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Abstract. The term ‘carryover effect’ originally arose from repeated measures clinical experiments.
However, the term has more recently been applied to ecological and evolutionary studies, often in
migratory systems, which has led to an emphasis on non-lethal effects across seasons. In this article, we
suggest that ecological carryover effects can also occur between life-history stages, developmental stages,
physiological states, or social situations, and each will be associated with a discrete time-scale. Therefore,
we propose the working definition: In an ecological context, carryover effects occur in any situation in which an
individual’s previous history and experience explains their current performance in a given situation. This concept of
carryover effects provides an explicit but highly flexible context for examining the mechanisms that drive
non-lethal interactions between distinct periods of an organism’s lifetime, and unites the currently
disparate fields investigating these effects in ecological systems. Greater communication among research
fields and identifying mechanisms of carryover effects at different time scales will ultimately lead to a
better understanding of the factors influencing variation in individual fitness.
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INTRODUCTION

scapes. Historically, our ability to resolve the
environmental factors that influence the fitness of
wild organisms has been constrained by a lack of
appropriate tracking and monitoring technologies (Feder and Block 1991). It has only been
more recently that advances in electronic tracking and biologging technologies have allowed
researchers to investigate hitherto untestable
questions about fitness-related processes operating at broad spatial and temporal scales in wild

One common goal for ecologists is to understand the factors that influence the fitness of wild
organisms (Pough 1989, Spicer and Gaston 1999).
In pursuing this goal, researchers have long
recognized that neither individuals nor environments are static, which complicates efforts to
track individuals across life-history stages and
through complex spatial and temporal landv www.esajournals.org
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Fig. 1. Temporal trends of the use of the ‘carryover effect’ term based on a Web of Science search using the
keywords ‘‘carryover effect*’’ or ‘‘carry over effect*’’ or ‘‘carry-over effect*’’, conducted on October 1 2013. Only
original articles or reviews were included. A clinical article covered medical, dental, veterinary, agricultural,
biochemical, microbiological and psychological literature, and including publications devoted to statistics and
methods to deal with carryover effects in a clinical context. In this context, the carryover effect was generally
viewed as a potential concern for a repeated measures experimental design, and was not the main effect
investigated in the article. For ecological papers, the carryover effect was generally the main effect of interest.

repeated measures experimental designs (Wallenstein and Fisher 1977). The use of the term in
the biomedical realm still dominates the literature, but studies of carryover effects in ecological
contexts have been steadily increasing since the
early 2000s (Fig. 1). Although these studies are
among the first to describe how carryover effects
can operate in ecological settings, we suggest that
the seasonal requirement is unnecessarily restrictive, and risks precluding events that operate
over shorter or longer time scales from consideration as legitimate carryover effects. In this
article, we therefore propose a more inclusive
definition of carryover effects: In an ecological
context, carryover effects occur in any situation in
which an individual’s previous history and experience
explains their current performance in a given
situation. This general definition allows one to
identify carryover effects in a broad range of
situations, e.g., within and across life-history
stages, seasons, years, or experimental settings,
and is useful because it is consistent with, and
therefore embraces, the traditional use of the
term ‘carryover effects’. Most importantly, it is
also general enough to apply to a wider set of

individuals and populations (Webster et al. 2002,
Rubenstein and Hobson 2004, Block 2005).
The development of new tracking technologies
has resulted in a surge of studies demonstrating
that long-term processes, including carryover
effects, can influence fitness. More recently,
experimental studies in the lab have demonstrated that non-lethal carryover effects have influence long-term population dynamics (Betini et al.
2013a, b). Norris (2005) defined carryover effects
as ‘‘events in one season that produce residual
effects on individuals the following season’’.
Harrison et al. (2011) modified this definition
slightly to: ‘‘events and processes occurring in
one season that result in individuals making the
transition between seasons in different states
(levels of condition) consequently affecting individual performance in a subsequent period.’’ It is
important to emphasize that both definitions
focus on the non-lethal effects on individuals
across seasons. However, the concept of carryover effects predates these ecologically centered
studies by almost 30 years, to the early 1960s
when clinicians became aware that effects can
‘carry over’ from one treatment to another in
v www.esajournals.org
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scientific disciplines, research questions, and
experimental or field contexts. We contend that
a more general and inclusive definition will
increase clarity and communication among the
various fields already investigating these effects
in ecological systems. We further propose that
this definition can be applied to classic concepts
of life-history trade-offs and costs of reproduction, which may potentially be viewed as special
types of carryover effects. The overall aim of this
article is to present an overview of the current
state of knowledge about carryover effects, and
to propose a concise definition that can be
applied consistently across many different fields
of study. We highlight new research that suggests
that common mechanisms might underlie carryover effects, trade-offs and costs of reproduction,
and encourage future research on the mechanisms driving carryover effects.

