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Wetland pollution is a matter of concern in sub-Saharan Africa. Though regularly exploited, the Nile monitor
(Varanus niloticus), a large amphibious lizard, is not threatened. This work aims at assessing the value of this
varanid as a sentinel species in surveys of environmental contamination by metals. Lead and cadmium
quantifications were performed by graphite furnace-atomic absorption spectrophotometry in bone, intestine,
kidney, liver and muscle in 71 monitors from three unevenly polluted sites in Mali and Niger, plus a reference
site. The effects of sex, size and fat reserves as well as factors related to the sampling strategy (tissue sampled,
sampling site) were studied with a mixed linear model. Metal contamination is moderate at the four sites but
clear differences nevertheless occur. Lead levels are generally maximal in bone, with a gender-independent
median value 320 ng.g−1. Median cadmium concentrations never exceed 70.2 ng.g−1 in females (kidney) and
57.5 ng.g−1 in males (intestine). Such levels should have no detrimental effects on the monitors. Lead and
cadmium levels inmuscles are generally below 200 and 20 ng.g−1, respectively, and should provoke no health
hazard to occasional consumers of monitor meat. Metal organotropisms are consistent with those observed
in other studies about Squamates: for lead: boneN [kidney, intestine, liver]Nmuscle in males and [bone,
kidney]N [intestine, liver]Nmuscle in females; for cadmium: [liver, intestine, kidney]N [bone, muscle] for both
genders. Females are more contaminated, especially in their kidneys. In this tissue, median values in ng.g−1

are 129.7 and 344.0 for lead and 43.0 and 70.2 for cadmium, for males and females, respectively. Nile monitors
can reveal subtle differences in local pollution by metals; moreover, the spatial resolution of the pollution
indication that they give seems to be very sharp. The practical relevance of this new tool is thus validated.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Environmental contamination by metals in sub-Saharan wetlands
is a matter of concern. On a global scale, inland waters are presumably
less contaminated in Africa than in industrialized countries; how-
ever this essential resource is threatened by fast urbanization and
economic activities (Biney et al., 1994; Brönmark and Hansson,
2002; Calamari, 1985; N'Riagu, 1992; Yabe et al., 2010). The lack of
information on the ecotoxicological status of freshwater in southern
developing countries is considerable (Karlsson, 2002; Karlsson et al.,
2007; Lacher and Goldstein, 1997). For these reasons, monitoring
wetland pollution bymetals andmetalloids is especially needed in the
sub-Saharan region. However, efficient procedures for characterizing
precisely the nature and importance of local pollutions are scarce and

tools suited to the economic and cultural context of Africa remain to
be developed.

Several procedures for assessing local environmental pollution
have already been used or are potentially usable. Some of these
methods are focused either on the pathogenic effects of the pollutants
on individual organisms, or on the consequences of pollution on
biological communities. Examples of such approaches in Africa are
given by e.g., Lambert (2005) in sub-Saharan reptiles, Sowunmi
(2005) in Nigerian fishes or Ochieng et al. (2008) in macro-
invertebrates from Uganda (see also Ramade, 2010, for an extensive
methodological review including methods referring to biomarkers).
A common feature of these methods is that they are based on species
that are not top chain predators. Therefore, they fail to accurately
reflect biomagnification processes in food webs. Moreover, they are
not aimed at identifying and quantifying chemical elements, a
restriction that precludes straightforward designation of the main
pollution sources. In brief, these methods give only gross indications
on the ecotoxicological status of an area.
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In African continental waters, metallic contaminant quantifica-
tions were almost exclusively conducted in the southern and eastern
parts of the continent, in Maghreb and in Nigeria (review in Yabe
et al., 2010). These studies dealt mainly with contamination by lead,
cadmium and/or mercury in inorganic matrices (sediment, water,
suspended matters), plants or animals ranking at low levels of food
chains (see e.g., Ak'Habuhaya and Lodenius, 1988, for several metal
quantifications in Tanzanian river sediments, vegetation, arthropods
and molluscs; Greichus et al., 1977, 1978a, b, for quantifications of
chlorinated pollutants and metals in several elements of freshwater
ecosystems in South Africa, Kenya and Zimbabwe). Although metal
quantifications were recently implemented in surface waters in
Chad and Niger (Zairi, 2008), data are extremely scarce for Sahelian
Africa (Yabe et al., 2010). Again, such studies can provide general
information on local pollution but fail to indicate the concentration of
pollutants within the highest elements of food chains.

The standardized use of an amphibious top chain predator found
throughout the continent as a sentinel species could help achieve
this goal. In Africa, Nile crocodiles were considered in this respect
(Almli et al., 2005, in Zambia; Phelps et al., 1986, in Zimbabwe;
Swanepoel, 1998; Swanepoel et al., 2000, in South Africa; see also
Campbell, 2003 for other Crocodylia out of Africa). However, croco-
dilian populations are considerably depleted and most are strictly
protected (CITES, 2011; Ross, 1998); therefore they became unsuited
for routine or large-scale surveys. Today, the most relevant candidate
to play this role could well be the Nile monitor, Varanus niloticus,
a species ranking just below crocodiles in soft water food chains.
A previous work (Berny et al., 2006) already used this species as an
indicator of organochlorine contamination in Chad. Moreover, several
metals (Al, As, Br, Cr, Cu, Fe, Hg, Mn, Pb, Rb, Se, Sr and Zn) were
positively evidenced in some monitor species (Asian and Oceanian
ones, as well as African savannah forms) by Boman et al. (2001), Lance
et al. (1995) and Yoshinaga et al. (1992). These three studies used
monitors opportunistically; they were not specifically aimed at
developing a new tool for environmental pollution surveys.

The ecological and physiological traits of the Nile monitor suggest
that this species could be excellent for assessing environmental con-
tamination by metals and metalloids. It indeed meets several of the
characteristics considered by some authors (Beeby, 2001; Elder and
Collins, 1991; Peakall and Burger, 2003; Ramade, 2010) as defining
a good sentinel species.

Nile monitors are large opportunistic carnivorous lizards feeding
along the banks of rivers, lakes and ponds as well as in water. Their
distribution spreads over most sub-Saharan Africa, in wetlands
located in both remote areas and densely populated cities (Bayless,
2002; Lenz, 2004). Their diet is initially composed of arthropods,
annelids, molluscs and amphibians, but they progressively add other
prey, such as fishes, reptiles, birds and small mammals. They also
appreciate eggs and carrion, and can occasionally prey on conspecifics
(Bennett, 2002; Cissé, 1972; Cowles, 1936; Lenz, 1995; Luiselli et al.,
1999). Contrary to crocodilians, varanids are highly active and vora-
cious predators with an activity metabolism higher than that of most
other reptiles (Thompson, 1999). They explore their territories during
most of the day (Lenz, 1995) and can eat considerable amounts of
prey (Cissé, 1972; pers. obs.) that are swallowed whole, with shells
and bones. For this reason the bio-accumulation process is likely to
be intense inmonitors: a trait predisposing them to be good indicators
in ecotoxicology, especially for osteotropic element accumulation.
In addition Nile monitors are long living animals, with a life span
commonly exceeding ten years in the wild (de Buffrénil et al., 1994;
de Buffrénil and Hémery, 2002). Though very mobile, they are
sedentary, with adult home ranges averaging 5 ha in males (Lenz,
1995). Contamination data given by monitor samples would thus
refer precisely to the places where they were captured. This excellent
spatial resolution is a crucial advantage that migratory species lack
(Berny et al., 2002; Prudente et al., 2005; Ramade, 2010). Nile moni-

tors display some other important advantages such as a large size
(enough tissue can be sampled for several analyses), ease to identify
(they are morphologically different enough from other African
monitors to avoid confusion) and precision of individual aging by
skeletochronology (de Buffrénil and Castanet, 2000).

The objective of this study is to further document the value of
the Nile monitor as a sentinel species in wetlands. With this aim,
we tested its capability to indicate heavy metal contamination in
selected areas of the Sahelian region of Africa located in Mali and
Niger. Special attention was paid to the propensity of different tissues
for metal concentration and to the influence of some individual traits
(i.e. sex, snout-vent length and proportion of fat in the organism) on
the concentrations observed. Lead and cadmium occur in the lists
of chemicals of environmental importance (CEPA, 1999; EC, 2001a;
USEPA, 2007) and show the highest degree of ecotoxicological rele-
vance (Sparling et al., 2010). This is why attention was focused on
these elements.

2. Materials and methods

2.1. Remarks on Nile monitor populations

Nile monitors have long been exploited for the international skin
trade in Mali, Chad, Cameroon and Sudan (de Buffrénil and Hémery,
2007a,b) under the control of CITES (Washington convention on the
international trade in wildlife). Although annual CITES quotas for skin
exports were fixed at 180000 in 2010, 80000 in 2011, 70000 in 2010
and 150000 in 2001 for these four countries, respectively (CITES,
2011), actual gross skin exports have collapsed dramatically during
the last ten years. According to latest reports in CITES trade database
(http://www.unep-wcmc-apps.org/citestrade/report.cfm, year 2011)
no skins were officially exported fromMali, Chad, Cameroon or Sudan
in 2010, a trend that obviously reflects a change in the demands of
European and Japanese leather industries. The places where Nile
monitors are most intensively hunted are restricted to Lake Chad
(Chad, Cameroon and Nigeria) and the inner delta of the Niger River
(Mali), where teams of specialized hunters have for decades been
capturing several tens of thousands of monitors each year. In spite
of this intense harvest, local monitor populations seem to resist,
although slight accommodative modifications in their life history
traits (longevity, growth rates, female fecundity, etc.) may occur
(de Buffrénil and Hémery, 2007b). Intensive monitor harvesting is
now bound to cease as the demand for skins from main importing
countries decreases. Elsewhere in Africa, Nile monitors are moder-
ately but constantly hunted for food purposes. They nevertheless
remain common near water stretches (de Buffrénil and Hémery,
2007a,b).

V. niloticus is not considered globally threatened. It is classified
in CITES Appendix II (trade permitted under control) and is not
included in the IUCN Red List of Threatened Species. In addition, local
authorities tolerate its exploitation provided that it is conducted with
traditional techniques exclusively (de Buffrénil, 1993).

It is thus possible to use the by-products of hunting opportunis-
tically for pollution control. For this work we accompanied fishermen
during their ordinary activities. When they caught a monitor (in
general with large hooks baited with frogs) as described by de
Buffrénil (1993) and sacrificed it according to their traditional
practices, samples were collected from various tissues (see Sec-
tion 2.2) in presence of, and in cooperation with, local competent
authorities. The monitors were then returned to their owners who
generally consumed the meat.

