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Abstract

Predicting the response of the biota to global change remains a formidable
endeavor. Zooplankton face challenges related to global warming, ocean
acidification, the proliferation of toxic algal blooms, and increasing pollution,
eutrophication, and hypoxia. They can respond to these changes by pheno-
typic plasticity or genetic adaptation. Using the concept of the evolution
of reaction norms, I address how adaptive responses can be unequivocally
discerned from phenotypic plasticity. To date, relatively few zooplankton
studies have been designed for such a purpose. As case studies, I review the ev-
idence for zooplankton adaptation to toxic algal blooms, hypoxia, and climate
change. Predicting the response of zooplankton to global change requires
new information to determine (#) the trade-offs and costs of adaptation,
(&) the rates of evolution versus environmental change, (c) the consequences
of adaptation to stochastic or cyclic (toxic algal blooms, coastal hypoxia)
versus directional (temperature, acidification, open ocean hypoxia) environ-
mental change, and (4) the interaction of selective pressures, and evolution-
ary and ecological processes, in promoting or hindering adaptation.
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1. INTRODUCTION

Among the major challenges for ocean scientists are understanding and predicting the response
of the oceanic biota to global change. Some global change problems relevant to ocean biota
include warming (Intergov. Panel Clim. Change 2007), ocean acidification (Doney et al. 2009),
and the proliferation of harmful algal blooms (Hallegraeff 1993) as well as increasing pollution,
eutrophication, and hypoxia (Cloern 2001, Breitburg etal. 2009, Rabalais et al. 2010). Zooplankton
can respond to global change phenotypically (with alterations in their physiology or behavior) or
evolutionarily (with a shifting genetic composition of populations). Here I argue that achieving the
goals of understanding and predicting the response of zooplankton to global change requires that
we pay more attention to evolutionary processes, particularly adaptation. Although recognition
of the importance of adaptation is slowly growing, it has been relatively ignored in oceanographic
studies (Sanford & Kelly 2011).

Because the variables associated with these global change problems—temperature, pH, toxins,
pollutants, food quantity and quality, and dissolved oxygen—have the potential to affect organismal
fitness either individually or in interactions with one another, they may be viewed as evolution-
ary selection pressures. Moreover, they vary in both time and space, creating selection gradients.
Populations within a species also show genetic variability in their responses to selection pressures
even if they all experience the same environment (Angilleta 2009). The combination of selection
gradients and genetic variability among populations provides the necessary conditions for differ-
ential fitness among genotypes in a species. Thus, provided that traits are heritable, we should
expect that local adaptation—via natural selection—should become manifest. Of course, natural
selection may be overwhelmed by an influx of nonadapted genotypes, particularly in species with
high levels of dispersal such as zooplankton. However, there is mounting evidence of considerable
local adaptation in marine populations, especially in those with planktonic dispersal, despite the
assumed high connectivity among populations in the ocean (Sanford & Kelly 2011). Therefore,
adaptation cannot be outright ignored as an important response of the biota to global change.

Zooplankton are not just intellectual curiosities. The pivotal role of zooplankton in food webs
(Banse 1995, Dam et al. 1995, Landry et al. 1997) makes their adaptive responses important to
the entire ecosystem—up to fish and other consumers as well as down to phytoplankton and other
prey. Zooplankton are also important in the biogeochemical cycles in the oceans (Longhurst et al.
1990, Longhurst 1991). In addition, zooplankton are excellent model organisms for studies of
the responses of animals to global change because they have short generation times (typically
weeks to months), making them amenable to rapid evolutionary change (Hairston et al. 1999).
Many zooplankton species are also suitable for experimental manipulation in studies of adaptation
(Lonsdale & Levinton 1985, Lee et al. 2003, Colin & Dam 2004). This review deals only with
holoplanktonic taxa that can be cultured in the laboratory, for reasons that become evident in
Section 2.

Recentreviews by Somero (2010,2011, 2012) elegantly made the case for using the comparative
physiology approach to provide a mechanistic understanding of adaptation at the organismal level,
and addressed the strengths and limitations of this approach for understanding and predicting the
responses of the biota to global change. The approach in this review is different and grounded in
evolutionary ecology. Adaptation is viewed through the lens of the evolution of reaction norms—
an approach that has a long and distinguished history (Schlichting & Pigliucci 1998, Angilleta
2009) but may not be familiar to most oceanographers. Thus, a modest goal of this review is to
introduce (or perhaps reacquaint) oceanographers with this approach.

Global change is a multifaceted term, and by necessity I cover only a few issues. Those interested
in the evolution of salinity tolerance in zooplankton can consult the work of Lee et al. (2003). A
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Figure 1

Hypothetical reaction norms (also called performance curves) for the mean growth rates of three genotypes
in a population. The slopes of the lines indicate the strength of phenotypic plasticity. The fact that the lines
have different elevations indicates that there is a genetic component to plasticity. The differences in slope
reveal gene-environment interactions that represent the genetic variation for phenotypic plasticity, which is
necessary for the evolution of the reaction norms.

much-talked-about topic these days is ocean acidification, which I do not cover for two reasons.
First, the effects of ocean acidification on marine zooplankton have been reviewed elsewhere
(Fabry et al. 2008, Kurihara 2008). Second, and more important, I could not find any studies that
actually attempted to test for the evolution of the CO, reaction norm in zooplankton populations.

In this review, I outline phenotypic and adaptive responses and how to experimentally discern
one from the other. I briefly discuss why adaptation matters to predictions of the response of zoo-
plankton to global change. As case studies, I summarize the evidence for zooplankton adaptation
to toxic algal blooms, hypoxia, and climate change and the implications of adaptation for under-
standing and predicting the response of zooplankton to their changing environments. Finally, I
outline some outstanding issues for zooplankton adaptation research and global change.

2. PHENOTYPIC PLASTICITY AND ADAPTATION

The response of a genotype across a range of environments, known as the reaction norm
(Figure 1), is depicted by a plot of a phenotypic variable across two or more environments
(Schlichting & Pigliucci 1998).! The environment in this case is either an abiotic variable (e.g.,
temperature, dissolved oxygen) or a biotic one (food concentration, toxic versus nontoxic prey).
The total variance in a phenotypicvariable, V' (e.g., alife history trait such as body size or fecundity,
or a physiological function such as ingestion or respiration rate), can be partitioned as Vp = V¢ +
Vi + Ve« g + error (Falconer & Mackay 1996). The terms on the right side of the equation
represent the proportions of total phenotypic variance (Vp) attributable to genes (V¢), the envi-
ronment (Vg), the interaction of genes and the environment (V¢ « g), and unexplained variation
(error) arising from measurement error, environmental noise, etc.

Phenotypic plasticity occurs when a genotype gives rise to different phenotypes in different
environments (Pigliucci 2001, Whitman & Agrawal 2009). Phenotypic plasticity is easily visual-
ized in a reaction norm. Figure 1 depicts the hypothetical mean-growth-rate responses of three

Here, L use the terms reaction norm and performance curve as synonyms. There are subtle differences between the two terms
(Kingsolver et al. 2004), but the same quantitative genetic framework outlined here applies to both.
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genotypes to temperature. Because the growth of genotype 1 is independent of temperature, this
genotype displays no phenotypic plasticity. Plasticity in phenotype 2 is less than that in phenotype
3, and therefore the slope of its reaction norm is less steep (Angilleta 2009). The different growth
rates among genotypes at a given temperature reveal /g, the changes in the mean growth rates of
genotypes 2 and 3 as temperature varies reveal }g, and the different slopes of the reaction norms
among genotypes reveal V'  z. This last term is important because it represents the genetic varia-
tion for genotypic plasticity (Roff 1997) and hence the potential evolution of the reaction norm for
a population; that is, the effect of natural selection on genotypes can alter the shape and variance
of the reaction norm in a population (see Angilleta 2009, Whitman & Agrawal 2009).

Significant gene-environment interactions for traits important to fitness have been demon-
strated in marine zooplankton (Bradley & Ketzner 1982, Bradley 1986, Lee & Petersen 2002,
Avery 2005). Of course, for the reaction norm to evolve, the phenotypic variable must be heritable.
Properly designed experiments for the study of phenotypic plasticity also allow the quantification
of heritability in phenotypic variables, or the fraction of the total phenotypic variability attributable
to genes (Roff 1997). Heritable life history traits in marine zooplankton have been documented in
relation to temperature (copepods; McLaren 1976, Bradley & Ketzner 1982, Bradley 1986, Avery
2005) and CO; (echinoderm larvae; Sunday et al. 2011b).

Adaptation can be separated from phenotypic plasticity by comparing the reaction norms of
different populations (Schlichting & Pigliucci 1998). Kawecki & Ebert (2004) reviewed the differ-
ent approaches and their drawbacks as well as the requirements for rigorous experimental design
in detecting local adaptation. In planktonic organisms, the typical approach is to use common
garden experiments (Lonsdale & Levinton 1985; Boersma et al. 1999; Hairston et al. 1999, 2001,
Colin & Dam 2002, 2004; Decker etal. 2003; Lee etal. 2003). Sanford & Kelly (2011) also recently
reviewed the use of common garden experiments to study local adaptation in marine invertebrates.

Recall that Vp = Vi + Vi + Ve« + ervor. In properly designed common garden experi-
ments, populations that come from environments that putatively experience differential selective
pressures are brought to the laboratory and kept in large numbers (>500 individuals) under the
same conditions for at least two generations. Using large numbers of individuals minimizes genetic
drift, and raising the populations in the same environment for several generations ensures that
residual effects—such as maternal effects—from their source locations are removed or minimized
(Falconer & Mackay 1996). Phenotypic variables that are correlated with fitness—survival, fecun-
dity, developmental rate, etc.—are then compared in the same environment. Under the common
environment condition, V7 is zero and hence Vg , p must also be zero. Therefore, differences in
the reaction norms among populations are assumed to be genetic. Furthermore, these differences
are interpreted as evolution of the reaction norms (Angilleta 2009)—i.e., local adaptation
(Figure 2). Common garden experiments have been used to demonstrate the adaptation of
marine zooplankton to several environmental variables relevant to global change (Table 1).

