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Abstract
We provide guidance for monitoring whether human activities affect the physiology or behavior of marine mammals and, if so, whether those effects may lead to
changes in survival and reproduction at the population level. We suggest that four
elements be included in designing and implementing such a monitoring program.
The first is development of a theory of change: a set of mechanistic hypotheses that
outline why a given activity might be expected to have one or more measurable
effects on individuals and populations, and ideally the magnitude, timing, and duration of the effects. The second element, definition of biologically meaningful effect
sizes, ultimately facilitates the development of a monitoring program that can detect
those magnitudes of effect with the desired levels of precision. The third element,
selection of response variables for monitoring, allows inference to whether observed
changes in the status of individuals or populations are attributable to a given activity. Visual observations, passive acoustic and tagging instruments, and direct physical measurements all can provide data that facilitate quantitative hypothesis testing.
The fourth element is specification of the temporal sequence of monitoring. These
elements also can be used to inform monitoring of the responses of other taxonomic
groups to human activities.
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As the number and intensity of human activities in marine ecosystems have
expanded, researchers, regulators, and stakeholders increasingly have aimed to monitor the responses of marine mammals to these activities. Biological monitoring (i.e.,
detection of status and trend at any given level of biological organization; Busch and
Trexler 2002) typically is designed to achieve one of four objectives (Noon 2002),
which are not mutually exclusive. The first is to determine whether the biological
effects of a given activity comply with laws and regulations. The second is to evaluate
additional hypotheses—generally not restricted to addressing compliance—about the
short-term or long-term biological effects of an activity. The third is to assess biological condition over time, whether in association with or independent from one or more
activities. The fourth is to differentiate between biological responses to natural environmental variation and human activities. Here, we present four elements to be considered when monitoring whether one or more activities affect the physiology or
behavior of marine mammals and, if so, whether those effects may lead to changes in
vital rates (survival and reproduction) of a population. Although we focus on monitoring in the context of the laws and regulations of the United States, the methods
are independent of jurisdiction.
The U.S. Marine Mammal Protection Act of 1972 (MMPA; 16 U.S.C. § 1361
et seq.) is one of the main laws to constrain human activities that may take (i.e., harass,
hunt, capture, or kill; or to attempt to harass, hunt, capture, or kill; 16 U.S.C. §
1362[13]) marine mammals in U.S. waters and by U.S. citizens on the high seas.
When enacted in 1972, the MMPA was unique with respect to the protections it
gave to a group of organisms in relation to their environment. The MMPA mandates
that marine mammals be maintained as significant functioning elements of their
ecosystems and that optimum sustainable populations be maintained. An optimum
sustainable population is defined as “the number of animals which will result in the
maximum productivity of the population or the species, keeping in mind the carrying capacity of the habitat and the health of the ecosystem of which they form a constituent element” [16 U.S.C. § 1362(9)]. Implementing regulations elaborate on this
definition (50 C.F.R. § 216.3). To achieve these mandates, the MMPA prohibits the
unauthorized taking of marine mammals [16 U.S.C. § 1362(13)].
Only those takings and the environmental changes that affect survival or reproduction in the wild are relevant to quantitative assessment of population-level effects
(NRC 2013). Much recent attention has focused on assessing whether individuallevel responses of marine mammals to anthropogenic underwater sounds may have
population-level effects (e.g., Christiansen et al. 2013a, b; Costa 2012; Costa et al.
2013; New et al. 2013, 2014; Pirotta et al. 2014). These sounds not only may cause
temporary or permanent loss of hearing or shifts in hearing thresholds (reviewed in
Southall et al. 2007) but may reduce the ability of marine mammals to communicate,
navigate, and forage (Richardson et al. 1995). Human activities that produce underwater sounds include boating and shipping, all phases of oil and gas exploration and
production, construction and operation of energy facilities or coastal infrastructure
(e.g., pile driving, demolition), military sonar operations, and other military training
and operations.
