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Estimation of zooplankton mortality rates in field populations is a challenging task that some contend is
inherently intractable. This paper examines several of the objections that are commonly raised to efforts to
estimate mortality. We find that there are circumstances in the field where it is possible to sequentially
sample the same population and to resolve biologically caused mortality, albeit with error. Precision can be
improved with sampling directed by knowledge of the physical structure of the water column, combined with
adequate sample replication. Intercalibration of sampling methods can make it possible to sample across the
life history in a quantitative manner. Rates of development can be constrained by laboratory-based estimates
of stage durations from temperature- and food-dependent functions, mesocosm studies of molting rates, or
approximation of development rates from growth rates, combined with the vertical distributions of
organisms in relation to food and temperature gradients. Careful design of field studies guided by the
assumptions of specific estimation models can lead to satisfactory mortality estimates, but model uncertainty
also needs to be quantified. We highlight additional issues requiring attention to further advance the field,
including the need for linked cooperative studies of the rates and causes of mortality of co-occurring
holozooplankton and ichthyoplankton.
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1. Introduction

It is challenging to find a problem in evolutionary ecology,
population dynamics, functional morphology, trophic dynamics, or
climate change science that does not turn on understanding the risks
and rates of loss experienced by natural populations. Yet for scientific
generations, zooplankton ecologists have eschewed the problem of
quantifying such losses in favor of other processes that are more
experimentally tractable and convenient, even if of uncertain
significance. A litany of objections is commonly raised to attempts
to estimate mortality for planktonic organisms, which are used to
justify this lack of attention. Among the more common objections
include assertions that: it is impossible to sample the same planktonic
population over time; advection always predominates over all other
sources of loss or gain; patchiness generates poor precision of
abundance and rate measurements; unbiased sampling across the
entire life history is unattainable; organism ages or stage durations,
which are usually needed for mortality estimates, are unknown; and
the underlying population models are biased and contain hidden
assumptions and unmeasureable parameters to which they are
unduly sensitive. In a word, mortality rates are inherently unknowable.
So, faced with the dilemma of the importance of quantifying mortality,
yet the conventional wisdom that the problem is intractable, what is to
be done?

Beginning at the beginning, it is reasonable to assume that non-
clonal organisms do die. It is also reasonable to infer that metazoans
experience different risks and rates of loss at different points in their life
history. Bodymass can vary by 3 orders of magnitude ormore from egg
to adult for many types of holozooplankton, with attendant changes in
Reynolds number, swimming behavior, escape responses, hydrody-
namic disturbances, and visibility. Hence it is reasonable to expect that
sources and rates of mortality will change with ontogeny. Mortality
rates thus likely vary with developmental stage or size of the organism
and, as an important corollary, the developmental stage composition of
a natural population is expected to contain an imprint of the points in
the life history where higher or lower rates of mortality have acted. It is
also likely that sources and rates of mortality vary through time,
especially in mid- to higher latitude environments where many
environmental variables, both biotic and abiotic, show strong season-
ality. Furthermore, mortality risks are unlikely to be uniform across the
entire geographic range of a species, thus also to vary in space.

Armed with the expectation that differential, stage-specific mortality
varies in time and space in the planktonic realm and that the action of
such processes should leave an imprint on the developmental stage or
size structure of the population, the question becomes whether it is ever
practical to detect and interpret such an imprint in natural zooplankton
populations. If the critiques in the first paragraph were found to be
unequivocally true, then the answer would be no, the problem is
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intractable andwe should not waste either time ormoney. However, are
there circumstances or conditions inwhich some types of methods, even
if imperfect, can be applied with limited bias? Are there approaches,
including indirect ones, that are sufficiently robust that they can extract
the predominant underlying patterns, even in a complex fluid environ-
ment? Is it possible to estimate the bias associated with a given method,
such that the uncertainty of the solutions can be quantified and made
explicit? If any of these questions are answered in the affirmative, a
pathway forward presents itself.