Common garden experiments can also be used to document the local adaptation of zooplankton
populations separated in time rather than space. The existence of diapause eggs that survive in
sediments for decades to centuries (Hairston et al. 1999, 2001; Angeller 2007) makes this possible.
In this approach, reaction norms are compared among populations that have originated from
diapause eggs that were deposited in a system at different times. The approach has been used to
demonstrate the evolution of cyanobacteria toxin tolerance (Hairston et al. 1999, 2001) and acid
tolerance (Derry et al. 2010) in lakes, and could well be used in coastal environments because
dormant zooplankton eggs are also found in the ocean (Marcus 1996).

A third approach, artificial selection experiments in the laboratory, can test for the potential
for phenotypic variables to evolve. Laboratory selection experiments have shown the potential
evolution of zooplankton life history traits as a function of temperature (Bradley & Ketzner 1982),
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Figure 2

Reaction norms (also called performance curves) for populations of the copepod Acartia hudsonica from the east coast of North America
that were challenged with a diet of (#) the toxic dinoflagellate Alexandrium fundyense and (b) the nontoxic green flagellate Tetraselmis sp.
The reaction norms are from common garden experiments in which populations were raised under the same conditions for several
generations before the experiments were performed. The New Jersey and Connecticut populations either never or rarely experienced
blooms of toxic Alexandrium fundyense, whereas the other three often did. The slopes of the regressions are not significantly different for
the nontoxic diet. The slopes of the New Jersey and Connecticut populations are not different from each other but are significantly
lower than those of the three other populations. The difference in slopes between these two groups represents the evolution of the

reaction norms underlain by adaptation to toxic algae. Adapted from Colin & Dam (2007).

phytoplankton toxins (Colin & Dam 2004), and heavy metals (T'sui & Wang 2005, Medina et al.
2008, Kwow et al. 2012).
In summary, both phenotypic plasticity and adaptation are important mechanisms for

organisms to cope with changes in the environment. The former can be viewed as changes in

the reaction norms of populations within generations, and the latter as the changes between

Table 1 Common garden experiments showing the adaptation of marine zooplankton to variables

relevant to global change problems

Species Selective pressure Trait(s) under selection Reference(s)

Scottolana canadensis Temperature Development, body size, Lonsdale & Levinton
growth 1985

Tigriopus californicus | Temperature Survival Willet 2010

Acartia budsonica

Phytoplankton toxins

Ingestion, egg production

Colin & Dam 2002, 2007;
Zheng etal. 2011

Acartia budsonica

Phytoplankton toxins

Development, survival,
egg production

Colin & Dam 2004

Acartia tonsa Phytoplankton toxins Egg production Jiang etal. 2011

Acartia tonsa Hypoxia Behavioral avoidance of Decker et al. 2003
hypoxic environment

Eurytemora affinis Salinity Salinity tolerance, Lee etal. 2003

survival, development

To remove maternal and other residual effects, all experiments were carried out after populations to be compared had been

raised in the same environment for at least two generations.
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generations (Whitman & Agrawal 2009). The heritable genetic component of phenotypic
plasticity provides the conditions for adaptation. Well-established experimental approaches exist
to distinguish phenotypic plasticity from adaptation.

3. ADAPTATION: TRADE-OFFS, COSTS, AND CURRENCY

A trade-off arises when a genotype cannot have maximal fitness in two environments (Fry 2003).
Thus, a fitness improvement in one environment comes with a fitness loss in another. As a
consequence, trade-offs result in negative correlation between traits—e.g., reproduction versus
survival—in one environment (Stearns 1989). Organisms adapt to stress by either avoiding (resis-
tance) or dealing with (tolerance) the negative effects of stress (Réberg et al. 2009). Both mecha-
nisms involve expenditures for the organism and thus can incur fitness costs. A cost to adaptation
is evident if there is a fitness penalty when the selective pressure is relaxed (Sibly & Calow 1986).

Here I define fitness in terms of the net reproductive rate N;/N,, where N is the number of
individuals in a genotype, phenotype, or population and the subscripts 7 and o represent gener-
ation time and time zero, respectively. Therefore, fitness is a function of lifetime fecundity and
survival (Roff 1997). Most studies of adaptation do not actually measure fitness, but rather measure
correlates of fitness such as fecundity, survival, development rate, or somatic growth. However,
because of the possibility of trade-offs, the evolution of a trait does not automatically equate to a
fitness advantage. I discuss trade-offs further in the Section 5 case studies.

4. WHY ADAPTATION MATTERS

Recent reviews of the relationship between zooplankton and climate change, to choose one exam-
ple, have emphasized responses in species distribution and phenology (Hays etal. 2005, Richardson
2008, Ji et al. 2010). These reviews implicitly espouse an ecological perspective, that is, one in
which the responses of species to changes in temperature in their habitat are interpreted as reflect-
ing changes in physiological rates, phenotypic plasticity, and migration. An alternate perspective
is evolutionary, that is, one in which genetic changes in the population take place in response to a
selective pressure and local adaptation ensues. For example, because the physiological and life his-
tory traits of ectotherms are strongly dependent on temperature, zooplankton in low-temperature
habitats are expected to have reductions in life history traits—somatic growth, development time,
and fecundity—and consequently a net reduction in fitness. Yet it is well established for all kinds
of ectotherms that individuals from colder climates can grow as rapidly as those from warmer
climates (Portner et al. 2006, Yamahira et al. 2007). This latitudinal or temperature compensation
is interpreted as local adaptation.

The evolutionary responses of the biota to climate change are gaining recognition (Parmesan
2006). Calls have been made for future studies of the biota and climate change to (#) incorpo-
rate the ability of populations to adapt (Harley et al. 2006) and (§) discern the relative roles of
ecological and evolutionary processes in determining the phenology and life history traits of pop-
ulations (Gienapp etal. 2008, Ji et al. 2010). Some have even argued that the three main outcomes
of the responses of the biota to climate change—persistence in situ if the changing climate re-
mains within the species’ tolerance limits, range shifts (migration) to regions where the climate is
currently within the species’ tolerance limits, and extinction—all involve evolutionary processes
(Davis et al. 2005). In contrast, others have concluded that many responses perceived as adapta-
tions to changing environmental conditions could be environmentally induced plastic responses
rather than microevolutionary adaptations (Gienapp et al. 2008). Determining whether a response
results from phenotypic plasticity or adaptation is important because the responses of species and
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populations to climate change will be constrained by the particular mechanism at play (Chown
et al. 2010, Sanford & Kelly 2011, Somero 2012). Essentially, phenotypic plasticity allows popu-
lations to deal with short-term environmental variation, and adaptation does the same for longer
timescales.

Let us now consider some consequences of ignoring evolution in predicting the response of
zooplankton to climate change. Current attempts at prediction combine coupled population—
physical models with output from climate models under future temperature regimes (reviewed in
Richardson 2008, Stegert et al. 2010). This approach does not consider genetic variation within
a species (let alone a population) and assumes that the thermal reaction norm (say, growth versus
temperature) does not evolve. Both of these implicit assumptions are in all likelihood incorrect:
Evolution of the reaction norm could well increase the thermal optimum and thermal limit of
the population (Angilleta 2009). Thus, by failing to account for adaptation, the current models
would underpredict the growth rate in a warming environment. I discuss several other implications
of thermal adaptation for our understanding and prediction of zooplankton response to climate
change in Section 5.3.

Another example illustrates the importance of adaptation. Grazer populations with a history
of exposure to toxic algal blooms have significantly higher fitness when challenged with toxic
prey than those with little or no history of exposure (Colin & Dam 2002, 2004; Bricelj et al.
2005), demonstrating local adaptation. The consequences of such adaptation can be positive. For
example, copepod populations adapted to toxic algae have the potential to keep toxic algal blooms
in check (Colin & Dam 2007) and do not necessarily accumulate more toxins in their bodies (Dam
& Haley 2011). However, the consequences can also be detrimental. Bivalve populations adapted
to toxic algae accumulate much greater quantities of toxins in their bodies (Bricelj et al. 2005),
potentially serving as strong vectors for toxin transfer up the food web.

Adaptation to rising temperatures and toxic algae are but two examples of the importance
of zooplankton adaptive responses to global change problems. The former illustrates the need
to consider adaptation when forecasting population behavior; the latter shows how adaptation
modulates predator-prey interactions and toxin transfer. In the following section, I discuss the
adaptive responses of zooplankton to some global change problems. I also outline the evidence
for adaptation and the consequences of such adaptation for predicting the future responses of
zooplankton.

5. CASE STUDIES
5.1. Toxic Algal Blooms

Several phytoplankton taxa, particularly dinoflagellates, produce toxins that negatively affect the
physiological functions of grazers (Turner & Tester 1997). Many toxin-producing phytoplankton
taxa have proliferated in distribution and abundance in the past half century (Hallegraeff 1993).
Areas that not long ago had not experienced these blooms now do. Moreover, there are strong dif-
ferences in the geographical distribution of these blooms, their frequency, and their intensity (e.g.,
Anderson 1997). Thus, for zooplankton, blooms of phytoplankton-producing toxins represent se-
lection gradients in both time and space. Incidentally, similar temporal and spatial gradients for a
different kind of toxin, heavy metals, should be expected as a result of industrialization. However,
in the remainder of the discussion I deal only with phytoplankton toxins.

The evolution of grazer adaptation to phytoplankton toxins is now well established in both
the ocean (Colin & Dam 2002, 2004, 2007; Jiang et al. 2011; Zheng et al. 2011) and freshwa-
ter (Hairston et al. 1999, 2001; Sarnelle & Wilson 2005). The pattern is similar in all cases:
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Populations with a longer history of exposure to toxic algae have enhanced performance when
challenged with toxic algae relative to those populations that have little or no exposure history—
that is, naive populations (Figure 2). The key point in Figure 2 is that the reaction norms differ
among populations only in the presence of toxic algae. For the toxic diet, the slopes of the reaction
norms for populations with a history of toxin exposure are significantly higher than those for
populations with no history of exposure; for the nontoxic diet, in contrast, there are no significant
differences in the slopes. Had the pattern for both diets been similar, it could be argued that
because the populations were sampled along a latitudinal (temperature) gradient, the measured
response arose from countergradient variation (Conover & Schultz 1995), reflecting temperature
compensation. Another line of evidence that supports the adaptation hypothesis is that animals
from naive populations failed to acclimatize to toxic algae (Colin & Dam 2002, figure 7). Alto-
gether, the inference that the reaction norms have evolved owing to selective pressure exerted by
algae is strong.

