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Leukocyte Profiles of Northern Leopard Frogs, Lithobates pipiens, Exposed to

Pesticides and Hematozoa in Agricultural Wetlands

Dave Shutler1 and David J. Marcogliese2

Contaminants, including pesticides, can affect an organism’s health by weakening its immune system, potentially
making it more susceptible to parasites. We used one measure of immune function, leukocyte profiles, and compared
these for 82 Northern Leopard Frogs, Lithobates (=Rana) pipiens, occupying five wetlands with different exposures to the
herbicides atrazine and metolachlor, and tested for associations between blood parasites and leukocyte profiles.
Hepatozoon spp. (likely H. clamitae) were the only blood parasites detected and were found in only seven (8.5%) frogs.
These parasites were associated with fewer eosinophils per leukocyte and higher heterophil:lymphocyte ratios,
although we cannot distinguish cause and effect. Heterophils, lymphocytes, and eosinophils per total number of
leukocytes also differed significantly among wetlands, but variation could not be attributed consistently to pesticide
contamination.

A
MPHIBIANS occupying anthropogenically modified
landscapes are subjected to novel challenges with
which they have had little time to co-evolve. Among

vertebrates, amphibians may be particularly susceptible to
anthropogenic changes because they have experienced a
comparatively higher rate of extinction in recent years
(Houlahan et al., 2000; Stuart et al., 2004). Some changes,
such as wetland drainage resulting in habitat loss, have clear
and direct effects on amphibian populations. Other chang-
es, such as contaminants, may have both lethal and
sublethal effects. Amphibians are vulnerable to a variety of
contaminants, including pesticides, heavy metals, and other
pollutants. Contaminants can arise from various urban,
industrial, and agricultural sources, and may reach high
concentrations in wetlands commonly inhabited by am-
phibians. Contaminants, including pesticides, can weaken
immune responses (Carey et al., 1999, 2003; Voccia et al.,
1999), potentially leading to increased risk of parasitism and
disease, further endangering populations in decline. In
particular, amphibians are exposed to pesticides applied
during aquatic larval phases of development and again as
adults that congregate in wetlands to breed, both of which
may affect immunocompetence (Carey et al., 1999). Natural
stressors, such as parasites and pathogens, have also been
implicated in amphibian declines (Stuart et al., 2004;
Vredenburg et al., 2010). Herein we test the hypothesis that
pesticide exposure, immune function, and blood parasitism
are correlated.

Leukocyte ratios provide one measure of immune func-
tion (Norris and Evans, 2000). However, amphibian granu-
locytic leukocytes are relatively poorly studied compared to
those of other vertebrates. They are described based on
morphology as heterophilic granulocytes, eosinophilic
granulocytes, basophilic granulocytes, and neutrophilic
granulocytes (Wright, 2001). However, they are often
referred to as heterophils, eosinophils, basophils, and
neutrophils (Wright, 2001), and we follow this terminology.
Heterophils are often synonymized with neutrophils in
amphibians, but neutrophils (5neutrophilic granulocytes,
see above) are morphologically distinct from heterophils
(5heterophilic granulocytes) and are a relatively uncom-

mon cell type (,5% of all leukocytes; Wright, 2001).
Heterophils and monocytes are phagocytic and generally
associated with investment in innate immunity, whereas
lymphocytes, the smallest leukocyte, represent investment
in acquired immunity. Eosinophils are cytotoxic cells that
stimulate other white blood cells to release histamines and
protect hosts from helminth parasites (Edwards, 1994). In
birds and mammals, higher heterophil to lymphocyte ratios
are indicative of various kinds of stressor, including fasting,
foreign antigens (e.g., of parasites), pesticides, handling,
blood-sampling, and injury (Gross and Siegel, 1983; Vleck et
al., 2000; Work et al., 2001; Shutler et al., 2004). The same
has been reported for heterophil:lymphocyte ratios in
amphibians (referred to as neutrophil:lymphocyte ratios in
Forbes et al., 2006; Davis et al., 2008), which is considered a
general response to any stressor.