2.2. Sampling sites, dates and sample collection

In Niger, specimens were collected from October to November
2009 near the cities of Diffa and Niamey, the capital. They were
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collected in Mali (November to December 2008) in two regions:
on the one hand, the adjacent cities of Niono and Molodo and on
the other hand, the village of Flabougou (Fig. 1). In each site, the
areas elicited for captures did not exceed 5 km2. The four sites were
selected in order to compare three supposedly different situations
of environmental contamination (an urban site, two agricultural sites
and a control site) and consequently assess the sensitivity of our
biological indicator. Apart from the work of Zairi (2008), no data
related to environmental contamination by metals were found in any
of the four study areas. This author reported the concentrations of
16 metals or metalloids in the surface waters of the Komadougou-
Yobé River less than 50 km away from Diffa. Lead levels were very
low (≤0.04 mg.l−1). To our knowledge, no specific study of metal
pollution in aquatic biota (plants and animals) has ever been con-
ducted at any of these sites.

Diffa is a small city located in the easternmost part of south Niger.
Nile monitors are common around Diffa in the fields irrigated by
the waters of the Komadougou-Yobé River and in the reservoirs
used for stocking water all year long. Agricultural activities (mainly
vegetable culture) are very ancient at that site. The Malian towns
Niono and Molodo are two medium-sized cities (some 5000 [2004
estimation] inhabitants) situated along the Sahel Channel in an
important rice culture zone. Nile monitors are frequently encountered
in the rice fields and in the irrigation channel network. In Diffa and
Niono/Molodo, metal pollution sources of anthropogenic origin are
limited. Cadmium accumulation may result from the use of phos-
phatic fertilizers (de Meeûs et al., 2002; Pérez and Anderson, 2009;
Taylor, 1997) and we can assume that lead levels in the environment
around these places are slightly higher than the background levels
due to a number of activities: car use, burning of fuel wood and
agricultural waste, metallic solid waste piling, incineration of com-
bustible material from dumpsites, etc. (N'Riagu, 1992) Natural lead
deposition from aerial dusts originating from the Sahara desert is
supposed to be substantial in this area (N'Riagu, 1992; WMO, 1989).
Niamey is a large city (675 000 inhabitants in 2002) crossed by the
Niger River. Nile monitors were captured in or around the irrigated
fields located near the only bridge that was in use at the time of
sampling. Industrial activities in Niamey are limited to small
businesses, but road traffic on the bridge is very dense most of the

time. Road traffic is a potential source of local lead pollution; the
vicinity of the bridge is supposed to be the most heavily polluted of
our four sites. Finally the small village of Flabougou is located near
the “Boucle du Baoulé” national park along the “Nid du Serpent”, a large
but temporary tributary of the Baoulé River. To our knowledge, this
place is void of any significant anthropogenic pollution source and is
considered here as the reference site.

A total of 71 Nile Monitors were captured, distributed as follows:
18 in Niono and Molodo, 32 in Diffa, 7 in Niamey and 14 at the
reference site, Flabougou. All these specimens were caught by
villagers and fishermen with their traditional hook-based technique.
The large hooks in use (sea hooks, size no. 5 or no. 4) are not suited for
catching small individuals. Since female Nile monitors are somewhat
smaller than males (de Buffrénil et al., 1994), a slight bias towards
males could be suspected to have occurred in the samples. This
situation is nevertheless unlikely because previous studies of monitor
demography based on the same capture technique revealed no sig-
nificant difference between observed sex ratios and the theoretical
ratio of 1:1 known to occur in monitor populations (de Buffrénil et al.,
1994; see also King and Green, 1993).

Three measurements were made on each specimen: body mass
(BM), snout-vent length (SVL) and mass of abdominal fat (MF).
Two indices were calculated from these measurements: body con-
dition index (BCi=BM/SVL) and abdominal fat somatic index (FSi=
MF/BM). Median values (min.−max.) of BM, SVL, BCi and FSi are
given in Table 1. The following tissues were sampled in each
specimen: liver, kidney, proximal part of intestine, striated muscles
of the thigh, one femur. Samples were stored in clean polypropylene
pill-boxes and kept frozen until their analysis in the toxicology
laboratory of VetAgro-Sup/National Veterinary School of Lyon, France.

2.3. Metal analyses

Liver, kidney, intestine and striated muscle samples were dried
for 48 h at 70 °C, ground, homogenized, then digested and analyzed.
An amount of 0.15 to 0.25 g of each tissue was introduced in over-
night acid rinsed (65% nitric acid diluted 1:9) ceramic hearths and
added 1 ml 96% sulphuric acid diluted 1:1. Samples were then oven
incinerated, with a 10-hour rise in temperature from 20 to 700 °C,

Fig. 1. Location of the four sampling sites: Flabougou, the reference site (14.463091, −8.884141) and Niono (14.252429, −5.976305) in Mali; Niamey (13.505513, 2.104869) and
Diffa (13.3091, 12.62078) in Niger.
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then a 6-hour plateau at 700 °C and a passive cooling. They were then
added 2 ml 65% nitric acid diluted 1:1 and heated gently on hot plates
until total evaporation. Once cooled down, 1 ml 65% nitric acid diluted
1:9 was used to retrieve metals from the hearths. Samples were then
brought to a final volume of 10 ml with deionised water.

In each femur a 2.5 mm transversal section was cut with a
diamond-edged circular saw at the level of the nutritive hole. This part
of the bone is ontogenetically the oldest and the cortex in this region
is both thick and absolutely void of inner, intracortical remodeling;
however, it undergoes an extensive (but variably pronounced among
individuals) process of perimedullar resorption (de Buffrénil and
Castanet, 2000; de Buffrénil et al., 2008). The samples were dried
and defatted with increasing concentrations drenching (70%, 95% and
100%) of Normapur ethanol (VWR Int., Strasbourg, France) and
Pestanal acetone (Sigma, Saint-Quentin-Fallavier, France). Remnants
of bone marrow could then be completely removed with a smooth
paint brush. Clean bone sections (60 to 110 mg) were thoroughly acid
washed, rinsed with deionised water, dried and weighed. High
pressure microwave digestion (Ethos Plus 2 Microwave Labstation,
Milestone s.r.l., Sorisole, Italy) was made in Teflon inserts in contact of
1 ml concentrated 65% nitric acid. The reactors contained 3 ml 35%
hydrogen peroxide and 10 ml deionisedwater. Reaction timingwas as
follows: a 20 min rise from 20 to 180 °C, a 10 min plateau at 180 °C
and a passive cooling. Samples were brought with deionised water to
a final volume of 10 ml.

In each animal lead and cadmium quantifications were performed
for the 5 tissues with a Unicam 989 QZ graphite furnace atomic
absorption spectrophotometer (Thermo Optek, Trappes, France). For
lead, a six points calibration line was established by least squares
regression from a blank and daily prepared lead (II) nitrate solutions
at 2, 5, 10, 15 and 20 μg.kg−1; for cadmium a six points calibration
curve was established by linear regression from a blank and daily
prepared cadmium sulfate solutions at 0.5, 1, 2, 4 and 5 μg.kg−1. In
both cases the calibration was accepted when the correlation
coefficient was ≥0.995. Concentrated calibration standard solutions
of lead and cadmium were analyzed at the end of each analysis series
in order to detect a possible drift in elemental detection. The values of
these signal drifts ranged between −5.2% and +10.1% (lead) and
between −10.0% and +6.8% (cadmium). Blanks and spikes were
included in each sample batch analyzed. Recovery rates were always
above 80% for lead (with one exception at 73.4%) and always above
80% for cadmium spiked liver, kidney, intestine and muscle samples
with the dry digestion techniques. For bone analysis with the
microwave digestion technique, positive controls consisted in NIST
standard reference material no. 1400 for lead (recovery rates were
always above 80% with one exception at 77.7%) and spiked samples
for cadmium (recovery rates were always above 90%). Quantification

limit was computed based on the lowest calibration point with a
coefficient of variation (CV)b10% and taking into consideration a 10-
fold dilution. Quantification limits were determined at 20 ng.g−1 and
5 ng.g−1 for lead and cadmium respectively, in all biological samples.
For each metal, 10 blank samples spiked at the limit of quantification
were tested to verify this value (with a CVb15%).

Deionised water used for all dilutions had aminimum resistivity of
18.2 MΩ.cm. The lead (II) nitrate, all acids and the hydrogen peroxide
solution were supplied by Merck, Darmstadt, Germany, and were the
purest quality available. Cadmium sulfate was supplied by Sigma
Chemical Co., St Louis, MO, USA.

2.4. Statistical analyses

Potential imbalance in global and local sex ratios was examined
with χ² tests. In the whole sample, Mann–Whitney–Wilcoxon non
parametric rank tests were used to investigate possible sex based
differences in individual characteristics (BM, SVL, BCi and FSi); and
Kruskal–Wallis non-parametric identity test was employed to
compare BM and SVL between the sampling sites, with implementa-
tion of the Bonferroni correction method to address the problem of
the multiple comparisons. The correlation between the concentra-
tions of lead and the concentrations of cadmium in the tissues was
evaluated with Spearman non parametric correlation tests.

We tested the effects of five factors (sex, tissue, sampling site, SVL
and FSi) on lead and cadmium concentrations by an analysis of
variance, using a mixed linear model analysis with the package nlme
of the software R (R Development Core Team, 2010). Due to the
distribution of the data, lead and cadmium concentrations as well
as the variable snout-vent length underwent a decimal logarithm
transformation before being included in the model. We considered
in this model the fixed effect of three qualitative factors (sex, tissue
and sampling site) and two quantitative variables (SVL and FSi). Our
model also took into account one random effect: the individual
random effect (i.e. the model takes into account that the different
tissues of a given monitor actually belong to a single individual).
Additionally, we introduced in this model the first order interactions
between the qualitative factors (except for the random one) and the
interactions between each qualitative variable with each quantitative
factor.

The inclusion of the variable tissue was justified by a possible
propensity of pollutants to accumulate differentially in various organs
and variable sampling site by potential differences that may occur in
environmental pollution levels between local sites. Sex is recognized
as a critical feature in organism contamination patterns, at least
because females can remove certain contaminants from their tissues
when gravid (Hall, 1980). Variables snout-vent length and body mass

Table 1

Morphometric data in local samples and in the whole sample for female and male Nile monitors. Comparisons were made between sexes from Mann–Whitney–Wilcoxon non-
parametric rank tests. Significant differences are represented for both sexes (*** pb0.001; * pb0.05).

