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Eutrophication increases primary production and changes the relative abun-
dance, taxonomic composition and spatial distribution of primary producers
within an aquatic ecosystem. The changes in composition and location of
resources alter the distribution and flow of energy and biomass throughout
the food web. Changes in productivity also alter the physico-chemical environ-
ment, which has further effects on the biota. Such ecological changes influence
the direction and strength of natural and sexual selection experienced by popu-
lations. Besides altering selection, they can also erode the habitat gradients
and/or behavioural mechanisms that maintain ecological separation and
reproductive isolation among species. Consequently, eutrophication of lakes
commonly results in reduced ecological specialization as well as genetic and
phenotypic homogenization among lakes and among niches within lakes.
We argue that the associated loss in functional diversity and niche differen-
tiation may lead to decreased carrying capacity and lower resource-use
efficiency by consumers. We show that in central European whitefish species
radiations, the functional diversity affected by eutrophication-induced speci-
ation reversal correlates with community-wide trophic transfer efficiency
(fisheries yield per unit phosphorus). We take this as an example of how evo-
lutionary dynamics driven by anthropogenic environmental change can have
lasting effects on biodiversity and ecosystem functioning.

This article is part of the themed issue ‘Human influences on evolution,
and the ecological and societal consequences’.

1. General introduction

Ecologically significant evolutionary change is increasingly recognized to occur
over short timescales of tens of generations or fewer [1,2]. In parallel with this
recognition comes the realization that human activities can rapidly change the
course of evolution and even reverse the evolutionary processes generating bio-
diversity, resulting in homogenization of once-distinct populations and species.
Cultural eutrophication, the human-derived increase in the supply of a limiting
nutrient above natural levels, is one of the most pervasive forms of environ-
mental change experienced by aquatic ecosystems, strongly influencing both
biotic and the abiotic conditions. Eutrophication has affected most freshwater
and coastal ecosystems of the world to some extent [3] and is generally
caused by urban and industrial sewage, erosional run-off and leaching from
agricultural areas and cleared land [4]. While the amount of nutrients entering
aquatic ecosystems has probably been gradually increasing since humans first
began clearing land for settlements and agriculture, the rate of nutrient
supply increased dramatically in many aquatic ecosystems in the mid-1900s
[5]. This increase was primarily driven by the rapid human population
growth and connection of many households to main sewerage networks,
which was discharged with minimal treatment into local waterways. The eco-
logical impacts of eutrophication have been intensively studied [4]; however,
the effects of these changes on the evolutionary dynamics of the systems
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have received less attention. Lakes are particularly useful
model systems in this context as the impact of evolutionary
change on biodiversity and ecosystem services is likely to
be most apparent in these semi-enclosed systems. In this
paper, we briefly summarize ecological effects of eutrophica-
tion in aquatic ecosystems, review how these may lead to
evolutionary change and finally discuss the potential conse-
quences of evolutionary change for ecology and the services
that humans derive from these ecosystems. The paper focuses
mostly on lakes as this is where much research on recent and
rapid evolutionary dynamics has been conducted, and fish
because of their direct link to an important ecosystem service
(i.e. fisheries).

2. Ecological changes with eutrophication

Understanding the ecological changes that occur during eutro-
phication is critical for recognizing changes to evolutionary
dynamics, particularly with respect to changing selection press-
ures and the underlying fitness landscape. The direct effect of
increasing nutrients in aquatic systems is to increase growth
rates of primary producers. Increasing productivity generally
corresponds with a shift among groups of primary producers
and habitats from benthic periphyton, epiphytes and macro-
phytes to phytoplankton. Shifts also occur within groups, such
as increasing dominance of the phytoplankton community by
cyanobacteria in lakes with elevated nutrients [6]. In highly
eutrophic lakes, primary production occurs mostly through
phytoplankton in a relatively thin layer of water close to the
lake surface. Increasing nutrient levels also alter the seasonality
of phytoplankton dynamics, advancing the period of peak phy-
toplankton biomass [7] and delaying the onset of epilimnetic
depletion of phosphorus [8]. While the link between nutrients
and plant growth is well established, the flow of this energy/
biomass to higher trophic levels is less predictable. The response
of a particular trophic level to increased primary productivity
also depends on how abiotic changes associated with increased
nutrients affect the target trophic level, as well as trophic levels
above (predators) and below (prey).