previous research on carryover effects in other
disciplines, including a significant body of
literature on what could be considered carryover
effects that occur across life-history stages (e.g.,
Marshall et al. 2008, Marshall and Morgan 2011).
This definition has also unintentionally generated confusion in the literature about the very
nature of carryover effects and which phenomena qualify as such (reviewed by Norris and
Marra 2007, Harrison et al. 2011). A definition of
carryover effects that embraces the historical use
of the term and is without arbitrary time scale
restrictions is therefore needed to provide some
measure of consistency for all previous and
current studies of carryover effects, and to
provide a conceptual framework for future
studies.

WHY DO WE NEED A NEW DEFINITION
CARRYOVER EFFECTS?

In the clinical context, a carryover effect occurs
when an initial treatment ‘carries over’ to
influence a subject’s response to a secondary
treatment. For example, consider an experiment
testing two drugs, ‘X’ and ‘Y’. Both drugs have
the effect of raising plasma concentrations of
testosterone. If subjects are administered ‘X’ and
then ‘Y’, ‘X’ results in circulating testosterone
concentrations of 5 ng ml!1, and ‘Y’ results in
circulating testosterone concentrations of 8 ng
m1!1. However, if subjects are administered ‘Y’
and then ‘X’, ‘Y’ still results in circulating
testosterone concentrations of 8 ng ml!1 but ‘X’
results in circulating testosterone concentrations
of 16 ng ml!1 (see Fig. 2A for illustration). In this
example, there is a drug interaction, and ‘Y’ has a
carryover effect on ‘X’. (For a full description of
drug interaction carryover effects, see Nix and
Gallicano 2001.)
However, carryover can also occur irrespective
of treatment group. As an example, consider a
repeated measures experiment used to test the
effect of exposure to music on memory. In this
experiment, subjects would initially be subjected
to either a white noise or music, and asked to
complete a memory task. Later, the subjects
would be given the reverse treatment and asked
to complete a similar memory task. If all subjects
showed higher scores on the second memory
task, regardless of treatment order, this improvement would be considered a carryover effect (see

