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Eftects of land use on water quality and Ceriodaphnia dubia reproduction
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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 water-
shed 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 enrichmentin 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: Fecundity, Mexico, rural and urban streams, toxicity test, water quality.

RESUMEN
Durante las temporadas de estiaje y de lluvias, se evalué el efecto de la calidad del agua sobre la reproduccion de
Ceriodaphnia dubia, en arroyos de microcuencas en la cuenca alta del rio La Antigua, Veracruz, México, con distintos
usos de suelo (bosques, pastizales, cafetales y con influencia urbana). Se determinaron diferentes caracteristicas de
la calidad del agua y se efectuaron pruebas de toxicidad subcrdnica en condiciones de laboratorio para evaluar los
promedios de progenie total y de camadas por hembra, asi como el nimero de hembras no reproductivas. Los arroyos
de bosque no resultaron perturbados y los menos alterados fueron los arroyos de pastizales. En ambos tipos de arroyos
se encontré una baja fecundidad de C. dubia. En los arroyos asociados a cafetales y con influencia urbana la calidad
del agua fue menor, pero se registré un aumento de la fecundidad. Sin embargo, para el rio con influencia urbanay la
menor calidad del agua, la reproduccion del cladécero se inhibié en la época de estiaje. El enriquecimiento de nutrien-
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tes y probablemente de materia orgénica en los arroyos de cafetales y con influencia urbana, favorecio la fecundidad
del clad6cero, mientras que la quimica natural de los arroyos de bosques y de pastizales explica la disminucion de la
reproduccion de este organismo de prueba. La fecundidad de C. dubia fue mayor durante la época de lluvias.

Palabras clave: Arroyos urbanos y rurales, calidad del agua, fecundidad, México, pruebas de toxicidad.

INTRODUCTION

Land use changes can be the major factor in determining water-
shed 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 sea-
sons.

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 pollut-
ants into the water channel, along with the increased stream dis-
charge (Chapman, 1992), whereas during dry season pollutants
may concentrate in a smaller discharge, resulting in concentra-
tions 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 re-
placed, over recent decades, by coffee and sugar cane planta-
tions, and cattle pasture (Mufioz-Villers & Ldpez-Blanco, 2007,
Williams-Linera, 2007). Herbicides, fertilizers, and insecticides are
widely used by coffee producers (Nestel, 1995; Guadarrama-Zu-
gasti, 2000). When it rains, fertilizers leach or wash from crop soils
into nearby waterways, releasing nutrients, while insecticides re-
lease toxic compounds.

The coffee plantation soils of the area are rich in phospho-
rus 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 plan-
tation streams in the area (Martinez et al,, 2009; Vazquez et al.,
2011). Soil erosion causes leaching of suspended solids that con-
tain 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 pre-
vent untreated household wastewaters 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 & Min-
nis, 1994; Kumar, 2002; Jonsson et al., 2005).

Nutrient and organic compound enrichment caused by ma-
nure, 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
beenwidely 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 par-
ticular 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 cladoc-
eran 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 suspend-
ed particles (Monakov, 2003).

Large-scale ecotoxicological research on aquatic eco-
systems 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-Canti 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 qual-
ity of streams in micro-watersheds of various land uses on the fe-
cundity of C. dubia, during the dry and the rainy seasons. We test-
ed the hypothesis that water from streams located in urban areas
should cause a strong decrease in C. dubia fecundity, followed
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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, lead-
ing 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 and Pico de Orizaba volca-
noes, and supply water to the surrounding urban, agriculture and

131

pasture areas. The streams range from first to third order in mor-
phological 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 surround-
ed 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 Oc-
tober (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 wa-
ter (2 from runs and 2 from pools in each stream) were collected
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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.
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for chemical 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 micro-
bial 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 @ = Av, where A
is the transversal area and vis the flow (m3 s~") (Hauer & Lamber-
ti, 1996). Temperature (T, °C), dissolved oxygen (0, mg L), and
conductivity (Cond, uS 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 (Ameri-
can Public Health Association, 1998). Total suspended solids (TSS,
gravimetric method), total hardness (Hard, HACH titration method
using EDTA), total alkalinity (Alk, phenolphthalein method), ammo-
nium (NH,*, Nessler method), nitrates and nitrites (NO;~ + NO,~,
colorimetric method), total phosphorus (TP, persulfate digestion
and colorimetry with the ascorbic acid method), chlorides (CI-,
colorimetry), and sulfates (S0,2-, ion chromatography) were de-
termined 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 neo-
nates (age < 24 h) obtained from controlled cultures of adult par-
thenogenetic females; these neonates were individually distrib-
uted 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 mL™,
in accordance with the US EPA (2002). Cladocerans were kept in
environmental chambers at 25 °C and with a 16:8 h photoperiod.