The increased primary production under eutrophication
indirectly affects the physico-chemical conditions of aquatic
ecosystems. High rates of primary production resulting from
elevated nutrients can result in super-saturation of oxygen
in the epilimnion during daylight hours of summer months.
Respiration by the high density of organisms in surface
waters of eutrophic systems (e.g. phytoplankton, zooplankton)
also consumes large amounts of oxygen during night hours,
resulting in large daily fluctuations. High concentrations of
organic particles also affect the ambient light environment.
Increased biogenic turbidity results in lower light penetration
and a shallower photic zone. Organic particles absorb and
scatter sunlight of certain wavelengths, resulting in changes
in the spectrum of visible colours (e.g. [9]). When growth
rates of primary producers and other trophic guilds exceed
rates of consumption, large quantities of deceased organic
material can also accumulate in the system. Decomposition of
accumulated dead phytoplankton, aquatic macrophytes, zoo-
plankton and other organic material occurs in the water
column and on the lake floor. Decomposition of organic par-
ticles below the thermocline, and at the sediment—water
interface, can result in oxygen depletion (hypoxia) in the
hypolimnion of lakes. Eutrophication, therefore, changes the

amount of biomass in a lake, its spatial distribution and
allocation among trophic levels and taxa. Consequently, eutro-
phication alters the entire biological structure of a lake
ecosystem, along with its physico-chemical conditions.

3. Changes in evolutionary dynamics

(a) Ecological fitness landscapes

Biotic and abiotic changes associated with eutrophication
interact to influence the direction and strength of natural
selection and thereby the shape of the ecological fitness land-
scape experienced by component populations. Cultural
eutrophication in most aquatic ecosystems occurred as a
result of rapidly increasing nutrients over just a few decades
[10,11] (figure 2a). Algal-grazing zooplankters, such as clado-
cerans (e.g. Daphnia spp. [12,13]) and copepods (e.g. Acartia
spp. [14]), have been shown to adapt to the changing diet
under eutrophic conditions. Hairston et al. [15] resurrected dor-
mant eggs of Daphnia galeata from Lake Constance in central
Europe to show evolved resistance to the nutritionally poor
and potentially toxic cyanobacteria that bloomed during the
period of eutrophication. Frisch et al. [12] also used resurrection
ecology to show that modern Daphnia pulicaria of South Center
Lake, Minnesota, grew less efficiently under low-phosphorus
conditions as they had adapted to take advantage of the
high-phosphorus diet while the lake was eutrophic.

Some zooplankton species also show behavioural adap-
tations to the effects of eutrophication. Estuarine copepod
zooplankton (Acartia tonsa) exhibit geographical variation in
adaptive behavioural responses to hypoxia caused by excess
nutrients [14]. Field- and laboratory-reared individuals from
a location with a steep vertical oxygen gradient avoided
hypoxic bottom water under experimental conditions. On the
other hand, individuals from a population with no history of
hypoxia did not avoid lethal oxygen concentrations. The
results suggest an evolved behavioural response to avoid
hypoxia, allowing the adapted population to persist and per-
haps thrive (as hypoxic conditions may provide a refuge
from fish predation) despite the adverse environmental con-
ditions caused by eutrophication. Physiological adaptation
to tolerate hypoxic conditions has also been documented in
invasive Dreissena mussels [16].

Ecosystem changes during eutrophication may also
provide invasive species, usually arriving from more phos-
phorus rich habitats, with an ecological advantage over
native species [17]. The resulting relatively larger population
sizes of invasive species in the altered environment, conse-
quently increase the likelihood of hybridization and invasion
of the genome of closely related native species [18]. Daphnia
galeata is an invasive species in Lake Constance that arrived
only in the course of the eutrophication. As it invaded, it
hybridized with the local D. longispina (formerly D. hyalina) to
an extent that the current population, after restoration of the oli-
gotrophic conditions, seems to be dominated by genetically
admixed individuals [19].

Generally speaking, in ecosystems undergoing strong
eutrophication, the rapid onset of change and higher temporal
variability of biotic and abiotic conditions under newly
eutrophic conditions may select for phenotypic plasticity [20]
and provide a fitness advantage to generalist species (e.g.
[21]). Empirical studies have shown that individuals and popu-
lations tolerant to toxins of cyanobacteria will also have a
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fitness advantage in lakes undergoing strong eutrophication.
Organisms that live and breed in shallow water, and those
with the capacity for physiological or behavioural adaption
to hypoxia, are less likely to be negatively affected by abiotic
changes. In ecosystems undergoing weak eutrophication, it is
more difficult to generalize on the direction of natural selection
for a specific population. Changes to the adaptive landscape
certainly occur. However, rather than being driven by dramatic
changes in the abiotic environment, selection pressures are
altered more by changes in the distribution and flow of
energy and biomass among species and trophic guilds
throughout the food web.

