Chapter 4
Impacts of Endocrine Disrupting Chemicals
on Reproduction in Wildlife

Emmelianna Kumar and William V. Holt

Abstract The European Environment Agency (The Weybridge + 15 (1996-2011)
report. EEA Technical report, vol 2. Copenhagen, 2012) and the United Nations
Environment programme together with the World Health Organisation (State of the
science of endocrine disrupting chemicals-2012. Geneva, Switzerland) both recently
published major and highly authoritative reviews of endocrine disrupting chemicals
in the natural environment and their effects on reproduction and health in both
humans and wildlife. One surprising conclusion to emerge from these reviews was
that there are relatively few well documented reports of endocrine disruption (ED)
in wild mammals, mainly because much of the available evidence is correlative and
does not conclusively demonstrate that the chemicals in question cause the physio-
logical and phenotypic problems attributed to them. However, based on strong evi-
dence from studies of wild birds, reptiles, invertebrates, and laboratory animals, it is
difficult to imagine that wild mammals would be the exception. This chapter is
therefore included to emphasize the point that the role of reproductive science
within wildlife conservation is much broader than a narrow focus on artificial breed-
ing technologies.
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1 Introduction

The last decade has seen an increase in evidence for relationships between exposure
to certain man-made chemicals and endocrine disruption in wildlife UNEP/WHO
(2012); of particular concern are flame retardants, organochlorine pesticides and
polychlorinated biphenyls (PCBs), which are a class of compounds now banned due
to their harmful effects but historically used in various industrial applications. A
range of toxic persistent organic pollutants (POPs), such as PCBs, polychlorinated
dibenzop-dioxins (PCDDs), polychlorinated dibenzofurans (PCDFs), dichlorodi-
phenyldichloroethylene (p,p’-DDE) and polybrominated diphenyl ethers (PBDEs),
continue to contaminate the environment due to past and present human activities.
Many of the endocrine disrupting effects reported in wildlife can be reproduced in
laboratory studies where animals are experimentally exposed to EDCs, adding sup-
port to the hypothesis that exposure to these chemicals is associated with adverse
health effects. Here we briefly describe some of the recent comparative research
findings, which are of interest to reproductive biologists in the context of a changing
environment. These chemicals represent another form of environmental stress, add-
ing to the stresses that wildlife already experience because of human population
growth, habitat degradation and climate change.

In addition to the chemicals mentioned above, attention is being increasingly
paid to the effects on reproduction of the ever growing number of antimicrobial
compounds used in both human and veterinary medicine. Between 1992 and 1999,
over 700 antibacterial products, the majority of which contained triclosan (TCS)
entered the consumer market. A major review of TCS, which described its structure,
occurrence, degradation products and both toxicity and endocrine disrupting effects
(Dann and Hontela 2011) illustrated the biological background of the compound
and provided figures to show that, in Sweden alone, about 2 t are used in personal
care products and toothpaste and that global production of TCS has now exceeded
1,500 t per year. A considerable amount of this material eventually finds its way into
sewage, where it exerts endocrine disrupting effects on algae and other aquatic
invertebrates. Experimentally it also exerts endocrine disrupting effects, both estro-
genic and androgenic, on fish (Pinto et al. 2013), although fortunately at doses that
are usually higher than those typically found in the environment. Although TCS is
noted for its toxicity, endocrine disrupting effects mediated via its resemblance to
thyroid hormones have recently been described in a Pacific tree frog, Pseudacris
regilla, (Marlatt et al. 2013) and endocrine disrupting effects in mice have been
attributed to its estrogenic action (Crawford and de Catanzaro 2012). These exam-
ples highlight the growing realisation that pharmaceutical compounds, as well as
industrial chemicals, are becoming more prevalent in the environment. Fortunately
regulatory authorities are becoming more aware of the attendant problems and need
for vigilance, and a new field of “ecopharmacovigilance” has recently emerged
(Holm et al. 2013). Authorities concerned with reproductive aspects of human clini-
cal medicine have also recently voiced their concern. For example, the American
College of Obstetricians and Gynaecologists and the American Society for
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Reproductive Medicine have issued a joint Committee Opinion (ACOG/ASRM
2013) advocating for government policy changes to identify and reduce exposure to
toxic environmental agents. It included the following statement: “Every pregnant
woman in America is exposed to many different chemicals in the environment,
prenatal exposure to certain chemicals is linked to miscarriages, stillbirths, and
birth defects. Many chemicals that pregnant women absorb or ingest from the envi-
ronment can cross the placenta to the fetus. Exposure to mercury during pregnancy,
for instance, is known to harm cognitive development in children. Toxic chemicals
in the environment harm our ability to reproduce, negatively affect pregnancies, and
are associated with numerous other long-term health problems.”

