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Abstract

The decline in populations of the Mountain Yellow-legged frogs, Rana sierrae
and Rana muscosa, in the Sierra Nevada in California is consistent with a
worldwide trend in frog decline that has resulted in nine species extinctions, four
of these in Australia. Spray drift from pesticides applied to agricultural crops in
California’s Central Valley was widely reported as causing the decline, and the
claim central to a successful campaign to ban the use of cholinesterase-inhibiting
pesticides in California. We reassess the scientific and historical evidence
implicating pesticide use in frog decline in California using Hill’s Criteria of
Causation and show the extent to which the claim is based on correlation, analogy
and extrapolation from computer modelling. Critically, concentrations of
pesticides in National Parks that have experienced severe decline in frog numbers
are orders of magnitude below those shown to produce sub-lethal effects in the
laboratory. Of particular concern, output from influential computer modelling
work was never validated; no water samples were ever taken to ground truth the
calculated pesticide levels.
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1 Introduction

Amphibian species, including frogs, toads and salamanders, have experienced
severe population declines around the world [1]. At least nine species have become
extinct since 1980 and 113 more are possibly extinct [2]. Many theories claim to
explain the declines including habitat loss [3] increased UV-B radiation [4],
climate change [5], introduced exotic predators [6], disease [7] and pesticide drift
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[8-10]. There have been several particularly prominent cases where pesticides
have been implicated and the associated publicity has significantly influenced
perceptions about pesticides and their harmful side effects including deformed
frogs in Minnesota [11] the feminization of frogs linked to the herbicide Atrazine
[12], and spray drift causing frog extinctions in the Sierra Nevada [13].

The claimed linkage between pesticides and frog extinctions has been
contentious and emotive. Environmental groups have used the local extinction of
frogs in the Sierra Nevada to advocate for the reduction of pesticide use in adjacent
agricultural areas and have brought lawsuits in both State and Federal courts,
claiming inadequate testing and regulation of pesticides [14]. Claims and
counterclaims have made media headlines often with emphasis placed on the
reporting of particular pieces of evidence in support of a favoured viewpoint [15].

But how strong is the overall body of evidence implicating the pesticides? In a
seminal paper published in 1965, British medical statistician, Austin Hill, outlined
nine criteria that can be applied to a body of information to determine whether
there is adequate evidence to move from an observed association to a verdict of
causation: strength of association; specificity of association; temporality;
biological gradient; plausibility; coherence; experimental evidence, consistency
and analogy [16]. These criteria now form the basis of modern epidemiological
research recognizing they represent logical categories of evidence that can be used
to organize information to evaluate a specific hypothesized-cause between two
variables [17]. A subset of the criteria has been used to test causality between
environmental stressors and effects in aquatic ecosystems [18].

We use Hill’s nine criteria to test the popular claim that populations of two
species of Mountain Yellow-legged frog, R. muscosa and R. sierrae, have declined
as a consequence of the use of cholinesterase-inhibiting pesticides.

2 Application of Hill’s Criteria of Causation
2.1 Plausibility

Organophosphates and carbamate pesticides have been found in the air, rain, and
surface waters of the Sierra Nevada and in the tissue of Mountain Yellow-legged
frogs [19]. These chemicals can inhibit the proper functioning of the nervous
system [20]. Acute poisoning causes death usually by asphyxiation while
depressed cholinesterase activity has been associated with reduced physical
activity, uncoordinated swimming and depressed growth rates, which are
associated with increased vulnerability to predation [21]. Carbamates can also
produce developmental malformations in skeletal tissue [22] and musculature of
frogs [23]. It is therefore plausible that the presence of the pesticides has caused a
decline in frog populations.

2.2 Experimental evidence

Experimental evidence enables impacts of a potential stressor on an organism to
be studied under carefully controlled conditions. Ideally, evidence is obtained
from a progression of more complex experiments from laboratory through to
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microcosm and mesocosm studies. Sublethal concentrations of Carbaryl can
influence development [24] and slow swim speed [25]. Sub-lethal concentrations
of the organophosphate Chlorpyrifos also negatively impacts on swim speed [26].

In the experiments showing an impact from pesticides on amphibians the dose
is typically in the thousands of micrograms per litre [27]. This is in contrast to
concentrations of pesticide found in the Sierra Nevada where concentrations are
typically in fractions of a microgram per litre, Tables 1 and 2.

Table 1: Concentrations of pesticides found in Sierra Nevada National Parks.