The reaction norms for ingestion also evolve in response to toxic algae, following a pattern
similar to that of egg production (Colin & Dam 2007). Using a simple population dynamics model
in which the grazing rate was parameterized with data from the reaction norms of the different
populations, Colin & Dam (2007) showed that, on scales relevant to bloom duration, adapted
zooplankton populations could keep toxic algal blooms in check but naive ones could not. Another
interesting outcome of adaptation is relevant to toxin transfer in the food web. Again using common
garden experiments, Dam & Haley (2011) compared toxin uptake accumulation and depuration
between copepod populations. Despite the much higher uptake rate of the adapted population,
the toxin accumulation of this population was not different from that of the naive population. As
a consequence, the adaptation of copepods to toxic algae does not necessarily imply higher toxin
transfer up the food web. This is in stark contrast to bivalves that consume the same toxins; in this
case, individuals from adapted populations accumulate much higher levels of toxins than those
from naive populations (Bricelj et al. 2005).

Fitness involves the product of lifetime fecundity and survival (Roff 1997). Thus, almost no
studies of reaction norms actually measure fitness. One exception is the study of Colin & Dam
(2004), in which the common garden experiments were done for the entire life cycles of populations
with and without a history of exposure to toxic algae (the Maine and New Jersey populations in
Figure 2, respectively). This allowed the determination of survival and fecundity, and hence
the estimation of population fitness, in the presence of toxic and nontoxic food. In the Maine
population, fitness (defined as A, the net reproductive rate during the experiment) did not differ
between diets. In the New Jersey population, in contrast, fitness was significantly lower for the
toxic diet than for the control diet. It was therefore evident that the naive population, but not the
historically exposed one, paid a fitness penalty when exposed to toxic algae.

Avery & Dam (2007) documented relative costs and trade-offs in copepod fecundity phenotypes
related to phytoplankton toxin adaptation. Phenotype fitness was calculated based on survival and
fecundity; phenotype fitness comparisons for a nontoxic diet (selection was relaxed) revealed costs,
and those for a toxic diet revealed trade-offs. In four of five phenotypes, the costs were small (<10%
reduction relative to the fittest phenotype), but one phenotype had an almost 50% fitness reduction.
Trade-offs were also evident. The phenotype with the highest fitness had intermediate fecundity
but the highest survival; this trade-off was interpreted as a form of heterozygote advantage that
would lead to a polymorphism in the population, which in turn would prevent the fixation of
toxin-tolerant alleles in the natural population.

This interpretation is important for understanding the dynamics of toxic algae and grazers and
the fate of toxic algal blooms. These blooms are typically either stochastic or episodic. Therefore,
during blooms there is selection for toxin-tolerant phenotypes, but these phenotypes are at a
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disadvantage and are culled from the population after the blooms disappear. A logical consequence
of this process is that the evolutionary clock for toxin-tolerant phenotypes is partly reset after
blooms wane. Additional indirect evidence for this notion is the observation of the rapid loss
of toxin-tolerant phenotypes in copepod populations when selection is relaxed in the laboratory
(Jiang et al. 2011). The extent to which polymorphisms are prevalent in grazer populations is
unknown, but a simple prediction can be made that the degree of polymorphism is inversely
proportional to the temporal and spatial scale of toxic algal blooms. In any case, polymorphisms
create challenges to building mechanistic and predictive models for grazer control of toxic algal
blooms and toxin transfer in the food web.

5.2. Hypoxia

Hypoxia is the environmental condition in which dissolved oxygen concentrations are below
roughly 2 mg liter!. Large portions of the ocean are naturally hypoxic (Kamikowski & Zentara
1990, Helly & Levin 2004), but hypoxia is also quickly increasing in other parts of the ocean
(Stramman et al. 2008) and in the coastal zone (Diaz & Rossenberg 2008, Breitburg et al. 2009,
Rabalais etal. 2010). As warming (Intergov. Panel Clim. Change 2007) and eutrophication (Cloern
2001)—two of the factors that promote the depletion of oxygen in the ocean interior—are also
increasing, the expansion of hypoxic zones in time and space is expected.

A thorough review of the literature (Ekau et al. 2010) showed that, not surprisingly, small
crustacea such as copepods and euphausiids can tolerate much lower dissolved oxygen levels than
larger zooplankton such as scyphozoans and ctenophores (see Ekau et al. 2010, table 2). In most
cases, hypoxia negatively affects egg production (Sedlacek & Marcus 2005), survival (Roman et al.
1993, Stalder & Marcus 1997, Invidia et al. 2004, Auel & Verheye 2007), and egg hatching (Lutz
etal. 1994, Invidia et al. 2004). Therefore, hypoxia can be a selective force for zooplankton.

Indirect evidence of hypoxia adaptation is provided by the observation that zooplankton from
permanent oxygen minimum zones (OMZs) are less sensitive to hypoxia than zooplankton from
coastal waters, where hypoxia is more seasonal (Marcus 2001). For example, the copepod Lucicutia
grandis shows ontogenic vertical zonation in the OMZ that correlates to physiological (low oxy-
gen tolerance) and ecological (predation and food availability) constraints (Wishner et al. 2000).
Moreover, crustaceans inhabiting the OMZ have evolved a variety of physiological adaptations
to enhance oxygen uptake: enhanced ventilatory capability, large gill surfaces, short diffusion dis-
tances, and respiratory proteins with very high oxygen affinity (Childress & Seibel 1998). However,
the strategy of zooplankton inhabiting the OMZ appears to be a combination of short-term anaer-
obic metabolism coupled with vertical migration into well-oxygenated zones to repay the oxygen
debt generated while in the OMZ (Marcus 2001 and references therein).

It appears that in coastal waters, the fitness costs of anaerobic metabolism are high for zoo-
plankton, and adaptation is behavioral rather than physiological. For example, severe summertime
hypoxia is a recurrent feature in the bottom waters of Chesapeake Bay. For most of this period,
copepods are not found in the bottom waters. In contrast, during episodic events of mixing when
hypoxia is relaxed, maximum copepod abundance often occurs in bottom waters (Roman et al.
1993). A genetic component is evident in this habitat selection. Common garden experiments
in which a population of the copepod Acartia tonsa from Chesapeake Bay was compared with a
population from the Florida coast, where hypoxia does not occur, showed that the former avoids
hypoxic waters whereas the latter does not (Decker et al. 2003). This finding is consistent with
the notion of local adaptation in the Chesapeake Bay population. Avoidance of hypoxic waters
by Chesapeake Bay copepods likely increases fecundity; however, it is not clear that this behavior
always increases survival, as the risk of death from visual predators also likely increases. Thus,
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a trade-off between fecundity and survival may arise in this population. However, the trade-off
cannot be such that population fitness would decrease for the population, or the behavior would
not have evolved.

As in the case of toxin adaptation discussed in the previous section, the evolution of zooplankton
habitat selection driven by hypoxia might involve polymorphisms owing to both trade-offs and
the seasonality of coastal hypoxia. Again, an important issue is the degree of persistence of the
adaptive behavior, which is a function of the strength of selection during the hypoxia season and
the cost of adaptation. In areas in which selection is weak, such as those where hypoxia is sporadic,
the behavior is unlikely to persist in the long term.

5.3. Climate Change

Zooplankton are ectotherms; hence, their physiological functions are strongly dependent on tem-
perature (e.g., Mauchline 1998). Global increases in surface temperature of 2°C—4°C are expected
within a century (Intergov. Panel Clim. Change 2007). Many questions arise from this observa-
tion: Will zooplankton thermally adapt to this directional increase in temperature? What type
of adaptation will occur? How quickly can zooplankton adapt? Can adaptation keep up with the
pace of temperature increase? What can keep adaptation from happening? To address these ques-
tions, I paraphrase and summarize several of the concepts presented in Angilleta’s (2009) masterly
textbook on thermal adaptation and apply them to zooplankton.

Will zooplankton adapt to changes in temperature? Consider the hypothetical thermal reaction
norms shown in Figure 3. In the absence of evolution, the ability of organisms to thrive in
an environment depends on whether the range of temperature they experience is within the
envelope defined by the reaction norm—i.e., phenotypic plasticity. The risk of extinction increases
as environmental temperatures move away from the optimum toward the tails of the reaction norm.

Annual temperature range:
Low High Low

Specialist Specialist

Generalist

Phenotypic variable

Temperature —>
<«——— Latitude

Figure 3

Hypothetical thermal reaction norms (also called performance curves) for three genotypes in the ocean. The
temperature gradient is equivalent to the latitude gradient but in the opposite direction. The annual
temperature range is low in tropical and polar regions but high at mid-latitudes (Clarke & Gaston 2006).
The genotypes at high (e.g., tropical regions) and low (e.g., polar regions) temperatures are stenothermal,
whereas the genotype at intermediate temperatures (subtropical and temperate regions) is eurythermal. The
specialist-generalist trade-offs are clear, with the generalist genotype tolerating a wider range of
temperatures but having lower performance at its optimum temperature.
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If the reaction norm evolves in such a way that it tracks the changes in the environment, then
adaptation ensues, and the risk of extinction diminishes.