It is crucial to understand effects of agricultural practices
on amphibian health because farm ponds provide impor-
tant, and in some areas the only, habitat for breeding
populations of frogs and salamanders (Knutson et al., 2004).
In this study, we examine leukocyte profiles of Northern
Leopard Frogs, Lithobates (5Rana) pipiens (hereafter frogs)
occupying wetlands exposed to herbicides (atrazine and
metolachlor) versus reference wetlands that do not receive
direct herbicide input from adjacent agricultural activity.
Exposure to pesticides, in particular atrazine, is associated
with immunosuppression in amphibians (Carey and Bryant,
1995; Voccia et al., 1999; Rohr and McCoy, 2010). Atrazine
and metolachlor rank second and tenth in herbicide sales in
the United States (Lehman and Williams, 2010). In general,
effects of exposure to metolachlor have been rarely studied
in amphibians, but include DNA and thymus damage
(Lehman and Williams, 2010).

We used blood smears to quantify hematozoan infections
in frogs to test if they were associated with differences in
leukocyte profiles because parasites can affect biomarkers of
animal health, including differential white blood cell counts
(Marcogliese et al., 2009). Whereas agricultural effects on
macroparasites have been explored in several frog species,
including Northern Leopard Frogs at the sites used in this
study (King et al., 2007, 2008, 2010; Marcogliese et al.,
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2009), protozoan parasites in the blood have never been
examined in this context. However, infections with another
microparasite, the chytrid fungus Batrachochytrium dendro-
batidis, were associated with altered leukocyte profiles in
Bullfrogs, Lithobates (5Rana) catesbeianus (Davis et al., 2010).

MATERIALS AND METHODS

Recently metamorphosed juvenile frogs were collected by
hand or dip net from five wetlands in southwestern Quebec,
Canada from 5–11 September 2006 (Table 1). Typically,
metamorphosis occurs in mid-July in this region. Thus, all
frogs collected for this study were approximately seven to
eight weeks post-metamorphosis. Collecting this soon after
metamorphosis minimized the likelihood that frogs had
moved among wetlands (King et al., 2007, 2008). Two
wetlands (Fairbanks and Chibouet) consistently have high
levels of herbicides that are received from adjacent farm-
lands that annually apply pesticides (King et al., 2007,
2008). Pesticide levels at these sites are typically high, and at
Chibouet they are above CCME (2010) guidelines for
atrazine (1.8 mg/L; King et al., 2007, 2008). At Fairbanks,
atrazine concentrations do not reach these levels, but they
nevertheless are markedly higher than at Sauro, Rocher, and
Commune. Atrazine is typically applied in June, when
Northern Leopard Frog tadpoles are undergoing larval
development, a period which may be sensitive to contam-
inants for future immunological and endocrinological
function (Carey and Bryant, 1995). However, effects of
exposure to pesticides, including atrazine, may last beyond
the period of larval exposure (Lehman and Williams, 2010).
Atrazine has a half-life ranging from less than a week to 7–
8 months, and metolachlor, over six months (CCME, 2010).
The other three wetlands do not receive direct influx of
herbicides from agricultural activities and were considered
reference sites. Concentrations of atrazine and metolachlor
are well below those attained at the other two sites and well
below CCME guidelines (King et al., 2007). Sauro is a
conservation area managed by Ducks Unlimited. Rocher is a
managed wetland situated in a municipal park. Commune is
adjacent to farmland, but is located in a provincial park
where pesticide use is now forbidden. Atrazine and metola-
chlor were found here at 8.3 and 13.5 mg/L, respectively in
2001 (King et al., 2008), but improved to 0.04 and 0.06 mg/L,
respectively in 2005 after park regulations were enforced
(King et al., 2007). Concentrations are slightly higher than

at the other two reference sites, likely because this site is
exposed to waters of the St. Lawrence River, where atrazine
measured 0.05 mg/L in 2003–04 (Rondeau, 2005). Although
we acknowledge that pesticide measurements were not
taken concurrent with frog collections, concentrations
generally follow a repeated annual pattern due to routine
farming practices, being consistently high when measured
at Fairbanks in 2001 and 2005 and Chibouet in 2001, 2003,
and 2004 (Boily et al., 2005; King et al., 2007, 2008).
Furthermore, in the Chibouet River, atrazine concentration
has surpassed recommended levels in June or early July each
year since at least 1996 (Giroux, 1999, 2004, 2010).
Localities are described in more detail in King et al. (2007).