A panel of scientists previously outlined a series of transfer functions to link individual-level responses to disturbance to vital rates (fig. 1 in NRC 2005) and gauged
the extent to which data and statistical methods were sufficient to parameterize those

1006

MARINE MAMMAL SCIENCE, VOL. 32, NO. 3, 2016

Figure 1. Conceptual model of the process by which physiological or behavioral responses
of individuals to disturbance might propagate to the population level, as mediated by health.
Modified from New et al. 2014.

functions. New et al. (2014) developed conceptual models of these transfer functions,
translated the transfer functions into a formal mathematical structure, and used
empirical data to parameterize exploratory models of the transfer functions (Fig. 1).
These conceptual and quantitative models can accommodate physiological or behavioral responses of marine mammals to acute or chronic disturbances (e.g., Moretti
et al. 2014), including but not limited to sound. The models that account for chronic
disturbance link individual-level vital rates to short-term changes in the behavior
and physiology of individuals via health (all internal factors that affect homeostasis).
As a proof of concept of the models, New et al. (2014) used field data on diving
patterns and body composition of southern elephant seals (Mirounga leonina) to assess
how a hypothetical disturbance that reduced foraging efficiency might affect the survival of 1-yr-old animals. Foraging efficiency affects the condition of female southern
elephant seals as measured by body mass. Body mass is associated with pup mass at
weaning (Arnbom et al. 1993) and subsequent pup survival (McMahon et al. 2000,
2003). By modeling the effect on vital rates of a gradient of reduction in foraging,
and assuming that foraging by all individuals in the population was reduced, New
et al. (2014) predicted the likelihood that disturbances of varying duration, either in
1 yr or over 30 yr, would lead to changes in population size and in an individual’s
number of descendants relative to that of other individuals in the population. A similar analysis of data on northern elephant seals (Mirounga angustirostris) included a
transfer function that related reproduction to reductions in foraging (Costa et al.
2016). Costa et al. (2016) estimated increases in fat mass at daily resolution on the
basis of empirical data on changes in the elephant seals’ vertical drift rate during
dives; vertical drift rate was modeled as a function of buoyancy from fat mass (Schick
et al. 2013a). Their model projections suggested that an inability to forage over
extensive areas (in this case, 7,850 km2) during a foraging trip would not affect vital
rates (Costa et al. 2016).
Ideally, models for other species in which measures of health are used to relate disturbance to vital rates also will be parameterized with robust data on physiology,
behavior, and long-term abundance and movements (e.g., data from mark-recapture
studies). For example, similar measurements of changes in buoyancy are possible
for other marine mammals that make drift dives, especially large whales (Beck
et al. 2000, Williams et al. 2000, Nowacek et al. 2001, Miller et al. 2004,
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Nousek-McGregor et al. 2014). However, such data are not universally available and
sometimes are difficult to collect, especially over long time periods. A high proportion of behavioral measurements that commonly are incorporated into models rely on
attachment of electronic transmitters or data-collection devices to individual animals.
Sample sizes may be small, and uncertainties about the meaning or population-level
effects of changes in behavior that are based on remotely sensed data may be high.
Accordingly, we aim to provide guidance for monitoring whether one or more human
activities affect the physiology or behavior of marine mammals and, if so, whether
those effects may lead to changes in survival and reproduction. We suggest four elements to include in designing such a monitoring program: development of a theory
of change, definition of biologically meaningful effect sizes (magnitudes of effect),
selection of response variables for monitoring, and specification of the temporal
sequence of monitoring.
We introduce these elements in the context of the requirements of the MMPA,
and illustrate their implementation with examples. Nevertheless, the elements easily
can be adapted to effects assessments or the design of monitoring programs to inform
decision-making and management under other statutes (e.g., the U.S. National Environmental Policy Act or the U.S. Department of Agriculture Forest Service’s requirement to maintain viable populations of species of conservation concern [36 C.F.R. §
219]). Furthermore, although we emphasize marine mammals, the guidance is transferable among species, ecosystems, and natural and anthropogenic environmental
changes.
