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Abstract

Environmental change is a pervasive and growing global threat to biodiversity and ecosystems. It has negatively affected most biological
systems on our planet and is evolving into a distressing concern for the well-being and survival of many species. At an organism level,
effects include decreased reproductive parameters and immuno-suppression that can directly lead to disease or increase the risk of
acquiring disease. Living organisms strive to resist the environmental changes to maximum of their abilities. However, rigorous
environmental changes may pose additional pressure on immuno-competence, which may seriously impact population viability and
persistence. The importance of immune system for healthy survival is outlined and the effects of exposure to a rapidly changing
environment are examined that primarily affect the immuno-competence. The potential deficits in reproductive parameters that might
arise owing to new immune challenges in the context of a rapidly changing environment are highlighted. The future perspectives and

research possibilities are also brought to light.
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Introduction

Environment of an organism is its interaction with biotic and
abiotic components of ecosystem that is required for its survival.
Climate change is a persistent and growing global threat to
biodiversity and ecosystems which affects individual species and
the way they interact with other organisms and their habitats and
alters the structure and function of ecosystems (Diaz et al., 2019)
(61 The major factors that are responsible for environmental
degradation are habitat loss (Berry, 2008) [, soil erosion,
deforestation, desertification (Andrew, 2013) B, Climate shift,
flooding, resource depletion, invasive species and habitat
fragmentation (Berry, 2008) 8. Consequences of environmental
change on biodiversity take in multiple and complex dynamic
processes. These can manifest at several levels. For example,
habitat degradation not only decrease food availability and
movement restriction in animals, but also may increase the
opportunity for contact among humans, domestic livestock and
wildlife (Deem et al., 2001) %, thereby enhancing disease
transmission rates (Smith et al., 2009) . Pollutants can alter
habitat quality and reduce nutrient availability which can
indirectly affect the survival (Smith, 2003; Havens, 2008; Paul,
2008) [5 26 441 reproduction (Reusch and Wood, 2007; Sonne et
al., 2007) & 53 and immuno-competence (Selgrade, 2007) of
sensitive species. Thus environmental change is likely to
seriously impair the viability of wildlife.

Living organisms are accordingly well adapted to environmental
pressures (Reusch and Wood, 2007) [“61. However, the current
pace of environmental change is unprecedented (Thomas et al.,
2004) 581, So, it is unknown whether the species can adapt to such
changes. Data on the effects of environmental change on wildlife
health is limited. Although climate change impacts are
widespread, they are not uniform, and accumulating evidence
indicates that climate change responses vary as a function of

relative vulnerability due to differences in exposure, sensitivity,
and adaptive capacity (Beever et al., 2016; Foden and Young,
2016; Kovach et al., 2019) [> 2. 321 Below, we discuss major
impacts observed at the scale of individuals, populations, and
species.

Changes in behavior and morphology

Behavioral responses to climate change can result from changes
in temperature and manifest before changes at the population and
species level, such as distribution changes or population declines
(Beever et al., 2017) [®1. Behavioral responses include seeking
shade or refuge, altering feeding times, changing site use, and
shifting circadian or circannual rhythms e.g., hibernation,
migration (Bradshaw and Holzapfel, 2007; Beever et al., 2017;
McCann et al., 2017) 120539 Morphological changes commonly
entail changes in body size (Ozgul et al., 2010; Eastman et al.,
2012; Cheung et al., 2013) 1421, For example, increasing summer
temperatures have been associated with reduced body size and
increased wing length in migratory birds (Weeks et al., 2019) (641,
In ectotherms, where metabolic rate is sensitive to temperature
(Gardner et al., 2011) 22, warmer temperatures can lead to faster
growth rates but can ultimately lead to smaller body size
(Atkinson, 1994) M. Morphological responses, however, are
complex and highly variable: changes in phenotype may not be
observed if genetic change is counteracted by environmental
effects (Conover et al., 2009) 31,

Phenology

Phenology, or the seasonal timing of recurring biological events,
is a critical part of ecological relationships (Rudolf, 2019) 4], and
a primary indicator of species responses to climate change
(Staudinger et al., 2019) B4, Migratory birds provide clear
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examples of phenological shifts, with extensive documentation of
earlier migration (Lehikoinen et al., 2019) 34 and earlier breeding
(Lany et al., 2016) B3 in response to rising temperatures and
altered precipitation patterns. Phenological shifts in marine and
aquatic habitats are less well documented in comparison to
terrestrial systems, largely due to difficulty detecting and tracking
aquatic organisms (Staudinger et al., 2019) B4, Marine
phytoplankton can respond rapidly to such abiotic changes,
resulting in altered timing of phytoplankton blooms (Wasmund
et al., 2019) 8% which in turn can create a mismatch with
secondary consumers and change the foodweb structure (Sundby
et al., 2016; Post, 2017) 55 41, Differential shifts in phenology
among interacting organisms could drive population declines
through reduced reproductive success and/or increased predation
or competition (Zimova et al., 2016; Visser and Gienapp, 2019;
Wann et al., 2019) [62. 581,