Female (n=30) Male (n=41)

BMa SVLb BCic FSid BMa SVLb BCic FSid

Flabougou (n=14) 1.50
(1.14–2.76)

45.8
(39.5–52.5)

0.033
(0.029–0.053)

0.027
(0.001–0.072)

2.24
(0.32–5.66)

49.2
(25.7–66.6)

0.045
(0.012–0.085)

0.044
(0.003–0.063)

Niono (n=18) 1.34
(0.49–1.60)

42.1
(31.0–45.2)

0.032
(0.016–0.035)

0.032
(0.009–0.043)

2.30
(0.78–4.18)

46.2
(32.0–58.4)

0.050
(0.024–0.072)

0.052
(0.017–0.082)

Diffa (n=32) 0.99
(0.61–1.98)

35.3
(31.8–48.1)

0.026
(0.018–0.042)

0.054
(0.014–0.095)

1.58
(0.34–3.44)

40.0
(27.2–55.7)

0.038
(0.013–0.062)

0.036
(b0.0005–0.109)

Niamey (n=7) 2.08
(1.18–3.01)

52.9
(42.5–58.0)

0.039
(0.028–0.052)

0.019
(0.007–0.023)

2.90
(0.64–4.80)

53.0
(32.1–67.2)

0.049
(0.020–0.071)

0.018
(0.002–0.031)

All four sites (n=71) 1.08***
(0.49–3.01)

39.5*
(31.0–58.0)

0.028***
(0.016–0.053)

0.042
(0.001–0.095)

1.98***
(0.32–5.66)

45.7*
(25.7–67.2)

0.043***
(0.012–0.085)

0.044
(b0.0005–0.109)

a Body Mass in kg; median value (minimum–maximum).
b Snout-vent length in cm; median value (minimum–maximum).
c Body condition index; median value (minimum–maximum).
d Fat somatic index; median value (minimum–maximum).
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on the one hand, and variables FSi and BCi on the other, are correlated
(pb10−15 for both). Thus we chose to include only one variable of
each pair in the model. In monitors, snout-vent length is closely
related to age (de Buffrénil et al., 1994), making this characteristic
essential when bioaccumulative processes are to be addressed. Fat
somatic index reflects the amount of food that the monitors have
consumed since the beginning of their annual activity period.
Variation in this index may have substantial bearing on physiological
or behavioral performances and thus affect the contamination
processes.

When a result was below the quantification limit, it was set at
the threshold, i.e. 20 ng.g−1 for lead and 5 ng.g−1 for cadmium.
The normality hypothesis may therefore not always be respected.
However no mixed linear model analysis integrating censored data is
available. Additionally, a common alternative using non parametric
tests would excessively simplify the analysis, especially ignoring
potential interactions between factors and preventing a global
analysis. Therefore, keeping this potential source of error in mind,
the use of this model was maintained.

Although the analysis through the model considered the quantita-
tive values, the quantitative variables were grouped into classes for
clear visualization in graphical representations. For SVL, distinction
was made between a) subadults (SVLb40 cm), b) adults (40 cm≤

SVLb50 cm) and c) large adults (SVL≥50 cm) and for FSi distinction
wasmadebetweena) low(FSib0.02), b) intermediate (0.02≤FSib0.04)
and c) high (FSi≥0.04) FSi. Classical interaction plots (Chambers
et al., 1992) were then used to represent and interpret the influence
of the significant factors of the model on the logarithm of the values of
metal concentrations.

3. Results

3.1. Morphometric data

The whole sample comprises of 41 males and 30 females. Sex ratio
was calculated as nmales/N. Beyond remarkable (though not signifi-
cant) local differences (sex ratios range from 0.47 in Diffa to 0.72 in
Niono) most probably due to the small size of local samples, we could
not find evidence of any significant imbalance in the overall sex ratio
for the 71 individuals. Basically, the sex ratio in varanids is genetically
determined and not different from the ratio 1:1 (e.g. de Buffrénil and
Hémery, 2007a,b). We did not proceed to comparisons at local levels
since the sizes of local samples are not large enough to perform
meaningful statistical tests. Snout-vent length ranges from 25.7 to
67.2 cm and body mass from 320 to 5660 g. Males are significantly
longer and heavier than females (pb0.02 and pb10−3, respectively).
The relative mass of abdominal fat, FSi, is not significantly different
between genders whereas BCi is higher in males (pb5.10−4), a dif-
ference that could possibly reflect a slight morphological dimorphism.

3.2. Metal quantifications

Because of the logarithmic pattern of data distributions, median
values were considered here as the best expression of the central
tendencies for lead and cadmium (non-transformed) concentrations
in each tissue. Table 2 details the lead and cadmium median values
detected in the tissues within the whole sample and for both sexes,
with respect to sampling sites.

For each of the 71 monitors, quantifiable amounts of lead and
cadmium could be detected at least in one tissue sample. Moreover
the results also show that for the whole sample, lead levels are
positively correlated to cadmium levels in every tissue (p always
below 5.10−2; +0.30bρb+0.61) with the exception of bone. Beyond
the general occurrence of pollutants, there is a considerable variability
in contamination frequencies and pollutant concentrations for each
of the two metals. T
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3.2.1. Lead concentrations
Three explicative factors have a significant influence on lead con-

centrations (expressed in logarithmic values) when considered alone:
sex (pb0.0001), tissue (pb0.0001) and sampling site (pb0.0001).
Moreover, interactions between factors i.e. tissue-sex (pb0.002),
tissue-sampling site (pb0.0005) and tissue-log10SVL (pb0.005), also
help to explain log[Pb]. Log10SVL, which is not a significant factor
when considered separately, becomes significant when associated
with the factor tissue.

The effect of the significant interaction tissue-sex on the mean
values of log[Pb] can be visualized in Fig. 2a. In males and females, log
[Pb] is relatively higher in bone, lower in muscle and of intermediate
level in liver and intestine. The logarithm of lead concentration in
female tissues always appears to be higher than in males, a trend
which is especially obvious in kidneys, in which log[Pb] is high in
females (even higher than in bone) and moderate in males. The latter
difference explains on its own the significance of the interaction
tissue-sex. Fig. 2b represents the mean values of log[Pb] in local
samples for the various tissues. The monitors from Flabougou always
presented the lowest log[Pb] with the exception of the liver. Monitors
had generally higher log[Pb] in their tissues when originating from
Diffa and Niamey than from Niono and Flabougou. The monitors from
Niger always exhibited higher log[Pb] than Malian ones, with the
exception of the bones and intestines of the specimens from Niono.
Fig. 2c shows the mean values of log[Pb] in the different tissues,
according to size classes. Although subadult monitors always display
higher log[Pb] than large adults, the shape of the graphic represen-
tations differs for each tissue: there is a regular decrease from
subadults to adults and large adults in kidney, intestine and muscle.
However, in bone and liver log[Pb] slightly increases from subadults
to adults, before decreasing steeply from adults to large adults.

3.2.2. Cadmium concentrations
Tissue (pb0.0001), sex (pb0.0005), sampling site (pb0.0001),

log10SVL (pb0.02) and FSi (pb0.0001) are all five significant for log
[Cd] in monitors' tissues. The logarithm of cadmium concentration
is also influenced by the three interactions already observed for
lead: tissue-sex (pb0.0001), tissue-sampling site (pb0.0001) and
tissue-log10SVL (pb0.0001), as well as three other ones: sampling
site-log10SVL (pb0.05), sampling site-FSi (pb0.001) and tissue-FSi
(pb0.0001).

Fig. 3a shows the effect of the significant interaction tissue-sex
on the mean values of log[Cd]. In both genders, log[Cd] is far higher
in liver, intestine and kidney, than in bone and muscle. As for lead,
mean log[Cd] reaches a peak value in female kidneys and the con-
siderable difference in log[Cd] in this tissue between males and
females accounts for the significance of this interaction. The mean
values of log[Cd] in the various tissues for the four local samples are
represented in Fig. 3b. The least contaminated tissues, bone and
muscle, display very low levels in all sites.When considering the three
tissues that are consistently contaminated, i.e. liver, intestine and
kidney, log[Cd] is generally higher in the specimens from Diffa
and Niamey than in those fromNiono and especially Flabougouwhere
the values of log[Cd] are lowest. This situation was already observed
for lead; however, liver contamination levels in the monitors from
Diffa on the one hand, and from Niono and Flabougou on the other
hand are very close to each other. The influence of the size classes on
the mean values of log[Cd] in the four sampling sites can be observed
in Fig. 3c. Log[Cd] always increases with increasing size in the
monitors from Diffa, Niamey and Flabougou, whereas it is highest in
subadults from Niono. Fig. 3d shows the influence of the interaction
involving FSi and the sampling sites on the mean values of log[Cd].
Opposite to size, increasing FSi in monitors from Diffa, Niamey and
Niono corresponds to a decrease in log[Cd]. The interaction between
the tissues and log10SVL can be visualized in Fig. 3e. The significance
of this interaction can be explained by a substantial increase in liver

log[Cd] with increasing size, whereas the logarithm of cadmium
concentrations tends to remain at a steady value or even decrease
during growth in other tissues. Fig. 3f shows the influence of the
interaction between the tissues and the FSi classes on themean values
of log[Cd]. The evolution of log[Cd] with increasing FSi looks quite
different when the tissues that have a feeble capacity for cadmium
accumulation (bone and muscle) are compared with other tissues.
Log[Cd] in kidney, intestine and more obviously liver decrease with
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increasing FSi, whereas they increase or remain stable in bone and
muscle. However, as regards the last two interactions mentioned, a
possible variation in log[Cd] in muscle with increasing size or FSi
would not be necessarily observable since cadmium concentrations in
this tissue often proved to be under the quantification limit.

4. Discussion

This study reveals that the four sampling sites are poorly con-
taminated in general; however, pronounced interindividual variability

in pollutant loads was observed, even among specimens from the
same site. The meaning of this variability, an important issue for the
practical use of Nile monitors in pollution surveys, is discussed below.
A part of this variability could possibly be explained by stochastic
causes (see Section4.1).Metal loads in the tissues of ourmonitors donot
raise any obvious concern for the monitors themselves (Section 4.2).
They should not represent a health hazard for occasional human
consumers, like most villagers, but could becomemore problematic for
regular consumers (Section 4.3). The contamination pattern of target
tissues is globally in line with the organotropisms already evidenced
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in other sauropsids (Section 4.4). The differences observed between
sites in the contaminations patterns displayed by the monitors are
further considered below (Section 4.5). Lastly, the effects of indi-
vidual parameters on metal concentrations will be discussed in part
Section 4.6.