Location Concentration
(ng/L)
Chlorpyrifos

Sixty Lakes (2 sites) [8] 0.00022, 0.00017
Sixty Lakes (3,231 m) [28] 0.000195
Tablelands (2 sites) [14] 0.012, 0.00072
Tablelands (3,322 m) [28] 0.00617
Crescent Meadows (2.042 m) [28] 0.11815
Moro Creek (823 m) [28] 0.10425

Lake Tahoe [29] 0.00018-0.0042

Diazinon
Sixty Lakes [8] 0.0018
Sixty Lakes (3,231 m) [30] 0.00092
Tablelands (2 sites) [14] 0.0031, 0.0034
Tablelands (3,322 m) [30] 0.00323
Crescent Meadows (2.042 m) [30] 0.06511
Moro Creek (823 m) [30] 0.06606
Malathion
Sixty Lakes (3,231 m) [30] <LOD
Tablelands (3,322 m) [30] <LOD
Crescent Meadows (2.042 m) [30] 0.08161
Moro Creek (823 m) [30] 0.06612

In summary, the experimental evidence is not directly applicable to the
situation in the catchment, because pesticide concentrations in the National Parks
that have experienced severe decline in frog numbers, are orders of magnitude
below those shown to produce even sub-lethal effects in the laboratory.

2.3 Strength of association

If Cholinesterase-inhibiting pesticides caused the decline of frogs then areas more
exposed to pesticide drift, and thus with higher concentrations of pesticide, would
have fewer frogs. This is what Fellers et al. concluded from limited data when
comparing pesticide concentrations in water and frogs from two localities at each
of two sites in the Sierra Nevada Mountains in 1997 [8]. Their conclusions,
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Table 2: Concentrations of pesticides found in agricultural areas adjacent to
National Parks in the Sierra Nevada.

Location | Concentration (ug/L)

Diazinon
Sacremento River watershed [31] 0.033-0.08
Californian rivers [32] 0.177-2.5

Chlorpyrifos

Californian rivers [32] | 0.05-0.35

Carbaryl
San Joaquin River at Stevinson [33] 0.035-0.035
Merced River [33] 0.01-0.001
Orestimba [33] 0.023-0.004
San Joaquin River near Crow’s Landing [33] 0.129-0.002
San Joaquin River near Patterson [33] 0.049-0.004
San Joaquin River at Maze Road Bridge near Modesto [33] 0.185-0.002
Stanislaus River [33] 0.044-0.001
San Joaquin River Near Vernalis [33] 0.114-0.002
San Joaquin River at Stevinson [33] 0.014-0.002
San Joaquin River near Crow’s Landing [33] 0.028-0.003
San Joaquin River near Patterson [33] 0.011-0.003
Del Puerto Creek [33] 0.12-0.002
Tuolumne River [33] 0.02—-0.002
San Joaquin River at Maze Road Bridge near Modesto [33] 0.015-0.004
Stanislaus River [33] 0.014-0.002
San Joaquin River near Vernalis [33] 0.0070-0.03

Diazinon
San Joaquin River at Stevinson [33] 0.014-0.004
Merced River [33] 0.004-0.002
San Joaquin River near Patterson [33] 0.067-0.001
Del Puerto Creek [33] 0.082-0.003
Tuolumne River [33] 0.01-0.002
San Joaquin River at Maze Road Bridge near Modesto [33] 0.029-0.002
Stanislaus River [33] 0.004—0.001
San Joaquin River near Vernalis [33] 0.024-0.002

Malathion
San Joaquin River at Stevinson [33] 0.027-0.027
Salt Slough [33] 0.012-0.004
Mud Slough [33] 0.027-0.027
Merced River [33] 0.004-0.003
Orestimba [33] 0.081-0.004
San Joaquin River near Crow’s Landing [33] 0.016-0.005
San Joaquin River near Patterson [33] 0.088-0.003
Del Puerto Creek [33] 0.033-0.002
Tuolumne River [33] 0.004-0.002
San Joaquin River at Maze Road Bridge near Modesto [33] 0.014-0.002
Stanislaus River [33] 0.006-0.004
San Joaquin River near Vernalis [33] 0.007-0.004
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suggest an association between exposure to pesticide drift and the presence or
absence of the frogs.

One of the sites, Sixty Lakes Basin in Kings Canyon National Park, had large,
apparently healthy populations of frogs, while a nearby site, Tablelands in Sequoia
National Park, which was exposed directly to prevailing winds from agricultural
regions, had no frogs. Furthermore, despite the eradication of trout from the lakes
at the Tablelands site, and repeated attempts at reintroducing Mountain Yellow-
legged frogs to this site, there was no breeding population.