Understanding of the effects of EDCs on animal development and reproduction
can only be achieved by increasing our knowledge of basic reproductive biology.
Determining how compounds exert their influence across the whole spectrum of life
on the planet requires comparative knowledge of developmental and reproductive
mechanisms in everything from marine invertebrates around coastal waters to large
terrestrial mammals. Indeed, as these species are intimately linked to each other
within complex food webs, there is a myriad of ways in which these man-made
chemicals and their products can influence reproductive processes.

2 Overview of Comparative Effects

Research into the effects of environmental chemical exposure in both laboratory and
wild species has been ongoing for decades, but was brought into sharp focus by
observations in the 1960s that organochlorine pesticides, mainly dichlorodiphenyl-
trichloroethane (DDT), caused eggshell thinning and reduced reproductive success
in birds (for review, see Hellou et al. 2013). For example, organochlorines endan-
gered the populations of a top predator, the peregrine falcon (Falco peregrinus) in
the northern hemisphere and led to its extinction in the most heavily impacted areas
of North America and Europe between the 1950s and 1970s. Similar observations
(Hernandez et al. 2008) have been made in other top predators, including the Spanish
Imperial Eagle, an iconic but threatened Iberian species. The reasons behind these
effects, especially pronounced in top predators through bioaccumulation from
dietary exposure, included disruption to calcium metabolism, neurotoxicity and
behavioural changes. This type of research ultimately prompted a ban on the use of
DDT in North America and Europe, leading to a reduction in body burdens in birds,
an improvement in eggshell thickness, and the subsequent recovery of many of the
affected populations. Recent studies have shown encouraging evidence of long-term
declines in organochlorine concentrations within the eggs of these birds and correla-
tive increases in shell thickness (Vorkamp et al. 2009; Falk et al. 2006).
Nevertheless, high concentrations of pesticides have occasionally been released
by accident into the environment, with disastrous consequences. When industrial
pesticides (DDT and its metabolites DDD and DDE, plus the acaricide dicofol;
p, p’-dichlorodiphenyl-2,2,2, -trichloroethanol) were accidentally spilled into a
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tributary of Lake Apopka in Florida, USA in 1980, dramatic declines were observed
in juvenile recruitment in the resident American alligator (Alligator mississippien-
sis) population. Abnormal ovarian morphology, large numbers of polyovular folli-
cles and polynuclear oocytes were reported in female alligators. Reduced phallus
size and altered plasma testosterone concentrations also were seen in males. Plasma
estradiol concentrations were almost double those in female alligators from a refer-
ence lake (Guillette and Moore 2006; Guillette et al. 1996). Contaminant exposure
was regarded as the most likely explanation for the abnormalities observed. Although
unfortunate for the American alligators affected by the chemical spillage, the event
stimulated considerable interest in the response of reptiles to endocrine disruption
because of the plasticity and variety of their sex determination mechanisms (Sarre
et al. 2004, 2011). The turtle, Trachemys scripta elegans, has subsequently been
proposed as a laboratory model for assaying the estrogenic effects of exogenous
chemicals (Gale et al. 2002) because the species depends on both environmental
temperature and the hormonal environment for sex determination. Although this is
an interesting idea, regulatory authorities may dispute its effectiveness because
endocrine disruption might be confounded by the effects of temperature.