Thirty two test solutions were prepared as follows: two
streams for each land use (cloud forest, pastureland, coffee plan-
tation, and urban influenced), and four water concentrations: 12.5,
25, 50 and 100%, to evaluate the effects on cladoceran reproduc-
tion. Organisms were examined every day for eight days and the
neonates produced by each female were counted and then dis-
carded.

Each solution and food was renewed every day. Toxicity as-
sessments were conducted with water samples from the dry and
rainy seasons.
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Fecundity per female was measured considering the follow-
ing 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-reproduc-
tive females) during the entire test period (eight days).

The dilution water was reconstituted soft water (42 mg L™
CaC0s), since hardness analyses revealed that all of the streams
had soft water (from 9to 45 mg L™ CaCO0j). 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
strainin use as the test organism, as our goal was to compare the
types of streams in relation to the pristine cloud forest associ-
ated 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 hard-
ness 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' CaCO0j;) (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 dilu-
tions in our experiments did not affect the C. dubia reproduction.

Statistical analysis. In order to determine differences be-
tween 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, pastureland, coffee plantation, and urban influ-
enced), 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-reproduc-
tive 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
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carried out using R 2.9.0 software (R development Core Team,
2006).

RESULTS

Water quality. Table 2 presents the average values of the physi-
cochemical 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 high-
est 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 influ-
enced streams; only total alkalinity was very similar. P2 showed
total phosphorus as high as U1, but presented the lowest con-
ductivity, 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 high-
est values of conductivity and total hardness. Both coffee planta-
tion streams had the highest discharge and the highest nitrite and
nitrate concentrations. Coffee plantation and urban influenced
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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. Mean-
while, coffee plantation streams were related to the highest val-
ues of conductivity and hardness, and U2 had the highest concen-
trations 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 NO;~+ NO,, 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,

U2a
N

Figure 2. PCA ordination of the sixteen physicochemical variables from April, 2010 (A) and October, 2010 (0). 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.
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and October ones to the left. Thus, half of the water quality pa-
rameters 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 dur-
ing the dry season, except for urban influenced streams: U1 pre-
sented 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 high-
est discharge, while U2 presented the lowest discharge of all the
streams during this season (Fig. 3).

Toxicity tests. Test acceptability criteria were met, accord-
ing 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 (Xp,q = 16.9 +
0.9; Xgctoner = 22.3 + 1.1). Routine parameters of test solutions were
controlled, and fluctuated as follows: Oxygen (mg L™'): Average =
4.27, Min = 3.9, Max = 5.42; pH: Average = 8.01, Min = 6.07, Max =
8.75; Conductivity (S 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 (prog-
eny and broods) showed that land use, season, the interaction

0.14 -
2 Dry
0.12 4 & Rainy
0.10 4
Yo
e 0.08 4
©
=
E 0.06 -
2
0.04 -
L 2
0.02 4 ] L]
#]
0.00 T : .

Garcia-Garcia P. L. et al.

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 planta-
tion 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 inter-
action 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 prog-
eny 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 prog-
eny was similar to that showed in all land uses (Fig. 4d). Only in
the cloud forest and pastureland streams at 100% concentration,
there was significantly less progeny relative to the other concen-
trations (Fig. 4d).

Regarding the “broods” variable, C. dubia had less broods in
cloud forest and pasture streams than in coffee plantation and ur-
ban 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 influ-
enced streams was the number of broods of C. dubia significantly
lower relative to the other water concentrations (Fig. 5d).

5

: : — %

L ]
¥

P2 1 c2 i uz

Stream

Figure 3. Average stream discharge (+ 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.
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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).

Table 3. Minimal models (LR 42 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.