On the day of capture, the heart of each frog was
punctured with a sterile 27-gauge needle and approximately
20–40 mL of blood were collected in a heparinized capillary
tube before being smeared on a microscope slide (Bennett,
1970) and fixed in alcohol. Slides were subsequently fixed
and stained with Protocol Hema 3 (Biochemical Sciences
Inc., Swedesboro, NJ). Frogs were killed in an overdose of
buffered MS 222, and the bodies and tissues were frozen for
other companion studies. Procedures adhered to the
guidelines of the Canadian Council on Animal Care (2003).

We examined each smear with a compound microscope at
10003 magnification and distinguished the first 100 white
blood cells (heterophils, lymphocytes, eosinophils, baso-
phils, and monocytes) encountered, estimated the number
of erythrocytes per field, counted the number of fields that
were needed to achieve 100 white blood cells, and
concomitantly searched for and enumerated blood parasites
(Hepatozoon spp., Lankesterella spp., and Trypanosoma spp.).
Density of white blood cells was computed as the proportion
of white blood cells per 1000 red blood cells. Ten randomly
chosen slides were re-examined to test repeatability. We also
computed heterophil:lymphocyte ratios as a measure of
response to parasite and pesticide stressors (Forbes et al.,
2006; Davis et al., 2008). Slides were read blind to
contaminant conditions in the wetlands.

Statistical analyses were carried out in SAS Version 9.1
(SAS Institute, Cary, NC). We used General Linear Models
(GLMs) to compare blood smear data between parasitized
and unparasitized frogs and among wetlands. Although
most variables did not have normal distributions (Shapiro-
Wilk tests, Ps , 0.05), GLMs were sufficiently robust because
Kruskal-Wallis tests gave comparable results; the latter are
not reported. If a GLM comparing wetlands was significant,

Table 1. Descriptions of Study Sites from Which Northern Leopard Frogs Were Collected in September 2006. Pesticide data were collected in 2005
and are reported in King et al. (2007). Study sites are ranked in terms of increasing pesticide concentrations; the first three are reference sites and
next two are contaminated sites. Additional site characteristics are provided in King et al. (2007).

Name Short name in text Coordinates Pesticidesa (Mean and range in mg/L) n frogs

Étang John Sauro Sauro 45u049N, 73u099W Atrazine (0.02; 02–0.04) 18
Metolachlor (0.03)

Parc le Rocher Rocher 45u389N, 73u199W Atrazine (0.02; 0.01–0.03) 16
Metolachlor (0.03)

Île de la Commune Commune 45u379N, 73u289W Atrazine (0.04; 0.02–0.06) 18
Metolachlor (0.06; 0.02–0.15)

Ruisseau Fairbanks Fairbanks 45u019N, 73u219W Atrazine (0.19; 0.03–0.35) 17
Metolachlor (0.07; 0.03–0.14)

Rivière Chibouet Chibouet 45u479N, 72u499W Atrazine (0.75; 0.0–3.70) 13
Metolachlor (0.33; 0.04–0.89)

a If no range is reported, readings were identical each time they were measured.
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Tukey tests were used for pairwise comparisons. To deter-
mine whether the number of analyses could be reduced, we
tested whether principal component analysis (PCA) on the
correlation matrix of leukocyte variables could be used to
reduce individual leukocyte variables into a smaller number
of principal components (PCs) that captured the majority of
variation in leukocyte profiles. We used the broken stick
model (Jackson, 1993), wherein the first PC of leukocyte
counts must explain more variation than would be expected
by chance. Means are reported 6SD.

RESULTS

Overall for the 82 frogs captured, percent leukocytes were
38.7 6 20.1 heterophils, 36.0 6 20.0 lymphocytes, 18.6 6

14.2 eosinophils, 5.9 6 8.0 basophils, and 0.8 6 1.5
monocytes. There was significant repeatability for hetero-
phils (Pearson’s r for first and second smear readings 5 0.92,
P 5 0.0002), lymphocytes (r 5 0.63, P 5 0.05), and
eosinophils (r 5 0.92, P 5 0.0002), but not for basophils
(r 5 0.35, P 5 0.32) or monocytes (r 5 0.16, P 5 0.67). Thus
basophils and monocytes were not analyzed further. The
first PC of the remaining three leukocyte variables explained
less variation (58%) than expected by chance (61%),
indicating that each leukocyte variable was independent
and should be analyzed separately.