(b) Sexual selection

The altered physical environment associated with eutrophica-
tion can affect visual signalling between mates and between
competitors. When sexual selection is mediated by vision-
based mate choice, as in many fish, eutrophication-induced
loss of water clarity is predicted to weaken sexual selection.
Male nuptial coloration of cichlid fish in Lake Victoria is less
colourful (less bright and less diverse) in more strongly
eutrophic sections of the lake [9]. Eutrophication also reduced
the intensity of sexual selection in stickleback of the Baltic Sea
via multiple pathways. In this species, expression of male nup-
tial coloration and courtship activity are influenced by the
outcome of male—male contest competition. Dominant males
courted more actively and exhibited a larger area of red color-
ation, which positively influenced female mate choice [22].
Under eutrophication-induced turbidity, social control of the
signalling was relaxed and subordinate males were able to vig-
orously court females and express bright colours, despite the
presence of males in better condition [23]. Eutrophication
also resulted in a dense mat of filamentous algae around
male stickleback nests. This further impaired visibility, result-
ing in smaller territories, fewer aggressive interactions and a
higher density of nests, indicating that a higher proportion of
males were able to reproduce [24]. Female choice was believed
to be hampered by the higher turbidity and increased physical
structure, which resulted in a more even distribution of eggs
among male nests in nutrient-enriched waters [24]. These con-
ditions constitute further evidence for relaxed sexual selection
in the presence of eutrophication.

In addition to the Baltic stickleback, algae-induced turbid-
ity hampers sexual selection in other marine fishes in eutrophic
areas of the Baltic Sea. Mating success in the sand goby
(Pomatoschistus minutus) was more evenly distributed and
less skewed towards large males under turbid conditions com-
pared with clear water [25]. The difference in mean length
between mated and unmated males was also smaller in
turbid water [25]. Also in the Baltic Sea, turbidity impeded
mate choice in the broadnosed pipefish (Syngnathus typhle)
[26]. Male pipefish spent less time assessing females and exhib-
ited a weaker preference for large females under turbid
conditions [26]. In these cases, algal turbidity weakened
sexual selection, potentially leading to reduced phenotypic
variation in affected populations and potentially affecting
mean fitness. The possible consequences for ecosystem services
in these cases have not been studied. Consequences for ecosys-
tem functioning are more intuitive where eutrophication-
induced breakdown of species-assortative mate choice led to
gene flow between previously distinct species, as discussed
in §3c.

() Reproductive isolation and gene flow

By changing the physical environment along with the form
and strength of natural and sexual selection, eutrophication
can affect environmentally mediated mechanisms of repro-
ductive isolation among species. Closely related species are
particularly prone to extinction via the breakdown of repro-
ductive isolation after human-induced environmental
changes [27]. This is because reproductive isolation is still
dependent on prezygotic mechanisms (mate choice, habitat
choice) and/or extrinsic (ecology-dependent) postzygotic
mechanisms in the absence of strong intrinsic postzygotic
hybrid dysfunction. Rare species are also at risk of being
lost through introgression when environmental changes
force them into increasing contact with abundant species
[28].

In Lake Victoria, at least 200 of the 500 endemic species of
cichlids have gone extinct over the past 30 years [29,30]. Eutro-
phication is believed to be a major contributor to this loss [9].
Increased turbidity reduced light penetration and narrowed
the spectrum of transmitted light. Male coloration is an import-
ant component of intraspecific sexual selection (i.e. female
mate choice) [31,32], as well as interspecific reproductive iso-
lation among Lake Victoria cichlids [9,32,33], and the altered
light environment impeded species-assortative mate choice
[9,33]. Eutrophication-induced turbidity, therefore, reduced
the intensity of sexual selection within species and removed
the mechanism of reproductive isolation among species
[9,34]. With the merging of many distinct species into fewer
hybrid species, ecological diversity was also lost. The evo-
lutionary response to the changes in the environment was
thus the replacement of many species with diverse ecologi-
cal adaptions by fewer species, many of which tend to be
ecological generalists.

Eutrophication has also been suggested as a contributing
factor to the collapse through hybridization of a species pair
of benthic and limnetic stickleback in Enos Lake, Vancouver
Island [35]. The morphological and genetic homogenization
of the species corresponded with an increase in turbidity
and reduction in abundance and distribution of aquatic vege-
tation. These physical changes were linked to the presence
of an introduced crayfish and increased nutrient load from
the catchment.