Development of a Theory of Change
We suggest that monitoring of population-level effects of human activities be
informed by a theory of change—a set of hypotheses about the mechanisms by which
a given activity might be expected to have a given, measurable biological effect,
whether negative or positive (e.g., Stem et al. 2005). Use of theories of change is wellestablished in the field of program evaluation (the systematic assessment of the implementation or results of a program) (e.g., Bonner 2003, Auspos and Kubisch 2004,
Blamey and Mackenzie 2007). De facto theories of change have been developed to
explain why a given human activity or class of activities, especially sound-producing
activities, may have a negative effect on a population of marine mammals (e.g., NRC
2005, Parks et al. 2007, Miller et al. 2015). Theories of change also have been developed in the context of management actions intended to reduce the undesirable effects
of human activities on marine mammals. For example, the broadcasting of neutral or
warning sounds prior to loud, impulsive sounds may allow animals to move away
from the sound sources while the level of sound is still relatively low (Richardson
et al. 1995, Jefferson and Curry 1996, Miller et al. 2009).
Theories of change can be communicated in many ways, including the use of conceptual models and results chains (Margoluis et al. 2013). A conceptual model presents mechanistic hypotheses about the relations between a response variable and the
anthropogenic or natural covariates that directly and indirectly affect the response
variable. A results chain presents hypotheses about the mechanisms by which a given
intervention (i.e., an action intended to improve a particular situation) will ameliorate
the undesirable effects of a human activity and thereby improve the status of the
response variable (Margoluis et al. 2013). Even if no intervention is planned, and thus
development of a results chain is not warranted, theories of change are applicable to
the design of monitoring to assess population-level effects of human activities.
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Figure 2. Conceptual model of the mechanisms by which predation by common bottlenose
dolphins (Tursiops truncatus) of bait or catch from recreational fishing gear in Sarasota Bay, Florida could have population-level effects (see Powell and Wells 2011).

Conceptual models and results chains are included in a set of open-source, standardized methods for project design, management, and monitoring that were
developed by the Conservation Measures Partnership (http://www.conservationmeasures.org), a group of more than 20 international conservation organizations. Results
chains often are more explicit than conceptual models (Margoluis et al. 2013). For
example, results chains specify not only the hypothesized indirect and direct effects of
a disturbance and which effects are linked, but the hypothesized direction of each
intermediate effect (e.g., an increase or decrease), and ideally, the hypothesized magnitude and timing of the effect. In some cases, one can use simulation modeling to
identify variables or relations in the theory of change that will reduce uncertainty to
the greatest extent. One also can apply value-of-information analyses to identify
which uncertainties are most relevant to decision-making (Runge et al. 2011, Moore
and Runge 2012).
To illustrate how theories of change could inform development of a monitoring
program, we developed a conceptual model of the physiological and behavioral
responses of long-term resident common bottlenose dolphins in Sarasota Bay, Florida,
to recreational fishing and red tides (Fig. 2). These two disturbances can affect survival of the dolphins either indirectly, by reducing health, or directly; interactions
with boaters, anglers, fishing vessels, or piers can lead to entanglement in, or ingestion of, recreational fishing gear. The yearly proportion of instances in which dolphins
in this population engaged in patrolling, begging, scavenging, actual or attempted
depredation of bait and fish, and provisioning (collectively referenced as human interactions) increased by about 400% (from about 0.075 to about 0.325) from 2000
through 2007 (Powell and Wells 2011). During this period, the cumulative proportion of the population that engaged in human interactions or were entangled at least
once increased by about 700% (from about 2% to about 14%) (Powell and Wells
2011). In 2006, deaths of five dolphins that were attributed to entanglement or
ingestion led to a 2% decrease in the size of the resident population of dolphins in
Sarasota Bay (Powell and Wells 2011). Human interactions may become more prevalent during or shortly following red tides (blooms of the toxic dinoflagellate Karenia
brevis), which deplete the dolphins’ prey base (Powell and Wells 2011). Red tides also
increase mortality of dolphins in Sarasota Bay regardless of human interactions.