WHAT

OF

The concept of carryover effects was first
recognized in repeated measures clinical trials,
where certain factors could ‘carry over’ from one
treatment to another in laboratory studies (e.g.,
Wallenstein and Fisher 1977). A Web of Science
search using the keywords ‘carryover effect*’ or
‘carry over effect*’ or ‘carry-over effect*’ identified over 200 articles that directly discuss
methods for controlling and accounting for
carryover effects in clinical trials, as well as
several hundreds of papers that consider carryover effects more generally in clinical contexts
(search date October 1 2013; see Fig. 1).
Recently, the study of carryover effects in
ecology has been increasing (Fig. 1), primarily
through mathematical modeling studies (e.g.,
Norris 2005, Runge and Marra 2005, Norris and
Taylor 2006) and empirical research on birds
(e.g., Myers 1981, Marra et al. 1998, Gill et al.
2001, Norris et al. 2004, Inger et al. 2010,
Legagneux et al. 2011, Sedinger et al. 2011).
These studies have examined carryover effects
through the lens of migration biology, which has
led carryover effects being tightly linked to a
phenomenon that occurs across seasons (sensu
Norris and Marra 2007, Harrison et al. 2011). We
argue that this seasonal component is unnecessarily restrictive, and excludes the years of
v www.esajournals.org
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land 1996.) Thus, in its most generic form, a
carryover effect occurs when a past experience
has an effect on a current outcome. Furthermore,
total measured effects can often be partitioned
into current treatment effects and carryover
effects from previous experiences. In the musical
example, there was an effect of music treatment,
but also an effect of practice, on memory scores
(Fig. 2B).
If we consider an ecological context, carryover
effects will occur in any situation where an
individual’s previous history and experience
explains their current performance in a given
situation. In this case, ‘performance’ is a broad
term that encompasses the action or process of
performing a function, and can occur over a
range of different time-scales (Fig. 3). In statistical
terms, ecological carryover effects, as a clinical
carryover effects, occur when a measurable and
statistically significant proportion of current
variation is explained by a previous experience.
The classic example of a seasonal carryover effect
comes from studies of migratory birds, where
birds overwintering in high quality habitats have
higher reproductive success than birds overwintering in less desirable habitats, although the
quality of the breeding habitat is the same for
both groups (see review by Harrison et al. 2011).
These effects have also been referred to as a type
of seasonal interaction (Myers 1981, Norris and
Marra 2007), which can encompass phenomena
such as seasonal density dependence (Ratikainen
et al. 2008, Betini et al. 2013a).
However, carryover effects should be considered a more general phenomenon. First, as
recognized by several studies already, seasonal
carryover effects can occur without a requirement for migration. For example, non-migratory
fish experiencing high stress in spring show
differences in growth rates through the summer
(O’Connor et al. 2011), while the same stress
experienced in the autumn generates differences
in winter behavior and survival compared to fish
experiencing less stress (O’Connor et al. 2010),
thus demonstrating a seasonal carryover effect
within a restricted spatial scale. In birds, Robb et
al. (2008) found that supplemental feeding
during the winter advanced breeding date and
increase the number of young raised in resident
blue tits (Cyanistes caeruleus) the following
breeding season, while in mammals, Cook et al.

Fig. 2. An illustrative example of carryover effects. In
(A), a drug interaction causes a carryover effect. In this
example, two drugs are administered sequentially,
both of which raise circulating testosterone concentrations. The solid line represents a case where drug ‘X’ is
administered during a first treatment phase, and after
a short recovery period, drug ‘Y’ is administered
during a second treatment phase. The dashed line
represents a case where drug ‘Y’ is administered first,
and drug ‘X’ is administered second. Regardless of
treatment order, drug ‘Y’ has the same effect on
circulating testosterone concentrations. However, there
is a carryover effect of drug ‘Y’ on drug ‘X’.
Administering drug ‘Y’ prior to administering drug
‘X’ increases the potency of drug ‘X’. In (B), there is a
learning carryover effect. Regardless of treatment, all
subjects perform better on a memory task after
practice.

Fig. 2B for illustration). The practice and learning
that occurred during the first task ‘carried over’
and affected scores on the second task, regardless
of the treatment. (For a full description of
practice and fatigue carryover effects, see Greenv www.esajournals.org
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Fig. 3. Ecological carryover effects occur when experiences in one state influence performance in a subsequence
state. This Fig. provides instances of different individual states where ecological carryover effects could occur,
and the time scales over which they could operate.

Marshall and Morgan 2011), all of which can
occur within a single season and over comparatively short time periods.
Carryover effects can also be considered to
occur across multiple seasons. For example, a
study of Spartina alterniflora salt marshes demonstrated that the effects of a single enrichment of
nitrogen persisted for up to three years, affecting
plant primary productivity long after the nitrogen supplement has been exhausted (Gratton
and Denno 2003). In another plant example, the
forest fires were shown to have multi-year
carryover effects on growth and recruitment of
Adenstoma and Ceanothus spp. shrubs (Moreno et
al. 2012). Interestingly, social carryover effects
have been demonstrated in long-tailed manakins
(Chiroxiphia linearis), where male reproductive
success is not determined by a male’s current
social status, but instead is higher in males that
establish strong social connections with other
males years earlier (McDonald 2007). Finally, an