Eutrophication-associated consumption of oxygen in
the profundal zone caused demographic extinctions and
speciation reversal in the adaptive radiation of whitefish
(Coregonus spp.) of central European subalpine lakes [36].
The breakdown of reproductive isolation and resulting gene
flow led to losses of genetic, phenotypic and functional diver-
sity in the species flock across the region. This case study is
discussed in more detail in §3f.

The effects of eutrophication-elevated gene flow may be
magnified when eutrophication occurs in combination with
other anthropogenic-induced changes. For example, factors
such as intense harvesting pressure [37] or competition with
introduced species can lead to small population sizes. In com-
bination with eutrophication-induced loss of reproductive
isolation, this may increase the likelihood, speed and intensity
at which species collapse may occur [34,38].

(d) Biodiversity dynamics
By changing natural and sexual selection, as well as reproduc-
tive isolation and gene flow, eutrophication influences key
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processes that generate and maintain biodiversity, reflected
in differentiation and diversity among genes, phenotypes,
populations and species.

Introgressive hybridization between conspecific popu-
lations and recently diverged species generally results in a
homogenization of genetic and phenotypic diversity. This is
reflected in a loss of alpha, beta and gamma diversity.
Increased interspecific gene flow results in an increase in gen-
etic variation within the hybrid population, as long as the
genetic diversity of previously divergent populations is still
present in the homogenized population. This may result in
higher evolutionary potential in hybrid populations, which
in turn could promote adaption to new environments, includ-
ing to the conditions created by eutrophication. However,
such potential will not be maintained indefinitely. Removal
of the selective force(s) that led to the original divergence of
the populations means that the ecologically relevant genetic
variation will eventually be lost from the hybrid population
through genetic drift. Previously adaptive alleles that no
longer confer an advantage in the changed environment may
be lost more rapidly through directional selection driven by
the eutrophic conditions. The strength of selection under
eutrophic conditions and the duration of the eutrophic
period will determine how much genetic variation is lost in
the hybridized populations. In some cases, genetic and pheno-
typic divergence lost through hybridization could in principle
be re-established with reoligotrophication and the reinstate-
ment of the original adaptive landscape (assuming that other
factors remain the same; discussed in §4a). It is also possible
that populations that have been exposed to several generations
of selection in strongly eutrophied lakes, will have lower fitness
in a re-oligotrophied lake and may require several generations
to recover adaptations to the restored environment through
evolution [12].

In one of the few documented examples of adaptation
to eutrophic conditions in vertebrates, Tuckett et al. [39]
identified variation in feeding and defence traits of white
perch (Morone americana) that corresponded with differences
in productivity among lakes. White perch in more eutrophic
lakes tended to be larger, have more gibbous bodies, longer
fins, more subterminal mouths and larger spacing among
gill rakers. Given that white perch was introduced into
some lakes in the 1970s, phenotypic plasticity is likely to
be at least partially responsible for the observed changes.
Such cases of adaptive divergence between lakes of different
eutrophication status could contribute to intraspecific diver-
sity. However, the negative impact of eutrophication on the
volume and diversity of aquatic habitats, and the fast rate
at which ecological changes occur, lead us to predict that
eutrophication has predominantly negative effects on bio-
diversity. Short- to medium-term increases in species
richness with nutrients are reported in some systems [40,41].
However, these are driven by invasion of widely distribu-
ted species into lakes where they were absent, rather than
changes in evolutionary dynamics. Anthropogenically increa-
sed nutrient loads are driven by human use of the lake and
catchment, which is associated with increased rates of
immigration of non-native species. Increasing nutrients in
oligotrophic systems may also shift them into a more common
ecosystem state, thereby facilitating establishment of
individuals from the larger pool of widely distributed species
adapted to the more commonly occurring mesotrophic or
eutrophic conditions.

(@)

(b)

availability of resources (green)
biomass of individuals with resource-use phenotype (blue)

b

resources (green)
resource-use phenotype (blue)

Figure 1. Ecological consequences of eutrophication-induced evolution are
most apparent when the ecological function of a species assemblage in a
restored ecosystem is compared with that in a pristine ecosystem. In the illus-
trated example, two species occupy two ecological optima along a gradient of
resources in the pristine ecosystem at time t; (a). Example resource gradients
include prey size and resources at different depths in a lake. Despite relatively
low productivity in each niche, consumer biomass is high because of effective
resource utilization. In the eutrophic ecosystem at time t, (b), one portion of the
gradient of resources is increased (e.g. large zooplankton or shallow-water
resources), while another portion is reduced or unavailable. This relaxes diver-
gent selection between niches, causing the species pair to collapse. Consumer
biomass is high, nevertheless, because of high productivity in one niche. Under
the restored conditions at time t; (c), the original resource gradient may be
restored but only one type of consumer remains. Its biomass is low because
the reduced overall trait diversity precludes utilization of part of the resources
(e.g. adaptation to feed on small zooplankton, or adaptations to deep water are
lost). The result is reduced ecological functioning relative to the pristine state.
Broken lines represent trait frequency distributions of consumer populations
(species). Random mating and recombination within each population
(arrows) enforces Gaussian distributions of resource-use phenotype.