Toward this end, one of a family of inverse models is commonly
employed in order to solve for the mortality rates that would give rise
to the observed stage structure of a population. Also needed is
knowledge or assumptions about the rates of transfer between
successive developmental stages. These inversemodels are commonly
classified as horizontal methods that follow the developmental stage
progression of a population through successive time points, and
vertical methods that rely on the stage structure of a population
sampled at one point in time, with assumptions about the temporal
stability of that stage structure (Aksnes et al., 1997). A number of
different horizontal (Aksnes et al., 1997; Caswell, 2001; Manly, 1990;
Wood, 1994) and vertical (Aksnes and Ohman, 1996; Mullin and
Brooks, 1970; Peterson and Kimmerer, 1994; see Aksnes et al., 1997)
methods have been proposed. Application of these methods requires
careful attention to the underlying assumptions and selection of
appropriate field sites, as discussed further below.

As an alternative to site-specific demographic study employing
inverse models, some authors have suggested that life (and death)
processes are governed principally by body size, or by body size and
an environmental co-variate such as temperature (Hirst and Kiørboe,
2002). If true, the appropriate mortality coefficients could be
approximated by size-scaling (usually allometric) relationships,
together with environmental measurements. Of course, the hypoth-
esis of allometric scaling cannot be parameterized or tested without a
suite of robust field estimates of mortality for organisms across a
broad spectrum of body sizes. So the allometric approach also remains
dependent upon a body of empirical estimates and does not by itself
resolve the problem. Another alternative is the use of the average
annual production:biomass (P:B) ratio, which can be used to
approximate the average annual mortality rate, provided it is assumed
that a population is at steady-state from year to year. Such an
approach does not resolve within-season variations in mortality that
can be fundamental to population dynamics (e.g., Ohman and Hirche,
2001). Another proposed indirect approach would equate the
mortality at trophic leveli to the consumption at trophic leveli+1,
but this method ignores a variety of sources of non-predatory
mortality.

This article will now examine more closely some of the arguments
summarized briefly above that, if found to be absolutely true, would
preclude resolution of stage-specific rates of loss and condemn this
line of inquiry (Hugo, 1829). Wewill analyze each of themajor critical
assertions that has been made and briefly offer relevant recommen-
dations. We will then seek to clarify some misconceptions in this line
of research, and finally point to key issues requiring attention to
improve future studies.

2. Examination of assertions

2.1. It is impossible to sample the same planktonic population over time

While sometimes true, it is not universally so. In addition to closed
systems such as some freshwater or marine lakes, in some semi-
closed systems such as lagoons, embayments, or fjords there may be
protracted time periods of limited flushing that permit the sequential
development of a planktonic population to be sampled by conven-
tional Eulerian sampling designs. A number of examples from such
environments illustrate coherent, seasonally reproducible patterns of
population changes that can only sensibly be explained as reflecting
repeated sampling of the same population (Eiane et al., 2002; Landry,
1978; Ohman, 1990; Uye et al., 1983). In addition, some regions of
recurrent, retentive ocean circulation offer the potential for repeated
temporal sampling. For example, persistent mesoscale or sub-
mesoscale eddies and their associated biota may be followed as they
translate through space. Some specific regions of the coastal ocean
have topographically restricted, tidally rectified retentive circulation
that permits sampling of individuals derived from the same
population at successive points in time (Durbin and Casas, 2006).
While there may be only specific time periods when following
temporal progressions is feasible, and diffusive losses/gains remain
difficult to quantify, there have been demonstrable advances in such
studies in recent years (e.g., Bi and Benfield, 2006; Eiane and Ohman,
2004; Li et al., 2006; Ohman et al., 2008; Bi et al., 2011).

In addition, the “population” of interest needs to be defined
carefully. Some numerical methods (e.g., vertical life table methods)
do not require that individuals of the same specific cohort be followed
through time, rather that patches having similar developmental stage
composition (as proportional stage ratios) and development rates be
followable, even if absolute abundances vary among patches.