(2004) found that nutrition during the summer
and autumn had an influence on conception rates
and timing of parturition in captive elk (Cervus
elaphus) herds.
Second, carryover effects need not be limited to
non-lethal effects that occur between two seasons, per se. In other organisms, transitions
between physiological states can occur within a
single season, as in birds and insects that
undergo a period of fattening and muscle
build-up in advance of breeding (e.g., Blem
1990, Witter and Cutchill 1993). Similarly, carryover effects can constrain aspects of reproductive
endocrinology and egg production in female
seabirds over short time frames in the spring
(Crossin et al. 2010, 2012, 2013). Carryover effects
have been demonstrated across metamorphic
stages in insects (e.g., De Block and Stoks 2005),
amphibians (e.g., Vonesh 2005, Touchon et al.
2013), marine fish (e.g., Johnson 2008), and
marine invertebrates (e.g., Marshall et al. 2008,
v www.esajournals.org
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example of a carryover effect not necessarily
linked to migration or seasonality is the carryover effect following compensatory growth in
Atlantic salmon (Salmo salar; Morgan and Metcalfe 2001) and brown trout (Salmo trutta;
Johnsson and Bohlin 2006). During periods of
food shortage, starved fish will reduce their
growth rates, and will be smaller than fish with
abundant food. When more food becomes
available, the previously starved fish are able to
compensate and ‘catch up’ with their wellnourished cohort, but this compensatory growth
has a long-term cost; fish that undergo food
deprivation and subsequent compensatory
growth ultimately show decreased performance
and increased mortality over long time scales
(Morgan and Metcalfe 2001, Johnsson and Bohlin
2006, Lee et al. 2013).
This overview of studies is not meant to be a
synthetic review of all carryover effect research to
date. (For recent reviews in invertebrates, see
review by Marshall and Morgan 2011; for recent
reviews in vertebrates, see reviews by Webster
and Marra 2005, Norris and Marra 2007, Harrison et al. 2011.) Our aim is to provide examples
of situations where past experience explains
current performance in wild biota, at temporal
and spatial scales that are not necessarily linked
to seasonality or migration (Fig. 3). Interestingly,
in collecting these examples we note that there is
far less research in mammalian systems relative
to other animal taxa. This may be due to the
difficulties associated in tracking mammals
across broad temporal and spatial scales (Bolger
et al. 2008) or perhaps that the genesis of the
ecological carryover effect term was in avian
research (Myers 1981, Marra et al. 1998).
Thus far, we have explained how carryover
effects were first identified and described in
clinical studies, and that the basic concept is
highly relevant to ecological studies. One important distinction to make, however, is that, in
clinical studies, carryover effects occur between
discrete experimental treatments with consequences for group outcomes (or means; Fig. 2),
but that, in ecological studies, carryover effects
can be observational or experimental. For example, ecological studies of carryover effects can be
experimental, with discrete treatment types, as
demonstrated in the stress treatment and survival studies of fish mentioned above (O’Connor et
v www.esajournals.org

al. 2010, 2011) and a recent study on the effects of
condition during migration on reproductive
performance in greater snow geese (Chen caerulescens; Legagneux et al. 2011). However,
carryover effects in an ecological context can also
emerge between discrete life-history stages or
social situations where there is not necessarily a
discrete treatment that is under study. These
stages and states are analogous to clinical
treatments, but with the statistical distinction
that in observational studies, carryover effects
can be interpreted from individual variation in
some response variable rather than from differences in group means. As an example, Sorensen
et al. (2009) documented migratory carryover
effects in Cassin’s auklets (Ptychoramphus aleuticus) using individual variation in isotopic signatures of blood, which related to individual
differences in winter foraging with consequences
for breeding performance. There was no experimental treatment applied, but individual variation in the isotopic response variable emerged
between winter foraging and spring reproduction. In this sense, there was a carryover effect
between discrete time-periods and life-history
stages. Thus, ecological carryover effects occur
over an experimental treatment, or analogous
temporal or life-history transition.

WHAT

IS NOT A

CARRYOVER EFFECT?