The only parasites we detected were Hepatozoon spp.
(likely H. clamatae, but not reliably distinguished from H.
catesbianae based on morphology alone; Kim et al., 1998;
Boulianne et al., 2007) and in only seven of 82 (8.5%) frogs
(maximum intensity 27 parasites per 100 leukocytes). Six of
these came from Fairbanks, a contaminated site, and one
from Sauro, a reference site. There were no differences in
percents of leukocytes that were heterophils (R2 5 0.03,
F1,80 5 2.6, P 5 0.11) or lymphocytes (R2 5 0.06, F1,80 5 0.4,
P 5 0.51) between frogs infected with Hepatozoon spp.
versus those that were not. However, parasitized frogs had
lower percents of eosinophils than did unparasitized frogs

(Table 2; R2 5 0.06, F1,80 5 4.8, P 5 0.03). Moreover, average
heterophil:lymphocyte ratios were 4.0 for parasitized frogs
and 1.7 for unparasitized frogs (R2 5 0.09, F1,80 5 7.9, P 5

0.006), consistent with an association between immunity
and parasitism. There were no differences in densities of
heterophils (ANOVA R2 5 0.003, F1,80 5 0.3, P 5 0.58),
lymphocytes (R2 5 0.005, F1,80 5 0.4, P 5 0.53), eosinophils
(R2 5 0.03, F1,80 5 2.7, P 5 0.10), or white blood cells (R2 5

0.002, F1,80 5 0.2, P 5 0.70) between frogs infected with
Hepatozoon spp. versus those that were not.

There was significant variation among sites in percent
heterophils (Fig. 1; R2 5 0.24, F4,77 5 6.2, P 5 0.0002),
lymphocytes (Fig. 1, R2 5 0.21, F4,77 5 5.2, P 5 0.001), and
eosinophils (Fig. 1, R2 5 0.12, F4,77 5 2.6, P 5 0.04). Percent
heterophils was significantly higher at Fairbanks compared
to Sauro and Commune, and percent lymphocytes was
significantly higher at Sauro compared to Rocher and
Fairbanks. Although the GLM suggested significant varia-
tion among sites for eosinophils (R2 5 0.12, F4,77 5 2.6, P 5

0.04), no Tukey pairwise comparisons were significant
(Fig. 1; all Ps . 0.05). Similarly, there was significant
variation among sites in densities of heterophils (Fig. 2; R2

5 0.14, F4,77 5 3.1, P 5 0.02), lymphocytes, and eosinophils
(Fig. 2; identical test statistics for both the latter: R2 5 0.26,
F4,77 5 6.7, P 5 0.0001). Heterophil density was significantly
higher in Fairbanks compared to Rocher, lymphocyte
density was significantly higher at Commune than all other
sites except Sauro and at Sauro compared to Rocher, and
eosinophil density was higher at Commune than at all other
sites. Heterophil:lymphocyte ratios (computationally, this is
the identical test for densities) also varied significantly
among sites (R2 5 0.25, F4,77 5 6.6, P 5 0.0001); Fairbanks
had significantly higher ratios (x̄ 5 3.8) than all sites, but
Rocher (x̄ 5 2.2); Chibouet (x̄ 5 1.7), Commune (x̄ 5 1.2),
and Sauro (x̄ 5 0.7) were not significantly different from
each other or Rocher (Tukey tests). Overall, reference sites
had lower percents of heterophils (Table 2; R2 5 0.15, F1,80 5

14.2, P 5 0.003), higher percents of lymphocytes (R2 5 0.06,

Table 2. Comparison of Leukocyte Profiles of Northern Leopard Frogs in Which No Hepatozoon spp. Were Detected (n = 75) Versus in Those in
Which Hepatozoon spp. Were Detected (n = 7), and of Northern Leopard Frogs (n = 52) Sampled from Three Reference Wetlands Versus Those (n =
30) That Came from Two Contaminated Wetlands.

Median Range Median Range

without Hepatozoon with Hepatozoon

% Heterophils 38.2 0.0–80.0 58.4 22.5–77.5
% Lymphocytes 33.0 7.0–91.1 26.0 5.9–65.3
% Eosinophils 17.4 0.0–77.7 6.9 0.0–18.8
Heterophil:Lymphocyte ratio 1.1 0.0–6.7 2.4 0.3–13.2
Heterophils per 1000 erythrocytes 19.6 0.0–114.3 24.9 13.3–56.4
Lymphocytes per 1000 erythrocytes 17.9 2.8–117.9 19.1 3.6–38.7
Eosinophils per 1000 erythrocytes 9.1 0.0–85.1 4.2 0.0–8. 0

