Section II
Harvest Outcomes
Artist’s Impression: Different approaches to managing a natural resource can result in very dif
ferent tradeoffs for the managed population. Here, the abundance of the resource is the same for
both scenarios, but there are drastically different user experiences as well as population
characteristics.—Jennifer Clausen
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Section IIA
Evolutionary and Population Dynamics
for Harvested Species

Fishers along the Columbia River in Oregon, United States of America use a seine and spears to
harvest salmon in c1906. Photo by Benjamin A. Gifford, from the collections of the Library of
Congress (https://www.loc.gov/pictures/item/2001698216/).
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INTRODUCTION
Harvest of fish and wildlife by humans is nearly always selective, altering the age-, sex-, or
phenotype-specific mortality schedule of exploited populations (Allendorf and Hard 2009). The
frequency distribution of harvested individuals often differs from that of the total population in
size, sex, age, health status, or various morphological characteristics (Kuparinen and FestaBianchet 2017). Selectivity arises from personal preference, gear, bait or weapon type, regulations,
access to fishing or hunting sites, and age- and sex-specific differences in vulnerability. In addition,
heavy harvests, even when entirely unselective, can create selection pressures favoring the evo
lution of fast life histories that bet on reproduction early in life to offset the increased mortality
relative to natural mortality schedules (Jørgensen and Holt 2013, Dunlop et al. 2018).
This chapter will examine how regulations can affect the probability that recreational harvests
of fish and mammals could lead to evolutionary changes in life history and other traits. Fish and
mammals differ in many biological traits, such as mortality schedules, lifetime growth, and re
productive patterns. Trait differences could determine the effects of selective harvests in these taxa.
Specifically, many fishes have indeterminate growth and their reproductive output can increase
substantially with body size (Barneche et al. 2018). In female mammals, large body size increases
reproductive success, but usually not more than a few percentage points (Gaillard et al. 2000a). In
many hunted ungulates, litter size is fixed at one or varies at most from one to three (Gaillard et al.
2000b). Therefore, from a life-history perspective, intense and trait-selective harvests are more
likely to affect reproduction and maturation schedules in fishes than in large mammals. In contrast,
selective harvest in mammals is often directed at specific morphological features, such as horn
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size—a type of selective harvest not found in recreational fishing, where body size is often a key
target (Beardmore et al. 2015). Hence, we expect that harvest-induced evolution will mostly affect
morphological traits desired by hunters in mammals, whereas a range of traits may evolve in
recreational fisheries (Matsumura et al. 2011, Arlinghaus et al. 2017b). In fishes, there is ample
experimental and modeling evidence that body size can be affected by intense, persistent, and
selective harvests (Conover and Munch 2002, Edeline et al. 2009, Ahti et al. 2020). In both
mammals and fishes, selective harvesting can also drive behavioral changes (Arlinghaus et al.
2017b, Leclerc et al. 2017).
Heavy and trait-selective harvest will not necessarily cause evolution. For evolution to occur,
the selected trait must be heritable. Harvest-induced selection must also be stronger than any
opposing natural or sexual selective forces and persistent in space and time. Often, harvests act
against a set of adaptive traits favored by natural selection, such as large size in fishes, which
increases fecundity, lowers natural mortality, and may also be affected by sexual selection
(Sbragaglia et al. 2019). Hence, natural selection will typically favor large body size, yet large fish
are often under heavy harvest pressure. Natural selective forces persist in the environment of
harvested populations (Festa-Bianchet and Mysterud 2018) and may create counter-selection
gradients weakening harvest selection (Edeline et al. 2007).
Harvests affect the density, sex-age structure, and the ecology of harvested species, and it can
be difficult to partition observed changes in phenotype or life history into their ecological, de
mographic, and evolutionary components (Olsen et al. 2004, Hendry et al. 2008). For example, any
substantial selective harvest of ungulates based on horn or antler size, or of fish based on a
minimum size, will lead to a demographic increase in the proportion of smaller individuals in older
age classes, regardless of evolutionary change. A greater challenge in identifying evolutionary
effects is that the reduced density of harvested population leads to life-history changes through
greater per capita food availability. Those changes largely overlap with the evolutionary predic
tions derived from reduced adult life expectancy, including greater reproductive output, early
reproduction at smaller size in fishes, earlier first reproduction, and greater maternal care in
mammals (Festa-Bianchet 2003, Heino et al. 2015). Thus, observed shifts in maturation age might
be caused by either or both genetic and plastic changes, which can be very difficult to tease apart in
the absence of pedigrees or genetic data. For fisheries, though theory and artificial selection ex
periments have produced a coherent body of theory that predicts evolutionary adaptations in a
range of life-history traits (Conover and Munch 2002, Heino et al. 2015, Uusi-Heikkila et al. 2015,
Therkildsen et al. 2019), there is little empirical evidence of genetic change caused by fisheriesinduced evolution in the wild, including recreational fishing (Hutchings and Kuparinen 2020, but
see Bowles et al. 2020). Although theory is well developed (Matsumura et al. 2011, Ayllon et al.
2018), and selection caused by recreational fishing on a range of traits has been documented (Sutter
et al. 2012, Hessenauer et al. 2015, Alós et al. 2016), there is very limited field evidence of fisheryinduced evolution in recreationally exploited stocks (Bowles et al. 2020). That is possibly caused
by data limitations, as clear evidence of evolution in the wild is generally difficult to document
(Kruuk 2017, Hutchings and Kuparinen 2020).