Immune suppression

Stress to animals can be of any form, be it a predator,
overcrowding, an infective parasite or thermal extremes
(Husband and Bryden, 1996) 8. A number of mechanisms are
used by animals to counteract or mitigate negative effects of
stress responses, such as seasonal modulation of responses
(Romero, 2002) [*41, acclimatization (French et al., 2008) Y and
reduction in hypothalamic-pituitary-adrenal (HPA) activity (Cyr
et al., 2007) . These mechanisms allow individuals to survive,
despite environmental changes. However, it is possible that co-
occurring or unpredictable stressors may exceed those
mechanisms (Romero, 2002) I, The consequences of facing and
dealing with unpredictable stressors arising from erratic
environments may pose additional pressures on the optimal
functioning of the immune system and ultimately harm the health
and survival of wild populations (Martin, 2009) [3¢],

To fully understand the impacts of environmental change on
wildlife health, potential immunosuppressive effects of chronic
and unpredictable stressors must be taken into account.
Environmental changes have led to the emergence of over 40
infectious diseases since 1970, such as HIV/AIDS, Ebola and
other viral haemorrhagic diseases, new strains of cholera,
ranavirus and chytrodiomycosis in amphibians and antibiotic-
resistant tuberculosis, and this trend is predicted to increase in the
future (Aguirre and Tabor, 2008; Jones et al., 2008; Smith et al.,
2009) [2.5.30],

Diseases

Climate change has altered physical and biological components
of the environment, causing shifts in temperature ranges and
rainfall indexes and altering the abundance and distribution of
predator and prey species, as well as of pathogens and hosts
(MacLeod et al., 2007; Tibbetts, 2007; Patz et al., 2008) [35 57. 43],
Droughts and scarcity of food associated with climate change are
regular occurrences and are expected to become more frequent,
particularly in arid and semi-arid ecosystems (Easterling et al.,
2000) 71, During these extreme climatic events, poor nutrition
(i.e. suboptimal levels of protein, vitamins and other essential
nutrients) and dehydration will lead to depletion of fat reserves,
poor body condition (Beldomenico et al., 2008) [l and may
decrease innate and acquired immune responses. This will reduce
resistance to infection, which in turn can impair nutrient
absorption owing to altered gut permeability and inflammation,
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leading to aggravation of the nutritional status (Katona and
Katona-Apte, 2008) 33 and further decreasing the chances of
survival (Matthews et al., 2006; Beldomenico et al., 2008) [ 71,
For wildlife, such events could have disastrous consequences for
already depleted populations. Meeting the energetic demands
placed by nutritional stress in order to survive is likely to impact
upon the demands of other physiological processes, such as
immunity, growth, maintenance and reproduction (Houston et al.,
2007) 71 even though this resource allocation might result in
decreased population fitness. Under this assumption, animals
faced with nutritional stress will invest less in reproduction or in
maintaining optimal immune responses because in that situation
it is more important to reduce the immediate risk of death from
starvation, malnutrition or dehydration.

Cancer

Although it is likely that the malignant tumors reported for
wildlife only account for a fraction of the real cases, the striking
difference in incidence rates 4.5% or less in captive and free-
ranging wildlife compared with 30% in humans (Nagy et al.,
2007) 9, suggests that cancer is not normally a significant health
problem for wildlife. However, there are exceptions like
epithelial-cell carcinomas of urogenital origin (Gulland et al.,
1996; Buckles et al., 2006) I °1. Genetic factors seem to play a
role in this disease, with high levels of inbreeding (Acevedo-
Whitehouse et al., 2003) 51 and specific MHC alleles found to be
associated with an increased risk for cancer (Bowen et al., 2005)
1. The emergence of this condition in sea lions is an excellent
example of the complex ways in which environmental change can
affect wildlife health.

Reproductive failure

One of the major complications for wildlife health arises from the
link between the immune and reproductive systems because of
resource partitioning. Maintaining a competent immune system
will incur an energetic cost; thus, the resources required to mount
specific immune responses may be drawn away from other key
physiological processes, such as growth and reproduction (Norris
and Evans, 2000; Sheldon and Verhulst, 1996) - 501, Devoting
resources for reproduction might decrease future reproductive
success through the investment in immune responses (Gustafsson
et al., 1994) 24 If the energetic demands to cover an immune
response were not met, the likely consequence would be the
occurrence of disease, which might then lead to reduced host
performance and increased mortality (Hanssen et al., 2003) 21, A
growing number of experimental studies have shown that
increased immune activity diverts resources from traits such as
development of sexual ornamentation (e.g. Zuk and Johnsen,
2000) 83 clutch size (e.g. Martin et al., 2001) 71, nestling
provisioning (e.g. Ilmonen et al., 2000) ?°! and offspring growth
rates (e.g. Fair et al., 1999) [*9],

Conclusions and future directions

Wildlife health is closely related to environment. Environment is
undergoing rapid change, which have the potential to perilously
inflict severe damage on the health of wild animals.
Consequences are not only important at an individual level (e.g.
cancer and immuno-suppression), but can have important
population level implications (e.g. reduced reproduction;
population decline; reduced immune responses; increased
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infectious disease). The mounting rates of both infectious and
non-infectious diseases in wildlife are of great concern. While
examining the influences of environmental change on the health
of wild animals, multiple factors and the interactions between
them need to be considered. There is insufficient research done
on this topic. The abundant data and laboratory tools developed
for studies of humans can be exceptionally useful for wildlife
health too. This approach will certainly allow researchers to
examine the root causes of troublesome health conditions and
potential future diseases for wildlife in the perspective of a
rapidly changing environment. Natural resource managers need
proactive, flexible adaptation strategies that consider historical
and future outlooks to minimize costs over the long term. Many
organizations are beginning to explore these approaches, but
implementation is not yet prevalent or systematic across the
world.
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