The last twenty frogs reintroduced in 1994 or 1995 that could be found were
collected from the Tablelands in 1997, and pesticide concentrations in both frog
tissue and the water were measured and compared with frog and water samples
from two localities at Sixty Lakes. The organophosphate Chlorpyrifos was found
in water at all four localities with the highest concentrations at one of the
Tablelands site. Diazinon was found in similar concentrations at the two
Tablelands sites, and at much lower concentrations at one of the Sixty Lakes sites.
Diazinon was not detected in any frog tissue samples and Chlorpyrifos was present
above the analytical detection limit only at one sample from Sixty Lakes. Fellers
et al. [8] concluded organophosphate insecticides were observed in surface waters
at higher concentration at the Tablelands than at Sixty Lakes, indicating
atmospheric inputs from up-wind agricultural areas. No attempt, however, was
made to relate the measurable presence of these pesticides to experimental work
which would have showed that the levels found in the National Park were orders
of magnitude lower than found to have any effect on frog growth and/or behaviour
(see Section 2.2, and Tables 1 and 2).

Davidson [10] also concluded that the presence of the pesticide must be causing
harm using a computer model that simulated pesticide use in California from 1974
to 1991 to explain the decline of five Californian amphibian species including
Mountain Yellow-legged frogs. Davidson [10] emphasized the association
between population decline and cholinesterase-inhibiting pesticides. But in all of
this hypothesising and modelling, the concentrations of the pesticide found in the
water bodies, even at the higher concentrations, was orders of magnitude less than
anything ever found to affect amphibians in laboratory experiments.

2.4 Biological gradient

There is a general gradient of decreasing concentrations of organophosphate
pesticide in air, rainwater, surface water and snow in the Sierra Nevada with
distance and elevation from the Central Valley [29, 30, 34].

Davidson and Knapp [35] using generalized additive models found a
statistically significant relationship between total upwind pesticide-use and the
occurrence of Mountain Yellow-legged frogs and that small differences in the
amount of upwind pesticide-use had a large effect on the probability of frog
occurrence indicating the presence of a biological gradient.

Davidson [10] and Davidson and Knapp [35] claim their work is based on an
eco-toxicological approach and his findings are often cited as evidence for an
impact from spray drift on frogs [36], but there are significant limitations which
invalidate the results.
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The percentage of upwind agricultural land was used as a proxy for the intensity
of wind-borne agrochemicals that frog habitat sites experienced and this proxy
designated the “dose” parameter. The work of Davidson [10] and Davidson and
Knapp [35] is based on output from established research programs on pesticide
drift in California where there has been full reporting of agricultural pesticide use
since 1990 and an extensive database exists with the California Department of
Pesticide Regulation [37, 38].

Davidson and Knapp [35] combined this information with an extensive survey
of 6,831 water bodies covering an area that including all of Sequoia, Kings
Canyon, and Yosemite National Parks, as well as a portion of the John Muir
Wilderness (located north of Kings Canyon), a region encompassed approximately
7373 km? of rugged mountainous terrain. But no water samples were ever taken
to ground-truth the pesticide levels calculated by the computer model.

Various assumptions were made about spray drift to generate the hypothetical
dose gradient. But spray drift is a complex phenomenon where equipment design
and application parameters, spray physical properties and formulation, and
meteorological conditions interact and influence the pesticide losses [39]. Many
factors influence pesticide atmospheric emissions during application, including
technical and environmental features [40].

Once in the atmosphere, pesticides are dispersed and transported by the wind.
[40]. Spatial distribution is influenced by both physical and chemical properties,
as well as environmental factors such as meteorological conditions [41] and
sophisticated analytical techniques are required to measure atmospheric
concentrations of pesticides [42]. As a consequence, the composition of a pesticide
mixture transported to a remote location could be very different to calculated
averaged downwind concentrations of applied components. Degradation rates for
different pesticides also vary significantly, once they are taken up in a lake or river.
There will also be variability in exposed water bodies, such as depth [43, 44],
factors influencing dilution and mixing [45] rates of outflow [46] and the nature
of sediments which may adsorb chemical contaminants [47] which will influence
concentrations of deposited pesticides to which frogs are exposed.

These considerations make it difficult to relate the amount of any particular
pesticide or class of pesticide applied within a given time period to concentrations
expected to be present in a particular water body, located perhaps hundreds of
kilometres from the initial application point. Thus it is necessary to validate the
significance of the modelled pesticide dosage with physical measurements of
pesticide concentrations before any conclusions can reasonably be drawn
regarding a spatially relevant dose-response relationship.