It is, however, important to recognise the conflict that occurs when chemicals are
banned and the original purposes of these chemicals are still required. For example,
DDT has had a major impact on the control of insect borne diseases, such as malaria,
across the world, but unless suitable alternatives are available, the diseases will
continue to ravage human populations. In fact, the apparent absence of suitable
alternatives has resulted in the reintroduction of DDT in South Africa for use in
controlling mosquito populations near Johannesburg. This step, which involves
enforced spraying within the houses of the local human populations had had devas-
tating reproductive effects on the humans themselves, i.e. reduced sperm quality
and external urogenital birth defects, and the local wildlife (Bornman and Bouwman
2012; de Jager et al. 2002), with the reappearance of disorders related to abnormal
sexual differentiation.

In contrast to DDT and PCBs, some other EDCs are increasing, or at least not
showing signs of decrease, in the environment (e.g. perfluorinated alkyl compounds
and replacements for banned brominated flame retardants). Perfluoroalkyl acids
(PFAAs), a sub-class of fluorochemicals with fully fluorinated carbon chains, have
gained increasing attention as an emerging category of pollutants (Jensen and
Leffers 2008; Joensen et al. 2009). As such, they have become the target for risk
evaluation and reduced production. These synthetic fluorinated organic chemicals
have extensive industrial applications, including as surfactants and emulsifiers often
in the production of other fluorinated chemicals, as well as grease and stain-
repellents, friction reducers (wiring, computers), water-proofing and insulating
agents, and in fire extinguishing foam (Benskin et al. 2012). Recent studies (White
et al. 2011) have shown that these compounds are found globally in human tissues,
including human milk and human cord blood from individuals in North America,
China, and various European countries. White et al. (2011) also pointed out the
probable interactions between the presence of chemicals such as PFAAs during
embryonic and postnatal development in mammals, and the influence of the maternal
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intrauterine environment on the health of adults later in life. Galatius et al. (2011)
studied temporal trends in harbour porpoises from the Danish North Sea collected
between 1980 and 2005, and found no evidence of a population decline. This is
encouraging, but it is nevertheless likely that more sensitive studies might find evi-
dence of correlations between adult fitness in porpoises and early life exposure to
endocrine disrupters.

There is growing evidence for long-term interactions between the foetal environ-
ment and adult health, i.e. that the original sources of adult disease can often be
attributed to what happened “in utero” or even earlier during gamete development
(Thornburg et al. 2010). The relationships between the intrauterine environment and
the embryo during the early life of mammals and the onset of adult diseases, such
as cardiovascular disease, hypertension and diabetes were initially identified from
epidemiological observations on human populations, but have since been confirmed
in experimental mammals. These observations, often collectively known as the
Barker hypothesis (Barker 1995), repeatedly show that if embryos undergo different
forms of “stress” during early development, children are likely to be underweight at
birth and will then show phenotypic symptoms of disease as they develop into
adults. Most attention has been paid to dietary stress, where the embryo initially
seems to adapt its metabolic functions to make the most of the limited resources
available. If conditions improve later in life, this individual cannot cope with the
better lifestyle and tends to become obese and a develop a suite of late onset dis-
eases (Barker et al. 2010; Barker 1995). Logically the presence of EDCs within the
foetal environment, embryo, newborn or juveniles and the female reproductive tract
could exert additional stress or have important influences on embryonic growth and
development in wild species. In support of this hypothesis we can point to recent
evidence from a Swedish human population showing that prenatal exposure to
PCBs was associated with higher birth weight, and PBDE exposure with lowered
birth weights (Lignell et al. 2013). Although these effects are complex and difficult
to clarify, such human population studies suggest that wild species, whose body
burden of such chemicals is often higher, will also be affected; extensive and
detailed data on contaminant concentrations in arctic wild species, including mam-
mals, birds and fishes, reported by Letcher et al. (2010) lend support to this idea. In
fact, these authors commented that evidence of defective neurological development
in some polar bears might be attributed to such long-term effects, but they could not
be sure because of the difficulties involved in obtaining relevant data.