WHAT ARE THE EVOLUTIONARY IMPACTS OF HARVEST?
Several reviews of the evolutionary impacts of harvests have been published (Heino et al. 2015,
Kuparinen and Festa-Bianchet 2017). Here we will summarize the main results, as a background to
how regulations may affect evolutionary changes. Most reported harvest-induced evolution con
cerns life history, behavior or morphological traits, but physiological traits may also be affected
(Hessenauer et al. 2015, Hollins et al. 2018). Heavy harvest select for a “faster” life history be
cause the much greater adult mortality may favor individuals who reproduce as early as possible, to
ensure some reproductive output before death (Heino et al. 2015). Females are then expected to
allocate a greater proportion of their available resources to reproduction (Arlinghaus et al. 2009),
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because the survival cost of reproduction will be low if, independently of reproductive effort,
survival is already very low because of harvest. To date, evidence for harvest-induced changes in
life history is mostly for heavily exploited fish in commercial, not recreational fisheries (Heino
et al. 2015). These changes may slow recovery after fishing ceases, because life-history strategies
that evolved under heavy harvest can be suboptimal when fishing stops and the population is only
subjected to natural selection (Swain et al. 2007, Enberg et al. 2009, Uusi-Heikkila et al. 2015,
Hutchings and Kuparinen 2020). Reversal of harvest-induced evolution is expected to be slow,
because natural selection is generally weaker than the selective pressure imposed by heavy har
vests (Conover et al. 2009).
A recent analysis of empirical evidence for commercially harvested marine fishes, however,
suggests that many stocks recovered rapidly following a decline in harvest rates in situations where
fishery-induced evolution was implied (Hutchings and Kuparinen 2020). Quick recovery suggests
that either plasticity, not evolution, was the dominant mechanism of phenotypic change or that
evolutionary recovery may be more rapid than predicted by models. One mechanism that may
speed up recovery is sexual selection favoring crossing with individuals adapted to natural se
lection that may disperse from protected areas (Sbragaglia et al. 2019). For mammals, heavy
harvests have been suggested to favor a faster life strategy in brown bears (Ursus arctos)
(Zedrosser et al. 2011) and beavers (Castor canadensis) (Boyce 1981). Heavy harvests may also
affect the timing of parturition in moose (Alces alces) (Kvalnes et al. 2016) and wild boar (Sus
scrofa) (Gamelon et al. 2011). There have been, however, few attempts to test for possible evo
lutionary effects in other species, and the required data are available for very few systems.
Behavioral changes have been mostly investigated in fishes, where risk of angling appears to
select for “shy” or less aggressive fish that are less likely to take a bait (Arlinghaus et al. 2017b).
Other behavioral changes may include reduced exploration and activity (Alos et al. 2012) or late
“wake-up” times in species with clearly developed chronotypes (Martorelli-Barcelo et al. 2018).
Evolution of boldness or other personality types, however, is very much dependent on the angling
gear and cannot be generalized across lure types and fisheries (Monk 2019). Other studies found no
link between shyness and vulnerability to angling, for example in largemouth bass (Micropterus
salmoides) (Keiling et al. 2020). In carp (Cyprinus carpio), boldness was a key trait under selection
by angling (Klefoth et al. 2017). The possibility of fisheries-induced behavioral change favoring
shy fish has important implications for population dynamics and community ecology, because
shyness may be correlated with lower feeding rates and slower growth (Rhoades et al. 2019). Shy
fish are at lower risk of taking baits, but also have lower feeding and growth rates. A population of
shy fish is therefore expected to grow more slowly than one of bold fish, given the strong links
between feeding rate and fertility. There is, however, little empirical evidence supporting this
expectation (Arlinghaus et al. 2017b) and more research is needed at a longer temporal scale, to
determine if fish may recover from prolonged starvation with compensatory growth at a later date
(Ali et al. 2003). This is another important difference between fish and mammals, as mammals face
a risk of dying from starvation, not just a slower growth rate, if they substantially reduce food
intake. It has also been suggested that timing of migration in salmonids may be affected by fishing
pressure, as early running fish face greater fishing pressure (Tillotson and Quinn 2017, Morita
2019). Among mammals, ungulates that avoid roads and open habitats during the hunting season
have higher survival (Ciuti et al. 2012). So far, however, these behavioral changes have not been
conclusively tied to evolutionary change, and may partly be due to plasticity or learning. Similarly,
some studies that revealed that fish in exploited populations were harder to catch could not un
ambiguously differentiate between harvest-induced genetic changes to vulnerability to fishing and
alteration of hook-avoidance behavior through plasticity and learning (Philipp et al. 2015). Strong
evidence of evolutionary change in behavior is provided by experimental studies that selected for
fast or slow vulnerability to angling over four generations of largemouth bass (Sutter et al. 2012).
Whether and to what degree shyness or boldness may evolve depends not only on the behavioral
selectivity of angling, but also on the correlation between behavioral and life-history traits and size