Anglers in Florida currently are required to immediately release fish that are below
a certain size or that are not in season (i.e., regulatory discards). We developed a
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Figure 3. Results chain illustrating the hypothesized effect of minimizing the potential for
predation of bait or catch from recreational fishing gear by common bottlenose dolphins (Tursiops truncatus) in Sarasota Bay, Florida (see Powell and Wells 2011).

results chain to present a hypothetical scenario in which modified laws permit anglers
to maintain fish temporarily in a live well or other device rather than immediately
throwing fish back into the open water, and then to release the fish when dolphins are
not present (Fig. 3). If humans no longer serve as sources of food, then dolphins
might gradually spend less time patrolling and scavenging. If humans do not intentionally feed the dolphins, an activity that is illegal under the MMPA, the animals
might spend less time begging. The incentive for depredation also might decrease.
These hypothetical changes in dolphin behavior might reduce entanglement, ingestion of gear, boat strikes, other serious injuries, and mortality. In years with red tides
and therefore a reduction in prey abundance, human interactions might increase relative to years without red tides, but to a lesser extent than if the reduction in regulatory discards had not been implemented. As described below, reliable methods exist
for monitoring each step in the results chain.
Definition of Biologically Meaningful Effect Sizes
The second element in monitoring population-level effects of human activities is
the definition of biologically meaningful effect sizes (magnitudes of responses). Documenting a physiological or behavioral response of one or more individuals to an activity precedes understanding the activity’s potential effect on a population. But simply
documenting a response is insufficient to conclude that the response is biologically
meaningful (NRC 2013).
The dearth of explicitly defined levels of biological effects that will trigger changes
in human activities (Nie and Schultz 2012) complicates implementation of monitoring and adaptive management for virtually all taxonomic groups and situations. Regulations rarely include unambiguous definitions of biologically meaningful effect
sizes. For example, the National Oceanic and Atmospheric Administration’s National
Marine Fisheries Service (NOAA Fisheries; for cetaceans and pinnipeds) and the U.S.
Fish and Wildlife Service (USFWS; for walruses, polar bears, sea otters, and manatees)
may authorize an activity that will kill or harass marine mammals if the activity will
have a “negligible” effect on rates of recruitment or survival and on subsistence uses
by Alaskan natives (16 U.S.C. § 1361 et seq.). Yet negligible is not defined quantitatively in the MMPA as, for example, a given magnitude of change in a population’s
growth rate or vital rates. Federal regulations define negligible as either not reasonably
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expected or unlikely to have an adverse effect on annual recruitment or survival (50
C.F.R. 216 Section 103), but adverse is not quantified.
The basis for quantitatively defining concepts such as negligible impact, adverse
impact, recovery, or endangered usually is an acceptable level of risk (i.e., a probability), also referenced as a risk characterization. Society may consider some level of
change in vital rates to be tolerable. For example, member states of the European
Union suggested that an average annual decrease in population size of >1% over 12
yr would lead to unfavorable conservation status, a potential violation of the European Union’s habitats directive (92/43/EEC). The latter implies that an annual
decrease in population size of ≤1% over 12 yr is tolerable. Although science can
inform selection of the acceptable level of risk, the acceptable level fundamentally is a
societal value that is predicated on ethical judgments or personal policy preferences
(Wilhere 2012).
Although common, it is not best practice to measure change and then decide
whether the level of change is acceptable. Collection of data on physiological or
behavioral responses to disturbance will yield more insight if biologically meaningful
effects are defined before monitoring begins, and those definitions used to specify
allowable levels of take (Murphy and Weiland 2010). Models of population growth,
which are parameterized with estimates of demographic rates, allow one to gauge
how variation in survival and reproduction affect a population’s probability of persistence over a given period of time. Once an allowable level of take has been specified,
outputs from a population model also can inform the design of a monitoring program
with the capacity to detect the associated effect size (the defined magnitude of the
biological effect) with desired levels of precision (Noon 2002). For example, one
could apply a population model to assess the extent to which a 2% annual decrease—
or a positive or negative change of any other magnitude—in the size of the resident
population of dolphins in Sarasota Bay (Powell and Wells 2011) is likely to affect the
population’s probability of extinction over 20, 50, or 100 yr.