This information becomes more pertinent when it is considered that chemical
analyses of several large mammals (seals, porpoises, whales and polar bears) have
demonstrated high body burdens of hydrophobic contaminants, such as PCBs and
brominated flame retardants (for review, see Sonne 2010). Typically, these species
acquire pollutants via their diet and bioaccumulate EDCs, which tend to be lipo-
philic compounds, within their body fat so that the concentrations increase together
with increasing age. When females begin to suckle their offspring, their milk is
enriched with EDCs, and the EDCs are transferred to their newborns, with probable
effects on survival and reproductive development (Hall et al. 2009). Surprisingly,
however, it has proven difficult to demonstrate that PCBs and other lipophilic
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compounds actually cause impaired reproductive development (Letcher et al. 2010),
although population and pharmacokinetic modelling studies of East Greenland
polar bears, backed up by experimental studies of Greenland sledge dogs, predict
the imminent occurrence of negative population impacts (Sonne 2010). Evidence
for reduced female reproductive efficacy has also been found in studies of the
European harbour porpoise and short-beaked common dolphin (Munson et al.
1998). In harbour porpoises, high persistent organic pollutant burdens tended to be
associated with few ovarian scars, suggesting that high contaminant levels may be
inhibiting ovulation; however, the significance of ovarian scars has recently been
re-evaluated (Dabin et al. 2008). Because there was no evidence of an age-related
increase, the authors cast some doubt on the usefulness of this parameter. Several
species of pinnipeds have experienced recent population declines; Alaskan popula-
tions of northern fur seal, the Galdpagos sea lion, Zalophus wollebaeki (Alava et al.
2009) and the Steller sea lion (Eumetopias jubatus) (Trites and Donnelly 2003) have
all suffered from reduced pupping rates. In the fur seal these reproductive failures
are suspected to be associated with bioaccumulation of environmental contaminants
in maternal body tissues (Fillman et al. 2007).

Many studies have been published on the potential impacts of contaminants on
thyroid function in various large marine mammals. Schnitzler et al. (2008) studied
thyroid histology in relation to trace metals (Cd, Fe, Zn, Cu, Se, and Hg) and showed
that there were largely negative relationships between concentrations of cadmium,
selenium and copper and thyroid fibrosis. They concluded that there was insufficient
evidence from their study to support the hypothesis that these elements have adverse
effects on thyroid function. Nevertheless, the European Environment Agency report
drew attention to several reports that individual contaminants (including PCBs, diel-
drin and chlordane) negatively affect thyroid function in seals (Routti et al. 2008),
sea lions (Debier et al. 2005), beluga whales in the St Lawrence estuary (Deguise
et al. 1995) and polar bears (Braathen et al. 2004). The relationships between thy-
roid function and reproduction are complex; they interact with other components of
the endocrine system, are involved in growth and bone formation, and contaminants
with ED activity will undoubtedly exert a broad range of physiological effects.

Wild amphibians are known to be sensitive to water-borne endocrine disruption
because of their highly permeable integument and the possibility of exposure during
critical periods of development (embryonic and larval). Owing to the importance of
thyroid function during amphibian metamorphosis there is a growing body of work
relating to thyroid disrupting chemicals, including Organization for Economic
Co-operation and Development (OECD) methodology for detecting EDCs (Pickford
2010). Like similarly affected fish species (see section below), amphibians showing
gonadal intersex, feminisation of secondary sexual characteristics and altered sex
hormone concentrations have been observed at sites contaminated by agricultural
pesticides across Italy, South Africa, parts of Florida, Ontario and Michigan (Carr
and Patino 2011; Norris 2011; Papoulias et al. 2013). The exact causes are still
regarded as uncertain, but extensive research efforts have been invested in the use of
amphibian species as laboratory models for studying and detecting endocrine dis-
ruption in these species (Miyata and Ose 2012; Olmstead et al. 2012).
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2.1 Endocrine Disruption in Fish

Searching Web of Science (in August 2013) with the terms “fish+endocrine +
disruption” resulted in the retrieval of 1,147 scientific papers, and refining the search
using the additional term “reproduction” found 301 papers. The oldest papers related
to reproduction dated back to 1995, thus demonstrating how much this particular
field has advanced in less than two decades. Within this short review it is impossible
to cite all of the available work in this taxa, so we will summarise by focusing on
major reviews; 70 in total, including recent ones by McNair et al. (2012), Soffker
and Tyler (2012) and Waye and Trudeau (2011). The European Environment Agency
report (2012) also provides a useful and succinct summary of this area.