4.1. Indication of environmental contamination

To our knowledge, this study is the first investigation into metal
contamination in the tissues of wild-caught Nile monitors; compar-
ative data are thus scarce and indirect. Because sources of massive
pollution by metals are very limited in Niger and Mali, it was
hypothesized that contamination in monitor lizards should be close to
background levels. The overall lead and cadmium levels observed in
our specimens indeed proved to be low yet quantifiable. This result
confirms the absence of important environmental contamination by
these elements in the study sites. However, the correlation between
lead and cadmium contamination levels in most of the tissues is
unlikely to reflect a natural situation and thus suggests that the
background contamination is of anthropogenic origin.

In this study, it was intentionally chosen to consider the median
values of metal levels because they represent the central tendencies
of our sample better than mean values would do. This choice tends
to reduce the influence of extreme values on the global results, with
the consequence of a lessening of assessed pollutant levels. Al-
though overall levels are low, some individuals clearly display much
higher contamination levels, at least for lead (several monitors have
700 ng.g−1 in bone and one specimen has more than 4500 ng.g−1).
The explanation for a given contamination level in a single animal,
whatever the tissue considered, is a complex combination of several
factors. Intrinsic factors, such as specific or individual traits (e.g.,
sex, size, age, reproductive status, body condition, importance of
parasitism), as well as extrinsic parameters such as the contaminant
levels in the different compartments (biotic and abiotic) of the
ecosystem, the combined presence of several pollutants, or physico-
chemical parameters of the environment can play a significant role
(Peakall and Burger, 2003; Ramade, 2010). Moreover, additional
stochastic events related to exposition history can also be determi-
nant. As an example, a monitor may ingest a prey containing lead
pellets and consequently display higher lead levels than similar
individuals captured in the same area (see on this topic Lance et al.,
2006). Such stochastic events may interfere with the overall
contamination patterns prevailing in biological samples by skewing
mean parameters towards higher values. This is why median values
were considered more reliable and thus used in this study instead of
mean values. Individual tissue concentrations therefore reflect the
risk (i.e., danger combined to exposition) associated to a given area.
However, only median values resulting from measurements in a sig-
nificant number of individuals can give information on the environ-
mental contamination proper to a given area. This methodological
constraint is relevant to all predator species. In this respect, the
interest of the Nile monitor is all the most obvious since: i) this lizard
is regularly exploited, a situation that allows rapid collections of large
samples in order to reduce the consequences of individual variability
and ii) it is sedentary (though very mobile), which tends to limit the
occurrence of stochastic exposure events, as compared to migratory
species with much larger home ranges.

In the Nile monitor, territories generally overlap and range from
some tens of square meters in juveniles to an average of 5 ha in adult
males (Lenz, 1995, 2004). The spatial resolution of the Nile monitor as
a tool for characterizing pollution can thus be very sharp and reflect
the pattern of environmental contamination on a small scale. In the
present study, the spatial resolution of our data for each local sample
corresponds to the total area covered by the individual territories of
all the specimens in the sample, i.e. some 5 km2 at most, as mentioned
above.

4.2. Health hazard to the monitors

A possible important bias in our sampling strategy could have
been that monitors heavily contaminated with metals are more likely
to die and thus would not be included in the sample. However, the
levels found in dorsal or leg muscle of apparently healthy Vietnamese
V. salvator (14 μg.g−1 dry weight) studied by Boman et al. (2001)
demonstrate that other Varanus species, ecologically and morpholog-
ically very similar to the Nile monitor, can bear incomparably higher
lead contamination without evident adverse effect. Moreover, in
an experimental study dealing with Podarcis sicula (Lacertidae),
Trinchella et al. (2006) showed that this species can withstand con-
siderable acute or chronic cadmium exposures without survival
being affected. Although this work deals with another lizard taxon
than the Varanidae, it shows that a species of the same sub-order
(Autarchoglossa) can undergo an important cadmium exposure
without increased mortality. However, since closely related taxa can
display very different responses to the same levels of cadmium
(Burger, 2008), extrapolation to monitors must be considered with
caution. In general, our results stand well below the values measured
in other studies in similar tissues from free-ranging reptiles (see
Grillitsch and Schiesari, 2010, for an extensive review of lead and
cadmium contamination of target tissues in the three main orders of
Reptilia). Of course, this by no means reflects an experimental failure
in our dosages because recovery rates for spiked samples and
reference material were all satisfactory. Finally, the comparison of
our results to these data suggests no noticeable health hazard for the
monitors themselves.

4.3. Hazard to human consumers

In our specimens, lead and cadmium levels in muscle samples
never exceed 300 and 15 ng.g−1, respectively. Since the consumption
ofmonitormeat by humans is usually aminor, occasional food income,
it would involve no evident health hazard related to lead or cad-
mium (UE maximum residue limits in meat are 100 and 50 ng.g−1,
respectively; EC, 2001b). However, some human populations, espe-
cially professional hunters or fishermen living near large water
stretches, may consume monitor meat on a daily basis (at least
seasonally; de Buffrénil, 1993). In these conditions the contamination
levels occurring in monitor meat could actually represent a non
negligible threat for the health of these populations. Indeed,
comparablemetal levels in the diet are known to provoke neurological
and behavioral disturbances in mammals (Peakall and Burger, 2003).

4.4. Tissue contamination

Although most of the monitors examined in this study were
exposed to relatively low pollution, the hierarchy of pollutant levels
in their tissues reflects the pattern of organotropisms generally
described by previous authors in diverse reptile taxa that were
submitted to lead or cadmium (Almli et al., 2005; Beresford et al.,
1981; Burger et al., 2007; Campbell et al., 2005; Caurant et al., 1999;
Frías-Espericueta et al., 2006; Hopkins et al., 2001, 2002; Lance et al.,
2006; Sakai et al., 2000; Storelli et al., 1998; Rie et al., 2001; Xu et al.,
2006; see also Sparling et al., 2010, for an overview on reptile tissues
contamination data). Important and long-lasting exposure to con-
taminants is considered to be a necessary condition for the emergence
of well defined patterns of metal concentration among tissues (Burger
et al., 2005; Grillitsch and Schiesari, 2010). The example of the Nile
monitor suggests that this condition may not be of general necessity.
For lead, the hierarchy that we observed in our sample is the fol-
lowing: in males, boneN [kidney, intestine, liver]Nmuscle; in females,
[bone, kidney]N [intestine, liver]Nmuscle. For cadmium, this hierar-
chy is identical for both genders: [liver, intestine, kidney]N [bone,
muscle]. These general trends diverge from previous data on two
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points only: i) According to most studies, it is very unusual to mea-
sure the highest lead level in a tissue other than bone; however, we
surprisingly found the highest individual lead level in the intestine in
females. ii) Although the maximum lead levels in bone were greater
than in kidney in both genders and at any site, median lead values
in the females from Niger were higher in kidney than in bone. The
meaning of these peculiarities remains obscure. Moreover, important
lead and cadmium levels in the intestine, as observed in our monitors,
is particularly noteworthy since very few studies dealt with metal
quantifications in this tissue in squamates. Though not addressing
directly any temporal aspect, this result is in general agreement with
the experimental works by Trinchella et al. (2006) and Mann et al.
(2007) who showed in Podarcis sp. (Lacertidae) that cadmium
preferentially accumulates in the intestine and remains for long
periods in the liver at greater levels than in the kidneys. The latter
would finally be themain target for long-term cadmium accumulation
(Grillitsch and Schiesari, 2010). The ratio [Cd]kidney / [Cd]liver in the
Nile monitors is higher than in experimental Podarcis specimens,
which could be explained by a mere problem of timing: since Nile
monitors are long-living animals (e.g. de Buffrénil et al., 1994),
cadmium level in their kidneys is likely to be the result of a longer
accumulation process than in the shorter living Podarcis (Castanet and
Roche, 1981). This process would substantiate the hypothesis
proposed by Mann et al. (2007): with longer exposure duration, the
ratio [Cd]kidney / [Cd]liver tends to increase gradually until [Cd] in
kidney becomes the greatest, as in most of the other taxa studied
hitherto. Of course, additional experimental studies are wanted in
order to further decipher the intriguing question of the kinetics of
cadmium accumulation in Squamate tissues.

The question of gender-related differences in metal levels has
already been addressed in sauropsids (review in Burger, 2007) and
seems to vary depending on the animal species considered and the
nature of the pollutant. The higher contamination in females, as
compared to males, observed in our study would meet the obser-
vation by Burger et al. (2004) in Anolis sagrei (whole body). In our
monitors, like in A. sagrei (Burger et al., op. cit.), this situation could
possibly reflect differences in male and female diets. Soil, litter and
sediment dwelling animals such as annelids, arthropods and molluscs
are particularly prone to metal accumulation due to the contamina-
tion of their habitat (Brönmark and Hansson, 2002; Elder and Collins,
1991; Vahter et al., 2007). Since female Nile monitors grow slower
(de Buffrénil et al., 1994; de Buffrénil and Hémery, 2007a,b) and
thus feed on such prey for a longer period than males, they could
progressively become more heavily contaminated. Another possible
explanation would refer to sex-based differences in intestinal
absorption. In humans, lead and especially cadmium uptake is greater
when body iron stores are at low levels (Goyer, 1997; Järup et al.,
1998), a phenomenon that could also occur in sauropsids. In monitors,
both genders could indeed have contrasted levels in body iron stores,
especially if males are compared to gravid females in which a sub-
stantial part of iron body reserves can be transferred into eggs
(relative clutch mass is extremely elevated in Nile monitors; de
Buffrénil and Rimblot-Baly, 1999). Such a process could finally result
in higher contamination levels in females.

In our sample, kidneys display higher lead and cadmium levels
in females than in males, a feature that greatly contributes to the
differences in global contamination levels observed between genders,
and could ultimately refer to physiological causes. The high affinity
of cadmium for estrogen receptors has been evidenced in mice (Stoica
et al., 2000). Two kinds of estrogen receptors occur in the murine
kidney cortex: α and β receptors. According to Rogers et al.'s (2007)
data, the relative abundance of α and β receptors in the kidney is
uneven in male and female rats. Such discrepancies could finally
explain differences in global cadmium affinity in the kidney cortex
between genders. If a similar situation occurs also in monitors, this
could explain why metal concentrations are higher in female kidneys,

at least for cadmium. Attention should thus be called in the future to
a potential risk of endocrine disruption in monitor populations due
to pollution by metals (Vahter et al., 2007).