Studies that employ a Lagrangian sampling design have been
pursued for many years (e.g., Heron, 1972), though newer technol-
ogies present opportunities for Lagrangian studies that are potentially
more effective at following water parcels and entrained plankton
populations. The development of carefully engineered drifters with
limited slip relative to the surrounding fluid has made it possible to
continuously follow water parcels centered on the surface mixed-
layer for protracted time intervals (e.g., Lee and Niiler, 2010).
Following populations is, of course, more challenging than following
fluid parcels, as organisms can be broadly distributed vertically and
different developmental stages may reside at different depths and
therefore experience different flows. Diel vertical migration (DVM)
introduces further challenges to efforts to follow populations in
sheared flows. However, some approaches that mimic the DVM of
zooplankton have been introduced (e.g., De Robertis and Ohman,
1999) and the profiling SOLOPC (Checkley et al., 2008) could be
adapted to this purpose. New generations of Lagrangian floats are in
development (Jaffe and Franks, 2010). Other technologies such as
autonomous gliders and Moving Vessel Profiler surveys have been
recently used to improve Lagrangian studies by initially mapping the
three-dimensional field of a water parcel, thereby avoiding fronts and
other strong gradient features that otherwise make parcel tracking
difficult (e.g., Landry et al., 2009).

2.1.1. Recommendations
Therefore, in certain circumstances with closed or semi-closed

circulation, it can be feasible to take sequential samples of members of
the same population using Eulerian sampling designs. Vertical life
table methods may be applied when the stage composition of a
population is not changing rapidly in time or space. Lagrangian
studies, particularly aided by newer technologies, canmake it possible
to track populations through time, at least for limited time periods. It
is equally important to recognize that in some field situations it is not
presently practical to carry out sequential sampling and thus solve for
mortality.

2.2. Advection always predominates over all other sources of loss or gain

This assertion usually results from improperly designed field
studies. Basic consideration of the relevant time scales makes clear
that the spatial scale of the field site must be chosen so that the
residence time of the fluid is greater than the time scale of change in
the population. If the study site is too small or the rate of fluid
transport too large, changes due to fluid flow will exceed rates of
biological changes. Consider a study site with fluid residence time τ;
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in general the smaller the study site, the smaller τ will be. Now
consider the time scale of change in the population of interest, here
taken as the generation time (Tgen) of the organisms. For a given Tgen,
increasing the spatial scale of study will lead to progressively smaller
effects of advection. A pre-condition that therefore should be met in
the design of a field study is that the spatial domain of the study site
should ensure that the residence time, τ, is greater than or equal to the
generation time Tgen (Aksnes et al., 1997; Ohman et al., 2008). Note
that this condition does not imply that there is no fluid loss from the
study domain, only that the average advective and diffusive flux is no
greater than the rate of biological change from generation to
generation.

For rapidly growing organisms like protists (short Tgen) the spatial
scale of study can therefore be small, while for multicellular
organisms sampled across their entire life history, the study domain
must be correspondingly larger (or located in a region whose
circulation is more retentive). Since spatially representative sampling
must always be conducted within the study domain, both the spatial
scale and the sampling effort required for larger, more slowly growing
metazoan organisms increase substantially. However, if losses for only
a specific phase of the life history are of interest (e.g., from egg to early
larval, or from larval to juvenile stages), then the combined duration
of these life history phases, which is a considerably shorter time
period than Tgen, establishes the appropriate time scale for compar-
ison with τ.

It should also be obvious that whether there is a gain or loss of
organisms associated with fluid flow depends on the sign of the
horizontal spatial gradients of animal abundance; advective and
diffusive fluxes can have either a positive or negative sign.

An alternative solution to increasing the residence time of the
organisms in the study domain, beyond increasing the size of the
region sampled in a Eulerian design, is to conduct Lagrangian
sampling, as described above.

An additional approach to addressing changes due to transport is
to explicitly model the advective and diffusive fluxes of the fluid and
entrained organisms, in addition to the population growth trajecto-
ries. Complete 4-dimensional measurement of such physically-
induced fluxes is unlikely to be attainable, but in some instances
can be modeled. An example is the study of Li et al. (2006), who
explicitly solved for advective, diffusive, and molting fluxes, and
resolved the difference as copepod mortality. Care must be taken
because uncertainties in the modeled flow fields, however slight, will
propagate as error in the resulting mortality rates.

2.2.1. Recommendations
With sufficient forethought in the design of field studies,

biologically-induced mortality is resolvable. The spatial scale over
which mortality is being resolved should be defined explicitly (e.g.,
fjord, bight, marginal sea, etc.). The spatial scale of sampling should be
sufficiently large that the residence time of the fluid, τ, is longer than
the time scale of change in the population (e.g., the generation time,
Tgen). Lagrangian design field studies again can be advantageous, for
studies of limited duration.