178

Harvest of Fish and Wildlife

selectivity in the fishery (Andersen et al. 2018). Although recreational fisheries are often expected
to select for shy fishes, particularly when artificial lures are used, selection by angling can also
operate on traits such as stress responsiveness (Koeck et al. 2019), sociability (Louison et al.
2019), exploration (Monk 2019), or habitat choice (Monk and Arlinghaus 2018).
Phenotypic evolutionary changes that have been investigated include mostly maturation timing,
growth rates, and body size in fishes (Heino et al. 2015) and weapon size in male ungulates
subjected to intense trophy hunting. Conclusive evidence for hunting-induced evolution in the wild
exists for one pedigreed population of bighorn sheep (Ovis canadensis) (Pigeon et al. 2016).
Harvest-induced evolutionary changes also appear likely from several broad-scale investigations of
hunting records of wild sheep in areas without a quota system (Hengeveld and Festa-Bianchet
2011, Douhard et al. 2016). Reductions in size and prevalence of tusks in elephants (Elephas
maximus and Loxodonta africana) are consistent with an evolutionary response to human harvests
(Kurt et al. 1995, Chiyo et al. 2015). Despite a long tradition of trophy hunting and sometimes
intense harvests, however, there is no clear evidence of evolutionary changes in antler size for any
species of wild deer (Festa-Bianchet and Mysterud 2018). Investigations in some antelope species
have been inconclusive (Crosmary et al. 2013).