4.5. Site contamination

As expected, Flabougou, which was considered in this work as
the reference site, proved to be the less contaminated. Our results
indicate that monitors from Niger are more contaminated than those
from Mali; particularly, the lead and cadmium loads in the specimens
from Diffa are greater than in those from Niono. This situation could
be due to a possible difference in the local use of agricultural
chemicals containing metals. More probably however, it is likely to
reflect the greater proportion of females caught at the two Nigerien
sites: since females tend to be more contaminated than males their
over-representation (that is not statistically significant in terms of
sex-ratio) in some samples necessarily bears on the final results.

4.6. Influence of morphometric variables

As other variables, SVL and FSi are to be considered in interaction
with other factors. Surprisingly, lead does not appear to concentrate
in monitors' tissues with increasing length (in other words with age,
de Buffrénil et al., 1994) even in bone — a tissue commonly known
as an excellent accumulator for that element (Aufderheide and
Wittmers, 1992; Burger et al., 1992; O'Flaherty, 1992; Rabinowitz,
1991; Sparling et al., 2010). The most consistent hypothesis that
could explain the paradoxical situation of the osseous tissue in our
sample refers to the growth pattern of the femur shaft, in which bone
samplings were made. Indeed, although the cortex of long bones in
monitors (and other lepidosaurians) undergoes no Haversian remo-
deling or intracortical resorption, there is nevertheless an extensive,
superficial resorption around the medullar cavity (de Buffrénil and
Castanet, 2000; de Buffrénil and Francillon-Vieillot, 2001; de Buffrénil
et al., 1994, 2008). This process, responsible for the maintenance of
the inner architecture of the bones during growth, destroys the
deepest cortical layers that formed early in ontogeny, when the
monitors fed on more heavily contaminated prey (see Section 4.4).
Therefore, when amonitor grows, there is a progressive elimination of
the parts of the cortex where lead contamination is susceptible to be
heaviest. Conversely, the cortical layers that form in relatively late
ontogenetic stages are likely to be less contaminated because the prey
of the monitor have then changed to include a greater proportion of
supposedly less contaminated species (small to medium aquatic and
terrestrial vertebrates; Cissé, 1972). In addition, the vascular supply of
bone cortices decreases during growth inmonitor lizards (de Buffrénil
et al., 2008); as a consequence, late (superficial) cortical layers should
receive fewer pollutants from the blood flow than earlier layers. The
interesting question of a possible relationship between the morpho-
genetic processes occurring in the bones and the dynamics of their
local contamination by metals remains very poorly studied. Future
studies should address this question that obviously controls the
strategy to be employed when sampling bone for lead quantification.

The only noticeable bearing of SVL on log[Cd] is the increase in
cadmiumconcentration of the liverwith size. Although this corresponds
to a phenomenon already observed in reptiles (see Section 4.4), we also
expected cadmium to accumulate in the kidneys and even at a greater
rate than in the liver.

In the tissues most heavily contaminated by cadmium (i.e. intestine,
kidney and liver), and especially in the liver, log[Cd] decreases with
increasing FSi. The latter factor reflects the recent foraging activity of the
monitors (between their arousal from hibernation until their capture,
i.e. 4 to 5 months later) and may be interpreted as an index of their
current health status. Once again the precise reasons of the kinetics of
cadmium in relation to FSi remains unexplained and calls for further
studies on larger biological samples.
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5. Conclusions

The aim of this work was to develop a new ecological tool for
characterizing contamination by heavy metals in African wetlands. As
a first step, the practicability of this new tool was validated since lead
and cadmium quantifications in monitor tissues enable detection
of subtle differences between environmental contamination levels,
even in lightly contaminated sites. For the time being, the sampling
strategy can consider adult males and adult females indifferently
provided the tissue used for lead quantification is bone, and for
cadmium quantification, the intestine. This choice is justified by the
fact that these tissues display relatively elevated metal levels, with
results remaining approximately regular regardless of sex and size,
but depending on the sampling site. The use of a significant number of
monitors in the samples is necessary to avoid confusion due to the
potential influence of stochastic events on individual contamination.
The spatial resolution of the Nile monitor as a tool for characterizing
pollution might well be very sharp and thus reflect the risks and the
patterns of environmental contamination on a very small scale.

The lead levels measured in the tissues of our monitors are far
below the concentrations reported for healthy varanids in other
studies. Though cadmium measurements in varanids are lacking in
literature, the concentrations observed in this study appear to be very
low. Therefore, these contaminant levels do not justify any toxico-
logical concern for the monitors themselves. Moreover, monitor meat
does not present any special hazard for human populations, with the
exception of the few fishermen and professional hunters who are
accustomed to eat monitor meat each day during their long-term
field operations. However, beyond the case of monitor lizards, this
situation is common to most bush meat items.
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ASSESSING ENVIRONMENTAL CONTAMINATION AROUND OBSOLETE PESTICIDE

STOCKPILES IN WEST AFRICA: USING THE NILE MONITOR

(VARANUS NILOTICUS) AS A SENTINEL SPECIES
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Abstract—Environmental contamination caused by obsolete pesticide stocks was assessed using the Nile monitor (Varanus niloticus) as
a sentinel species. Organochlorines and organophosphates were quantified by gas chromatography in abdominal fat and the liver,
respectively. Results were compared to those obtained from three other sites, characterized by different histories of contamination. None
of the previously stocked pesticides were recovered. Low to moderate levels of 4,40-dichlorodiphenyldichloroethylene (4,40-DDE) were
quantified in monitors from all sites. Malathion and 4,40-dichlorodiphenyldichloroethane (4,40-DDD) also were detected sporadically.
Interindividual variability was substantial. Correlations between pesticide loads and individual characteristics were considered. The
nondetection of previously stocked pesticides in the monitors’ tissues, their contamination by other pesticides, and the value of
V. niloticus as a monitoring tool for environmental contamination are discussed. The results indicate a situation of low concern and draw
attention to the importance of local conditions in determining environmental dangers associated with potential pollution sources.
Environ. Toxicol. Chem. 2012;31:387–394. # 2011 SETAC

Keywords—Obsolete pesticide Sentinel species Varanus Bioaccumulation Wetland

INTRODUCTION

Obsolete pesticides are defined as substances that can no

longer be used for their intended purpose and must be disposed

of in a sound manner. Most often, obsolete pesticide stockpiles

are stored improperly and represent a considerable hazard to

human health and the environment (www.fao.org). More than

15 years ago, the Food and Agriculture Organization addressed

this problem and stressed that several thousand tons of such

hazardous chemicals were stockpiled in Africa [1]. According

to the United Nations Environment Program and the Basel

Convention, Mali (along with Botswana) in 2004 was one of

the most problematic countries with regard to the amount of

obsolete pesticides stocked in various spots ([2]; http://www.

grida.no/publications/vg/waste/). Consequently, the African

Stockpile Program was created in 2005. This project received

approval by international organizations for a first step (ASP-P1)

involving seven countries including Mali. The major aims of

this program were to eliminate obsolete stock, prevent future

accumulation, and protect the environment and public health. In

2006 ASP-P1 announced that 400 tons of obsolete pesticides

were present in Mali on at least 76 sites. The African Stockpiles

Program in Mali (ASP-Mali) is highly interested in any pro-

cedure to evaluate pesticide-contaminated sites and assess

the risk they present for human populations, animals, and the

environment in general (www.africastockpiles.net). A reliable

tool for identifying and quantifying the bioavailable part of

the pollution at a local scale is thus required. For this purpose,

an appropriate option is to consider a sentinel species, that is, a

species that accumulates the bioavailable fraction of the pollu-

tion in its tissues (as defined by Beeby [3]) and that could be

prone to integrate environmental contamination. This species

should thus be a top predator, with a wide-ranging opportunistic

diet. Moreover, individuals should have limited home ranges so

that geographically well-described data could be obtained [3,4].

Importantly, a sentinel species must be common enough to

be easily sampled. The Nile monitor (Varanus niloticus; Squa-

mata) presents all the above-mentioned characteristics.

This large (up to 2.5m for a mass of 30 kg [5,6]), almost pan-

African lizard is a high trophic level amphibious carnivore that

feeds mainly on annelids, arthropods, mollusks, small amphib-

ians, and fish when young. With growth, it adds larger prey

items to its diet: eggs, reptiles, birds, and small mammals

[7–10]. Carrion is also a significant part of the monitor’s diet

during some periods of its annual cycle [11]. Such an eclectic

diet enables integrating contaminants that occur in most of the

biotic elements of the ecosystems. Nile monitors are very active

and voracious predators, and in proportion to their length and

mass, they eat larger food amounts than other freshwater

predators such as African crocodilians [10,12]. In addition,

they are long-lived animals, with a potential longevity of some

15 years in the wild [5].

Therefore, they are particularly prone to pollution integra-

tion, biomagnification (as top predators), and long-term bio-

accumulation. These lizards are very mobile (they run, swim,

dig, climb), persistently searching for prey in water, but also in

bushy vegetation, under rocks, or on the low branches of trees

near water stretches [8,9]. However, the foraging range of an

individual is limited to its territory, which seldom exceeds 5 ha

in large adults [9,11]. The toxicological information derived

from a given individual should thus correspond to a limited and

precisely defined area. This sharp spatial resolution is a very

valuable asset for such a tool. Nile monitors are easy to identify,

can be aged precisely with the skeletochronological technique

[13], and are large enough to enable the sampling of sufficient

tissue to perform several analyses. To date, this species remains
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common throughout sub-Saharan Africa. It is not mentioned

in the International Union for Conservation of Nature Red Data

Book (www.iucnredlist.org) of threatened species, and is

classified in Convention on International Trade in Endangered

Species of Wild Fauna and Flora (CITES) appendix II (interna-

tional trade authorized under conditions) (www.cites.org).

Varanus niloticus is subjected to traditional use by local pop-

ulations and frequently hunted, mainly for food, over most of its

range [6,14,15]. Therefore, specimens for tissue sampling can

be obtained in collaboration with hunters or fishermen. In some

regions, such as Lake Chad or the central delta of the Niger

River (Mali), teams of semiprofessional reptile hunters con-

vene, which allows even faster and easier collection of large

monitor samples.