Monitoring of the distribution, abundance, and vital rates of many populations of
marine mammals is hampered by long periods in which animals are not available for
detection, extremely low detection probabilities (the probability of detecting an
organism given its presence; Borchers et al. 2002), and limited feasibility of handling. If the true abundance or density of the species is relatively low (e.g., when the
species is endangered), then statistical power or certainty is likely to remain low even
if sampling effort is quite high (Taylor and Gerrodette 1993). One way to address
low statistical power is to include a level of uncertainty in the decision rule itself and
quantify uncertainty throughout the monitoring process. Thus, if societal values or
regulations warrant, decision rules for populations with low statistical power (high
levels of uncertainty) can be biased toward conferral of protection (Regan et al.
2013).
It generally will be necessary to identify acceptable levels of population-level
change on a case-by-case basis. As the guidelines for implementation of the California
Environmental Quality Act recognize, “An ironclad definition of significant effect is
not always possible because the significance of [the effect of] an activity may vary
with the setting” (Title 14 California Code of Regulations § 15000 et seq.). Additionally, an activity may not have the same effects under different circumstances (Ellison
et al. 2012). For example, responses of marine mammals to sound are affected by the
spatial and temporal relations between the sound source and the receiving animal,
the animal’s behavior given its previous experience, and the similarity of the sound to
other biologically meaningful sounds (Ellison et al. 2012).
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The numerous studies of behavioral responses to sound have employed diverse
measures, from feeding activity to group size and composition (e.g., Cure et al. 2015,
Samarra and Miller 2016, Harris et al. 2016). Harris and Thomas (2015) reviewed
the status of research on behavioral responses to sonar, including controlled experiments on the exposure of both captive animals and free-ranging animals to either
simulated sources of military sonar or real sources of military sonar, observational
studies (via tags, passive acoustic monitoring, and visual observations) of responses to
sonar and vessels, and predator playback studies. Collectively, these studies addressed
the possibility that behavioral responses to sound could affect foraging, blood and tissue condition, intraspecific communication, and movement. A review of methods for
collection of data and analysis of acoustic sequences (Kershenbaum et al. 2016) also
illustrates the range of metrics available for evaluation of behavioral responses, the
associated uncertainties, and, by extension, the necessary investments.
Selection of Variables to Monitor
Selection of response variables and covariates is the third element in monitoring
whether changes in biological status are attributable to a given activity. Ultimately,
assessment of population-level effects of human activities requires monitoring of population status—the end-points in a conceptual model or results chain. However,
monitoring population-level responses to human activities also requires time-series
data on, at minimum, the intensity, duration and frequency of the activity within a
given space; population size; and the proportion and attributes (e.g., life stages) of the
population that may be exposed to the activity over its duration or over a generation.
The most useful response variables are those that are both responsive to the activity
and strongly related to the vital rates of the species (Noon 2002) (Table 1). The biology of the species, the hypothesized response to the activity, and existing data or
monitoring programs can inform selection of variables.
The cost of monitoring a given variable can vary over orders of magnitude among
species. For example, visual observations or visual assessments of health of Atlantic
harbor seals (Phoca vitulina) that haul out at low tide in New England are likely to be
far cheaper and more straightforward than visual observations or assessments of
beaked whales in the Caribbean, which are deep divers that occur far from the shore
and are difficult to detect. Moreover, cost encompasses data processing and storage.
Remote collection of data initially may appear cheaper than field operations, but it
may require considerable time and expertise to, say, identify vocalizations and the
behaviors with which the vocalizations may be associated. The frequency of monitoring that will yield the greatest gain in information depends in part on when and
where the species is available to be detected, its detection probability, and connectivity among populations. For data that are collected with attached tags, the possible
and ideal frequency of monitoring also is affected by which tags are suitable for a
given species and by trade-offs between the temporal resolution of recording or transmission and the lifetime of the tag. For a given species and scenario, simulations (or,
in some cases, analytic calculations) can be used to estimate the frequency and duration of monitoring necessary to obtain a given statistical power or level of certainty,
and the associated costs.