2.5 Consistency of association

According to computer modelling by Davidson [10], cholinesterase-inhibiting
pesticides are consistently associated with the decline in populations of
Californian amphibians and this modelling has been used as persuasive evidence
for an association with population decline in the Mountain Yellow-legged frog
including in litigation against the continued registration and use of these pesticides
in California [48]. However, the model output was never validated and so it is
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unknown how the virtual “dose” relates to the dose of the chemical stressor
experienced by the Mountain Yellow-legged frogs and other species of amphibian
in the Sierra Nevada.

2.6 Temporality

There is no simple temporal relationship between the decline in populations of the
Mountain Yellow-legged frogs in the Sierra Nevada and the use of cholinesterase-
inhibiting pesticides or pesticides more generally. The decline in frog populations
was noted in the early 1900s and at that time was associated with the introduction
of trout into the once fishless lakes of the Sierra Nevada with trout observed to
feed on the tadpoles [49].

The widespread use of pesticides began in the 1940s. Environmental concerns
with organochlorines led to their replacement with organophosphates and
carbamates in the early 1970s. Data from the Pesticide Action Network Database
[38] indicates the use of Carbaryl, Chlorpyrifos and Aldicarb peaked in 1996 and
has since declined. The use of Diazinon, Malathion and Endosulfan has shown a
general reduction since 1991 [38]. There has been no recovery in populations of
Mountain Yellow-legged frogs commensurate with the reduction in pesticide use.
Rather, there is some evidence that frog populations continue to show general
decline [50].

2.7 Coherence

In order for an association to have coherence, the cause and effect interpretation
of the data should not be seriously in conflict with generally known facts. That the
general decline in populations of Mountain Yellow-legged frogs preceded the use
of cholinesterase-inhibiting suggests that the association lacks coherence.
Furthermore, the claim that there is an association is based primarily on virtual
science, which is output from computer models that has not been validated against
real world data.

2.8 Analogy

Contamination of the environment by pesticides, particularly from spray drift, is
an emotive issue and has been the focus of environmental campaigning in the US
since the New York Times serialized Rachel Carson’s book Silent Spring in June
1962. Many people would like to see all pesticides banned and particularly
pesticides applied in such a way that there is spray drift. Given the potential for
pesticide spray drift from the Central Valley to the Sierra Nevada, given frogs are
sensitive to chemical toxins, by analogy it could be concluded that pesticides will
be negatively impacting frog populations in the Sierra Nevada.

2.9 Specificity of association

It is common in ecological risk assessments to find that more than one factor is
contributing to population decline. For example, it has been established that
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exposure to sub-lethal concentrations of pesticide can predispose frogs to
predation [51]. Studies of population decline in Mountain Yellow-legged frogs
conclude that factors additional to cholinesterase-inhibiting pesticides are likely to
be affecting frog populations, but it is beyond the scope of this paper to undertake
a review of the many factors, suffice to mention that introduced disease is
emerging as the most credible theory for recent declines in frog populations in the
Sierra Nevada [52].

3 Discussion and conclusions

The decline in populations of Mountain Yellow-legged frogs in the Sierra Nevada
is consistent with a worldwide trend. Ostensibly to reverse this trend in the Sierra
Nevada and avoid the extinction of Mountain Yellow-legged frogs, environment
groups have campaigned to ban the use of cholinesterase-inhibiting pesticides in
the Central Valley of California.

This review has shown, however, that the claim that cholinesterase-inhibiting
pesticides has caused population decline is tenuous and based primarily on
analogy and virtual data from computer modelling. Nevertheless, the belief that
cholinesterase-inhibiting pesticides have caused the extinction of frog populations
in California is now well entrenched globally.

After applying Hill’s criteria and evaluating the evidence for causality, it can
be concluded that there is no conclusive evidence to indicate cholinesterase-
inhibiting pesticides as a cause for the decline in populations of Mountain Yellow-
legged frogs.

The conservation of amphibian populations worldwide is not aided when
researchers draw misleading analogies because of at best tenuous and at worst
fabricated evidence from California. It is common in the scientific literature
concerning amphibian decline, for researchers to speculate about the possible
synergistic effects of sub-lethal dosages of pesticides on frogs and tadpoles. In
order to test these speculative claims there is a need for experimental work to be
undertaken at chemical concentrations equivalent to those found in natural water
bodies.
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