(e) Ecological consequences and implications for society
The pervasiveness of the ecological effects of eutrophication
means that the consequences of eutrophication-induced evol-
ution can be most effectively determined in ecosystems where
nutrient loads and their direct ecological effects have
returned to near-natural levels. Comparisons between the
ecological function of species assemblages between re-
oligotrophied and pristine ecosystems provide the best
opportunity to assess the consequences of eutrophication-
induced evolution (figure 1). Even then, differentiating
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Figure 2. A possible eco-evolutionary feedback loop: changes in the ecosystem (eutrophication) changed the form of selection on whitefish in subalpine lakes. The
evolutionary response (speciation reversal in whitefish) resulted in reduced trait diversity, which affected the ecology. (@) Temporal trajectories of total phosphorus
in large Swiss lakes. Phosphorus data lightly smoothed with loess function (source: Swiss Federal Office of the Environment). (b) Extinctions of whitefish species in
Swiss lakes between 1950 and early 2000. (c) Global genetic differentiation (Fs) among whitefish species within each lake is negatively related to the intensity of
past eutrophication (i.e. maximum phosphorus concentration; log(y) ~ log(x), p << 0.001, R =091). (d) Change in gill raker range between historic and contemporary
whitefish assemblages was also greater in lakes where eutrophication was more intense (log(x), p << 0.05, B> = 0.61). Ranges were calculated among individuals in each
lake assemblage with correction for unequal sample sizes. Gill raker range is a form of functional diversity, reflecting the efficiency of the whitefish assemblage to feed on a
diverse array of food items [54]. Panels (b—d) are adapted from [36]. (e) Whitefish fisheries yield per unit phosphorus after most lakes were restored was significantly
related to the remaining functional diversity (contemporary gill raker range; p << 0.01, R* = 0.67). Whitefish yield is calculated as the annual catch (in kilograms) of
whitefish by commercial and recreational fisheries (source: Swiss Federal Office of the Environment) divided by the surface area of the lake. Graph shows the mean of yield/
phosphorus between 2005 and 2014. Lakes Brienz and Walen are influenced by sediment-rich glacial meltwater, resulting in high mineral turbidity, a narrower photic zone

and lower potential productivity (excluding these lakes; grey dashed line; p << 0.01, R? = 0.86).

ecological effects of evolutionary changes from residual or hys-
teretic ecological effects of eutrophication requires careful
consideration. For example, invasive species that established
themselves during eutrophication may continue to retain a
foothold for some time after nutrient recovery, affecting the
functioning of the ecosystem. To make it more complicated,
these invasive species may themselves have evolved in
response to the changes in the environment they invaded [42].

Mesocosm experiments suggest that evolutionary diversifi-
cation associated with divergent ecological adaptation, such
as in adaptive radiations, may have considerable effects on
ecosystems (e.g. [43,44]). The ecological effects of speciation
reversal and associated loss of ecological specialists through
relaxed selection and/or increased gene flow are, therefore,

likely to be similarly pronounced. In the case of stickleback,
species with only 10000 years of divergence differentially
affected prey community structure, total primary production
and the light environment in experimental mesocosms [43].
Speciation reversal of stickleback in Enos Lake, British Colum-
bia, also likely had significant ecosystem consequences [45].
The homogenized population exhibited a phenotype inter-
mediate between benthic and limnetic species which
previously inhabited the lake, and which still occur in more
pristine lakes in the region. Field studies and mesocosm exper-
iments suggested that the hybrid population influenced
ecosystem functioning in a way that differed from both
extant benthic and limnetic species pairs from other lakes,
and generalist populations that had never diverged [45].
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The loss of species and erosion of phenotypic and genetic
diversity through speciation reversal, particularly in ecosys-
tems where the locally radiated species occupy key niches,
such as the cichlids of Lake Victoria, the Enos Lake stickle-
back and the whitefish of Swiss lakes, are likely to have
ecological consequences for patterns of resource utilization
and energy flow, leaving some resources or habitats unoccu-
pied or less efficiently used. The primary niche dimensions
affected by evolutionary changes caused by eutrophication
are utilization of trophic resources and habitat (depth) occu-
pation. In the case of central European whitefish, reduction in
the range of a key functional trait, the number of gill rakers,
potentially reflects a narrowing of the trophic resources
efficiently accessed by whitefish in a lake (discussed in §3f).