2.3. Patchiness generates poor precision of abundance and rate
measurements

Spatial variability in abundance and rate measurements across
many spatial scales is a ubiquitous feature of pelagic ecosystems,
presenting a particular challenge for population dynamic studies. In
many instances the underlying causality of the patchiness is not
resolved, in which case patchiness is treated merely as an expression
of noise leading to poor precision. The usual remedies are to markedly
increase measurement replication and the spatial density of samples.
However, often the limitation of finite resources restricts sampling
and sample analysis effort and the poor precision remains.
The underlying mechanisms leading to patchiness may be both
biotic and abiotic (e.g., Décima et al., 2010). Increasingly, measure-
ment technologies confer the ability to resolve some of the physical
causal agents of patch structure, e.g., discontinuities associated with
fronts and mesoscale eddies, internal wave-associated features,
Langmuir cells, etc. Rather than representing unexplained sampling
“noise,” such horizontal discontinuities may be a key environmental
“signal.” Such gradients may be disproportionately significant as sites
of elevated growth rates, aggregation rates, or mortality rates. In the
vertical plane, thin layers and other sharp vertical gradients may be
loci of enhanced zooplankton feeding and reproductive success. As
technologies evolve that permit such features to be measured and
sampled repeatedly over time, the spatial gradient regions will likely
become sites of directed study, rather than unwanted noise.

In some environments, zooplankton may exhibit less horizontal
patchiness than others, conferring the ability to not only sample a
population over time, as noted above in Section 2.1, but also to do so
with reasonable precision (e.g., Ohman, 1990). Also, some numerical
methods have been found to be relatively robust to modest levels of
sampling error (e.g., Aksnes and Ohman, 1996; Wood, 1994), hence
underlying rates can sometimes be recovered from such methods
with relatively small bias. However, no analytical method will
compensate for undersampling in patchy environments.

An additional approach has been to utilize inverse methods that
rely on the proportional stage composition of the population, rather
than absolute numerical abundances (e.g., Aksnes and Ohman, 1996).
It is frequently the case that the proportions of different develop-
mental stages are less variable either in space or time than the
absolute abundances. If the stage ratios are relatively uniform in
space, then the observed average stage composition can be used to
infer the rates of mortality that give rise to them (this is the essence of
the Vertical Life Table [VLT] method). However, even the VLT method
requires adequate replication to ensure stable estimates of mean stage
composition (Aksnes and Ohman, 1996).

2.3.1. Recommendations
Low sampling precision must be addressed with sufficient spatial

sampling coverage and adequate replication, because errors in
abundance will propagate as errors in mortality. The adequacy of
sampling coverage and replication can be determined through
precision analysis from pilot field studies. Field study design should
explicitly consider the presence of fronts, eddies, and other physical
discontinuities in the water column. Numerical methods should be
tested to ascertain sensitivity to sampling error.

2.4. Unbiased sampling across the entire life history is unattainable

A single sampling device is invariably inadequate to obtain
quantitative, unbiased measurements of abundance of all develop-
mental stages across the life history of planktonic organisms. In the
case of copepods, for example, the size change from egg to adults can
represent 1.5 orders of magnitude by length and 3 orders of
magnitude by carbon biomass. For euphausiids, salps, and many
other zooplankton taxa, comparable changes occur. Although it is true
that no single sampling device, or optical or acoustic method, can
provide quantitative samples across such ranges, solutions have been
adopted. These generally entail sampling with multiple devices,
selecting the most appropriate for each life history stage, and then
forming composites of abundance based onmore than onemethod. As
the depths and volumes of water sampled may vary according to the
method used, this practice introduces additional uncertainty into
population abundance information.

Another form of sampling bias has been suggested when there are
carcasses, empty exoskeletons, or other organismal remains sus-
pended in thewater column (e.g., Haury et al., 1995). If enumerated as
a part of the population, these injured individuals will artificially
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inflate stage abundances and potentially lead to either severe over- or
underestimates of mortality (Elliott and Tang, 2011; Tang et al., 2006).
Vital dyes have been proposed to ascertain the fraction of the
population that was alive at the time of collection (Elliott and Tang,
2009), although the approach seems most applicable to short
plankton tows.