In addition to the obvious latitudinal cline in temperature, we must consider several points
to address whether zooplankton will adapt and, if so, how. First, the rate of temperature change
is not spatially uniform. For the period 1976-2000, high latitudes in the Northern Hemisphere
warmed twice as fast as the global mean; furthermore, some areas have actually cooled (Walther
etal. 2002). Second, the annual range of temperature fluctuation varies dramatically with latitude:
Surface waters in polar and tropical regions vary by 1°C to 3°C, whereas those in temperate
regions vary by 5°C (Northern Hemisphere) to 10°C (Southern Hemisphere) (see Clarke &
Gaston 2006, figure 1). The geographic clines in temperature and the mosaics in rates of warming
and annual range of variation create selection gradients for zooplankton thermal adaptation. The
local adaptation of marine zooplankton to temperature has been demonstrated in common garden
experiments that compare the reaction norms of copepod populations from different latitudes and
hence different temperatures (Table 1). The adaptations involve life history traits and thermal
stress tolerance. Temperature compensation for growth has been shown in populations of the
copepod Scottolana canadensis. Comparisons of five populations along the east coast of the United
States from Florida (27° N) to Maine (43° N) showed that cold-water populations developed more
rapidly, achieved a larger adult size, and had higher somatic growth at lower temperatures than
at higher temperatures, whereas the opposite pattern was the case for warm-water populations
(Lonsdale & Levinton 1985).

Similarly, the copepod Tigriopus californicus shows adaptation to thermal stress. Willet (2010)
compared 7. californicus populations inhabiting splash pools in rocky outcrops along the west coast
of North America, from Baja California (32° N) to British Columbia (49° N). In this region, there
is a clear, but not necessarily continuous, temperature gradient from south to north in maximum
recorded values, yearly extreme high values, and average daily maximum and minimum values
(Willet 2010, figure 2). In this case, both acute and chronic high-temperature stress tolerance
clearly increase from north to south. This increase, although not monotonic, is consistent with
the hypothesis of thermal stress adaptation. However, the adaptation is not without costs (a point
I return to below). Moreover, not every trait is temperature-labile for this species. Edmands
& Deimler (2004) were unable to find any differences in survival or development among three
populations (two from California and one from Oregon) under two temperature and two salinity
conditions.

Mesocosm experiments conducted in seminatural conditions to evaluate the responses of fresh-
water cladoceran species to warming have shown the evolution of survival, size and maturity, and
reproduction (Van Doorslaer et al. 2007, 2010) but not intrinsic growth rate (fitness). Therefore,
selected phenotypes could persist under projected scenarios of warming but would probably not
predominate in the population.

Although the number of studies examining thermal adaptation is small, there is indeed evidence
of such adaptation. Also recall that many traits show heritability for temperature (Section 2). As
long as there are selection gradients, traits are heritable, and there is genetic variability in the
population, we should expect adaptation to proceed. Below, I discuss some factors that could keep
adaptation from becoming evident.

What kind of adaptation should we expect to see? Geographic variability in temperature might
affect the type of thermal adaptation as a result of trade-offs (Figure 3). These trade-offs are
predicated on the assumption that “a jack-of-all-temperatures is a master of none” (Huey & Hertz
1984). Under that assumption, optimality models (Lynch & Gabriel 1987, Gilchrist 1995) predict
that natural selection would favor specialists in more thermally homogeneous environments and
generalists in more thermally heterogeneous ones (but see Huey & Hertz 1984 for exceptions). If
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specialist-generalist trade-offs are at play in the ocean, then stenothermality is the rule for tropical
and polar regions and eurothermality is the rule for subtropical and temperate regions (Sunday
etal. 2011a).

Deutsch et al. (2008) predicted fitness changes of terrestrial insects from 40° S to 60° N as
a function of temperature. They also reported stenothermality in tropical insects and eurother-
mality elsewhere. The predicted fitness changes were negative for tropical regions and positive
elsewhere (Deutsch et al. 2008); therefore, in the absence of adaptation we would expect to see
higher risks of zooplankton extinction in the tropical and polar regions. Furthermore, the capacity
for thermal adaptation in these regions is not guaranteed for two reasons (Somero 2010): First,
studies of thermal tolerance in a variety of invertebrates suggest that species in tropical regions
may be living near their thermal limits, and second, polar species appear to have lost the biochem-
ical machinery required to deal with warmer temperatures. The extent to which these findings
apply to zooplankton remains an open question. The effects of warming would be worse for polar
zooplankton because they have nowhere to go. However, acclimatization (or even slight adap-
tation) coupled with dispersion (the combined effect of diffusion and advection) toward cooler
water could mitigate the negative effects of warming on tropical zooplankton. This hypothesis
could explain the patterns observed by Beaugrand et al. (2002): Over a period of 40 years, warm-
water zooplankton species of the eastern North Atlantic extended their range to the north by 10°,
whereas cold-water species contracted their range by retracting to the north.

Changes in zooplankton phenology are also correlated with climate change (Richardson 2008,
Jietal. 2010). The timing of peak zooplankton abundance is now earlier in the season, and has
continued to shiftin this direction at a rate of 8 days per decade (see Richardson 2008, figure 5 and
table 1; data compiled mostly from the North Atlantic). Although Ji et al. (2010) acknowledged
the possibility of rapid evolution and local adaptation in their recent review, they interpreted the
current changes in zooplankton phenology and distribution as largely ecological phenomena. Yet
there is evidence that in zooplankton, natural selection can alter not only thermal physiology
(Willet 2010) but also phenological mechanisms such as dormancy (Marcus 1984, Avery 2005).
Bradshaw & Holzapfel (2006) also proposed a mechanism by which the photoperiodic thresholds
for activity and dormancy can evolve in response to climate change.

Can the expected changes in development and growth associated with increased local temper-
atures account for the observed phenological shifts in zooplankton? The answer is no because
the shifts are much greater than what would be expected from the increase in physiological rates
alone (Mackas et al. 1998). For the sake of argument, I provide two evolutionary explanations, to
complement the ecological ones, for the shifts in phenology. The first explanation is that increased
temperature selects for fast-growing genotypes in the zooplankton populations. One way to test
this hypothesis is to look for decreases in zooplankton body size that correlate with the phenology
shifts, because there is typically a trade-off between body size and growth (Roff 1997). Indeed,
a decrease in zooplankton body size has been observed in the past 40 years in some areas of the
eastern North Atlantic (Pitois & Fox 2006). In addition, a generalized response of decrease in body
size (within populations and across species) has been reported for aquatic systems (Daufresne et al.
2009). The second explanation is that zooplankton respond not only to temperature but also to
phenological shifts in resources. Because the phenological shift for phytoplankton is twice as large
as that for zooplankton (Edwards & Richardson 2004), selection for fast-growing zooplankton
would alleviate the mismatch between zooplankton and their food.

Do zooplankton respond to climate change by thermal or seasonal adaptation? Zooplankton
species that have wide latitudinal ranges and display latitudinal compensation may offer an op-
portunity to address this question. Figure 4 compares three models for cold- and warm-adapted
populations of a species (Yamahira et al. 2007). In the thermal adaptation model (Figure 4a,b),
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Models for the evolution of latitudinal compensation in the growth rates of high- and low-latitude
populations. (Left) Thermal reaction norms for models of (#) thermal adaptation, (c) seasonality adaptation,
and (¢) a mix of thermal and seasonality adaptation. (Right) The corresponding latitudinal variations in the
length of the growing season (a770w length) and instantaneous growth rate (#r7ow width) for each model.
Tmin(H) and Tiyin(L) indicate the minimum temperatures for growth of the high- and low-latitude
populations, respectively. Adapted from Yamahira et al. (2007) with permission from John Wiley and Sons.

the high- and low-latitude populations have equal maximum growth rates, but the maxima occur
at different temperatures—that is, the thermal reaction norm of each population has been shaped
by natural selection to span different windows of temperatures permitting growth. In the seasonal
adaptation model (Figure 4c¢,d), the high-latitude organisms grow faster than the low-latitude
organisms, but the temperatures of maximum growth and the minimum temperatures for growth
are identical for both populations; as a result, the growing season of the high-latitude population
is shorter than that of the low-latitude population (Yamahira et al. 2007). Because the thermal
and seasonality adaptation models are not mutually exclusive, a third model (a mixture of the
thermal and seasonality adaptation models) is possible (Figure 4e, ). Any of these three mod-
els may be responsible for part of the latitudinal compensation observed in any particular case.
The three models outlined here might be particularly appropriate for testing in high-latitude
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zooplankton, and would require comparison of thermal reaction norms among populations as
well as corroborating evidence from phenological observations.

The thermal and seasonality models come with different trade-offs. In thermal adaptation,
the trade-off is between thermal environments, whereas in seasonality adaptation, the trade-off is
between traits—that is, fast growth, for example, must come at the expense of other traits, because
otherwise all populations would grow equally fast. Understanding these trade-offs will be vitally
important to understanding and predicting the effects of climate change on zooplankton.

Latitudinal adaptation in physiological traits is not inevitable. For example, studies of Daphnia
did not find any evidence of thermal (Mitchell & Lampert 2000) or seasonal (Mitchell et al. 2004)
adaptation. Mitchell and coworkers have argued that the trait of diapause, or dormancy, allows
Daphnia to occupy a broad geographical range without latitudinal compensation. Copepods—
the largest group of marine zooplankton—produce dormant eggs in response to temperature
(Marcus 1996, Avery 2005), so they may respond in a manner similar to Dapbnia. At present,
however, copepod responses are virtually unknown. Fortunately, such questions are amenable to
experimental manipulation.

How fast can adaptation evolve, and can it keep pace with climate change? The rate of phe-
notypic evolution is defined by R = »°S, where b is the heritability of the phenotypic trait (see
Section 2) and S is the selection gradient, or the change in fitness that results from a small change
in the phenotype (Falconer & Mackay 1996). For the evolution of multiple traits, R and S become
vectors of traits and selection gradients (Lande & Arnold 1983). The important point is that the
rate of phenotypic evolution is proportional to heritability and hence proportional to genetic vari-
ance. Studies of heritability in marine zooplankton are quite limited (see examples in Section 2).
I am aware of only one study that has attempted to measure selection gradients in marine zoo-
plankton (Sunday et al. 2011a). Thus, at this point our ability to predict rates of zooplankton
evolution is severely hampered by ignorance of these parameters.