WHAT ARE THE ECOLOGICAL DRIVERS OF HARVEST-INDUCED EVOLUTION?
Evolutionary change should favor phenotypes that are most adapted to the selective pressures in
their environment, regardless of whether those pressures are natural or artificial. Given the dif
ferences in the relationship between body size and reproductive success between fish and mam
mals, however, it is not surprising that intense harvests can drive faster changes in female
reproductive strategy in fish than in mammals. Many fishes have indeterminate growth: they keep
increasing in skeletal size through most or all of their lifetime, and their fecundity rises ex
ponentially with mass. In contrast, most mammals have determinate growth: their bones stop
growing at, or soon after, reproductive maturity, and litter size has limited variability. In both taxa,
larger females generally enjoy higher reproductive success than smaller females, but the
size–reproduction relationship is substantially steeper in fishes, where reproductive output often
increases exponentially with body size (Barneche et al. 2018). Interindividual and especially in
terpopulation variability in size at maturity and growth rate are thus much greater in fish than in
mammals. For example, in landlocked salmon (Salmo salar), mass at maturity for females varies
400-fold and fecundity 150-fold (Hutchings et al. 2019). This large variation has a strong plastic
component that may reduce the expected evolutionary changes from selective pressures acting on
life-history traits (Eikeset et al. 2013). Nevertheless, for large- and medium-sized mammals,
variation in both mass at maturity and yearly fecundity is at most fourfold, reducing the scope for
phenotypic responses to harvest relative to fish. A fish that is naturally selected to accumulate
somatic resources and not reproduce until age 5 years could instead be selected to direct those
resources to reproduction at age 3 years and at less than half the mass by intense fishing mortality.
A female mammal naturally selected to not reproduce until age 3 years is unlikely to be able to
reproduce at age 1 year even if adult mortality is increased by hunting. Evolution will change
phenotypes only where there is scope for change and natural selection favors it, and for life-history
traits that scope appears much greater in many fishes than in most mammals or birds, but no
comparative studies across taxa exist.
The importance of the artificially selected trait on survival or reproduction will also affect the
potential for harvest-induced selection to lead to evolution. Evolution of smaller horns is un
likely even under intense and persistent trophy harvest if horn size is not a major determinant of
male reproductive success, for example in chamois (Rupicapra rupicapra) or mountain goats
(Oreamnos americanus; Festa-Bianchet 2017). In fishes, a typical expectation is that both body
size and growth rate are selected against through positive size-selective fishing (Conover and
Munch 2002). However, decades of research including theoretical models and phenotypic time
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series have cast doubt on this apparently clear-cut prediction (Enberg et al. 2012). Fish growth
rate varies with both energy intake, which is affected by feeding behavior, and allocation to
energetically expensive tissues or processes like gonads, soma, brain, or maintenance.
Depending on the intensity of selection, natural selection, and the scope for evolution, growth
rate can increase or decrease in response to fishing. Perhaps the most consistent response to
fishing is changes in maturation timing, which may reduce post maturation growth, but even this
response has not been consistently found in laboratory studies of experimental evolution (UusiHeikkila et al. 2015). Therefore, many details of selectivity, intensity of selection, and the covariance of traits determine the ultimate direction of evolution in response to harvesting, and no
general predictions are possible without considering the details of each species and harvest
regulations (Heino et al. 2015).