At times sampling methods are found a posteriori to contain a bias
against some developmental stages. Durbin and Casas (2006) switched
from a centrifugal pump to a diaphragm pump for sampling naupliar
stages when it was realized that the youngest naupliar stages were
undersampled (probably damaged) by the centrifugal pump, yet later
recognized a bias against N1 stages even by the diaphragm pump. This
necessitated solving for mortality from the egg to the egg to the N2
stage, bypassing the first naupliar stage, with some attendant loss of life
history resolution (Ohman et al., 2002; Todd et al., 2011).

2.4.1. Recommendations
Mortality and other demographic rate estimates will only be as

good as the sampling upon which the calculations are based. If care is
taken to intercomparemethods used for different life history stages, it
can be feasible to reconstruct abundances for the entire population. In
some instances, analysis of stage-specific losses across only a
restricted portion of the life history may be possible, in which case a
single sampling device may prove suitable.

2.5. Organism ages or stage durations, which are usually needed for
mortality estimates, are unknown

Although some matrix methods can be used to infer both molting
and mortality probabilities from stage-specific census information
(Twombly, 1994), for most inverse methods an independent measure
of molting rate or stage duration is required. For copepods, the
duration of a given developmental stage is strongly dependent upon
temperature, which has led many to utilize laboratory-determined
relationships such as a Bĕlehrádek function (e.g., McLaren, 1978) to
provide estimates of stage durations based on in situ temperatures.
However, food concentration also influences rates of development
(Campbell et al., 2001; Vidal, 1980), hence functional forms that
include food as well as temperature are needed (Li et al., 2006;
Neuheimer et al., 2009; Ohman and Hsieh, 2008). An additional, but as
yet poorly quantified factor is the effects of food quality on
development rates.

In addition to a need for appropriate laboratory-derived functions
describing rates of development for the entire life history as joint
functions of food and temperature, there is uncertainty about the
temperature and food regimes experienced by each developmental
stage in situ. Often vertical distributions change markedly with
ontogeny. In addition, as noted above, even a single developmental
stage may be distributed broadly in the vertical plane in the water
column, leading to a range of different temperature and food
concentrations experienced in the natural environment. Considerable
sampling effort may be required to determine the temperature and
food conditions appropriate to different developmental stages,
especially if frequency distributions rather than mean conditions
need to be resolved. The expected rate of development can be highly
sensitive to assumptions about in situ temperature and food
concentration.

An additional approach, beyond extrapolation from laboratory-
derived functions to conditions experienced in the water column, is to
conduct direct measurement of molting rates of field-collected
animals in simulated in situ conditions. Such measurements, carried
out for all relevant stages, would provide the best estimates of the
molting fluxes that are required for mortality estimation. Shipboard
mesocosms have been successfully used for this purpose and it has
been suggested that RNA/DNA ratios, if carefully calibrated, may
provide a suitable surrogate measure (Wagner et al., 1998). Egg
production rates of adult females can also be used as an independent
indication of intervals of food limitation (e.g., Runge and Roff, 2000),
although adults and juveniles may demonstrate different sensitivities.

2.5.1. Recommendations
Mortality rate estimates can be quite sensitive to the values of

stage durations and this issue requires careful attention. Tempera-
ture- and food-dependent relationships derived from laboratory
study can be combined with field estimates of vertical distributions
in relation to vertical gradients of temperature and food. It is
preferable to also make independent estimates of development
rates in mesocosm-based molting rate measurements, or to use
growth rates of juveniles or egg production rates of adults as
indicators of episodes of food limitation.

2.6. The underlying population models are biased and contain hidden
assumptions and unmeasureable parameters to which they are unduly
sensitive

Some formulation of expected abundances and population stage
structure at time t+1, given observations at time t together with
expected rates of development, is required for most mortality
estimation methods. However, models for population growth differ
widely with respect to underlying assumptions, the number of
parameters required, and frequency of sampling necessary for
application. A variety of both parametric and nonparametric methods
have been proposed, some of which may achieve mathematical
elegance but have limited applicability to natural populations that are
sampled with error or with irregular sampling intervals. Aksnes et al.
(1997) observed that there are probably more solution methods
proposed in the literature than data sets available to validate them.