(f) Case study of central European whitefish

The whitefish radiations (Coregonus spp.) of central European sub-
alpine lakes are ecologically, commercially and recreationally
important [46,47]. Since recolonization of the lakes after the last
glacial maximum around 15 000 years ago, whitefish have under-
gone adaptive radiations within each large lake or set of connected
lakes, resulting in up to six ecologically differentiated species
within a lake [48]. At least 25 lakes supported native whitefish
species, the majority of which were endemic [36]. Whitefish
used to occupy all spatial niches of the lakes, from the shallow
benthic to open pelagic and the profundal zone down to
300 m depth. No other group of fish occupied such a wide
range of habitats in these lakes. Known ecologically relevant
differences among species include body size, growth
rate, diet and depth-habitat. Reproductive isolation among
members of lake radiations is maintained by differences
in spawning depth, spawning season, possibly mate choice
([49,50]; B. Lundsgaard-Hansen 2012, unpublished data) and
natural selection against intermediate phenotypes [51,52].

The ecosystem changes resulting from eutrophication led
to extinction and speciation reversal of whitefish species in
many lakes in the second half of the nineteenth century [36].
Almost 40% of whitefish species went extinct across the
region. These losses had significant effects on the functional
diversity of the species flock with a mean reduction in the
range of gill raker numbers (reflecting trophic niche breadth)
within lakes by 14%. The difference in mean gill raker
number between sympatric species was even reduced by
28%. Loss of genetic and functional differentiation in a lake
was correlated to the extent of eutrophication [36].

Speciation reversal resulting from the loss of reproductive
isolation between species was implicated in several extinc-
tions and in the reduction of genetic and phenotypic
distinctiveness in many of the remaining species. The pri-
mary mechanism was driven by oxygen deficiencies that
were most severe in the deeper parts of the lake. This led to
a narrowing of the depth-range over which species could par-
tition the habitat for feeding and reproduction. Species that
originally spawned in the deep zones were either forced to
spawn in shallower water (in cases where deep water was
hypoxic) or only the shallowest of their eggs would hatch
(in cases where water in the deeper parts of the lake con-
tained oxygen but the lake sediment was hypoxic). Both
situations led to increased interbreeding between deep and
shallow species. Altered resource availability (e.g. decreased
macroinvertebrates and increased zooplankton biomass)
may have additionally influenced the relative survival of

hybrids [52]. The spawning time of some sympatric whitefish
species also shifted towards greater overlap in some lakes
during the period of high nutrients [53]. The overall outcome
was genetic and phenotypic homogenization of whitefish
species flocks in each lake, with the extent of diversity loss
correlating with the severity of eutrophication.

Here we extend the work of Vonlanthen ef al. [36] to deter-
mine whether the evolutionary changes that occurred during
the eutrophication period resulted in lasting effects on ecosystem
functioning. Such effects would be reflected in the capacity of the
whitefish assemblage to access and use available resources,
which may consequently affect the productivity of the fishery.
We test this hypothesis with data on changes in functional dis-
parity, biomass and productivity of whitefish assemblages in
lakes that were affected by eutrophication to variable extents
(figure 2a). We focus on lakes with maximum depth of more
than 100 m because these harboured the most endemic whitefish
species and largest phenotypic diversity [36] and, therefore, are
most likely to suffer losses as a result of eutrophication.

Vonlanthen et al. [36] found that loss of differentiation and
species (figure 2b,c) through speciation reversal resulted in a
reduction of the range of gill raker numbers among individuals
in each lake assemblage (gill raker ranges corrected for unequal
sample sizes; Table 1 in [36] and figure 2d in this paper). Gill
rakers in whitefish are a highly heritable trait and variation in
gill raker number is associated with differences in feeding effi-
ciency on prey type [55] and size [54], among [54,55] and within
[54] species. This, therefore, leads to the prediction that the
homogenized whitefish assemblages remaining in lakes after
eutrophication are feeding on a narrower range of prey items
than before eutrophication. The loss of phenotypic disparity
in a trait closely related to feeding efficiency also implies that
a portion of the food resource is no longer being used as effec-
tively as before, and less energy/biomass is integrated into the
whitefish population. Consistent with these predictions, we see
that a wider range of gill raker numbers in an assemblage, i.e.
potential trophic niche breadth, tightly correlates with a
higher fishery yield (combined commercial and recreational
catches of whitefish) in a lake relative to its level of primary pro-
duction as measured by phosphorus content (figure 2¢; linear
regression: p < 0.01, R* = 0.67).