THE MANAGEMENT DRIVERS OF HARVEST-INDUCED EVOLUTION AND HOW
REGULATIONS CAN LOWER THE RISK OF HARVEST-INDUCED EVOLUTION
Two major drivers of harvest-induced evolutionary change can be modified by regulations: harvest
rate and selectivity. As many have pointed out (Eikeset et al. 2013, Heino et al. 2015, Kuparinen and
Festa-Bianchet 2017), most issues of harvest-induced evolution can be solved by simply lowering the
rate of exploitation. Regulations directly and only addressing size selectivity are necessary and
sufficient only in rare cases to complement management tailored at controlling overall mortality.
The main driver of life-history evolution in fishes is elevated harvest rate. Although quotas, or
other means to reduce the intensity of harvest such as protected areas, may reduce the evolutionary
effects of harvesting, it is unclear whether regulations that specifically address the risk of life-history
evolution are necessary. Reductions in harvest rate dictated by a need to maintain ecological sus
tainability, such as to maintain yield within sustainable limits, may suffice to address harvest-induced
evolution (Hutchings and Kuparinen 2020). Usually, harvest rates that maximize ecologically sus
tainable fishing rates are also those that curtail the most important evolutionary changes (Eikeset
et al. 2013). Some level of adaptive change to harvesting is likely inevitable in commercial fisheries
(Hutchings 2009, Zimmermann and Jørgensen 2017) and possibly in any fishery (Matsumura et al.
2011). It has also been argued that some regulations could direct harvest-induced changes in di
rections favoring humans. For example, harvest slot- or maximum-size limits in recreational fisheries
may increase, rather than decrease, growth rates and yield (Matsumura et al. 2011). The judgment of
fisheries-induced evolution is thus socially constructed and not necessarily negative.
Heavy fishing pressure can select for several types of behavioral changes in fish. When fishing
is by passive means (bait, baited traps, gillnets), it can select against active, explorative phenotypes
and generally favor low movement rates (Biro and Post 2008, Andersen et al. 2018, Koeck et al.
2019). Those behavioral changes can have important consequences for population growth rate and
community ecology because fish with lower appetite may grow more slowly, consume less prey,
and have a lower reproductive rate. Such evolution may also lead to hyperdepleted catch rates,
where catch rates drop faster than underlying abundance (Alós et al. 2019). Such changes would
not only leave behind unhappy anglers, but also constitute a challenge for fishery-dependent stock
assessments. It is unclear how regulations may address this selection other than by reducing fishing
mortality, rotating gear types and the areas and timing of fishing (Thorbjørnsen et al. 2018), and
perhaps stocking with specific phenotypes (Hessenauer et al. 2015). Any form of spatial closure,
however, may introduce more selection pressures on spatial behavioral types (Villegas-Rios et al.
2017, Alós et al. 2019). Stocking specific behavioral phenotypes can produce other undesirable
genetic changes through hybridization (Le Luyer et al. 2018).
A new area of research in fishing-induced selection is on physiological traits (Hollins et al.
2018). Physiology is the ultimate mechanistic underpinning of behavioral and life-history traits.
Behaviors such as aggression and aerobic scope can be linked, so that selection on behavioral traits
may affect metabolism and thermal tolerance (Redpath et al. 2010, Hessenauer et al. 2015, Duncan
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et al. 2019) possibly making fish less able to deal with a warming ocean (Duncan et al. 2019).
Currently, there are no studies on how fishing regulations may affect this selection.
Harvest-induced evolution of phenotypic changes in mammals has mostly been studied in the
case of trophy hunting (Festa-Bianchet and Mysterud 2018). These changes are induced by very
intense selective harvests, and can be avoided or reduced by regulations that decrease either
harvest intensity or selectivity. A recent comparison of long-term changes in horn size of shot
bighorn sheep rams found strong evidence of phenotypic declines, after adjusting for age and
environmental conditions, in the Canadian province of Alberta, but not in most U.S. states (Lasharr
et al. 2019). Regulations in Alberta are more liberal than in any American jurisdiction, which
typically involve quotas. To weaken the evolutionary impacts of selective harvests, regulations
should encourage the harvest of older individuals, so that those with the largest horns can re
produce before they are shot. To prevent harvest of large-horned males before they can breed,
regulations must consider the mating system and age-specific horn-growth patterns of each species.
For example, the horns of mountain sheep (Ovis) grow substantially over the first four to six years
of life, before approaching an asymptote, yet large horn size has little effect on male siring success
before about seven years of age (Martin et al. 2016). Under the definition of legal ram used in most
of Alberta (Fig. 12.1), males with rapidly growing horns can be shot at four years of age (FestaBianchet et al. 2014). That regulation sets up a very strong selective pressure because large horns