Because of the expense of sampling in the ocean, it is difficult to
obtain high frequency time series of sufficient temporal resolution to
meet the requirements for somemethods. Delay-differential equation
methods require regular temporal sampling at high frequency.
Matrix-based population projection methods generally require that
temporal sampling intervals be shorter than the shortest stage
durations within the population. This can imply daily or even more
frequent sampling, in warmer tropical environments. While daily
sampling has been attainable in some studies (e.g., Hirche et al., 2001;
Krause and Trahms, 1983), or even sustained twice daily sampling
(Bi et al., 2011), such studies are the exception. Other numerical
methods may make less restrictive assumptions about sampling
intervals.

While some methods make explicit assumptions about the func-
tional form of the population growth response othersmaymake amore
limited suite of assumptions. For example, the Population Surface
Method (Wood, 1994) is a nonparametric approach requiring only that
changes occur relatively smoothly between successive developmental
stages and over time,without specifying the specific form of the change.

The Vertical Life Table approach has been proposed as an
alternative to the time-dependent methods noted above, although
the assumptions must be closely met for it to be applicable. It assumes
stationarity of the observed stage structure of a population for a
period of time equal to the duration of the stage pairs being
considered. If there is a rapidly changing cohort structure in the
population, this method is not appropriate and should be avoided
(Aksnes and Ohman, 1996). It should be noted that the modified VLT
method (Ohman et al., 2008) does not assume abundances are
constant (as asserted by Neuheimer et al., 2009, whose analysis
assumed egg production remained invariant through time), but that
stage ratios and mortality rates are constant over this time interval. In
addition, an inherent limitation is that the method resolves the
mortality of successive stage pairs, but not individual stages. It also
requires several replicate estimates of stage ratios in order to obtain
stable estimates of mortality (Aksnes and Ohman, 1996).
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2.6.1. Recommendations
Reviews of methods are available (Aksnes et al., 1997; Caswell,

2001; Manly, 1990) and these and the current literature should be
consulted closely before designing a field study. Paying close attention
to the assumptions of different methods is imperative. It is also highly
advisable to test the robustness of a methodwith simulated data prior
to field applications (e.g., Aksnes and Ohman, 1996; Wood, 1994), in
order to assess the sensitivity of the model to the assumptions. In
addition, it is recommended to explicitly estimate the uncertainty
associated with numerical solutions by propagating the errors of the
assumptions (e.g., Ohman et al., 2002). Finally, methods can
sometimes be applied for short time intervals when the assumptions
do apply (e.g., Bi et al., 2011; Plourde et al, 2009), even if this is not
possible for the entire duration of a field study.

3. Common misconceptions

Some misconceptions seem to persist in the scientific community,
which we will attempt to clarify. It has been stated at scientific
conferences that mortality rates can only be estimated for populations
at steady state (dN/dt=0). Fortunately this is not true. Neither the
time-dependent nor vertical life table methods make this assumption.
Horizontal methods were devised to resolve the time-dependent
variations in birth and mortality rates and make no assumption about
whether a population is increasing, decreasing, or remains constant.
Similarly, vertical methods in general make no such assumption. The
VLT approach assumes the population has attained a stable stage
distribution, which elementary textbooks (e.g., Gotelli, 2008) show
occurs when a population is growing exponentially, with growth
coefficients that can be positive, negative, or zero.

It is also stated thatmortality coefficients should never be less than
zero. Some numerical methods apply the constraint that the mortality
rates must be non-negative, which obviously must apply if a
population is sampled without error. However, given random error
(and patchiness) associated with estimates of abundance, when
comparing such abundances in successive time points or between
successive developmental stages, in many circumstances some
mortality solutions will inevitably be less than 0. Aksnes and
Ohman (1996) argued that to obtain an unbiased measure of
mortality rates when applying the VLT approach, it is best to obtain
a sizable number of replicate measures of abundance and stage
proportions, from which solutions can then be averaged to obtain an
unbiased measure of the mean mortality rate. In such cases, all
solutions need to be averaged, including those less than zero, in order
to obtain an unbiased estimate of the mean mortality rate.