Reference sites Sites with pesticides

% Heterophils 50.0 14.0–80.0 34.2 0.0–69.6
% Lymphocytes 22.7 5.9–65.6 37.9 9.0–91.1
% Eosinophils 11.9 0.0–39.8 19.5 0.0–77.7
Heterophil:Lymphocyte ratio 2.4 0.3–13.2 1.0 0.0–6.3
Heterophils per 1000 erythrocytes 25.9 4.5–71.4 17.8 0.0–114.3
Lymphocytes per 1000 erythrocytes 15.5 3.6–38.7 19.5 2.8–117.9
Eosinophils per 1000 erythrocytes 6.1 0.0–46.9 9.5 0.0–85.1
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F1,80 5 5.2, P 5 0.03) and eosinophils (R2 5 0.09, F1,80 5 7.6,
P 5 0.007), and lower heterophil:lymphocyte ratios (R2 5

0.12, F1,80 5 11.0, P 5 0.001) than did sites receiving
herbicides. Reference sites did not have significantly lower
densities of heterophils (Table 2; R2 5 0.04, F1,80 5 3.2, P 5

0.08), but had higher densities of lymphocytes (R2 5 0.06,
F1,80 5 5.3, P 5 0.02) and eosinophils (R2 5 0.05, F1,80 5 4.0,
P 5 0.05) than did sites receiving pesticides.

DISCUSSION

Hepatozoon spp. are transmitted to frogs when they eat
infected mosquitoes (Smith, 1996; Smith et al., 2000). As is
the case for many haemosporidians in wild animals (e.g.,
Atkinson and van Riper, 1991; Desser and Bennett, 1993;
Shutler et al., 1996), there is limited evidence of pathology
(Kim et al., 1998; Smith et al., 2000). However, we found
significant relationships between leukocytes and infection
with Hepatozoon spp. Eosinophil proportions were lower and
heterophil:lymphocyte ratios were higher in parasitized
frogs, both of which may reflect a general stress response
(Davis et al., 2008), or that may suggest that stress increased
susceptibility to parasites. Generally, the clinical signifi-
cance of intracellular blood parasites is unknown in
amphibians (Allender and Fry, 2008). Other studies have
shown that parasites can affect differential leukocyte
profiles. Bullfrog tadpoles with clinical signs of chytridio-
mycosis had more neutrophils and fewer eosinophils than
asymptomatic animals (Davis et al., 2010). Reduced eosin-
ophilia associated with this fungal infection is similar to our
observation of frogs infected with blood protozoans. In
Bullfrogs, percent leukocytes, monocytes, and granulocytes
were significantly affected by infection intensity of the lung
trematode Haematoloechus sp. (Marcogliese et al., 2009).
These results were context dependent in that effects of
trematodes on different leukocyte components varied with
atrazine concentrations. Infection of Northern Leopard
Frogs by another lung parasite, the nematode Rhabdias

ranae, following exposure to a pesticide mixture, also
affected immune cell populations, enhancing lymphocyte
proliferation and differentially affecting phagocytosis
(Christin et al., 2003). In a separate study on Green Frogs,
Lithobates (5Rana) clamitans, that were more frequently
infected with Hepatozoon than our Northern Leopard Frogs,
no relationships between parasitism and leukocyte pro-
files were observed (Shutler et al., 2009). These different
results may reflect differences in parasite virulence among
parasite–host systems or differences in pesticides or other
stressors among study sites, suggesting that differences in
immune function in response to blood parasites is context
dependent.

We could not attribute differences in leukocyte profiles to
herbicide exposure. On the one hand, frogs from the
contaminated Fairbanks site had more heterophils, but
Chibouet had the highest concentrations of atrazine and
metolachlor, and frogs there had similar leukocyte profiles
relative to other sites. However, differential leukocyte
counts may reflect other aspects of habitat quality that were
not measured in this study. For example, habitat character-
istics such as exposure to cold temperatures can affect
leukocyte counts (Maniero and Carey, 1997).