Bringing this together, assemblages of whitefish lost func-
tional diversity through speciation reversal and extinction
(figure 2b,c), and the extent of cultural eutrophication in the
past (figure 2a) predicts the extent of functional diversity lost
(figure 2d). The functional trait identified by Vonlanthen et al.
[36] to be affected by eutrophication-driven speciation reversal,
gill raker number, tightly correlates with present-day whitefish
productivity per unit phosphorus (figure 2¢). That is, eutrophi-
cation-driven evolution influenced an aspect of functional
diversity that is closely associated with how efficiently the
whitefish assemblage make use of trophic resources. Greater
niche overlap among individuals and a larger portion of the
resource base that remains underused appears to result in
decreased trophic transfer efficiency.

4. Discussion

We conclude that there is abundant evidence to suggest that
eutrophication-driven evolution changes aquatic ecosystems
in profound ways. Eutrophication tends to reduce the
volume and diversity of aquatic habitats, as well as the

LY009LOZ :TLE § 205 Y "suvi] fiyd  Bio'buiysijgndiraposiedor giss H


http://rstb.royalsocietypublishing.org/

Downloaded from http://rstb.royalsocietypublishing.org/ on January 10, 2017

diversity and distribution of resources, both of which can affect
the form and strength of ecological and sexual selection, and
can weaken reproductive isolation between species. The com-
bined effect of these impacts often results in loss of diversity
and rapid homogenization of biotic assemblages. The impacts
of lost functional diversity become most pronounced when
nutrient levels in aquatic ecosystems have been restored to
their pre-eutrophication state [12]. As long as parts of the
system have increased productivity stimulated by higher nutri-
ent availability, some effects on ecosystem functioning,
particularly functions linked to production, may be masked
or compensated (figure 1).

(a) Recovery potential

In Lake Constance, speciation reversal driven by eutrophica-
tion in the second half of past century resulted in the
complete loss of a deep water species and losses of genetic
and phenotypic distinctiveness of the others [36]. Recent evi-
dence suggests that one of the remaining whitefish species
that received gene flow from the now extinct deep water
species, may have begun extending its spawning range
towards greater water depth [56]. Restoration of the lake to
near-natural nutrient conditions has brought it closer to the
original ecological conditions under which the endemic white-
fish species once arose. The stickleback of Paxton Lake, Texada
Island, Canada, are also believed to have experienced historical
introgression during a period of human-induced environ-
mental change, yet recovered their genetic distinctiveness
with the return of the lake to near-natural conditions [57].
The extent and duration of hybrization (linked to the extent
of eutrophication and duration of the eutrophic phase [36])
likely determine the probability that ecologically and geneti-
cally distinct species will re-emerge from hybrid populations
after habitat restoration. In theoretical explorations of this pro-
blem, Gilman & Behm [58] found that the re-emergence of
species was most likely when disturbances were of short dur-
ation, but even temporary bouts of hybridization commonly
led to substantial homogenization of species pairs.

(b) Characteristics of vulnerable ecosystems

Characteristics that make evolutionary dynamics in lake
ecosystems particularly vulnerable to the effects of eutrophi-
cation are their relatively young age, large ecosystem size and
limited connectivity. Most vertebrate species can hybridize in
the first 2—5 Myr after speciation due to little, if any, intrinsic
postzygotic hybrid breakdown [59]. Nearly all large lakes of
the world fall within that age range (notable exceptions being
Baikal and Tanganyika). Therefore, evolutionary dynamics
and species diversity in lakes that are large and deep
enough to contain in situ evolved endemic species pairs or
radiations will be vulnerable to the effects of eutrophication.
Lake morphometry can influence the ecological sensitivity of
a lake to eutrophication [60] and the vulnerability of evo-
lutionary dynamics to eutrophication. Larger lakes
generally contain more species [61] which may absorb or
compensate for shifts in energy/biomass, thereby reducing
changes in the adaptive landscape for individual species.
On the other hand, large lakes also tend to support more
endemic species owing to a higher opportunity for intra-
lacustrine speciation through their greater environmental
heterogeneity and niche dimensionality, as well as their
capacity to support larger population sizes [61]. Erosion of this

endemic diversity though the effects of eutrophication has
major consequences for biodiversity conservation as this
diversity cannot be replaced by recolonization. Finally, the evol-
utionary dynamics of aquatic ecosystems that have limited
connectivity, with corresponding low potential for gene flow
and arrival of new species, are more likely to be vulnerable to
the effects of eutrophication. These systems may be more likely
to have experienced a greater extent of local adaptation and a
relatively stable biotic network over recent evolutionary history.