It has also been stated that mortality need not be solved for
explicitly because it is simply equal to predation by the next trophic
level, i.e., mortality at TLi = consumption by TLi+1. It is assumed that
consumption can be determined simply by analysis of predator gut
contents or predator energetic requirements. Such a statement
assumes there is no non-predatory source of mortality and that
consumed prey are always identifiable. It also assumes that the
system is closed, such that none of the secondary production is
imported/exported either vertically or horizontally beyond the study
region. These assumptions are unlikely to be true. While predators are
often responsible for the majority of losses, they do not account for all
(e.g., Ohman et al., 2008). Mass mortality events induced by parasites
may cause high fluxes of dead euphausiids to the seafloor (Gómez-
Gutiérrez et al., 2003), and parasite-induced mortality generally
remains poorly quantified. Sizable numbers of copepod carcasses have
been found in some field samples (Haury et al, 1995), whose cause is
unknown. Predators may fatally injure prey without consuming them
(Ohman, 1986) and organisms may cross physiological thresholds of
salinity, temperature, pH, and dissolved oxygen that may lead to
abrupt mortality. Starvation-induced mortality may lead to sinking
and remineralization by bacteria. The presence of secondary com-
pounds such as polyunsaturated aldehydes and other oxylipins in
phytoplankton may induce hatching failure and deformed larvae
(Ianora andMiralto, 2010). The analysis of gut contents is well known
to be biased toward organisms that leave discernible hard parts or
macromolecules. Furthermore, the assumption that predator con-
sumption equates to prey mortality assumes that all relevant
predators have been sampled. Calculations of vertical carbon export
suggest that a sizable fraction of secondary production may be
exported vertically from surface layers into the mesopelagic zone or
deeper (Steinberg et al., 2008), where consumers are rarely sampled
quantitatively.

The issue of density-dependent mortality is of considerable
theoretical and practical significance, as it introduces an important
nonlinear term into population growth. Many models have been
parameterizedwith a quadratic closure term for the zooplankton (e.g.,
Fasham et al., 1990; Steele and Henderson, 1992), which is an indirect
means of expressing density-dependent mortality without explicitly
describing the underlying mechanism. Others have included more
explicit functions (e.g., Speirs et al., 2006). It should be clear that
“density-dependent” population growth, in the sense of the popula-
tion dynamics literature, implies that the parameters describing birth,
development, or death rates vary as a function of the numerical
density of the organisms within the population. Positive density-
dependence (e.g., Allee effects) and negative density-dependence
have been documented for various populations. The most sensitive
way to demonstrate such density-dependence is to show that a key
population parameter (e.g., instantaneous per capita birth rate or
mortality rate) varies with population density. Comparisons made in
this manner have illustrated either density-dependence (e.g., Ohman
and Hirche, 2001) or conditional density-dependence (Ohman et al.,
2002) for Calanus finmarchicus in different field sites. It should be
noted that the independent variable in these comparisons is to be
considered the density of animals in the population. Such compari-
sons bear no direct relationship to predator functional responses
(sensu Holling, 1959), which describe individual per capita consump-
tion rates of predators as a function of prey density (e.g., Heath et al.,
2008) and should not be confused with the use of “density-
dependence” from the population dynamics literature.
4. Key issues for the future

The analysis above indicates that, despite many challenges
associated with the estimation of mortality for field populations of
zooplankton, specific situations exist when sampling, experimental,
and numerical methods make the goal feasible, given appropriate
attention to the assumptions involved. So, at this time, what are the
primary needs that would advance this field further, faster? What is
(yet) to be done?
4.1. Techniques for aging zooplankton

A method to ascertain ages of different development zooplankton
developmental stages collected in situ has been a significant
impediment to constraining mortality estimates. Copepods, euphau-
siids, and many other types of zooplankton are not known to have
mineralizable hard parts with discernible growth increments such as
otoliths or statoliths that would permit direct aging of individuals.
While revised analytical methods for the age pigment lipofuscin have
revealed an association between age and lipofuscin content for both
blue crabs (Ju et al., 1999) and euphausiids (Harvey et al., 2010), there
is considerable variability in lipofuscin-at-age (Harvey et al., 2010)
and the method has not yet been calibrated for a sufficient number of
planktonic crustaceans to ascertain its general applicability. Novel
approaches are needed that will permit animals to be aged in situ.
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4.2. Tagging methods

Many challenges associated with indirect methods for mortality
estimation would be eliminated with direct tagging methods that
would permit the fate of individuals to be followed through time.
While such a prospect would have seemed unattainable for the
zooplankton a few years ago, recent developments in miniaturization
of acoustic and other tags have begun to bring this prospect within the
realm of feasibility. Individual jellyfish have been tagged (Hays et al.,
2008) and short-term tracking of individual decapod shrimp has been
accomplished (Steig and Greene, 2006). We expect continued
developments in microelectronics to open the door to tagging and
perhaps even mark/recapture studies in the future.