Endocrine disruption in fish is clearly widespread; the best studied example is
that of feminised male roach (Rutilus rutilus), a cyprinid (carp) fish in United
Kingdom rivers (Rodgers-Gray et al. 2001), and a second example, the gudgeon
(Gobio gobio) was later also identified (van Aerle et al. 2001). These males exhibited
abnormal reproductive characteristics associated with exposure to effluents from
sewage treatment works, including elevated plasma vitellogenin (a female-specific
egg laying protein) concentrations, and many had eggs developing in their testes
(intersex) or feminised sperm ducts. Following a nationwide survey, these effects
were attributed to natural and synthetic estrogens in the sewage effluent (Jobling
et al. 2006). Nonylphenol was also identified as an important EDC in some loca-
tions, and eventually an effect map that related the incidence of sexually disrupted
fish to estrogenic activities in more than 2,000 sewage effluent outlet locations was
constructed (Williams et al. 2009). The map showed that 39 % of the modelled river
reaches in the UK were predicted not to be at risk from ED, and most of the remain-
der were predicted to be at risk (with 1-3 % were predicted to be at high risk).

Feminised fish have also been found in other European countries, such as
Denmark, France, Italy, Germany and the Netherlands. Again, these were associ-
ated with sewage effluent outlets. Studies in North America support the European
findings to a certain extent. A study of 16 species in nine river basins found that
only 3 % of the fish, from four species examined at 111 sites, exhibited intersex
(Hinck et al. 2009).

Although feminisation has now been widely reported in aquatic systems, the
converse effect of female masculinisation has also been described both experimen-
tally and in field studies. A study of Eastern mosquitofish (Gambusia holbrooki) in
the St John river, Florida (Bortone and Cody 1999) found that females showed sig-
nificant elongation of the anal fin and the gonopodium, an anal fin that is modified
into an intromittent organ in males of the poecilidae, such as this. A similar study in
China that focused on another mosquitofish (Gambusia affinis) (Hou et al. 2011)
found evidence of masculinising effects on the anal fin but also detected increased
testis mass. Interestingly, these study sites both received effluents from a local paper
mill. Paper mill effluents have since been implicated as causing female masculiniza-
tion at other sites (Deaton and Cureton 2011), such as changes in female mating
behaviour, altered offspring sex ratios, diminished body size in masculinized
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females and lower fecundity (for review, see Soffker and Tyler 2012). A laboratory
study in which both of these species were exposed to the androgen agonist 17-f
trenbolone (TB) (Brockmeier et al. 2013) detected masculinising effects after expo-
sure to 0.1, 1 or 10 pg TB/L, including a series of gene activation effects in the tip
of the anal fin. Although Kovacs et al. (2013) concluded that chemical mixtures in
paper mill effluents were too complex to understand in terms of physiological
effects, most evidence strongly suggests that they do contain steroid analogues that
directly interfere with sexual differentiation.

Endocrine disruption has also been reported in marine fish: Kirby et al. (2004)
detected intersex and elevated vitellogenin concentrations in flounder (Platichthys
flesus) in many coastal regions, especially estuaries receiving effluents from indus-
trial and domestic sources. Similar effects have been noted in various marine spe-
cies, for example bigeye tuna (Thunnus obesus) around the coast of Japan
(Hashimoto et al. 2003), killifish (Fundulus heteroclitus) (Bugel et al. 2010) in
Newark bay, New Jersey in the USA and marine top predators in the Mediterranean
sea (Fossi et al. 2007).

Understanding precisely which causative agents are responsible for feminisation
in fish presents something of a puzzle. 178-Ethinyl estradiol (EE2), which is a com-
ponent of the human contraceptive pill, has been studied extensively and is known
to possess powerful estrogenic action. Although efficient water purification systems
are used widely to extract it before water is recycled back into rivers, detailed stud-
ies have shown that even some advanced water purification systems do not eliminate
all oestrogenic activities (Baynes et al. 2012). Many other chemicals possess endo-
crine disrupting actions. Apart from the pollutants mentioned above, these include
nonylphenol, octylphenol ethoxylate surfactants, bisphenol A, phthalates, phyto-
oestrogens and endogenous estrogens excreted from women. Moreover, work by
Jobling et al. (2009) has suggested that estrogenic compounds (such as steroid hor-
mones) in association with anti-androgenic activity (measured by in vitro tech-
niques, and as yet of undetermined source) are statistically correlated to intersex
induction in the UK. This illustrates the complexity of the problem and highlights
the difficulties involved in attempting mitigation strategies.

