.23
0.19
0.00

0.38

3.76
0.00
27.23
0.08
0.00
0.00
0.00
0.61
0.00
0.23
0.00
0.04
0.00
0.00

3.71
1.60
0.06
0.00

0.06
0.34

1.31
3.37
0.00
0.51
0.00
0.06
0.00
0.29
0.06
3.43
1.77
0.00

0.40

6.97
0.06
13.65
0.00
0.00
0.11
0.00
0.11
0.00
0.00
0.00
0.06
0.00
0.00

1.59
1.01
0.07
0.00

0.00
0.07

3.39
5.40
0.00
0.00
0.00
1.66
0.07
0.14
0.07
0.07
0.00
0.00

0.14

1441
0.00
7.78
0.14
0.00
0.00
0.00
1.37
0.00
0.00
0.00
0.00
0.00
0.00

0.82
0.00
0.00
0.00

0.00
0.82

0.00
9.04
0.00
0.00
0.00
0.44
0.00
0.06
0.00
0.31
0.19
0.00

0.19

2.57
0.00
17.07
0.06
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.07
0.00
0.00
0.05

0.00
0.45

0.02
4.39
0.19
0.02
0.00
0.71
0.05
1.98
0.02
0.35
0.00
0.02

0.21

15.43
0.05
26.33
0.00
0.00
0.00
0.05
0.47
0.02
0.05
0.07
0.00
0.00
0.00

0.87
0.00
0.14
0.00

0.00
0.58

0.14
3.47
0.00
0.00
0.00
0.00
0.00
0.43
0.00
0.29
0.14
0.00

0.29

4.49
0.00
17.51
0.00
0.00
0.00
0.00
0.29
0.14
0.00
0.14
0.00
0.00
0.00

0.00
0.00
0.00
0.00

0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00

0.05
0.10
14.15
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.20
0.00
0.00

0.00
0.00
0.05
0.00

0.00
0.00

0.00
0.21
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00

0.00
0.08
95.39
0.00
0.00
0.00
0.13
0.00
0.00
0.00
0.00
0.00
0.05
0.00

0.00
0.00
0.00
0.00

0.00
0.00

0.00
1.67
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00

3.59
0.00
48.80
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.48
0.00
0.00

0.21

7.87

0.13

38.8
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Tabla 6. Coeficientes de correlacion de Spearman (P < 0.05) entre las variables fisicoquimicas

del agua y la abundancia de macroinvertebrados acuéticos por taxa. Se muestran sélo los taxa

para los que hubo una correlacion significativa.

Taxa Variables fisicoquimicas
Temp OD Cond Sst NH,” NOy TP Cl so/”
+NO,

Mollusca 0.79 0.84 0.60
Crustacea -0.80
Leptohyphidae -0.65
Baetidae 0.71 -0.71
Heptageniidae -0.66
Libellulidae -0.68 -0.63 -0.77
Nemouridae -0.84 059 -0.77 -0.57 -0.59
Perlidae 0.58 -0.70
Veliidae -0.74
Hydraenidae -0.73 -0.61 -0.63 -0.65 -0.61
Elmidae -0.56 -0.61 -0.57
Ptilodactylidae -0.59 -0.64
Psephenidae -0.67 -0.70 -0.85 -0.84 -0.61 -0.81
Philopotamidae -0.85 -0.83 -0.74  -0.67
Polycentropodidae 0.57
Hydrobiosidae -0.61 -0.62
Lepidostomatidae -091 0.70 -0.68 -0.64 -0.61
Calamoceratidae -0.82 0.64 -0.62 -0.69
Leptoceridae -0.65 -0.71
Crambidae -0.61 -0.57
Simuliidae 0.65 -0.65 -0.84
Dixidae -0.58
Tipulidae -0.72  0.66 -0.62 -0.81
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Tabla 7. Abundancia relativa promedio (%) de cada taxon de macroinvertebrados acuaticos por
uso de suelo. F = bosque, P = pastizal, C = cafetal, U = urbano. F/H = F, estadistico de ANOVA,
H = estadistico de Kruskal-Wallis, grados de libertad: 3.

Taxa Familia F P C U F/H P
Phyllum 0.38ab  0.04b 0.84ab  3.43a H=87 0.03
Mollusca
Orden Odonata Libellulidae 0.17ab 1.07a 1.63a 0.02b H=28.8 0.03
Orden Perlidae 232a 0.3la 2.23a 0 H=9.0 0.03
Plecoptera
Orden Belostomatidae 0.13a 0.64ab 0.93b 0 F=64 0.03
Hemiptera
Orden Corydalidae 0.01a 0.27 a 0.61b 0 F=15.6 0.001
Megaloptera
Orden Lepidostomatidae 5.19a 0.09a 0.01a 0 H=10.2 0.02
Trichoptera

Calamoceratidae  4.49a 1.24a 0.32a 0 H=8.9 0.03
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Leyendas de figuras

Figura 1. Localizacion de los sitios de muestreo en cada arroyo de estudio de la cuenca alta del

rio La Antigua. F = bosque, P = pastizal, C = cafetal, U = urbano.