I'mentioned above that evolution of the reaction norm in the direction of environmental change
can diminish the risk of extinction. The key question is whether the rate of evolution can keep
pace with environmental change. One approach to addressing this question is predicated on the
evolution of the thermal optimum. Based on the work of Lynch & Lande (1993), Chevin et al.
(2010) derived, for a quantitative trait, an equation for the maximum rate of environmental change
(e.g., warming) that allows the long-term persistence of the population:

2Py BP0’
TENTT OB

"This critical rate (1,) is directly proportional to the maximum growth rate of the population (7,,4.),
the strength of stabilizing selection (y), the phenotypic variance (o), and the heritability of the
trait (b). It is inversely proportional to generation time (7°) and the difference between the envi-

ronmental sensitivity of selection (B, which measures how the optimum phenotype changes with
the environment) and phenotypic plasticity (b). Therefore, other factors being equal, populations
with rapid growth and high genetic variance (h*0%) can withstand faster rates of warming. In con-
trast, populations with longer generation time and lower phenotypic plasticity have greater risk
of extinction (lower 7,).

A second approach to examining extinction risk is to consider the evolution of the breadth
of the reaction norm. Again based on the work of Lynch & Lande (1993), Huey & Kingsolver
(1993) determined the reaction norm breadth that maximizes the critical rate of warming (as
defined above). The outcome depends on the relationship between the genetic variation in optimal
temperatures and the breadth of the reaction norm. If they are independent of each other, then
genotypes with intermediate breadths can withstand the fastest rate of warming; that is, when the
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reaction norm is too narrow, even a slow rise in temperature can lead to extinction, whereas when
the reaction norm is too wide, performance at the thermal optimum decreases because of specialist-
generalist trade-offs (Figure 3). Moreover, if there is a trade-off between maximum performance
and the breadth of the reaction norm, then thermal specialists are favored over thermal generalists
in rapidly warming environments. In contrast, when the genetic variation in optimal performance
increases with breadth, thermal generalists withstand the fastest rates of warming.

At this point, we know almost nothing about several of the parameters required to apply models
of the evolution of the thermal optimum or the breadth of the reaction norm. Significant progress
in our ability to predict the response of zooplankton to global warming will require knowledge
of genetic variability, phenotypic plasticity, and the environmental sensitivity of selection (to
characterize the evolution of the thermal optimum). Likewise, characterization of the breadth of
the reaction norm and the genetic variation in the thermal optimum for different environments
will allow us to predict whether adaptation occurs via changes in the breadth of the reaction norm.

6. INTERACTION OF EVOLUTIONARY PROCESSES

It is evident from the discussion to this point that our ability to understand zooplankton adap-
tation to single stressors such as warming or hypoxia is very limited. To make matters worse,
several evolutionary agents are working simultaneously, potentially complicating our understand-
ing even further. For example, warming and acidification are correlated (Doney et al. 2009), as are
warming and hypoxia (see Section 5.2). The same may be the case for hypoxia and harmful algal
blooms (Cloern 2001). Studying the synergistic or antagonistic interactions of these processes will
present logistical and conceptual challenges to the study of the evolutionary adaptation of zoo-
plankton to global change. The hypothesis of oxygen- and capacity-limited thermal tolerance in
animals (Portner et al. 2006) is a good example of a conceptual framework that links simultaneous
evolutionary stressors.

7. INTERACTION OF EVOLUTIONARY AND
ECOLOGICAL PROCESSES

Adaptive responses can occur on the timescales over which climate change occurs (Davis et al.
2005, Parmesan 2006). In fact, it has been argued that some microevolutionary processes occur
on timescales similar to those of ecological processes, which has been termed rapid evolution
(Hairston et al. 2005). For example, rapid evolution has been well documented in the case of
the interaction between zooplankton and toxic algae (Hairston et al. 1999, Colin & Dam 2004).
More important, the timescale convergence for microevolutionary and ecological processes leads
to feedbacks that are manifested at multiple levels of ecological organization, from populations
to communities and ecosystems (Hairston et al. 2005, Post & Palkovacs 2009). Thus, evolution
can alter ecological processes and vice versa: Although it is possible that selection for organismal
traits could mitigate, for example, climate-related environmental shifts, the outcome of selection
could be countered by ecological processes. Interactions between variables could lead to trade-offs
or genetic correlations between traits that might limit the ability of species to adapt to climate
change (Harley et al. 2006). As examples, I consider the interaction of thermal adaptation and two
ecological processes: competition and overfishing-associated predation.

In a study discussed above (Willet 2010), copepod populations that faced the greatest thermal
stress displayed the strongest high-temperature stress tolerance. However, in intraspecific compe-
tition assays, those populations were at a disadvantage at more moderate temperatures. A similar
competitive disadvantage was shown for cladoceran populations that had adapted to warming
relative to those that had not (Van Doorslaer et al. 2009b). Therefore, thermal adaptation could
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lead to an ecological trade-off (competitive disadvantage) that may limit the ability of thermally
adapted populations to spread to new habitats.

In a study of genetic adaptation to temperature in Daphnia under two culling regimes, an
adaptive response was obvious after a few generations of selection in a thermal regime but in only
one of the two culling regimes, suggesting that predation may affect the outcome of evolution
(Van Doorslaer et al. 2009a).

One contemporary process that can have a strong bearing on the response of zooplankton to
climate change is overfishing. There are now well-documented cases that overfishing leads to cas-
cading trophic interactions that affect zooplankton. For example, in a four-level food chain on the
eastern Scotian Shelf in the Northwest Atlantic, a decline in the aggregate biomass of top preda-
tors (groundfish) resulted in an explosion in both planktivore and macroinvertebrate abundances,
which then precipitated declines in the abundance of large herbivorous copepods (Frank et al.
2005). Similarly, in the open Baltic Sea, reduction of the cod (Gadus morbua) population directly
affected its main prey, the zooplanktivorous sprat (Sprattus sprattus), and indirectly affected the
summer biomass of zooplankton (Casini et al. 2009). In addition, overfishing has led to trophic
cascades and the proliferation of gelatinous zooplankton in the Black Sea (Daskalov et al. 2007).
Thus, overfishing can lead to a preponderance of visual (e.g., fish) or nonvisual (ctenophores and
jellyfish) zooplanktivores. The former tend to be size selective, but the latter do not.

Let us now consider the interaction of overfishing and thermal adaptation. For the sake of
argument, we can posit that in a warming world the outcome of natural selection would be faster-
growing individuals with shorter generation times. This typically results in a trade-off of reduced
body size and fecundity (Roff 1997). Indeed, a reduction in body size is a recognized response to
global warming (Sheridan & Bickford 2011). Now consider predation as an evolutionary force in
combination with temperature. In the case of visual predators and a warming climate, predation
mortality will be greater for larger individuals within a population, leading to further selection for
small body size. In contrast, in the case of nonvisual predators (e.g., gelatinous zooplankton) and
a warming climate, predation will be determined mostly by encounter rate; hence, the smaller,
more abundant zooplankton will experience higher predation mortality, counteracting the effects
of temperature selection for small body size. To the extent that the outcome of thermal adapta-
tion will vary among zooplankton populations along a latitudinal gradient, so too will the effects
of the interaction of temperature and predation on the zooplankton population dynamics. This
interaction will then also affect prey availability for larval and small pelagic fishes. Such feed-
back mechanisms should be taken into account when oceanographers analyze the phenology and
distribution of zooplankton in terms of climate change.

SUMMARY POINTS

1. Zooplankton respond to global change problems such as toxic algal blooms, hypoxia, and
climate change through both phenotypic plasticity and genetic adaptation. The evolu-
tion of reaction norms (also called performance curves) among populations provides a
powerful conceptual framework to disentangle phenotypic plasticity from genetic adap-
tation. Common garden experiments are a suitable means to test for genetic adaptation
in zooplankton in the ocean.

2. Although the number of studies that have rigorously tested for genetic adaptation in
marine zooplankton is small, there is unequivocal evidence for genetic adaptation to a
variety of environmental stresses and for genetic variation in the phenotypic plasticity
related to these stresses. The latter is essential for the evolution of reaction norms.
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3. Measurements of fitness in studies of marine zooplankton adaptation are extremely lim-
ited. Because of trade-offs, studies that measure only a single trait may lead to erroneous
conclusions regarding adaptation.

4. The fixation of adapted genotypes in zooplankton populations facing stochastic or cyclic
environmental stress (e.g., toxic algal blooms and coastal hypoxia) will depend on the
fitness penalty (cost) incurred by those phenotypes in the absence of the environmen-
tal stressors. Such costs are poorly constrained. Zooplankton adaptation to directional
selection (e.g., temperature, acidification) may be better understood based on specialist-
generalist trade-off theory.

5. Evolutionary rates of adaptation in marine zooplankton are poorly constrained. This
uncertainty severely limits our ability to predict whether zooplankton can adapt quickly
enough to global environmental change.

6. We know almost nothing about the effects of the interaction of selective pressures on
zooplankton adaptation. Interactions between adaptation and ecological processes such as
competition and predation are gaining recognition as important factors in understanding
the response of zooplankton to global change.

FUTURE ISSUES

1. Studies that rigorously test for differences between phenotypic plasticity and genetic
adaptation will remain a priority for understanding the response of zooplankton to global
change.

2. Fitness is a composite measure of lifetime survival and fecundity. Because of trade-offs
among life history traits, fitness should be the currency for studies of adaptation in marine
zooplankton (e.g., Colin & Dam 2004). Measurements of fitness impose considerable
logistical demands but overcome many of the interpretation problems common to most
adaptation studies.

3. At least in the case of directional selection, there is a solid framework for comparing
evolutionary rates to environmental change (Chevin et al. 2010), which is the key issue
for predicting whether marine zooplankton will adapt quickly enough to global change.
Progress in this area will require two types of efforts: (#) within-population studies to
assess the genetic component of phenotypic variability and the heritability of traits cor-
related with fitness (survival, fecundity, developmental rate, and size and age at maturity)
and (b) measurements of selection differentials.

4. Studies of the synergistic or antagonistic effects of selective pressures (e.g., warming
and acidification, or warming and hypoxia) and of evolutionary (adaptation) and ecolog-
ical (predation, competition, parasitism) processes can significantly advance our abil-
ity to forecast the response of zooplankton to global change. Progress in this area
will require close collaboration between marine ecologists, evolutionary biologists, and
modelers.

www.annualyreviews.org o Zooplankton Adaptation to Global Change

3065



Annu. Rev. Marine. Sci. 2013.5:349-370. Downloaded from www.annualreviews.org

by ${individual User.displayName} on 01/03/13. For personal use only.