3 Endocrine Disruption in Invertebrates

Aquatic invertebrates are key parts of food webs that underpin the life of all other
species and are highly abundant in the world’s oceans. For example, the density of
a polychaete (Nereis diversicolor) living around coastal and estuarine habitats has
been recorded as 3,700 m* (Scaps 2002). Their importance in marine ecology has
been outlined by Lawrence and Soame (2009), who pointed out that as suspension
feeders in fjords, populations filter the whole water mass up to three times per day
and reduce the phytoplankton biomass by 50 % in less than 5 h. This species and
others are therefore in a prime position for exposure to pollutants with varying
effects. Their evolutionary histories are, however, very different and because they
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Table 4.1 Endocrine disruption in invertebrates

Main effects and comments

Annelida These species produce and respond to estrogens. Numerous EDCs activate or
antagonise the estrogen receptors (ER) and modulate vitellogenin
production (Keay and Thornton 2009; Matozzo et al. 2008)
Mollusca Molluscs appear to have estrogen-like receptors, but they apparently are not
activated by vertebrate estrogen, estradiol, or by other known vertebrate
EDCs. Nevertheless, mud snails responded to 12.5 and 25 % sewage by
increased embryo production, while higher sewage concentration (50 %)
reduced it (Jobling et al. 2004). Similar studies on sewage exposure have
detected increased vitellogenin-like proteins in males, feminised sex ratios
and low gonadosomic indices. Varying degrees of intersex also reported in
over 20 % of individual bivalves (Scrobicularia plana) sampled from 17 out
of 23 British estuaries (Gomes et al. 2009; Chesman and Langston 2006)
Bisphenol A (BPA) was reported to act as an estrogen receptor agonist in
ramshorn snails because effects were antagonized by co-exposure to
ER-antagonists (Oehlmann et al. 2006). These results could not be
replicated by Forbes et al. (2008) and remain controversial
Potent androgen receptor agonists and aromatase inhibitors, as well as marine
anti-fouling paint component tributyl tin (TBT), induce “imposex” in
female gastropod molluscs at concentrations as low as parts per billion
(Horiguchi 2006). This is where the penis “imposes” on the normal female
anatomy, blocking the oviduct and inducing sterility (Pascoal et al. 2013)
Crustacea Control of development requires neuropeptides, ecdysone and methyl
farnesoate, but little is known about the identities of chemicals in the
environment that may disrupt the signalling processes at relevant
concentrations (European Environment Agency 2012)
Chnidarians The phylum Cnidaria contains four extant classes, the Hydrozoa
(e.g., hydras), Scyphozoa (“true” jellyfishes), Cubozoa (box jellies) and
Anthozoa (e.g., corals and anemones). Endocrine disruption has not been
documented in cnidarians (Tarrant 2007; Armoza-Zvuloni et al. 2012).
Hormonal signalling pathways are poorly characterized and few
appropriate endpoints have been established
Terrestrial Little attention has been paid to EDC effects in terrestrial invertebrates,
invertebrates although several isolated studies have been published. A cell line from
Drosophila melanogaster was developed for use in a rapid screening assay
for ecdysteroid receptor agonists and antagonists (Dinan et al. 2001a, b).
The only pharmaceutical showing detectable EDC activity activity was
17alpha-ethynylestradiol. Many compounds were inactive over a wide
concentration range or cytotoxic at high concentrations. However,
antagonistic activity was associated with several classes of compounds:
cucurbitacins and withanolides, phenylalkanoids and certain alkaloids
described for the first time

have developed different endocrinological signalling systems, their responses to
pollutants are diverse and not necessarily predictable. Endocrine disruption is there-
fore a distinct possibility in some species, while others seem more tolerant to known
vertebrate EDCs. The whole field is so diverse that it is impossible to provide
detailed information about all classes of invertebrates; however, some of the main
effects that have been described are summarised in Table 4.1.
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4 What Should Be Done?