() Vulnerability of ecosystem services

The likelihood and severity of societal consequences arising
from changes to evolutionary
dynamics are determined by the ecological importance of

eutrophication-induced

affected species, characteristics of the service providing
units (sensu [62]), and the importance of the ecosystem ser-
vice to society. The importance of a species to an ecosystem
can be determined by the impact of a change in the abun-
dance of this species on the structure and dynamics of an
ecosystem. Although difficult to quantify exactly, character-
istics such as high relative abundance, keystone species,
ecosystem engineers and/or high centrality within the bio-
logical network are likely to reflect ecological importance
and the corresponding impact that evolutionary and ecologi-
cal changes to these taxa will have on ecosystem functioning.

The immediate importance of affected species to ecosys-
tem functioning and ecosystem services depends on their
functional redundancy [62]. Where multiple species are func-
tionally similar, the provision of a particular ecosystem
service may not be severely affected by changes in the evo-
lution and ecology of either one of them (although the
long-term stability of the service will likely require redun-
dancy).
species have arisen by in situ adaptive radiation, as in the

Where assemblages of ecologically dominant

case study of central European whitefish, functional redun-
dancy is expected to be low because sympatric species
originated through divergent adaptation to different ecologi-
cal niches. The immediate ecosystem effects of diversity
losses in such cases are likely to be particularly pronounced.

The simplest way to quantify changes in ecosystem services
and their consequences for society, although certainly not com-
prehensive, is to measure it in terms of economic value. This is
relatively straightforward in the case of productivity-based eco-
system services such as production of fish biomass. However,
the influence of eutrophication-induced changes to evolution-
ary dynamics on this value is difficult to quantify, particularly
given the many and severe ecological changes that have simul-
taneously occurred in these lakes over the past decades. In
addition to effects on income, non-material benefits and cultural
services, such as the availability of diverse local produce and
preservation of fishing culture, should also be included in
such an assessment, but are also difficult to quantify.

(d) Management options

Theory and a limited amount of empirical data suggest
that rapid restoration of near-natural ecosystem conditions
is critical to maximize the recovery potential of adaptive
differentiation after disturbance-mediated speciation reversal
[35,56,58]. In the case of eutrophication, this involves restoration
of ecosystems to near-natural nutrient levels. After restoration of
natural nutrient conditions, careful management of harvest-
ing might increase the likelihood that collapsed species can
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re-establish by adaptation to the restored habitats based on
remaining genetic variation [56].

In lake fish populations, if stocking practices are necessary
to support natural reproduction, efforts could be made to
ensure that stocking can facilitate restoration by maintaining
differentiation among populations [56]. Incautious stocking
practices that do not distinguish among still differentiated or
again diverging populations may impede the progress of re-
differentiation and re-adaptation [63]. In the end, however,
recovery of lost traits and species is not guaranteed. Strong
selection during the period of eutrophication may have
removed the genetic and phenotypic variation required to
use a broader range of prey resources and adapt to the deep
habitats restored through re-oligotrophication. In such cases,
evolution would be limited by the rate at which new benefi-
cial mutations arise, which in most cases will be a very
slow process.

Management strategies aiming to facilitate recovery from
the effects of eutrophication on evolutionary dynamics must
additionally consider other anthropogenic drivers of evo-
lutionary change, such as harvesting-induced evolution
[37,64], the effect of stocking with hatchery bred fish [65],
pollution [66] and climate change [67].

Efforts to restore natural ecological and evolutionary
dynamics may sometimes appear to conflict with goals of
some resource users and the delivery of some ecosystem ser-
vices. For instance, moderately elevated nutrients can
increase fisheries catches [68] through increased productivity
in the shallow parts of a lake, which can result in faster
growth rates [69] and concentration of fish into surface
waters [70]. A return to oligotrophic conditions can result in
slower growth of some species, reducing the amount of bio-
mass available to a fishery each year. Restoration of
environmental conditions, particularly in deep water, allows
fish populations to spread out throughout the water column
and use resources across the entire lake, which can cause fish-
ing to be less efficient. Re-adaptation could partially restore lost
resource-use efficiency and production-based ecosystem ser-
vices; however, the rate at which this would proceed remains
uncertain.
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