Figura 2. Dendrograma de agrupamiento con base en la abundancia relativa de
macroinvertebrados acuéticos de arroyos. F = bosque, P = pastizal, C = cafetal, U = urbano.

Figura 3. Diagrama de ordenacion que muestra (a) los arroyos y las variables fisicoquimicas del
agua que no mostraron multicolinealidad, y (b) las métricas y las mismas variables
fisicoquimicas. F = bosque, P = pastizal, C = cafetal, U = urbano. SST = s6lidos suspendidos
totales, PT = fosforo total, Cond = conductividad, H = puntaje del habitat, OD = oxigeno

disuelto.
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CAPITULO 5.

DISCUSION Y CONCLUSION GENERAL
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DISCUSION Y CONCLUSION GENERAL

El bosque mesdfilo de montafia es uno de los ecosistemas de mayor importancia en México, por
sus biodiversidad (Challenger 1998), por los servicios ecosistémicos que genera (Brujnzeel
2004), por su disminuida superficie (Gonzalez-Espinosa et al. 2012) y por las presiones
antropogénicas que presenta (CONABIO 2010). En la cuenca alta del rio La Antigua las
principales amenazas a su permanencia son el cambio de uso de suelo, la ganaderia y la
agricultura. Cabe resaltar la cuenca alta del rio La Antigua, la cual hace parte de la region de
bosque mesodfilo del Centro de Veracruz (que incluye también a la Sierra Norte de Puebla-Sierra
de Chiconquiaco, Huatusco-Coscomatepec, y Pico de Orizaba) conforma la region de bosque

mesdfilo del pais con mayor presion por densidad poblacional (CONABIO 2010).

En este trabajo se analizaron los efectos de las condiciones del habitat riberefio y la
calidad del agua de doce arroyos ubicados en microcuencas con diferente uso de suelo, sobre los
ensamblajes de macroinvertebrados acuéticos, tomando como condiciones de referencia arroyos
que drenan el bosque meséfilo de montafa. Los resultados mostraron cémo distintos factores
estresantes en el medio acuatico y riberefio, asi como la estacionalidad, pueden alterar la
reproduccion una especie indicadora de enriquecimiento de materia organica, la estructura 'y
composicion de especies de un ensamblaje particular de insectos acuaticos (Odonata) y la riqueza

y abundancia a nivel de familia de los ensamblajes de macroinvertebrados acuaticos.

Los arroyos de bosque se caracterizaron por presentar las mejores condiciones del habitat
y de calidad del agua. La amplia cobertura arborea que se encuentra sobre el cauce disminuye la
cantidad de luz que llega al arroyo, favoreciendo bajas temperaturas, y su buen estado de
conservacion favorece bajos valores de conductividad, sélidos suspendidos y altas
concentraciones de oxigeno que son caracteristicos de arroyos de bosques (Kasangaki et al.
2008). En este estudio, las condiciones oligotroficas de los arroyos de bosque provocaron una
reduccion en la fecundidad de una especie indicadora de enriquecimiento de materia organica, se
encontraron larvas de odonatos que se vieron favorecidas por estas condiciones (Oplonaeshna
armata, Cordulegaster diadema, y Hetaerina vulnerata). También en los arroyos de bosque se
detect6 una mayor abundancia de algunos organismos intolerantes a materia organica e
indicadores de buenas condiciones del habitat, como los tricopteros de las familias

Lepidostomatidae y Calamoceratidae. Los arroyos de pastizal presentaron muy poca vegetacion
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riberefia e inestabilidad de las orillas, pero fueron similares a los arroyos de bosque en cuanto a
su calidad de agua y sus efectos sobre la fecundidad de una especie indicadora de
enriquecimiento de materia organica (disminucion de la fecundidad). A nivel de familia,los
ensamblajes de macroinvertebrados fueron también similares entre ambos tipos de arroyos, pero a
nivel de especies de odonatos, si hubo especies que s6lo se encontraron en arroyos de bosque (H.
vulnerata y O. armata).