366

5. Arnold (1983) introduced evolutionary ecologists to the linkages between morphology,
performance, and fitness. Paraphrasing Arnold, marine zooplanktologists should strive
for an integrative view of genetics, physiology, performance, and fitness. To achieve
this goal, the gap between molecular biology, physiology, and population genetics must
continue to narrow (e.g., Bricelj et al. 2005, Somero 2012).

DISCLOSURE STATEMENT

The author is not aware of any affiliations, memberships, funding, or financial holdings that might
be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

I thank my former and current students (Sean Colin, Lihua Chen, Christina Senft, Michael
Finiguerra, and Ben Cournoyer) and my colleague David Avery. My collaboration with them
for the past decade has shaped the ideas in this review. I thank NOAA (ECOHAB Program), the
EPA (STAR Program), the NSF (Biological Oceanography Program and Integrative Organismal
Systems Program), and the Connecticut Sea Grant Program for funding my research on zooplank-
ton adaptation. Writing of this article was partly funded by NSF grants OCE-0648126, OCE-
1130284, and I0S-0950852 and Connecticut Sea Grant Program grants R/LR-21 and R/LR-23.
I wrote this review while on sabbatical leave at the Centro i~mar, Universidad de Los Lagos,
Chile. I thank Dr. Daniel Valera Zapata for hosting me, and the Chilean Council for Scientific
Research and Technology (CONICYT) for providing funds for my visit to Chile. I also thank
the University of Connecticut for granting me a sabbatical leave and an anonymous reviewer for
helpful comments and suggestions.

LITERATURE CITED

Anderson DM. 1997. Bloom dynamics of toxic Alexandrium species in the northeastern US. Limnol. Oceanogr.
42:1009-22

Angeller DV. 2007. Resurrection ecology and global climate change research in freshwater ecosystems. 7. N.
Am. Benthol. Soc. 26:12-22

Angilleta MJ Jr. 2009. Thermal Adaptation: A Theoretical and Empirical Synthesis. Oxford, UK: Oxford Univ.
Press

Arnold SJ. 1983. Morphology, performance and fitness. Amz. Zool. 23:347-61

Auel H, Verheye HM. 2007. Hypoxia tolerance in the copepod Calanoides carinatus and the effect of an
intermediate oxygen minimum layer on copepod vertical distribution in the northern Benguela Current
upwelling system and the Angola—Benguela Front. 7. Exp. Mar. Biol. Ecol. 352:234-43

Avery DE. 2005. Induction of embryonic dormancy in the calanoid copepod Acartia hudsonica: heritability and
phenotypic plasticity in two geographically separated populations. 7. Exp. Mar. Biol. Ecol. 314:215-25

Avery DE, Dam HG. 2007. Newly discovered reproductive phenotypes of a marine copepod reveal the costs
and advantages of resistance to the toxic dinoflagellate Alexandrium fundyense. Limnol. Oceanogr. 52:2099—
108

Banse K. 1995. Zooplankton: pivotal role in the control of ocean production. I. Biomass and production. ICES
7. Mar. Sci. 52:265-77

Beaugrand G, Reid PC, Ibafiez F, Lindley JA, Edwards M. 2002. Reorganisation of North Atlantic marine
copepod biodiversity and climate. Science 296:1692-94

Boersma M, DeMeester L, Spak P. 1999. Environmental stress and local adaptation in Daphnia magma. Limnol.
Oceanogr. 44:393-402

Dam



Annu. Rev. Marine. Sci. 2013.5:349-370. Downloaded from www.annualreviews.org

by ${individual User.displayName} on 01/03/13. For personal use only.

Bradley BP. 1986. Genetic expression of temperature tolerance in the copepod Eurytemora affinis in different
salinity and temperature environments. Mar. Biol. 91:561-65

Bradley BP, Ketzner FA. 1982. Genetic and non-genetic variability in temperature tolerance of the copepod
Eurytemora affinis in five temperature regimes. Biol. Bull. 162:233-45

Bradshaw WE, Holzapfel CM. 2006. Evolutionary response to rapid climate change. Science 312:1477-78

Breitburg DL, Hondorp DW, Davias AL, Diaz RJ. 2009. Hypoxia, nitrogen, and fisheries: integrating effects
across local and global landscapes. Annu. Rev. Mar. Sci. 1:329-49

Bricelj MV, Connell LB, Konoki K, MacQuarrie SP, Scheuer T, et al. 2005. Sodium channel mutation
responsible for saxitoxin resistance in clams increases risk of PSP. Nature 434:763-67

Casini M, Hjelm J, Molinero J, Lovgren J, Cardinale M, et al. 2009. Trophic cascades promote threshold-like
shifts in pelagic marine ecosystems. Proc. Natl. Acad. Sci. USA 106:197-202

Chevin L-M, Lande R, Mace GM. 2010. Adaptation, plasticity, and extinction in a changing environment:
towards a predictive theory. PLoS Biol. 8:¢1000357

Childress JJ, Seibel BA. 1998. Life at stable low oxygen levels: adaptations of animals to oceanic oxygen
minimum layers. 7. Exp. Biol. 201:1223-32

Chown SL, Hoftmann AA, Kristensen TN, Angilleta A] Jr, Stenseth AC, Pertoldi C. 2010. Adapting to climate
change: a perspective from evolutionary physiology. Climz. Res. 43:3-15

Clarke A, Gaston KJ. 2006. Climate, energy and diversity. Proc. R. Soc. Lond. B 273:2257-66

Cloern JE. 2001. Our evolving conceptual model of the coastal eutrophication problem. Mar. Ecol. Prog. Ser.
210:223-53

Colin SP, Dam HG. 2002. Latitudinal differentiation in the effects of the toxic dinoflagellate Alexandrium spp.
on the feeding and reproduction of populations of the copepod Acartia hudsonica. Harmful Algae 1:113-25

Colin SP, Dam HG. 2004. Testing for resistance of pelagic marine copepods to a toxic dinoflagellate.
Evol. Ecol. 18:355-77

Colin SP, Dam HG. 2007. Comparison of the functional and numerical responses of resistant versus non-
resistant populations of the copepod Acartia hudsonica fed the toxic dinoflagellate Alexandrium tamarense.
Harmful Algae 6:875-82

Conover DO, Schultz ET. 1995. Phenotypic similarity and the evolutionary significance of countergradient
variation. Trends Ecol. Evol. 10:248-56

Dam HG, Haley ST. 2011 Comparative dynamics of paralytic shellfish toxins (PST) in a tolerant and suscep-
tible population of the copepod Acartia hudsonica. Harmful Algae 10:245-53

Dam HG, Zhang X, Butler M, Roman MR. 1995. Mesozooplankton grazing and metabolism at the equator
in the central Pacific: implications for carbon and nitrogen fluxes. Deep-Sea Res. 11 42:735-56

Daskalov G, Grishin A, Rodinov S, Mihneva V. 2007. Trophic cascades triggered by overfishing reveal possible
mechanisms of ecosystem regime shifts. Proc. Natl. Acad. Sci. USA 104:10518-23

Daufresne M, Lengfellner K, Sommer U. 2009. Global warming benefits the small in aquatic ecosystems.
Proc. Natl. Acad. Sci. USA 106:12788-93

Davis M, Shaw R, Etterson J. 2005. Evolutionary responses to climate change. Ecology 86:1704—14

Decker MB, Breitburg DL, Marcus NH. 2003. Geographical differences in behavioral responses to hypoxia:
local adaptation to an anthropogenic stressor? Ecol. Appl. 13:1104-9

Derry AM, Arnott SE, Boag PT. 2010. Evolutionary shifts in copepod acid tolerance in an acid-recovering
lake indicated by resurrected resting eggs. Evol. Ecol. 24:133-45

Deutsch CA, Tewskbury JJ, Huey RB, Sheldon KS, Ghalamborg CK, et al. 2008. Impacts of climate warming
on terrestrial ectotherms across latitude. Proc. Natl. Acad. Sci. USA 105:6668-72

Diaz R]J, Rossenberg R. 2008. Spreading dead zones and consequences for marine ecosystems. Science 321:926—
29

Doney SC, Fabry V], Feely RA, Klepas JA. 2009. Ocean acidification: the other CO; problem. Annu. Rev.
Mar. Sci. 1:169-92

Edmands S, Deimler JK. 2004. Local adaptation, intrinsic coadaptation and the effects of environmental stress
on interpopulation hybrids in the copepod Tigriopus californicus. J. Exp. Mar. Biol. Ecol. 303:183-96

Edwards M, Richardson AJ. 2004. The impact of climate change on the phenology of the plankton community
and trophic mismatch. Nature 430:881-84

www.annualyreviews.org o Zooplankton Adaptation to Global Change

367



Annu. Rev. Marine. Sci. 2013.5:349-370. Downloaded from www.annualreviews.org

by ${individual User.displayName} on 01/03/13. For personal use only.