FIGURE 12.1 An exceptionally developed four-year-old bighorn sheep Ram shot in Alberta, Canada. Its
horns meet the Alberta definition of “legal” ram, or 4/5 of a curl. If a line drawn from the base of the horn to
the front of the eye intersects the tip of the horn, the ram can be shot by a person with a trophy sheep license.
An unlimited number of licenses are available to provincial residents. His horns grew much more rapidly than
average, and this ram was likely shot before he reproduced. Large horns have little effect on the siring success
of rams who do not survive to rut as seven-year-olds. Photo: Alberta Fish & Wildlife, used with permission.
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are associated with a negative fitness effect (getting shot) at an earlier age than a positive effect
(high rank, access to estrous females). For species such as mountain goats, however, asymptotic
horn length is reached at about four years (Festa-Bianchet and Côté 2008) and horn size is weakly
related to siring success (Mainguy et al. 2009), suggesting that selective hunting of males with
large horns would have a weaker evolutionary effect than in mountain sheep (FestaBianchet 2017).
A mix of penalties and incentives has been used in various contexts to direct harvest to different
types of animals. In North America, various species of deer are often harvested under regulations
that specify a minimum number of tines (see Morina et al. 2021 [Chapter 19]). Regulations can
have a strong selective effect and change male age structure (Wallingford et al. 2017), but there is
no empirical evidence that minimum-tine regulations lead to evolutionary changes in antler size or
shape (Festa-Bianchet and Mysterud 2018). In Europe, harvest plans for ungulates often have
specific quotas for several sex-age classes, or for males with different horn or antler characteristics
(Büntgen et al. 2018). For example, regulations and strong penalties can substantially decrease the
harvest of lactating female chamois (Rughetti and Festa-Bianchet 2014), sometimes with perverse
effects as the harvest is directed to the most productive age class, young adult females that have not
yet reproduced (Rughetti et al. 2017). In British Columbia, Canada, outfitter quotas for Stone sheep
(O. dalli stonei) are partly affected by the age structure of previous harvests. Outfitters whose
clients take mostly young rams may see their quota reduced, and those who harvest older rams may
see an increase in allocation (Bill Jex, personal communication). An alternative is a temporal
rotation of protected areas to weaken selective pressure and ideally provide a source of unselected
immigrants. These rotations are commonly used in Europe, but are rare in North America, and
nothing is known about their evolutionary impacts.
At the landscape level, large protected areas may be an effective source of unselected im
migrants if those immigrants are not shot during the hunting season. For example, in Alberta there
is a spike in the harvest of bighorn rams in the last few days of October, as rams leave National
Parks looking for breeding opportunities (Poisson et al. 2020). In fish with long-distance dispersal,
marine protected areas may provide a source of genes to replenish heavily harvested areas outside
protected areas, although protected areas might also select on spatial behavioral types by favoring
fish that do not leave protected areas (Alós et al. 2019). Thus, marine protected areas are only a
long-term solution when coupled with reasonable quotas that lower overall fishing mortality and
protect much of the spatial behavioral variability within a species (Thorbjørnsen et al. 2018). In
terrestrial mammals, females tend to be philopatric, so protected areas are sometimes viewed as a
potential source of trophy males. That strategy may depauperate, both demographically and ge
netically, populations that are supposedly protected (Poisson et al. 2020).
In recreational fisheries, some modeling research has examined the potential for simple size-based
regulations to reduce selective pressures induced by angling. Those models suggest that minimumlength limits are the most evolutionary damaging regulation, as they select for reduced postmaturation growth rate (Matsumura et al. 2011). In contrast, harvest slot- and maximum-size limits
could reverse that selective pressure and favor rapid growth rate. But no regulation, other than total
catch and release with limited hooking mortality rate, can avoid selection altogether. Related work in
other model contexts reported similar findings (Zimmermann and Jørgensen 2017, Andersen et al.
2018, Ayllon et al. 2018, Wszola and Fontaine 2021 [Chapter 13]). Therefore, it is doubtful whether
size limits alone can avoid fisheries-induced evolution altogether if fishing pressure is high. Any
regulation must account for catch-and-release mortality (Johnston et al. 2015b). Also, harvest slot
sizes must be narrow enough to allow enough fish to grow past the upper legal limit, otherwise they
would effectively be the same as minimum-size limits (Ahrens et al. 2020).
Harvest slot size regulations for mammals are uncommon and mostly rely on antler or
horn characteristics. Slot sizes are part of the hunting tradition in parts of Europe, where licenses
are for a specific age class that is determined by its horn or antler size (Rughetti and
Festa-Bianchet 2010, Büntgen et al. 2018). These regulations usually require the hunter to take