Los arroyos de cafetal, dos de ellos los arroyos més grandes (de tercer orden) y que
pertenecieron a las microcuencas mas grandes también, presentaron evidencias del uso de
fertilizantes, al encontrarse mayores concentraciones de nutrientes en el agua, asi como
evidencias de sedimentacion, pues mostraron inestabilidad en las orillas y mayores
concentraciones de sélidos suspendidos que los arroyos de bosque y pastizal, sin embargo esta
variable fue similar a los arroyos urbanos. Estos arroyos mostraron las condiciones méas
favorables para la reproduccion de C. dubia, posiblemente por la mayor disponibilidad de sélidos
suspendidos que pudieron haber utilizado como alimento, pues se trata de una especie filtradora
de particulas en suspension (Monakov 2003). Los arroyos de cafetal también favorecieron una
mayor abundancia relativa de los odonatos Erpetogomphus viperinus, Phylogomphoides suasus,
que se caracterizan por utilizar el sustrato arenoso, caracteristico de sitios con aporte de

sedimentos, para enterrarse y de esta forma acechar y atrapar a sus presas (McPeek 2008).

Como se esperaba los arroyos urbanos fueron los més alterados, ya que presentaron una
vegetacion riberefia muy escasa, inestabilidad de las orillas, poca variedad de sustratos para el
establecimiento de los macroinvertebrados acuéaticos y altas concentraciones de solutos
indicadores de contaminacién urbana, (Walsh et al. 2005) provenientes de las descargas de las
aguas municipales no tratadas que llegan a los rios de la regidn (Pérez-Maqueo et al. 2011). Los
macroinvertebrados que se asociaron a estos arroyos fueron los odonatos Argia extranea, Argia
lacrimans e Ischnura denticollis, los moluscos, quironomidos (Diptera) y platelmintos. Todos
ellos se han encontrado como organismos tolerantes al enriquecimiento con materia organica
(Thompson 1978; Gray y Ward 1982; Hilsenhoff 1991; Corbet 1999; Correa-Araneda et al.
2010). En estos arroyos hubo también una reduccion significativa de la riqueza de familias de
macroinvertebrados acuaticos, lo cual coincidio con los resultados de otros autores en arroyos
urbanos de EUA (Paul y Meyer 2001; Carlisle 2008).
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Encontramos una mayor diferencia de los efectos de los usos del suelo sobre las especies
de Odonatos (capitulo 3) que sobre los ensamblajes de macroinvertebrados en general
identificados a nivel de familia (capitulo 4). Posiblemente se deba a que los muestreos de los
macroinvertebrados se llevaron a cabo durante la estacion de lluvias Gnicamente, cuando las
diferencias en la calidad del agua entre arroyos disminuyen, como se discute en el capitulo 4.
Podemos decir que el uso de distinta resolucion taxonémica para distinguir los efectos de los usos
del suelo sobre los organismos acuaticos produjo resultados similares independientemente de si

se tratase de especies de Odonatos o familias de macroinvertebrados acuaticos.

La consideracion de dos extaciones climaticas contrastantes fue importante en este
estudio, ya que se encontraron diferencias temporales en la calidad del agua de los arroyos de
estudio, lo que se reflejo en la fecundidad de C. dubia y en los ensamblajes de larvas de
odonatos en particular. Durante la estacion de lluvias hubo un mayor caudal en los arroyos, que
en el estiaje, lo que provoco la disminucion de las concentraciones de los solutos e iones, asi
como un incremento en la fecundidad de C. dubia. Estos resultados sugieren que la calidad del
agua en esta estacion mejora favoreciendo el incremento de la fecundidad de C. dubia. Esto
coincide con lo encontrado en el arroyo urbano mas alterado (U2), ya que en el estiaje, fue
cuando se registrd la mayor concentracion de solutos y se detectd la supresion total de la
fecundidad en esta especie. Las larvas de odonatos fueron mas abundantes durante el periodo de
[luvias que en el estiaje, pero es posible que esto esté relacionado con la fenologia de las especies
de odonatos méas que con la dilucion de los solutos en la estacion de lluvias.

Los resultados de este estudio indican que las practicas de manejo locales tales como la
eliminacidn de la vegetacion riberefia (en los pastizales y cafetales), el uso de fertilizantes y
pesticidas (en los cafetales) y las descargas directas de aguas residuales (en las areas urbanas) son
las principales responsables del estado ecolégico de los arroyos estudiados. Para mitigar su
impacto, la Ley de Aguas Nacionales (articulo 3°, seccion XLVIII) establece que se debe existir
una zona de amortiguamiento (“buffer””) con vegetacion en las orillas de los arroyos. En los
arroyos estudiados de pastizal, cafetal y zonas urbanas se debe dejar sin manejo tal area, para que
se prevenga la erosion, sedimentacion, entrada de nutrientes y contaminantes a los cursos de
agua. También la Ley de Aguas Nacionales (Articulo 86 Bis 2) establece que debe haber una