The title of this subsection is unashamedly copied from a review by the late Dr
Stuart Rhind (Rhind 2009) who presented it by invitation at a symposium of the
Zoological Society of London in 2009 organized by one of the present authors
(WVH). Apart from providing an excellent overview of the entire field, Dr Rhind
memorably discussed an experiment in which sheep grazed on land that had been
fertilized twice yearly using sewage sludge were compared with sheep that were
grazed on untreated grass. Analyses showed that soil levels of contaminants such as
phthalate and alkyl phenol PCB and PBDE were initially very low and were
increased only minimally by the sewage treatment (Rhind et al. 2002). Nevertheless,
when the reproductive performance of the experimentally exposed sheep was inves-
tigated, it was found that the testes of their fetuses contained fewer Leydig and
Sertoli cells than the controls, coupled with lower blood concentrations of the hor-
mones testosterone and inhibin (Paul et al. 2005). There were also fewer oocytes in
the fetal ovaries (Fowler et al. 2008) and an altered balance of pro- and anti-apoptotic
proteins towards apoptosis. This remarkable outcome can be regarded as a “real
world” effect that probably applies not only to grazing domestic sheep but also
many other terrestrial species, especially those whose habitats are likely to have
suffered any form of airborne or waterborne pollution. Subtleties such as the reduc-
tion of oocyte and Sertoli cell production (which would both result in lowered gam-
ete production) by mammalian fetuses are likely to be undetectable in wild and
threatened species, because, by definition, these species are not intensely studied.
Nevertheless, the outcome of such effects will ultimately be reflected in lowered
fertility, an undesirable outcome under the circumstances.

As discussed elsewhere in this book, however, the way in which different species
are affected cannot necessarily be predicted, given the huge diversity of reproductive
mechanisms that have evolved to cope with different, and often very adverse, condi-
tions. Improving our understanding of comparative reproductive mechanisms is
therefore as essential in this, as it is in related fields. The outcomes of many field
observations, especially those involving complex mixtures of chemicals, underline
the crudeness of our understanding of mixtures, and the way in which they affect
reproductive mechanisms. This is understandable because experimental laboratory
scientists typically prefer to make sure they understand the variables in their treat-
ments. Although regulatory initiatives such as that introduced in 2006 by the
European Union, namely Registration, Evaluation, Authorization and Restriction of
chemical substances (REACH), will provide basic toxicity data on the all chemicals
produced in Europe or imported into Europe in amounts that exceed 100 t per
annum, the enormous number of chemicals that REACH is expected to evaluate
(143,000 were pre-registered with REACH in 2008) will preclude all but the most
limited of testing regimes. In fact, under the REACH protocols all substances are
only tested once. This is a massive undertaking and it is interesting to see that the
policy itself has been criticised because of the extensive need for animal testing
(Hartung and Rovida 2009); these authors suggested that 54 million vertebrate ani-
mals would be used under REACH and that the costs would be around €9.5 billion.
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One conclusion to be drawn is that there is a pressing need for the further devel-
opment of reliable tests that can be used in vitro to assess the toxicity of chemicals,
thereby avoiding animal use. Some authors such as Schrattenholz et al. (2012) have
considered that multifactorial systems biology may be useful for this purpose
because of the possibility of integrating data across transcriptomics, proteomics,
epigenomics and metabolomics. Others such as Lee et al. (2012) have proposed the
use of whole embryo culture and mouse embryonic stem cells as alternative models
for the study of developmental toxicology. Focusing on species of most ecological
relevance has led some authors, such as Scholz et al. (2013), to concentrate on fish
and amphibian cells for toxicity testing, while others have applied the same princi-
ple to the evaluation of chemicals that would be particularly relevant in terms of
marine species such as corals (Shafir et al. 2003: Howe et al. 2012).

The studies cited in this short chapter underline and emphasise the vast amount
of work that has been carried out over the past few decades, and it is apparent that
although international regulatory authorities are now taking note of the need to pre-
vent some of the worst chemicals from reaching the environment, the problems are
global, multifactorial and difficult.
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