(a)

Factor LR »? df pvalue
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 33.591 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
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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 physicochemi-
cal 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 un-
disturbed 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 con-
centrations of fecal coliform bacteria from cow manure in runoff
(Sullivan et al., 2007). Local cattle producers leave some trees
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(b)
20 4
15 1
] I
10 I
5
] .
Dry Rainy
40 - Season
= 12.5% (d)
1 25%
— 50%
301 = 100% .
20 1
10 - « T
0
F P C U

Land use

Figure 4a-d. Average progeny per Ceriodaphnia dubia female (+ 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 differ-
ences. F = cloud forest, P = pasture, C = coffee plantation, U= mixed with urban influence.
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along the riverside (first author pers. obs.) and do not treat their
pastures (they do not apply chemical fertilizers or manure for pas-
ture fertilization, and avoid the burning treatment to enhance pas-
ture growth: local cattle farmers, pers. com). This practice prob-
ably 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 ma-
nure 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, Plgctoper = 0.2; I:’zApriI =0.02, P2qgtgper = 0.8).

Coffee plantation streams showed the highest concentra-
tions of nutrients, almost certainly a result of fertilizer use (Nestel,
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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 Vazquez et al. (2011) also found that sus-
pended 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 (Osbhorne & Kovacic, 1993), since the understory
vegetation retains the soil runoff.

As we hypothesized, the urban influenced streams stud-
ied presented the highest values for several physicochemi-
cal variables, but U2 in particular was the most chemically
altered stream, reaching the highest values of the water qual-
ity 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;
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Figure 5a-d. Average broods per Ceriodaphnia dubia female (+ 95% confidence interval) for each (a) land use, (b) season, (c) in-
teraction 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.
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Burks & Minnis, 1994; USGS, 1999; Kumar, 2002; Jonsson et al.,
2005).

Asignificant proportion of land use at both mixed micro-wa-
tersheds (U1 and U2) is coffee and sugar cane plantations, where
the use of pesticides is frequent (Nestel, 1995; Guadarrama-Zu-
gasti, 2000); however, the sampling sites were also directly influ-
enced by domestic wastewaters, since both streams cross an ur-
ban area of influence from 0.6 to 1 km upstream from the sampling
site. Inthis area, sewage collection is either non-existent or ineffi-
cient 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-sea-
sonal 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. None-
theless, total phosphorus also 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 au-
thors 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 high-
er 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 hy-
pothesis, the results revealed that fecundity (progeny and num-
ber 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% con-
centration). 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
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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. subcapi-
tatamicroalgae), 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, particu-
larly 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 fecun-
dity higher than that of the controls. In fact, Ceriodaphnia sp. has
been found to be a useful bioindicator of watercourse eutrophica-
tion 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' CaCOs)
and, since calciumion is essential for the composition of the crus-
tacean exoskeleton (Greenaway, 1985), calcium deficiency could
have prevented exoskeleton formation during molting, and there-
fore, reproduction.

While the use of herbicides, fertilizers, and insecticides is
widespread by coffee producers in the region (Nestel, 1995; Gua-
darrama-Zugasti, 2000), the overall impact of fertilizers and pesti-
cides applied to coffee crops did not lead to lower fecundity of C.
dubia. Coffee producers used pesticides and fertilizers in the wa-
tersheds 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 pres-
ent 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 peri-
ods 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
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toxicity was found for C. dubia in coffee plantation stream wa-
ters, even when pesticides were used before sampling. This is
because the first flush 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 wa-
ter 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 in-
hibited in C. dubia. Obtaining results similar to ours, Vitale (2007)
documented greater toxicity for C. dubia during the dry than dur-
ing the rainy season, but related it to greater hardness and total
dissolved solids (1429 mg L") during the dry season.

Consistent with the Mexican guidelines (CE-CCA, 1989; CO-
NAGUA, 2008), which shows the maximum levels of several water
quality parameters for the protection of aquatic life in freshwa-
ter 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, (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, alkalin-
ity, 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 stud-
ies 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 consid-
ered above 500 uS cm~' (Pond et al., 2008), but the highest aver-
age in U2 was 317.12 uS cm™" (+0.89 s.e.), so it is possible that
this variable did not affect reproduction of C. dubia. Conductiv-
ity 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 uS 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
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parameter was recorded at50.3mg 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. du-
bia 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 mon-
tane 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 physicochemi-
cal 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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