In and of themselves, data on the number of animals in a given population or area,
or the number of animals that might be exposed to a given activity over the short
term, are not sufficient to estimate vital rates. Nevertheless, collection of these data is
common, especially when the primary intent of monitoring is to meet regulatory

1012

MARINE MAMMAL SCIENCE, VOL. 32, NO. 3, 2016

Table 1. Examples of variables that can be monitored to test hypotheses about the mechanisms by which marine mammals may respond to human activities at the individual level and
population level (see Fig. 1). These variables are believed to be among the most responsive to
human activities or the most strongly related to the vital rates of marine mammals. Population
growth rate can be estimated and projected on the basis of survival rate, reproductive rate,
length of offspring dependence, age structure, and data obtained from recovered carcasses (e.g.,
Easterling et al. 2000, Caswell 2001, Borchers et al. 2002, Newman et al. 2014).
Method of
data collection
Visual
observation
Mark-resight

Attached tags

Visual
assessment
of health
Hands-on
assessment
of health

Carcass
recovery
Rescue and
rehabilitation
Behavioral
observations

Variables that can be measured directly or derived
Population size
Population density by age and sex in space and time
Age structure
Population growth rate
Survival (differentiated by age or age class)
Reproduction (differentiated by age or age class)
Duration of offspring dependence on adults
Age structure
Population growth rate
Population size
Travel distance and speed
Drift rate
Characteristics of dives and fine-resolution movements
(some of which may be associated with foraging)
Interactions with humans
Vocalizations (some of which may be associated with
foraging)
Conspecific interactions
Population density in space and time (differentiated
by age and sex)
Body fat
Skin condition
Parasite load
Rake marks
Injury
Total mass
Lipid mass
Metabolic rate
Hormone levels in hair, skin, blubber, or excretions
Blubber thickness
Blood chemistry
Pregnancy status
Hearing
Percent lipid in blubber
Composition of prey consumed
Cause of death
All data obtained from a hands-on assessment of the
premortality health of a dead animal
All data obtained from a hands-on assessment of the
health of an animal that is injured or ill
Activity budget
Interactions with humans
Conspecific interactions

Class of
variable
Persistence
Behavior
Vital rate
Persistence
Vital rate
Vital rate
Vital rate
Vital rate
Persistence
Persistence
Behavior
Health
Behavior
Behavior
Behavior
Behavior
Behavior
Health
Health
Health
Health
Physiology
Health
Health
Physiology
Physiology
Health
Physiology
Health
Physiology
Health
Behavior
Vital rate
Health,
physiology
Health,
physiology
Behavior
Behavior
Behavior
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criteria. For example, NOAA Fisheries currently estimates take from anthropogenic
sound as the number of animals that may be exposed to levels of received sound that
the agency associates with behavioral disruption or with physical injuries. The precision of estimates of the abundance or density of marine mammals often is constrained
by low detection probabilities. The animals generally spend much more time below
the surface of the water than at the surface (Taylor et al. 2007). Furthermore, density
arguably has limited value for population-level inference unless the entire range of
the species is sampled given the difficulty in identifying potential source, sink, and
pseudosink populations (in a pseudosink, immigration maintains artificially high
densities of organisms, but the population will not be extirpated in the absence of
immigration) (e.g., Pulliam 1988, Donovan 1995, Watkinson and Sutherland 1995).
Still, information on density across a population’s range over time may be helpful for
estimating the relation between the activity and behavioral change.
For species that use acoustic signaling (e.g., most if not all cetaceans), and for which
the spectral and contextual characteristics of vocalizations are known, it may be possible to collect passive acoustic data on behaviors that likely have a functional relation
to health (Clark et al. 2007, McDonald et al. 2012) (Table 1). For example, echolocation clicks associated with the start of deep foraging dives by Blainville’s beaked
whales (Mesoplodon densirostris) were detected before, during, and after mid-frequency
active sonar operations in the Bahamas (McCarthy et al. 2011; Moretti et al. 2010,
2014). Passive acoustic data also are being used to estimate the daily and seasonal
abundance and distribution of Blainville’s beaked whales (Marques et al. 2009) and
other species (Marques et al. 2013). If tagging of species that use acoustic signaling is
feasible, then data on movements, vocalizations, and environmental conditions can be
collected when the animals are beyond visual monitoring range (e.g., Nowacek et al.