Other animals could possibly play the role of sentinel

species. Crocodiles are also wetland top-chain predators, but

their populations are severely depleted in West Africa and most

of them are now protected; significant samplings thus became

impossible. Other groups, such as fish or mollusks, are useful

for bioindication; however, none of these taxa would present

simultaneously the following characteristics: an amphibious

habitat, an eclectic diet (with prey from several compartments

of wetland ecosystems), an elevated position in food webs, a

long lifespan, a broad distribution range over the continent, and

populations large enough to allow easy captures. The conver-

gence of these features is unique to the Nile monitor and

predisposes this species to integrate a wide variety of pollutants

over a long period of time. Other sentinels would fail to address

the question of biomagnification and to document the contam-

ination status of the highest trophic levels, a particularly sig-

nificant topic if one considers the importance of bush meat in the

diet of African populations.

Evidence of pesticides has been found in the abdominal fat

of Australian varanids [16]; however, the animals were caught

opportunistically for that work, which was not aimed at eval-

uating the relevance of using monitors as sentinels. Nile mon-

itors originating from Chad were used successfully in 2006 [17]

for assessing the contamination status of Lake Chad. Ten

organochlorine compounds were detected in their fat, which

justified the conclusion that this species could well be a broad-

scope pollution indicator for sub-Saharan wetlands. A project

was then developed with ASP-Mali to characterize, in terms of

nature and importance, the environmental contamination

around an obsolete pesticide-stocking site by the use of Nile

monitors.

The aim of the present study was to estimate on a broad scale

the environmental risk that could result from stockpiling of

obsolete organochlorine (OC) and organophosphate (OP) pes-

ticides. The present study was conducted in the vicinity of the

adjacent Malian cities of Niono and Molodo, where important

quantities of dieldrin (an OC pesticide) and parathion (an OP

pesticide) have been maintained in the open air for at least 15

years. For this purpose, OC and OP contamination of Nile

monitors from this site was compared to that of specimens from

three other sites characterized by different contamination pro-

files. Possible correlations between contamination levels and

individual characteristics related to length, weight, and phys-

iological status also were prospected.

MATERIALS AND METHODS

Study sites

Monitors were sampled at four sites (Fig. 1): the adjacent

localities of Niono and Molodo (Mali), an agricultural area

possibly affected by severe pollution due to massive stocks of

obsolete pesticides (consisting of outdated and currently banned

formulations); the region of Diffa, Niger, an agricultural area

without any important stock of pesticides but repeatedly sub-

jected to the spreading of phytosanitary chemicals; the city of

Niamey, Niger, an urban area possibly affected by a large scope

of pollutants, including agricultural pollutants; and a reference

site, the remote village of Flabougou, Mali, reputed to be devoid

of any important source of anthropogenic pollution. This sam-

pling strategy was aimed at investigating whether an abnormal

environmental contamination is associated with obsolete pes-

ticide stocking in Niono and Molodo, and was based on the

assumption that Nile monitors can reveal spatial differences

between variably contaminated sites.

Pesticide stocking in Niono and Molodo, Mali. The com-

mune of Niono (91,554 inhabitants in 2009 [Institut National de

la Statistique, 2009; www.instat.gov.ml]) comprises the local-

ities of Niono and Molodo. It lies in the middle of an approx-

imately linear 80� 10 km wetland oriented north–south along

the Sahel Channel. Some 84,000 ha of rice fields make this

region the second rice-producing area in Mali (after the central

Niger delta). A large area is irrigated by an extensive network of

interlinked channels. Nile monitors are frequently encountered

in these channels and in the rice fields. The need to have

preventive, ever-ready stocks of pesticides against locust

(Schistocerca gregaria) swarms explains why massive pesticide

accumulation occurred in Mali. In Niono, 600 opened and

unopened barrels of 20 and 25L of dieldrin and parathion were

stored until 1993. A major irrigation channel flows approxi-

mately 30m from the former storehouse. After being stored in

Niono, unopened barrels were transferred to Molodo, and simply

deposited in the open air in a concrete pit. Opened barrels were

piled next to the current pesticide storehouse in Molodo. In July

2008, the pesticide barrels were finally removed from Molodo,

crushed, and confined. The so-called process of land farming was

used for ground and pit decontamination [18]. Beyond the

potential risk presented by the former presence of dieldrin

and parathion stocks, this area is an agricultural zone where a

substantial use of pesticides (mainly OPs) occurs.

City of Diffa, Niger. The population of Diffa was 46,439 in

2010 (Institut National de la Statistique-Niger, 2010; www.stat-

niger.org). We selected this agricultural area because it pre-

sumably represents a site where environmental contamination is

of intermediate importance and almost exclusively due to

pesticide use for agriculture. In Diffa a network of ponds

and narrow channels supplied with water from the Komadou-

gou-Yobé River enables year-round production of market-gar-

dening cultures. In the present study we considered Diffa as a

site similar to Niono/Molodo, but devoid of obsolete pesticides

stocks. The use of organochlorine pesticides was banned in

Niger in 1998 to comply with the Stockholm and Rotterdam

conventions. However, according to the Crop Protection

Department (Service de la Protection des Végétaux) in Niamey

and Diffa, dichlorodiphenyltrichloroethane (DDT), aldrin, and

hexachlorocyclohexanes (HCHs) were commonly used in Niger

previously. Currently, organophosphates are supposed to be

predominantly used in the surroundings of the Komadougou-

Yobé; however, smuggling of banned products from Nigeria is

likely to occur. Nile monitors are frequently encountered in

fields where the above-mentioned pesticides are still being used.

An urban site: Niamey, Niger. Niamey, the capital of Niger,

is a large city (1,222,066 inhabitants in 2010 [Institut National

de la Statistique-Niger, 2010; www.stat-niger.org]) located

along the Niger River. Numerous activities associated with

388 Environ. Toxicol. Chem. 31, 2012 A. Ciliberti et al.



anthropogenic pollution occur in Niamey (for example, road

traffic, incineration of wastes, metallic solid waste piling, and

tanning), including contamination by pesticides used in fields

situated within the city limits, along the course of the Niger

River.

Village of Flabougou, Mali. Additional comparative sam-

ples were collected from individuals originating from a tem-

porary wetland bordering the small village of Flabougou, in the

vicinity of the Baoulé National Park, Mali. Local human

activities consist of stock breeding and some traditional agri-

culture for which no pesticides are known to be used. This site,

far from any known environmental contamination source, is

referred to as the reference site.

Sampling protocol and measurements

With the consent and cooperation of governmental admin-

istrations in charge of environment and nature conservancy in

Niger and Mali, we concluded an agreement with local hunters

and fishermen to obtain Nile monitors. Provided that we

returned the specimens to those who captured them during

their normal fishing activities, we were allowed to perform

measurements and samplings. During November 2008, 18 Nile

monitors were trapped in fields and channels around the former

pesticide stock sites in Niono and Molodo; 14 specimens were

collected at Flabougou, the reference site. The following year

(November 2009), 32 specimens were caught in cultivated

fields surrounding the city of Diffa; seven individuals were

collected in fields along the Niger River in Niamey. After the

monitors were killed in the traditional way by fishermen,

measurements of snout–vent length (SVL) and body mass

(BM) were performed on each individual. Liver and abdominal

adipose follicles were entirely sampled. Abdominal fat weight

(FW) was determined. In addition, body condition index

(BCi¼BM / SVL) and fat somatic index (FSi¼ FW / BM)

were calculated. Fat and liver samples were stored in chemi-

cally inert polypropylene pill boxes and kept frozen at �48C in

an electric portable freezer until their arrival in VetAgro Sup/

National Veterinary School of Lyon, France. They were then

kept at �208C in a standard freezer and processed within six

weeks.

Analytical procedures

Organochlorines were quantified in the fat of the monitors:

abdominal follicles were gently melted and 0.2 g was intro-

duced in a glass test tube and 5ml hexane added, then 1ml of a

mixture of sulfuric acid and hydrochloric fuming acid (6.5:3.5,

v/v). The samples were centrifuged 5min at 3000 rpm. The

supernatant was analyzed with an Agilent1 5890 series two gas

chromatograph coupled to an electron capture detector and a

60m Restek Rtx (Macherey-Nagel) column (0.25mm I,

0.25mm thickness). Injection (2ml) was performed automati-

cally. Nitrogen was utilized as the carrier gas (at a 2ml �min�1

flow). The temperature program was 2min at 758C, then

increases of 158C �min�1 up to 1508C, 1.28C �min�1 from

150 to 2568C, and of 258C �min�1 up to 3008C. Total duration

of analysis was 110min. Each run was followed by a 15-min

Fig. 1. Position of the four sites on which monitors were sampled: Flabougou (1482704700N 88530300W) and Niono (1481508.700N 5858034.700W) in Mali; Niamey
(13830019.800N 7986017.500W) and Diffa (13818032.800N 12837014.800W) in Niger.
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rinse at 3008C. The samples were analyzed for the following 23

OCs: HCH-a, HCH-b, hexachlorobenzene, HCH-g (lindane),

chlorothalonil, heptachlor, aldrin, dicofol, heptachlor-epoxyde,

trans-chlordane, endosulfan-a, cis-chlordane, trans-nonachlor,

2,40-DDE, dieldrin, 4,40-DDE, 2,40-DDD, endrin, endosulfan-b,

4,40-DDD, 2,40-DDT, endosulfan-sulfate, and 4,40-DDT.

Organochlorine concentrations were calculated according to

the technique described by Lemarchand et al. [19]. Standards

for the 23 OC compounds (purity above 99%) were purchased

from Canadian Industries Limited, and recovery levels were

always above 92%. Linearity was determined between 5 and

100 ng � g�1 (r2> 0.99 on standards and spiked samples). Quan-

tification limits never exceeded 10 ng � g�1 for individual com-

pounds (lowest calibration point with a variation coefficient

<20%). They were set at 1 ng � g�1 for DDT and its congeners.