4.3. Cohort tracking in the open ocean

Lagrangian approaches have developed rapidly in recent years, but
the challenges associated with tracking zooplankton are considerably
greater than those associated with tracking fluid parcels. Because of
the directed behavior of the animals, especially diel vertical migration
in regions of vertical current shear, the problem is more complex than
following a single density surface. Since depth distributions often
change with ontogeny, this means that methods are needed to follow
the behavior of different developmental stages occupying different
depth strata.

4.4. Resolution of subpopulation differences in mortality rates

Manybehavioral and life history traits of zooplanktonareexhibitedby
part, but not all of the population. Consider, for example, intrapopulation
differences and variability among individuals in propensity to exhibit
dormancy, diel vertical migration, accumulate lipid stores, and other
traits. At present we have limited ability to resolve intraspecific
differences in mortality risks associated with such different trait states.
Understanding the variations in fitness associated with such differences
will depend on developing a quantitative understanding of the costs and
benefits of different variants within a population. Furthermore, spatial
variations in mortality, even within small geographic areas, have
substantial effects on spatial patterns of distributions (Eiane et al.,
2002; Ohman et al., 2008; Plourde et al., 2009). Representing such
variations with individual-based modeling approaches requires esti-
mates of frequency distributions of traits, not mean values alone.

4.5. Integrated studies by holozooplankton and ichthyoplankton workers

Mortality rates associated with early life histories of marine fishes
have been investigated for many years in a variety of field studies
(Houde, this volume), as have, to some extent, mortality rates for
meroplanktonic larvae of benthic invertebrates. Such studies have
traditionally been carried out by different groups of scientists than
those focused on holozooplankton population dynamics. Yet both
groups share many common needs, including vertically stratified
sampling for different developmental stages, knowledge of the
circulation, temperature and food environment, etc. In addition,
there are often significant predator–prey relationships between
holozooplankton and meroplanktonic fish and invertebrates. There
may also be common sources of predation on both holo- and
meroplanktonic organisms, an additional reason to link such studies.
An important need for the future is explicitly integrated, cooperative
field studies that seek to jointly estimate the patterns (and causes) of
mortality of co-occurring ichthyoplankton and holozooplankton.

5. Conclusions

This analysis suggests that each of the principal assertions made
above that challenge the feasibility of in situ mortality estimation has
important exceptions that can render the problem tractable. Section 2.1.
In judiciously selectedfield sites it is possible to useEulerian sampling to
follow the same population through time; technological developments
are enhancing the capabilities of Lagrangian appoaches. Section 2.2.
Proper design of field studies such that the residence time of the fluid is
at least as long as the time scale of change in the population sampled can
make it possible to resolve biologically-mediated losses. Section 2.3.
Sufficient replication, combined with targeted sampling that resolves
significant mesoscale and submesoscale features, can lead to improved
precision in abundance and rate measurements. Section 2.4. Carefully
intercalibrated methods that sample different life history phases can
make it possible to reconstruct abundances across the life history.
Section 2.5. Estimates of stage durations that take into account the
functional dependence on both temperature and food, as well as in situ
distributions of temperature and food, can help constrain mortality
estimates. Simulated in situ molting rate experiments are highly
advisable. Section 2.6. Different models will be appropriate in different
field circumstances. It is essential to plan sampling effort according to
theneedsof differentmodel designs, and to carefully assesswhenmodel
assumptions are and when they are not met. Errors should be
propagated and uncertainty associatedwithmortality estimates should
be quantified.

In addition we point toward several areas warranting develop-
ment in the near future, including techniques for aging zooplankton,
zooplankton tags, Lagrangian methods suitable for vertically migrat-
ing zooplankton, and resolution of intraspecific differences in
mortality associated with different traits and spatial habitats. Finally,
we point to the need for integrated, cooperative studies involving
joint analyses of mortality rates of co-occurring holozooplankton and
ichthyoplankton.
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