2001, Block et al. 2011, Costa et al. 2012, Goldbogen et al. 2014, Schorr et al.
2014) (Table 1). Some of the many variables that can be derived from tagging data
include the incidence and rate of foraging, drift rate, levels of exposure to sound and
the duration of exposure, and responses to stimuli (Harris and Thomas 2015).
If the biological effects of a given activity are believed to be chronic rather than
acute, then a measure of health or condition is essential for assessing population-level
effects (Table 1). If animals cannot readily be captured but can be encountered,
repeated photographs of the same individuals may allow assessment of health trends
(e.g., Wells 2003, Pettis et al. 2004, Bradford et al. 2012, Hunt et al. 2013). For
example, visual measures of the health of North Atlantic right whales (Eubalaena glacialis) include body fat, skin condition, parasite loads, evidence of vessel strikes or
entanglement in fishing gear, and rake marks forward of the blowholes (Hamilton
and Marx 2005, Schick et al. 2013b, Nousek-McGregor et al. 2014, van der Hoop
et al. 2014). Evidence from elephant seals, right whales, and sperm whales suggests
that changes in the drift phase of diving animals may provide insights into relative
proportions of body fat and thus body condition (Nowacek et al. 2001, Miller et al.
2004, Schick et al. 2013a, Nousek-McGregor et al. 2014). If animals cannot be captured but their hair, skin, blubber or excretions can be sampled, then it may be possible to extract hormones that sometimes reflect reproductive status or chronic stress
(e.g., glucocorticoids, progesterone) (Rolland et al. 2012, Dickens and Romero 2013,
Kellar et al. 2015).
Recent advances in tags that include accelerometers may provide direct estimates
of changes in animal mass or condition while at sea (Aoki et al. 2011, Miller et al.
2012). If animals can be captured or recaptured, then direct physical measurements
of health also become tractable. For example, estimates of the health of long-term
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resident bottlenose dolphins in Sarasota Bay, Florida, include body mass index (Hart
et al. 2013), blubber thickness, percent lipid in blubber, blood chemistry and hematology, occurrence of lung disease, hormone concentrations, and fetal survival (Wells
et al. 2004, Schwacke et al. 2010, 2012, 2014; Wells et al. 2014). Ongoing collection of these data, along with continuing, monthly photographic identification surveys and physical measurements by a local program that responds to marine mammal
strandings, would make it feasible to monitor each step in the results chain described
above (Fig. 3) (Wells 2009, Powell and Wells 2011). Recreational-fishing effort can
be monitored at piers and jetties (Powell and Wells 2011), while red tides are monitored by a network of researchers and federal and state agencies throughout Florida.
Human interactions can be monitored via focal follows of pairs of dolphins, one of
which is known to have become entangled in fishing gear or to interact with humans
and one of which is not so known (Powell and Wells 2011). Behavior of recreational
fishers before and after implementation of management regulations could be collected
via surveys or interviews.
Temporal Sequencing of Monitoring
The fourth element in monitoring population-level effects of human activities is
specification of the temporal sequence of monitoring. The directions, magnitudes,
and time periods of effects hypothesized in theories of change suggest a sequence of
measures that can inform the design of a monitoring program. The time period over
which physiology or behavior is expected to change, and over which those changes
affect health and vital rates, may be uncertain, especially with respect to proposed
mitigation actions. For example, there is considerable uncertainty in the time period
over which behaviors of bottlenose dolphins in Sarasota Bay might change in response
to minimization of regulatory discards, and over which the behavioral changes might
affect body condition and mortality (Fig. 3). In this case, the lag time between policy
changes and biological changes would depend in part on the extent of human compliance. Hypothesized scenarios of human compliance could be used to estimate upper
and lower bounds on these time lags.