Organophosphates were analyzed in the livers of the mon-

itors: three-gram samples of fresh homogenized liver were

introduced in a polypropylene tube and finely shred in 40ml

dichloromethane. Solutions were then poured into a funnel on

silicone-treated phase separator paper and anhydrous sodium

sulfate. The filtrates were then vacuum-evaporated at 508C, and

organophosphates were retrieved with 3ml ethanol. Methanol

and ethanol preconditioned silica columns were used for puri-

fication. The alcohol mixture was evaporated at 608C and any

present OPs were dissolved in 3ml dichloromethane. A 5973N

mass spectrometer coupled with an Agilent 6890 gas chromato-

graph was used with a 30m Hewlett-Packard column (0.25mm

I, 0.25mm thickness). For each monitor sample and control

sample, 2ml was injected automatically. Injector temperature

was set at 2508C and He flow at 2.5ml �min�1. The temperature

program was 1008C for 2min, an increase of 558C �min�1 up

to 2008C and a plateau at 2008C for 5min, an increase of

508C �min�1 up to 2208C and a plateau at 2208C for 3min,

followed by a 608C �min�1 increase up to 3008C. A final,

post-run time of 2min at 3008C was maintained. Total run

time was 13.55min. The concentrations of 18 molecules were

determined: dichlorvos, mevinphos, phorate-oxon, phorate,

terbufos, diazinon, disulfoton, chlorpyriphos-methyl, pyrimi-

phos-methyl, fenitrothion, malathion, chlorpyriphos-ethyl,

fenthion, phorate-sulfone, parathion, methidathion, disulfo-

ton-sulfone, and triazophos. As for the OCs the standards for

the 18 OP compounds (purity above 99%) were purchased from

CIL, and recovery levels were always above 90%. Each OP was

identified based on retention time and three or four fragmenta-

tion ions with pre-defined relative amounts and 20% variability

acceptance for each ion. Calibration curves were determined

between 25 and 500 ng � g�1 and the quantification limit was

set at 25 ng � g�1 (lowest calibration point with a variation

coefficient below 20%). Spiked samples with OPs were ana-

lyzed regularly; recovery rates ranged from 78 to 89%. Blank

tissue samples and pure solvents were also analyzed regularly.

Alcohols, acids, hexane, and dichloromethane used in the

present study were the purest quality available.

Statistical analyses

Global and local sex ratios were evaluated for possible

imbalance with x2 tests. Mann-Whitney-Wilcoxon nonparamet-

ric rank tests were employed to test, either in the whole sample

or at a local scale, for differences between males and females in

two parameters: morphological features including SVL,

BM, BCi, FW, and FSi; and organochlorine and organophos-

phate contamination levels in abdominal fat and liver, respec-

tively. A Kruskal-Wallis nonparametric identity test was used to

investigate the differences between sites in contamination of the

tissues of the monitors. Multiple comparisons were processed

with the Bonferroni correction method. Possible correlations

between contamination levels and individual characteristics

were tested with Spearman nonparametric correlation tests.

The software R [20] was used to run all statistical analyses.

RESULTS

Morphometric data, BCi, and FSi

Because of the presence of sex chromosomes, the normal sex

ratio in the Nile monitor is 1:1 [21]. In spite of substantial

discrepancies between our local samples, no significant diver-

gence from this theoretical ratio could be seen in the whole

sample (n¼ 71) or in each of the four local samples. All basic

data and p values associated with significant differences

between genders are given in Table 1. Males were longer,

heavier, and presented a higher BCi than females. Males had

a greater quantity of abdominal fat than females, in all like-

lihood due to their greater size and weight, because we could not

find evidence of any difference in FSi.

Pesticide bioaccumulation

Quantification of the pollutants revealed neither dieldrin nor

parathion whatever the origin of the specimens. However, other

pollutants were detected.

Because there were no statistical differences in pesticide

bioaccumulation between males and females, data were pooled

irrespective of gender for subsequent statistical analyses.

Table 2 shows the median, minima, and maxima of contami-

nation levels measured in the monitors’ tissues, as well as the

proportion of contaminated individuals in each site. The only

OC pesticides that occurred in quantifiable concentrations were

4,40-DDE and 4,40-DDD, and the only OP was malathion.

Contamination levels in the monitors appeared to be highly

dependent on the sampling site. The main DDT metabolite

observed in our sample, 4,40-DDE, occurred in monitors orig-

inating from the four sites (even from Flabougou, the reference

site) and a total of 50 individuals out of 71 (more than 70%)

contained a quantifiable amount of this substance in their

abdominal fat. However, the concentrations of 4,40-DDE varied

significantly between sites (p< 5 � 10�9). Table 3 shows the

results of the multiple comparison method that was applied to

the four sites for this pollutant: the monitors from Niono/

Molodo, and from Niamey, were more contaminated by

4,40-DDE than those from Diffa and Flabougou. The abdominal

fat of all individuals from Niono/Molodo and Niamey (with the

exception of one monitor from the latter site) contained

4,40-DDE, whereas half the monitors from Diffa and Flabougou

Table 1. Basic morphometric data (snout-vent length [SVL], body mass
[BM], body condition index [BCi]), fat weight (FW) and fat somatic index
(FSi) according to sex, and p values associated with significant differences,
if any, between these parameters in the whole sample of Nile monitors

(Varanus niloticus)

Individual
characteristics Females Males p value

SVL (cm) 39.5 (31.0, 58.0) 45.7 (25.7, 67.2) < 2 � 10�2 A
BM (g) 1110 (492, 3010) 1980 (316, 5660) < 10�3 B
BCi 2.789 (1.587, 5.257) 4.304 (1.230, 8.498) < 2 � 10�4 C
FW (g) 42 (1, 95) 70 (1, 164) < 2 � 10�2 A
FSi 0.042 (0.001, 0.095) 0.044 (0.000, 0.109) NS

Median values (minimum, maximum) are given. A¼ p< 5 � 10�2;
B¼ p< 5 � 10�3; C¼ p< 5 � 10�4; NS¼ not significant.
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displayed no detectable amounts of this contaminant. This

compound was in concentrations below 25 ng � g�1 in the

monitors from Diffa, apart from two individuals that had

48 and 53 ng � g�1. Levels were still lower in Flabougou where

only trace amounts, always below 7 ng � g�1, were found.

Malian monitors contained neither quantifiable levels of

4,40-DDD nor quantifiable levels of malathion. Four of the five

4,40-DDD-contaminated monitors originated from Niamey.

Their contamination levels were always below 25 ng � g�1.

Malathion concentrations in the monitors from Niamey did

not exceed 120 ng � g�1, but they were highly variable in the

specimens fromDiffa, with occasional levels (three individuals)

above 1500 ng � g�1. No statistically significant difference in

malathion levels could be evidenced between the monitors from

Niamey and Diffa.

Influence of individual characteristics

The possible correlations between pollutant levels and indi-

vidual characteristics (i.e., SVL, BM, BCi, FW, and FSi) were

investigated for 4,40-DDE and for malathion only because of the

few data available for 4,40-DDD. For this purpose, we focused

on the individuals captured at the most heavily contaminated

sites, such as Niono/Molodo and Niamey for 4,40-DDE, Diffa

and Niamey for malathion. Concentration levels of 4,40-DDE

were significantly correlated with SVL (p< 0.05, r¼þ0.41),

BM (as shown in Fig. 2, p< 0.03, r¼þ0.44) and BCi

(p< 0.02, r¼þ0.48), but not with FW or FSi. Malathion levels

were significantly correlated with FSi (p< 0.02, r¼þ0.38)

only; however, the significance of the latter interaction may be

artifactual and will therefore not be discussed further.

DISCUSSION

Danger related to obsolete pesticides stockpiling

The main finding of the present study is that the long stock-

piling of barrels containing dieldrin and parathion in Niono and

Molodo did not induce a severe environmental contamination,

as could be feared. Dieldrin is a persistent chemical liable to

bioaccumulation and biomagnification (Hazardous Substances

Data Bank, 2010; www.toxnet.nlm.nih.gov). If any important

contamination by this OC pesticide had occurred in food webs,

analyses would have revealed at least traces of it in the

monitors’ abdominal fat. Parathion is less prone to bioaccu-

mulation and biomagnification (Hazardous Substances Data

Bank, 2010, [22]) than dieldrin. In soil it has a limited mobility,

and degradation (mainly photodecomposition and microbial

reduction) is rapid: half-lives at environmentally relevant tem-

peratures and pHs are approximately hours to weeks, depending

on parathion concentration and on the nature of the soil,

its water content, and its microbial composition. Parathion

photolysis, reduction, and hydrolysis are substantial in the

aquatic environment. However, its volatilization is limited,

and bioconcentration factors in some taxa included in the

monitors’ diet can be important. Generally, parathion biocon-

centration in aquatic organisms is moderate to high (biocon-

centration factors range from �60 in tadpoles to 462 in fish)

(Hazardous Substances Data Bank, 2010). As for dieldrin in fat

samples, if the monitors had been exposed to parathion, at least

trace levels of this OP should have be detected in liver samples.

The nondetection of dieldrin and parathion in the tissues of

the monitors, even at very low concentrations, suggests that the

stocking of obsolete pesticides in Niono and Molodo did not

provoke any increase in local pollution that could persist until

the time our sampling operations occurred, less than four

Table 2. Concentrations in ng � g�1 of the two organochlorine or OC (4,40-DDE and 4,40-DDD) pesticides detected in the abdominal fat and of the
organophosphate or OP (malathion) pesticide detected in the livers of Nile monitors (Varanus niloticus) from the four sampling sites in Mali or Niger

Sampling site Country

OCs abdominal fat concn. OP liver concn.

4,40-DDE 4,40-DDD Malathion

Flabougou Mali 1.1 (< qt, 6.2) 7/14 �0/14 �0/14
Niono/Molodo Mali 278.6 (22.4, 3205.8) 18/18 �0/18 �0/18
Diffa Niger 1.0 (< qt, 52.6) 16/32 2.0 1/32 < qt (< qt, 2836.4) 11/32
Niamey Niger 220.8 (< qt, 1259.4) 6/7 6.3 (2.1, 23.2) 4/7 65.2 (< qt, 116.0) 5/7

Median value (minimum, maximum) and proportion of individuals in each site for which each pollutant has been detected are given.
qt¼ quantification threshold (set at 1 ng � g�1 for 4,40-DDE and 4,40-DDD and 25 ng � g�1 for malathion, respectively); -¼ no individual with tissue contaminant
level above the quantification threshold; 4,40-DDE¼ 4,40-dichlorodiphenyldichloroethylene; 4,40-DDD¼ 4,40-dichlorodiphenyldichloroethane.

Table 3. Comparison of the 4,40-dichlorodiphenyldichloroethylene
(4,40-DDE) concentrations in the abdominal fat of Nile monitors

(Varanus niloticus) from the four sampling sites

Niono Diffa Niamey

Flabougou p< 10�5 C NS p< 5 � 10�2 A
Niono — p< 5 � 10�8 C NS
Diffa — p< 5 � 10�3 B

p values are given for significant differences. A¼ p< 5 � 10�2; B¼ p<

5 � 10�3; C¼ p< 5 � 10�4; NS¼ not significant.