182

Harvest of Fish and Wildlife

some training courses and pass a test—a common practice in Europe that is rare in North
America. There are a few recent uses of slot sizes in regulations in North America (see also
Morina et al. 2021 [Chapter 19]). In a few areas of British Columbia, male moose can be shot
only if they have very small or very large antlers. In some counties in Texas, white-tailed deer
can be shot only if they have at least one unbranched antler (referred to by hunters as a spike) or a
minimum of 33-cm inside spread.
One goal of slot sizes is to reduce the potential evolutionary pressure on large individuals from
size-selective harvesting. Those large individuals may also have different behavioral types com
pared to smaller individuals. Clearly, the effectiveness of these regulations will depend on the
proportion of individuals that grow past the maximum legal size in fishes or that survive past the
horn or antler size where they are vulnerable to harvest in mammals. We know of no research that
has examined the consequences of slot sizes on the potential of harvest-induced evolution in
mammals. Slot sizes have been the subject of substantial research in fisheries (Matsumura et al.
2011, Zimmermann and Jørgensen 2017, Ayllon et al. 2018). Slot sizes could in theory reduce the
evolutionary pressure on large individuals while maintaining some large and mature individuals in
harvested populations (Mysterud and Bischof 2010). The empirical consequences of different slot
size regulations is a ripe area for investigation in wildlife management.

WHY HORN SIZE IS SHRINKING IN BIGHORN RAMS IN ALBERTA AND NOT IN
IBEX MALES IN CANTON GRISONS
Two mountain ungulates show how regulations can stimulate or prevent harvest-induced evolu
tionary changes in horn size (Table 12.1). Horn size is shrinking in bighorn sheep in Alberta,
Canada (Festa-Bianchet et al. 2014, Pigeon et al. 2016, Lasharr et al. 2019) but not in ibex
(Capra ibex) in Canton Grisons, Switzerland (Büntgen et al. 2018). The ibex case has been used to

TABLE 12.1
Hunting regulations for bighorn sheep rams in Alberta, Canada, and Alpine ibex males in
Canton Grisons, Switzerland1
Regulation

Bighorn Sheep, Alberta

Alpine Ibex, Grisons

Hunting season
length

55–65 days

20 days between Oct 5 and Nov 5

Quotas

None for provincial residents, harvest limited by

Yes, based on annual sex-age classified

availability of “legal” rams. About 80 permits for
nonresidents
Other limitations

Hunters cannot buy a license the year after harvesting

counts
Hunters from Grisons can apply once every

a ram. Nonresident hunters must hire a guide, have
shorter hunting season

ten years, must take a female before
killing a male

Based on

Yes, any ram with horns describing a minimum of 4/

Permits specify age class, identified by

horn size?
Age-specific

5 of a curl can be shot.
No, rams with rapidly growing horns are shot at a

horn length and growth annuli
Yes, quotas for five age classes. Hunter’s

harvest?
Area-specific
licenses

younger age
No, license is valid anywhere in the province with a
trophy sheep hunting season

Note
1
Based mostly on Festa-Bianchet et al. 2014 and Büntgen et al. 2018.

age determines age of ibex that can
be shot
Yes, license is only valid for one of eight
identified ibex colonies
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argue that selective hunting has limited evolutionary consequences (Reznick et al. 2019), yet ibex
hunting regulations in Grisons specifically seek to reduce selective pressures on males with rapidly
growing horns, and largely appear to be successful (Büntgen et al. 2018). In both ibex and bighorn
sheep, dominant males serially defend a single estrous female and subordinates attempt alternative
mating tactics, which can at times be successful (Hogg and Forbes 1997, Willisch et al. 2012). The
species differ in male survival patterns. Annual survival of male ibex aged two to six years is over
98% (Toïgo et al. 2007), whereas for bighorn rams of the same age it is 84%–92% (Loison et al.
1999). Hunting regulations in Alberta combine an absence of quotas with a morphology-based
definition of “legal” male and a two-month hunting season. Those regulations strongly select
against rams with rapidly growing horns, which become legal for harvest at four to six years of
age, before large horns have a positive effect on their siring success (Martin et al. 2016). In
contrast, male ibex hunting includes strict quotas with allocation of permits to five age classes
based on horn size. Hunters must take an identification course and can only hunt for 20 days. They
must first harvest a female before being allowed to harvest a male (Büntgen et al. 2018).