Assessment of population-level effects of a given activity is most feasible if one can
estimate the range of values of demographic parameters (e.g., survival of different age
classes or life stages, probability of reproduction, age at first reproduction) for many
years—ideally over decades—in the absence of the activity. In some situations, it is
feasible to monitor a population before and after an activity is implemented. The status of the population and its environment prior to the activity is considered to be the
baseline, and reflects current and previous responses to diverse disturbances
(McCarthy et al. 2010; Moretti et al. 2010, 2014; Murphy and Weiland 2010). Continued monitoring after initiation of the activity may allow one to quantify relations
between the activity, behavioral or physiological changes in response to the activity,
and health.
However, monitoring cannot always be initiated before an activity begins. Moreover, because the natural environment and human activities are dynamic, simply
comparing state variables before and after a disturbance may not allow inference to
causation (e.g., Underwood 1991). Instead, evaluating whether a biological change is
attributable to a given action requires assessment against a control, reference population, or counterfactual: what would have happened—potentially including other
types of activities—if the activity in question had not been implemented (Ferraro
2009).
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Assessment against a counterfactual requires statistical comparison of data from
the group or population exposed to a given activity with data from another group or
population that is ecologically similar and has a similar environment but is not
exposed to the activity (e.g., Kraus et al. 2001, Abadie and Imbens 2006, Ho et al.
2007, Nolte and Agrawal 2013). For example, Claridge (2013) applied visual markrecapture density estimation methods to beaked whales in the Northwest Providence
Channel off the coast of Abaco, Bahamas, and at the Atlantic Undersea Test and Evaluation Center (AUTEC) in the Tongue of the Ocean, approximately 100 km south of
Abaco. The beaked whales at AUTEC were exposed to mid-frequency active sonar
operations. Neither animals from Abaco nor from AUTEC were resighted outside the
area in which they originally were observed. Samples of DNA and fatty-acid assays
similarly suggested that the two groups of beaked whales are separate populations.
Such observations are providing biological measurements including group size, gestation time, time to weaning, time to parturition, and the ratio of adult females to
dependent juveniles and calves. These measurements, in turn, are informing the
development of a model of energetics that can be used to examine the potential
cumulative effects of sonar exposure (New et al. 2013). It may be possible to simulate
a matched population if a comparable population does not exist or there are considerable operational impediments to measurement of the comparable populations.
The state variables that are monitored may change over time as one tests the
assumptions of the theory of change. If the activity does not appear to cause changes
in physiology or behavior, then measures of health or condition may not be necessary.
If physiology or behavior appears to be changing in response to the activity but
health is stable, then parameterization of transfer functions that relate health to vital
rates may not be necessary. If health appears to be changing, then it may be advisable
to collect data that test which mechanisms might be driving the changes.
Summary
Diverse regulators and actors seek practical ways of monitoring the biological
effects of proliferating human activities in marine environments. We believe it is feasible to implement monitoring that assesses the chain of potential relations from initiation of a human activity to population dynamics—from physical and behavioral
responses to the activity, to shifts in health, to changes in vital rates. Such monitoring
data support development of population models, which aid interpretation of the biological meaning of a given change or difference in a demographic rate (e.g., the maximum effect on the population growth rate of a given change in survival). Estimates of
survival, reproduction, and physical growth can be used to parameterize models of
the growth of closed or open populations. The many available methods for building
population models (e.g., Easterling et al. 2000, Caswell 2001, Borchers et al. 2002,
Newman et al. 2014) provide options for species with diverse detection probabilities,
abundances, demographic rates, life histories, and biological traits. Population models help elucidate both the potential effects of variation in demographic rates and the
necessary level of confidence in estimates of demographic rates to infer populationlevel effects. The simulations and empirical parameterization that are made possible
by monitoring along the chain noted above allow one not only to address the requirements of take authorizations (such as the in the U.S. MMPA) but to increase understanding of ecological mechanisms, reduce the likelihood of future undesirable
effects, and facilitate maintenance of species as functioning elements of their ecosystems.
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