Fig. 2. Correlation between fat 4,40-dichlorodiphenyldichloroethylene
(4,40-DDE) concentrations in ng � g�1 and body mass (BM) in kg of the
Nile monitors from the two sites most substantially contaminated by this
pollutant, Niono/Molodo and Niamey.
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months after the decontamination process [18]. The alternative

hypothesis, that the 18 Nile monitors caught on this site could

all have missed consuming prey contaminated by dieldrin and

parathion, is improbable at best if the local food webs were

actually contaminated. As mentioned in the Introduction, Nile

monitors are known to have an extremely eclectic diet. The diet

of an adult includes all prey, large or small, that it can subdue,

ranging from arthropods and mollusks, up to mammals the size

of a rabbit [7–10]. No important zoological group is neglected.

This exceptionally broad food spectrum is unparalleled in any

other large predator and this is the reason we consider the

alternative hypothesis mentioned above to be highly unlikely.

Therefore, the nondetection of dieldrin and parathion in our

samples actually means that they did not occur in significant

concentrations in the local ecosystem.

This conclusion is substantiated further by a previous study.

In 2008, pesticide quantification (including dieldrin and para-

thion) in soil around the stockpiling site in Molodo was con-

ducted at several distances (0, 7, and 21m) and depths (up to

2.5m) from the source [18]. The results showed that the extent

of pollution in soil was limited. Although dieldrin and parathion

concentrations at the very center of the pollution source were

elevated (up to 1,300 and 76,000mg � kg�1, respectively), they

decreased greatly some meters away (3.5 and 24mg � kg�1 for

dieldrin at 7 and 21m, respectively; below detection limits for

parathion [exact value for detection limits unavailable in the

original report]). These data are consistent with our results and

support the conclusion that the very low degree of dieldrin and

parathion bioaccumulation in the monitors would indeed be due

to low environmental exposure.

Site contamination

Each of the four sampling sites displays a narrow set of

pollutants: only 4,40-DDE, 4,40-DDD, and malathion occur in

significant concentrations in the entire sample. In remote areas,

the supply of chemicals is generally managed by cooperative

organizations that deliver a limited number of substances.

However, the supply of phytosanitary products is more unpre-

dictable in large cities such as Niamey, where a greater diversity

of contaminants could have been expected. In Flabougou, the

lack of pollutants other than 4,40-DDE in low concentrations

confirms the good ecotoxicological status of this spot, which

can indeed be used as a reference site for future ecotoxicological

studies in Africa.

Compared with available data on pesticide contamination in

reptiles [23–25], the concentration levels of OC compounds in

our monitors should be considered low and variable between

individuals in Niono/Molodo and Niamey, and very low and

relatively even in Diffa and Flabougou. The rare studies spe-

cifically conducted in monitor lizards inhabiting regions with a

similar economic status as Mali and Niger led to comparable

results: contamination in Diffa and Flabougou are on the same

order of magnitude as those observed in monitors from Chad

[17] and from an undeveloped zone of Australia [16]. Although

the levels measured in the monitors fromNiono and Niamey are

considerably higher (by a factor of �200), they nevertheless

remain moderate (seldom over 300 ng � g�1) compared to results

obtained in reptiles from other regions [23–25].

The interpretation of the malathion levels observed in our

sample is more difficult because of the lack of published

comparative data. Compared to measurements for other OPs

made in previous studies in reptiles [23,24], the malathion

concentrations that we observed appear low in the monitors

from Niamey and occasionally important in some specimens

from Diffa. However, it is noteworthy that the toxicity of

malathion may be particularly high in squamates, as evidenced

by experimental studies [26,27] showing that small doses of

this compound can provoke physiological and behavioral dis-

orders. The actual consequences of the malathion levels that

we observed in Sahelian Africa thus remain undetermined.

Additional experiments with controlled malathion dosing,

monitoring of tissue levels, and study of the resulting effects

should be undertaken.

Beyond the question of malathion concentration levels, the

mere occurrence of this nonpersistent insecticide in monitor

tissues calls for specific comments. Volatilization is very low

for malathion, but direct photolysis and hydrolysis occur.

Biodegradation is rapid and therefore bioaccumulation in

aquatic biota is expected to be low (Hazardous Substances

Data Bank, 2010). The occurrence of this OP in quantifiable

levels in Niamey and especially in Diffa would therefore

indicate it is still in use in these areas. Formulations containing

malathion have been banned since July 2009 in Niger; this use

would thus be illegal.

The absence of detectable amounts of currently used OP

pesticides in monitors from both agricultural areas is not

particularly surprising. Indeed, OPs used today in these regions,

such as fenthion, fenitrothion, or chlorpyrifos-ethyl, are not

environmentally persistent under the conditions prevailing in

Niono/Molodo or Diffa (C.H. Sylla, African Stockpiles Pro-

gram, Mali, personal communication). For example, fenthion

exposed to sunlight degrades rapidly on the soil or in shallow

waters because of an important photosensitized oxidation;

fenitrothion biodegrades quickly under anaerobic conditions,

and chlorpyrifos-ethyl undergoes considerable photodegrada-

tion and volatilization from moist soils and water surface

(Hazardous Substances Data Bank, 2010). The apparently

low contamination (with necessary caution for malathion)

observed in Diffa and Niono/Molodo would indicate that a

sound pesticide use, based on both the choice of the compounds

and their dosage, is now established. Moreover, the nondetec-

tion of the parent DDT compound, which progressively

degrades into DDE, suggests that no recent use of DDT

occurred. These results are consistent with an ecotoxicological

status of minor concern as regards OC and OP pesticides in the

four sampling sites.

Individual and site variability

Interindividual variability, even among individuals from the

same site, proved to be high, and some monitors displayed

contamination levels considerably higher than the median value

for their site. For example, this is the case in four specimens

from Niono/Molodo that had 4,40-DDE levels exceeding 4 to

11 times the median value of this site, or in three individuals

from Diffa that exhibited malathion liver concentrations over

1,000 times greater than the levels of the other contaminated

monitors from the same site. These observations confirm that

the monitors were not equally exposed to pollution and support

the initial assumption that Nile monitors can provide sharply

defined information on local pollution patterns.

One of the causes that may explain variations in contami-

nation levels observed between sites or between individuals is

the possible influence of diet. As mentioned, the nature and

proportion of prey items in the diet of Nile monitors varies with

individual size. Because the different kinds of prey are not all

evenly exposed to environmental contaminants, monitors of

different sizes are likely to ingest variable quantities of each

pollutant. In addition, stochastic events can also be confusing
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factors interfering with the interpretation of pollutant concen-

trations [28]. Indeed, individuals displaying the same character-

istics and living on the same spot may still have different

histories of exposure, and display different pollutant concen-

trations in their tissues. For example, a single individual may

prey on bird eggs that are highly contaminated by way of

maternal transfer by an OC pesticide ingested by the mother

in a highly contaminated wetland during migration; as a con-

sequence, this specimen might display a much higher OC level

than similar conspecifics living at the same place.

This is why indications of environmental contamination

given by single individuals are to be considered with great

caution. Instead, large samples must be collected and median

values should be preferred for expressing the central tendencies

of the samples. This parameter indeed minimizes the skewing

effect of outliers (this effect is particularly suspect in mean

values) and gives a more realistic picture of local contamination

risks than mean values.

Moreover, because Nile monitors are opportunistic foragers,

some differences may occur in their diets in relation to the local

abundance of prey types, a situation that may also contribute to

increasing contamination variability between or among local

monitor populations. This theoretical inconvenience is inevi-

table in predators with a large spectrum diet. Predators with

more specialized feeding habits would not have this disadvant-

age; conversely, they would not be capable of integrating a large

scope of pollutants by way of the dietary route, but only those

present in their specific prey. This potential difference between

local Nile monitor stocks must nevertheless be kept in mind

when considering comparisons between distant populations. In

toxicological studies, such a constraint seems to be of limited

practical consequences because the diets of Nile monitors do

not display considerable variation between populations [7–10].

Nevertheless, attention should be paid to the examination of

stomach contents in future studies.

Pesticide loads and biological characteristics of monitors

The absence of a negative influence of pollutant concen-

trations on FSi or BCi suggests that the basic life-history

parameters of monitors are not significantly affected by the

contamination levels observed in the present study. Organo-

chlorines are known to accumulate in lipid-rich tissues [22].

However, the fact that Nile monitors reabsorb their abdominal

fat and consequently release their OC load in their organisms

during their diapause stage [29] raises the question of the fate of

OCs in such a situation. Interestingly, the positive correlations

between fat 4,40-DDE levels and monitors’ lengths as well as

between fat 4,40-DDE levels and monitors’ weights suggest that

most of the OC amount is sequestered in newly formed adipose

tissue instead of being excreted, a characteristic that would

designate the Nile monitor as a good indicator for OC exposure.

Because very high concentrations of organochlorine com-

pounds have already been measured in the fat of several

squamate species [23–25], fat tissue saturation with pollutants

of this kind would be impossible at levels as low as those

observed in the present study. In this measure, it is not surpris-

ing to find no positive relationship between FW or FSi and the

levels of organochlorine residues.

CONCLUSION

The present study indicates that stocks of obsolete pesticides

may not necessarily be a major threat for the surrounding

environment. Danger, which is essentially due to pollutant

bioavailability, depends on many biotic and abiotic parameters:

nature and concentration of the chemicals, physical factors

(temperature, pH, moisture, etc.), topographic profile, type of

soil and presence of microorganisms, and other factors as the

composition of the local ecological communities [4].

Obsolete pesticide stockpiling nevertheless remains a prob-

lem of major concern in many places. The development of

effective tools for assessing the bioavailability in food webs of

stocked chemicals and evaluating the dangers they present for

the environment and for local human populations is a major

challenge for the future. In this context, the Nile monitor proved

to be an efficient bioaccumulation indicator organism well

suited to sub-Saharan Africa, and especially useful for indicat-

ing the importance of environmental contamination in and

around wetlands, which are areas of major importance for

biota and humans.
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6. Buffrénil V de, Hémery G. 2007. Harvest of the Nile monitor, Varanus
niloticus, in Sahelian Africa. Part II: Life history traits of harvested
monitors. Mertensiella 16:195–217.

7. Bennett D. 2002. Diet of juvenile Varanus niloticus (Sauria: Varanidae)
on the Black Volta River in Ghana. J Herpetol 36:116–117.
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29. Cissé M. 1973. Evolution de la graisse de réserve et cycle génital chez
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