368

Ekau W, Auel H, Pértner H-O, Gilbert D. 2010. Impacts of hypoxia on the structure and processes in pelagic
communities (zooplankton, macro-invertebrates and fish). Biogeosciences 7:1669-99

Fabry V], Seibel BA, Feely RA, Orr JC. 2008. Impacts of ocean acidification on marine fauna and ecosystem
processes. ICES 7. Mar. Sci. 65:414-32

Falconer DS, Mackay TFC. 1996. Introduction to Quantitative Genetics. Essex, UK: Longman

Frank K, Petrie B, Choi J, Leggett W. 2005. Trophic cascades in a formerly cod-dominated ecosystem. Science
308:1621-23

Fry JD. 2003. Detecting ecological trade-offs using selection experiments. Fcology 84:1672-78

Gienapp P, Tepilitsky C, Alho S, Mills J, Merila J. 2008. Climate change and evolution: disentangling envi-
ronmental and genetic responses. Mol. Ecol. 17:167-78

Gilchrist GW. 1995. Specialists and generalists in changing environments. I. Fitness landscapes of thermal
sensitivity. Am. Nat. 146:252-70

Hairston NG Jr, Ellner S, Geber M, Yoshida T, FoxJ. 2005. Rapid evolution and the convergence of ecological
and evolutionary time. Ecol. Lett. 8:1114-27

Hairston NG Jr, Holtmeier CL, Lampert W, Weider L], Post DM, et al. 2001. Natural selection for grazer
resistance to toxic cyanobacteria: evolution of phenotypic plasticity? Evolution 55:2203-14

Hairston NG Jr, Lampert W, Ciceres CE, Holtmeier CL, Weider L], et al. 1999. Lake ecosystems: rapid
evolution revealed by dormant eggs. Nature 401:446

Hallegraeff GM. 1993. A review of harmful algal blooms and their apparent global increase. Phycologia 32:79-99

Harley C, Hughes A, Hultgren K, Miner B, Sorte C, et al. 2006. The impacts of climate change in coastal
marine systems. FEcol. Lett. 9:228-41

Hays G, Richardson A, Robinson C. 2005. Climate change and marine plankton. Trends Ecol. Evol. 20:337-44

Helly JJ, Levin LA. 2004. Global distribution of naturally occurring marine hypoxia on continental margin.
Deep-Sea Res. 1 51:1159-68

Huey RB, Hertz PE. 1984. Is a jack-of-all-temperatures a master of none? Evolution 161:357-66

Huey RB, Kingsolver JG. 1993. Evolution of resistance to high temperatures in ectotherms. Anz. Nat. 142:521—
46

Intergov. Panel Clim. Change. 2007. Summary for policymakers. In Climate Change 2007: The Physical Science
Basis: Contribution of Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on
Climate Change, ed. S Solomon, D Qin, M Manning, Z Chen, M Marquis, et al., pp. 1-18. Cambridge:
Cambridge Univ. Press

Invidia M, Sei S, Gorbi S. 2004. Survival of the copepod Acartia tonsa following egg exposure to near anoxia
and to sulfide at different pH values. Mar. Ecol. Prog. Ser. 276:187-96

Ji R, Edwards M, Mackas D, Runge J, Thomas A. 2010. Marine plankton phenology and life history in a
changing climate: current research and future directions. 7. Plankton Res. 32:1355-68

Jiang X, Lonsdale DJ, Gobler CJ. 2011. Rapid gain and loss of evolutionary resistance to the harmful dinoflag-
ellate Cochlodinium polykrikoides in the copepod Acartia tonsa. Limnol. Oceanogr. 56:947-54

Kamikowski D, Zentara SJ. 1990. Hypoxia in the world ocean as recorded in the historical data set. Deep-Sea
Res. 37:1861-74

Kawecki TJ, Ebert D. 2004. Conceptual issues in local adaptation. Ecol. Lett. 7:1225-41

Kingsolver JG, Izem R, Ragland GJ. 2004. Plasticity of size and growth in fluctuating thermal environments:
comparing reaction norms and performance curves. Integr. Comp. Biol. 44:450-60

Kurihara H. 2008. Effects of CO;-driven ocean acidification on the early developmental stages of invertebrates.
Mar. Ecol. Prog. Ser. 373:275-84

Kwow KW, Grist EP, Leung KM. 2012. Acclimation effect and fitness cost of copper resistance in the marine
copepod Tigriopus japonicus. Ecotoxicol. Environ. Saf. 72:358-64

Lande R, Arnold SJ. 1983. The measurement of selection on correlated characters. Evolution 37:1210-26

Landry MR, Barber RT, Bidigare RR, Chai F, Coale KH, et al. 1997. Iron and grazing constraints on primary
production in the central equatorial Pacific: an EqPac synthesis. Limmnol. Oceanogr. 42:405-18

Lee CE, Petersen CH. 2002. Genotype-by-environment interaction for salinity tolerance in the freshwater-
invading copepod Eurytemora affinis. Physiol. Biochem. Zool. 75:335-44

Lee CE, Remfert JL, Gelembiuk GW. 2003. Evolution of physiological tolerance and performance during
freshwater invasions. Integr. Comp. Biol. 43:439-49

Dam



Annu. Rev. Marine. Sci. 2013.5:349-370. Downloaded from www.annualreviews.org

by ${individual User.displayName} on 01/03/13. For personal use only.

Longhurst AR. 1991. Role of the marine biosphere in the global carbon cycle. Limnol. Oceanogr. 36:1507-26

Longhurst AR, Bedo AW, Harrison WG, Head EJH, Sameoto DD. 1990. Vertical flux of respiratory carbon
by oceanic diel migrant biota. Deep-Sea Res. I 37:685-94

Lonsdale D, Levinton J. 1985. Latitudinal differentiation in copepod growth: an adaptation to temperature.
Ecology 66:1379-407

LutzRV, Marcus NH, Chanton JP. 1994. Hatching and viability of copepod eggs at two stages of embryological
development: anoxic/hypoxic effect. Mar. Biol. 119:199-204

Lynch M, Gabriel W. 1987. Environmental tolerance. An. Nat. 129:283-303

Lynch M, Lande R. 1993. Evolution and extinction in response to environmental change. In Biotic Interactions
and Global Change, ed. P Kareiva, ] Kingsolver, R Huey, pp. 234-50. Sunderland, MA: Sinauer

Mackas DL, Goldblatt R, Lewis AG. 1998. Interdecadal variation in developmental timing of Neocalanus
plumichrus populations at Ocean Station P in the subarctic North Pacific. Can. 7. Fish. Aquat. Sci. 55:1878—-
93

Marcus NH. 1984. Variations in the diapause response of Labidocera aestiva (Copepoda: Calanoida) from
different latitudes and its importance to the evolutionary process. Biol. Buil. 166:127-39

Marcus NH. 1996. Ecological and evolutionary significance of resting eggs in marine copepods: past, present,
and future studies. Hydrobiologia 320:141-52

Marcus NH. 2001. Zooplankton: responses to and consequences of hypoxia. In Coastal Hypoxia: Consequences
for Living Resources and Ecosystems, Coast. Estuar. Stud. 58, ed. NN Rabalais, RE Turner, pp. 49-60.
Washington, DC: Am. Geophys. Union

Mauchline J. 1998. The Biology of Calanoid Copepods. Adv. Mar. Biol. 33. San Diego: Academic

McLaren IA. 1976. Inheritance of demographic and production parameters in the marine copepod Eurytemora
berdmani. Biol. Bull. 151:200-13

Medina MH, Morandi B, Correa JA. 2008. Copper effects in the copepod Tigriopus angulatus Lang, 1933:
Natural broad tolerance allows maintenance of food webs in copper-enriched coastal areas. Mar. Freshw.
Res. 59:1061-66

Mitchell SE, Halves J, Lampert W. 2004. Coexistence of similar genotypes of Daphnia magna in intermittent
populations: response to thermal stress. Ozkos 106:469-78

Mitchell SE, Lampert W. 2000. Temperature adaptation in a geographically widespread zooplankter, Daphnia
magna. J. Evol. Biol. 13:371-82

Parmesan C. 2006. Ecological and evolutionary responses to recent climate change. Annu. Rev. Ecol. Evol. Syst.
37:637-69

Pigliucci M. 2001. Phenotypic Plasticity: Beyond Nature and Nurture. Baltimore: Johns Hopkins Univ. Press

Pitois SG, Fox CJ. 2006. Long-term changes in zooplankton biomass concentration and mean size over the
Northwest European shelf inferred from Continuous Plankton Recorder data. ICES 7. Mar. Sci. 63:785—
98

Pértmer H-O, Bennet AF, Bozinoc F, Clarke A, Lardies MA, et al. 2006. Tradeoffs in thermal adaptation: the
need for a molecular to ecological integration. Physiol. Biochem. Zool. 79:295-313

Post D, Palkovacs E. 2009. Eco-evolutionary feedbacks in community and ecosystem ecology: interactions
between the ecological theatre and the evolutionary play. Philos. Trans. R. Soc. Lond. B 364:1629-40

Rabalais NN, Diaz R], Levin LA, Turner RE, Gilbert D, Zhang J. 2010. Dynamics and distribution of natural
and human-caused hypoxia. Biogeosciences 7:585-619

Réberg L, Graham A, Read A. 2009. Decomposing health: tolerance and resistance to parasites in animals.
Philos. Trans. R. Soc. Lond. B 36:37-49

Richardson AJ. 2008. In hot water: zooplankton and climate change. ICES 7. Mar. Sci. 65:279-95

Roft DA. 1997. Evolutionary Quantitative Genetics. New York: Chapman and Hall

Roman MR, Gauzens AL, Rhinehart WK, White JR. 1993. Effects of low oxygen waters on Chesapeake Bay
zooplankton. Limnol. Oceanogr. 38:1603-14

Sanford E, Kelly MW. 2011. Local adaptation in marine invertebrates. Annu. Rev. Mar. Sci. 3:509-35

Sarnelle O, Wilson AE. 2005. Local adaptation of Daphbnia pulicaria to toxic cyanobacteria. Limnol. Oceanogr.
50:1565-70

Schlichting CD, Pigliucci M. 1998. Phenotypic Plasticity: A Reaction Norm Perspective. Sunderland, MA: Sinauer

www.annualyreviews.org o Zooplankton Adaptation to Global Change

369



Annu. Rev. Marine. Sci. 2013.5:349-370. Downloaded from www.annualreviews.org

by ${individual User.displayName} on 01/03/13. For personal use only.

370

Sedlacek C, Marcus NH. 2005. Egg production of the copepod Acartia tonsa: the influence of hypoxia and
food concentration. 7. Exp. Mar. Biol. Ecol. 318:183-90

Sheridan JA, Bickford D. 2011. Shrinking body size as an ecological response to climate change. Nat. Clim.
Change 1:401-6

Sibly RM, Calow P. 1986. Physiological Ecology of Animals: An Evolutionary Approach. Oxford, UK: Blackwell
Sci.