A WORD ABOUT SOCIAL ISSUES
Consistently, opinion surveys show that “hunting” is viewed more favorably than “trophy hunting”
and biologists debate the role and ethics of trophy hunting in the conservation of biodiversity
(Batavia et al. 2018, Dickman et al. 2019). Public acceptance of harvest hinges on sustainability.
The concept of evolutionary sustainability is relatively new, compared to ecological sustainability.
It is not well established and is considered unlikely by some in the wildlife establishment (Boyce
et al. 2019). Claims in popular media that any kind of selective harvest leads to undesirable
evolutionary consequences contribute to the negative perception of recreational harvests. Emphasis
on harvesting large trophies was initially promoted to reduce harvests (Monteith et al. 2013), but it
can turn into a marketing ploy, leading to semi-captive breeding of varieties or simply of large
trophies destined for slaughter (Darimont and Child 2014). We suggest that the commercialization
of trophy hunting and a strong emphasis on trophy size as a measure of success (Knox 2011)
worsen the social perception of recreational hunting. Given that recreational hunting can be a
strong component of biodiversity conservation programs (Di Minin et al. 2016, Naidoo et al.
2016), a negative perception is a problem (Hampton and Teh-White 2019). Negative public per
ception is less of an issue in fisheries because many trophy fisheries are now based on a catch-andrelease ethic. Catch and release can often be conducted with limited impact on the individual,
reducing or eliminating any selective harvest. In some countries, however, voluntary catch and
release, particularly the specific targeting of large fish, is strongly morally questioned as “playing
with food for no good reason” (Arlinghaus 2007). Germany is a prime case where it is considered
morally superior to harvest fish, also large fishes, than to catch and release them. Under such
situations, a policy of aggressive harvesting would reinforce fisheries-induced evolution.

CONCLUSION
Harvest-induced evolution is likely to occur when recreational harvests are very high, selective, or
both. Yet despite well-established theory and increasing experimental evidence, there is limited
evidence for this process in the wild. The limited empirical evidence may be due to the slowness of
the evolutionary process in some systems, regulations that limit its effectiveness, or the inability of
available genetic tools to document ongoing evolution. In addition, these effects have been
properly investigated in only a few systems. Although harvest-induced evolution, especially in
fishes, can decrease population growth, other conservation issues may be more important, such
as habitat deterioration and fragmentation, climate change, introduced species, and exotic diseases.
In fish, stocking has likely had a stronger genetic effect than fisheries-induced evolution over time.
That said, fish and wildlife managers should strive to curtail and prevent harvest-induced evolution
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as much as possible, for biological, economic, and ethical reasons. Our top recommendation is to
reduce harvest mortality to a degree that is both ecologically and evolutionarily sustainable. For
mammals, aiming the harvest to individuals that have already reproduced would be a good start.
That aim requires knowledge of age-specific male reproductive success, which is not available for
most species. In recreational fishing, minimum-length limits, particularly when set very high, are
the most damaging tools from an evolutionary perspective, whereas harvest slots may be the most
efficient strategy (Matsumura et al. 2011). Currently, empirical research is insufficient to provide
generalizable insights from one species to another. Consequently, most solutions will be dictated
by the life history and growth traits of each harvested species and the specific gear used in different
systems. Long-term records kept by fish and wildlife agencies, combined with temporal or spatial
changes in regulations, provide fertile grounds for future research, especially in combination with
experimental changes in regulations driven by specific research objectives. Multi-species or multijurisdiction comparisons, taking advantage of different and long-established management schemes,
are another approach that is likely to provide insights useful both for our understanding of the role
of evolution in harvested species and for improved conservation of those species.
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