In fish, leukocyte profiles respond to water quality and
appear to reflect immunocompetence (Hoole, 1997; Tierney
et al., 2004), although various authors (Norris and Evans,
2000; Davis et al., 2008) have cautioned about inferring
immune function from leukocyte profiles. Few studies of
which we are aware have examined effects of pollution on
leukocyte profiles in amphibians. Percent heterophils (neu-
trophils in their publication) decreased and eosinophils
increased in Rana spp. from more polluted urban reservoirs
compared to control sites (Romanova and Romanova, 2003).
Shifts in proportions of leukocytes were also observed in
Pelophylax (5Rana) spp. from a lake exposed to urban and
agricultural runoff (Romanova and Egorikhina, 2006). How-
ever, proportions of eosinophils and monocytes were incon-
sistent, being high in some years and low in others. Numbers
of heterophils (neutrophils in their publication) increased in
Common Toads, Chaunus (5Bufo) arenarum, exposed to
agricultural pesticides (Cabagna et al., 2005). In contrast, in
another study on Bullfrogs, there was no effect of atrazine
levels on differential leukocyte counts or percent leukocytes
(Marcogliese et al., 2009). In a laboratory setting, exposure to

Fig. 1. Percent leukocytes from Northern Leopard Frogs (Lithobates
pipiens) collected from five sites (Sa 5 Sauro, Ro 5 Rocher, Co 5

Commune, Fa 5 Fairbanks, Ch 5 Chibouet) in southwestern Quebec,
Canada in September 2006. Sauro, Rocher, and Commune are
reference sites (Table 1). Within blood cell types, sites sharing the
same letter were not statistically different from each other at P 5 0.05.
Boxes show middle 50% of observations, horizontal line in box shows
median, vertical lines show range of data excluding outliers (observa-
tions that are at least 1.5 times beyond the interquartile range), which
are shown as asterisks. Sample sizes are provided in Table 1.

Fig. 2. Density (number of white blood cells per 1000 erythrocytes) of
leukocytes from Northern Leopard Frogs (Lithobates pipiens) collected
from five different sites. Site descriptions and symbols as in Fig. 1.
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high concentrations of atrazine and nitrate each resulted in
lower total leukocyte counts in the Tiger Salamander,
Ambystoma tiginum (Forson and Storfer, 2006). Eosinophil
counts were reduced in Wood Frogs, Lithobates (5Rana)
sylvatica, exposed to each of three different pesticides at most
concentrations tested (Kiesecker, 2002) and in two species of
Lithobates exposed to atrazine (Rohr et al., 2008). In Northern
Leopard Frogs, lymphocyte proliferation was suppressed after
exposure to a pesticide mixture containing atrazine (Christin
et al., 2003). In contrast, atrazine exposure had no effect on
haematocrit or hemoglobin concentration in R. pipiens
(Allran and Karasov, 2000, 2001).

Our eosinophil counts are higher and monocyte counts
lower than observed previously in amphibians in general
(Davis and Durso, 2009:table 2; Shutler et al., 2009:table 1);
remaining types of leukocytes fell within the range of two
previous studies on Northern Leopard Frogs (Rouf, 1969;
Maniero and Carey, 1997). The frogs used in this study were
only seven to eight weeks post-metamorphosis and thus
mostly younger than those used in the previous studies. It is
not known if age affects leukocyte profiles in Northern
Leopard Frogs, but heterophil counts increased with size in
American Toads (Forbes et al., 2006), whereas no relation-
ship between leukocyte profiles and size was observed in
Northern Cricket Frogs, Acris crepitans (Davis and Durso,
2009). Eosinophils and monocytes reached maximum levels
in developing Bullfrogs at metamorphosis and then de-
creased (Davis, 2009). Some of the variation in American
Toad size in Forbes et al. (2006) may have been age related.
The anatomical location from which blood is extracted may
also affect leukocyte ratios; in particular, based on Shutler et
al. (2009), in comparison to cardiac blood, peripheral blood
appears to have more lymphocytes and fewer heterophils.
However, because there are so few published data for
amphibian leukocyte profiles and because profiles appear
to change in response to a variety of environmental and
biological factors (Foxon, 1964; Duellman and Trueb, 1986;
Maniero and Carey, 1997; Davis, 2010), it is too early to
make generalizations about how pesticides, parasites, and
leukocyte profiles are related.
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Québec—bilan dans quatre cours d’eau de zones en
culture de maı̈s et de soya en 2005, 2006 et 2007 et dans
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Note added in proof: Pesticide data for 2006 recently have been made available to us (M. Rondeau, Environment Canada,
pers. comm.). Levels of atrazine and metolachlor were similar to those presented in Table 1, except for metolachlor at Île de la
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