Somero GN. 2010. The physiology of climate change: how potentials for acclimatization and genetic adapta-
tion will determine “winners” and “losers.” 7. Exp. Biol. 213:912-20

Somero GN. 2011. Comparative physiology: a “crystal ball” for predicting consequences of global change.
Am. J. Physiol. Regul. Integr. Comp. Physiol. 301:R1-14

Somero GN. 2012. The physiology of global change: linking patterns to mechanisms. Annu. Rev. Mar. Sci.
4:39-61

Stalder LC, Marcus NN. 1997. Zooplankton responses to hypoxia: behavioral patterns and survival of three
species of calanoid copepods. Mar. Biol. 127:599-607

Stearns SC. 1989. The evolutionary significance of phenotypic plasticity. BioScience 39:436-45

Stegert CR, Ji R, Davis CS. 2010. Influence of projected ocean warming on population growth potential in
two North Atlantic copepod species. Prog. Oceanogr. 87:264-76

Stramman L, Johnson G, Sprintall J, Mohrholz V. 2008. Expanding oxygen-minimum zones in the tropical
oceans. Science 320:655-58

Sunday JM, Bates AE, Dulvy NK. 2011a. Global analysis of thermal tolerance and latitude in ectotherms.
Proc. R. Soc. Lond. B 278:1823-30

Sunday JM, Crym RN, Harley CDG, Hart MW. 2011b. Quantifying rates of evolutionary adaptation in
response to ocean acidification. PLoS ONE 6:¢22881

Tsui MTK, Wang W-X. 2005. Influences of maternal exposure on the tolerance and physiological perfor-
mance of Daphnia magma under mercury stress. Environ. Toxicol. Chem. 24:1228-34

Turner JT, Tester PA. 1997. Toxic marine phytoplankton, zooplankton grazers, and pelagic food webs.
Limmnol. Oceanogr. 42:1203-14

Van Doorslaer W, Stoks R, Divovier C, Bednarska A, De Meester L. 2009a. Population dynamics determine
genetic adaptation to temperature in Daphnia. Evolution 63:1867-78

Van Doorslaer W, Stoks R, Eppesen E, De Meester L. 2007. Adaptive microevolutionary responses to simu-
lated global warming in Simeocephalus vetulus: a mesocosm study. Glob. Change Biol. 13:878-86

Van Doorslaer W, Stoks R, Swillen I, Feutchmayr H, Atkinsin D, etal. 2010. Experimental thermal microevo-
lution in community-embedded Daphnia populations. Clim. Res. 43:81-89

Van Doorslaer W, Vanoverbeke J, Duvivier C, Rousseaux S, Jansen M, et al. 2009b. Local adaptation to higher
temperatures reduces immigration success of genotypes from a warmer region in the water flea Daphnia.
Glob. Change Biol. 15:3046-55

Walther GR, Post E, Convey P, Menzel A, Parmesan C, et al. 2002. Ecological responses to recent climate
change. Nature 416:385-80

Whitman WA, Agrawal AA. 2009. What is phenotypic plasticity and why is it important? In Phenotypic Plasticity
of Insects: Mechanisms and Consequences, ed. DW Whitman, TN Ananthakrishan, pp. 1-63. Enfield, NH:
Sci. Publ.

Willet CS. 2010. Potential fitness trade-offs for thermal tolerance in the intertidal copepod Tigriopus californicus.
Evolution 64:2521-34

Wishner KF, Gowing MC, Gelfman C. 2000. Living in suboxia: ecology of an Arabian Sea oxygen minimum
zone copepod. Limmnol. Oceanogr. 45:1576-93

Yamahira K, Kawajiri M, Takeshi K, Irie T. 2007. Inter- and intrapopulational variation in thermal reaction
norms for growth rate: evolution of latitudinal compensation in ectotherms with a genetic constraint.
Evolution 61:1577-89

Zheng Y, Dam HG, Avery DE. 2011. Differential responses of populations of the copepod Acartia hudsonica
to toxic and nutritionally insufficient food algae. Harmful Algae 10:723-31



Annu. Rev. Marine. Sci. 2013.5:349-370. Downloaded from www.annualreviews.org

by ${individual User.displayName} on 01/03/13. For personal use only.

R

R

Annual Review of
Marine Science

Volume 5, 2013

vi

Contents

Reflections About Chance in My Career, and on the Top-Down
Regulated World
Karl Banse ............... ... 1

Causes for Contemporary Regional Sea Level Changes
Detlef Stammer, Anny Cazenave, Rui M. Ponte, and Mark E. Tamisiea ................ 21

Gravity Flows Associated with Flood Events and Carbon Burial:
Taiwan as Instructional Source Area

Fames T. Liu, Shub-#i Kao, Chih-An Hub, and Chin-Chang Hung ..................... 47
A Deep-Time Perspective of Land-Ocean Linkages

in the Sedimentary Record

Brian W. Romans and Stephan A. Grabam ...............................cccc 69

Remote Sensing of the Nearshore
Rob Holman and Merrick C. Haller ...........................ciiiiiiiiii, 95

High-Frequency Radar Observations of Ocean Surface Currents
Feffrey D. Paduan and Libe Washburn .....................c.c.ccciiiiiiiiiiiiiiin, 115

Lagrangian Motion, Coherent Structures, and Lines
of Persistent Material Strain
R Samielson ... 137

Deglacial Origin of Barrier Reefs Along Low-Latitude Mixed
Siliciclastic and Carbonate Continental Shelf Edges
André W. Droxler and Stéphan J. Jorry ... 165

The Trace Metal Composition of Marine Phytoplankton
Benjamin S. Twining and Stephen B. Baines .......................cccccciiiiii. 191

Photophysiological Expressions of Iron Stress in Phytoplankton
Michael J. Bebrenfeld and Allen §. Milligan .........................cccccciiiii.. 217

Evaluation of In Situ Phytoplankton Growth Rates:
A Synthesis of Data from Varied Approaches
Edward A. Laws ... 247



Annu. Rev. Marine. Sci. 2013.5:349-370. Downloaded from www.annualreviews.org

by ${individual User.displayName} on 01/03/13. For personal use only.

Icebergs as Unique Lagrangian Ecosystems in Polar Seas
K L. Smith fr., A.D. Sherman, T.J. Shaw, and §. Sprintall ............................ 269

Ecosystem Transformations of the Laurentian Great Lake Michigan
by Nonindigenous Biological Invaders
Russell L. Cubel and Carmen Aguilar ...............................cciiiiii.. 289

Ocean Acidification and Coral Reefs: Effects on Breakdown,

Dissolution, and Net Ecosystem Calcification
Andreas J. Andersson and Dwight Gledhill .............................c..ccc 321

Evolutionary Adaptation of Marine Zooplankton to Global Change
Hans G. Dam ... 349

Resilience to Climate Change in Coastal Marine Ecosystems
Joanna R. Bernbardt and Heather M. Leslie ............................................. 371

Oceanographic and Biological Effects of Shoaling of the Oxygen
Minimum Zone
William F. Gilly, . Michael Bemman, Steven Y. Litvin, and Bruce H. Robison ......... 393

Recalcitrant Dissolved Organic Carbon Fractions
Dennis A. Hansell ......... ... ... 421

The Global Distribution and Dynamics of Chromophoric Dissolved
Organic Matter

Norman B. Nelson and David A. Siegel ..., 447
The World Ocean Silica Cycle

Paul J. Treguer and Christina L. De La Rocha ............................ccci. 477
Using Triple Isotopes of Dissolved Oxygen to Evaluate Global Marine

Productivity

LW. Furanek and P.D. Quay ..ot 503
What Is the Metabolic State of the Oligotrophic Ocean? A Debate

Hugh W. Ducklow and Scott C. Domey ... 525

The Oligotrophic Ocean Is Autotrophic
Peter 7. le B. Williams, Paul D. Quay, Toby K. Westberry,
and Michael . Bebrenfeld ... ... ... ... . ... 535

The Oligotrophic Ocean Is Heterotrophic
Carlos M. Duarte, Aurore Regaudie-de-Gioux, Festis M. Arrieta,
Antonio Delgado-Huertas, and Susana Agusti .............................cc.. 551

Errata

An online log of corrections to Annual Review of Marine Science articles may be found at
http://marine.annualreviews.org/errata.shtml

Contents

Vil



	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Marine Science Online

	Most Downloaded Marine Science Reviews 
	Most Cited Marine Science Reviews 
	Annual Review of Marine Science 
Errata 
	View Current Editorial Committee

	All Articles in the Annual Review of Marine Science,  Vol. 5 
	Reflections About Chance in My Career, and on the Top-Down Regulated World
	Causes for Contemporary Regional Sea Level Changes
	Gravity Flows Associated with Flood Events and Carbon Burial:Taiwan as Instructional Source Area
	A Deep-Time Perspective of Land-Ocean Linkages in the Sedimentary Record
	Remote Sensing of the Nearshore
	High-Frequency Radar Observations of Ocean Surface Currents
	Lagrangian Motion, Coherent Structures, and Linesof Persistent Material Strain
	Deglacial Origin of Barrier Reefs Along Low-Latitude Mixed Siliciclastic and Carbonate Continental Shelf Edges
	The Trace Metal Composition of Marine Phytoplankton
	Photophysiological Expressions of Iron Stress in Phytoplankton
	Evaluation of In Situ Phytoplankton Growth Rates:A Synthesis of Data from Varied Approaches
	Icebergs as Unique Lagrangian Ecosystems in Polar Seas
	Ecosystem Transformations of the Laurentian Great Lake Michigan by Nonindigenous Biological Invaders
	Ocean Acidification and Coral Reefs: Effects on Breakdown, Dissolution, and Net Ecosystem Calcification
	Evolutionary Adaptation of Marine Zooplankton to Global Change
	Resilience to Climate Change in Coastal Marine Ecosystems
	Oceanographic and Biological Effects of Shoaling of the Oxygen Minimum Zone
	Recalcitrant Dissolved Organic Carbon Fractions
	The Global Distribution and Dynamics of Chromophoric Dissolved Organic Matter
	The World Ocean Silica Cycle
	Using Triple Isotopes of Dissolved Oxygen to Evaluate Global Marine Productivity
	What Is the Metabolic State of the Oligotrophic Ocean? A Debate
	The Oligotrophic Ocean Is Autotrophic
	The Oligotrophic Ocean Is Heterotrophic