canalizacion de las descargas municipales hacia una planta de tratamiento antes de su entrada a
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los arroyos, para evitar las descargas directas. Estas mejoras en las précticas de manejo adquieren
mayor importancia al tener en cuenta que los arroyos de cabecera estudiados transfieren las
afectaciones antropogénicas rio abajo, hacia la cuenca baja del rio La Antigua, donde los rios
tienen una gran importancia econdémica, pues de ellos dependen actividades como la pesca de los
langostinos Macrobrachium acanthurusy M. carcinus; los cultivos de café y cafia de azlcar y la
agricultura de temporal. En la parte baja de la cuenca ya se ha identificado contaminacion por
agroquimicos, residuos domeésticos e industriales y desechos por los beneficios del café

(http://www.conabio.gob.mx/conocimiento/regionalizacion/doctos/rhp_077.html).

En nuestro pais, a pesar de que en las Gltimas décadas se ha incrementado el desarrollo de
pruebas de toxicidad (Ramirez-Romero y Mendoza-Cantt 2008) e interés por los biomonitoreos
(Mathuriau et al. 2012), que complementan los tradicionales monitoreos quimicos, todavia es
incipiente la aplicacion de estas técnicas (CONAGUA 2008; Mathuriau et al. 2012),
posiblemente debido a varios factores: existen pocos especialistas a nivel nacional, todavia
algunos protocolos y métodos se encuentran en vias de ser adaptados a cada region, y por la falta
de capacitacion de personal. De hecho el diagnostico del estado actual de los cuerpos de agua a
nivel nacional es en general el resultado de monitoreos fisicoquimicos de la calidad del agua en

zonas con una alta influencia antropogénica.

En este trabajo, la especie de prueba Ceriodaphnia dubia, algunas especies de larvas de
odonatos y algunas familias y otros taxa de macroinvertebrados acuaticos, resultaron buenos
bioindicadores de la calidad del agua en los arroyos de microcuencas con distinto uso de suelo,
al tener una mayor fecundidad, en el caso de C. dubia, o al presentar una mayor abundancia, para
los macroinvertebrados acuéticos (incluyendo a las larvas de odonatos) reflejando
particularmente una baja concentracion de solutos y temperaturas mas bajas en arroyos de
bosques (Oplonaeshna armata, Cordulegaster diadema, y Hetaerina vulnerata;
Lepidostomatidae y Calamoceratidae), aporte de nutrientes y sedimentos en arroyos de cafetal (C.
dubia, Erpetogomphus viperinus, Phylogomphoides suasus) y enriquecimiento de materia
organica en arroyos urbanos (C. dubia, Argia extranea, Argia lacrimans e Ischnura denticollis,
los moluscos, quirondmidos y platelmintos). La estacionalidad, por su parte, influy6 sobre la
calidad del agua de los arroyos, al reflejar una dilucion de los solutos en la estacién de lluvias, y

una disminucion de los efectos negativos sobre la fecundidad de C. dubia. También el habitat
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riberefio y del cauce fue factor importante que influy6 sobre el aumento o disminucién de la
abundancia de estos macroinvertebrados acuaticos, al entender la calidad del agua como un
efecto de las condiciones del mismo habitat, y al encontrar, por medio del diagndstico visual, una
simplificacion de la heterogeneidad natural de la vegetacion riberefia y de los microhabitats en el

cauce.

Por otra parte, podemos decir que, en términos de costo-beneficio, de los distintos tipos de
bioevaluacion aplicados y el analisis fisicoquimico del agua, éste Gltimo fue el mas costoso,
aunque genero los resultados mas rapidamente. Los bioensayos generaron resultados
rapidamente, pero fueron mas costosos que los méetodos de biomonitoreo, los cuales, debido al
tiempo invertido en el manejo de las muestras y la identificacion de los organismos, produjeron
resultados en un mayor periodo de tiempo. Asimismo, el andlisis fisicoquimico del agua en
conjunto con los métodos de bioevaluacidn, permitieron identificar la biodisponibilidad y sus
efectos de algunos componentes del agua, como la materia organica y los sedimentos. No
obstante, los métodos de bioevaluacion no sustituyen a los métodos quimicos, ya que dificilmente
reflejan con precision qué sustancias en particular son las responsables de las alteraciones sobre
los ensamblajes de macroinvertebrados. En este estudio, la complementacion de los bioensayos,
utilizando una especie de prueba, y el biomonitoreo de los odonatos y los macroinvertebrados
tanto en el tiempo como en el espacio permitieron identificar que el uso de suelo fue un factor

que determing los estados de conservacion de los arroyos de la cuenca alta de rio La Antigua.
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