In this article, we have defined carryover
effects as any situation where an individual’s
previous history and experience explains a
significant proportion of their current performance in a given situation. As noted, we find this
a particularly useful and inclusive definition.
However, under our definition, it could be
argued that almost any measureable phenomenon across any time scale could qualify as a
carryover effect. To counter this, we emphasize
that the conceptual framework that unifies
carryover effects necessitates that a clear transitional period separates cause from effect. While
clinical carryover effects occur across treatment
periods, ecological carryover effects must be
linked to a measurable and quantifiable biological phenomenon, such as a distinct life-history
transition or different physiological states.
This raises a more complex question: do
developmental effects, such as maternal effects
6
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or latent effects, qualify as carryover effects?
Maternal effects arise when the experience of the
mother is manifested in the offspring (see
reviews by Mousseau and Fox 1998, Wolf and
Wade 2009). For example, female rats that
frequently lick and groom their offspring induce
epigenetic changes in the endocrine stress response of their offspring (e.g., Weaver et al.
2004). Offspring from particularly doting mothers will have lower stress responses and show
differences in stress-related and reproductive
behaviors throughout their lives (e.g., Champagne and Curley 2009). Latent effects are
similar, although the term is more common in
invertebrate literature, and arise when early
developmental experiences cause differences
between individuals at later metamorphic stages
(see review by Pechenik 2006). Such effects are
clearly similar in concept to carryover effects.
Ecological carryover effects are typically considered those effects mediated through reversible
mechanisms such as changes in energetic state,
with either positive or negative effects on a
measured outcome (see review by Harrison et al.
2011), and therefore distinct from irreversible,
early-life organizational effects such as maternal
or latent effects. However, while the current
distinction between early developmental effects
and carryover effects is useful in defining
ecological carryover effects, it raises the important issue that our current understanding of the
mechanisms driving carryover effects is limited.
Few studies have identified specific mechanisms
underlying carryover effects, and when mechanisms have been identified, it remains largely
unknown whether or not these effects are
reversible. For example, even brief elevations of
corticosteroid stress hormones have been shown
to cause within-season carryover effects on
responses to secondary challenges (McConnachie
et al. 2012) and long-term seasonal carryover
effects on growth and mortality rates (O’Connor
et al. 2010, 2011). While carryover effects in these
cases are mediated by the endocrine system, it is
unknown whether changes in the regulation of
genes associated with the stress axis are involved, or whether these changes are reversible.
In other cases, reversible processes, such as
energetic state, can cause carryover effects across
irreversible life-history transitions, such as metamorphoses. For example, body condition in the
v www.esajournals.org

larval stage influenced growth rate following
subsequent metamorphoses in marine mussels
(Phillips 2002).
Therefore, while the current distinction between early developmental effects and carryover
effects is useful, the current paucity of information regarding the mechanisms underlying carryover effects makes it difficult to unequivocally
separate maternal or latent effects from carryover
effects based on mechanistic underpinnings. In
order to encourage communication and knowledge transfer among sub-disciplines, we therefore encourage researchers to consider both
similarities and differences between early-life
organizational effects, and potentially reversible
later-life ecological carryover effect. We also
encourage the study of mechanisms underlying
all types of carryover effects. A better understanding of underlying mechanisms in ecology
will highlight similarities among previously
distinct research fields, and help us better
recognize distinct biological phenomena.

CARRYOVER EFFECTS: UNITING NEW
RESEARCH WITH OLD CONCEPTS
Under our inclusive definition of carryover
effects, it can be argued that carryover effects
have been studied in ecological contexts long
before the concept was formally recognized and
defined. This has occurred largely through the
study of life-history trade-offs (Stearns 1992). The
concept of life-history trade-offs is a pillar of
modern ecological and evolutionary research,
and posits that organismal traits do not evolve
independently but within a matrix of correlations. Negative relationships that occur between
traits thus form the basis for most trade-offs,
which involve differential investment in one trait
at the expense of another, opposing trait. This
concept was presented, discussed, and refined
throughout the 20th century (for highlights, see
Stearns 1976) and remains a productive area of
investigation. Many life-history trade-offs can be
viewed within the framework of carryover effects
and common physiological mechanisms may
underlie both processes (Williams 2012). For
example, one of the most well studied life-history
trade-offs is that between current and future
reproduction, which is based on the premise that
reproduction is associated with costs that dimin7
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ish future reproductive opportunities (Williams
1966). High investment in current reproduction
will therefore reduce potential investment available for future reproduction or survival (see
reviews by Stearns 1989, 1992, Roff 2002). A
physiological mechanism linking current reproduction to future survival in birds was demonstrated by Dawson et al. (2000) and involved a
cost of reproduction on feather quality, which
carried over to affect winter survival. As another
example, in bighorn sheep (Ovis canadensis),
reproduction is associated with reduced mass,
and subsequent reduced future reproductive
success, particularly in high densities (FestaBianchet et al. 1998). While most recent research
on carryover effects has largely focused on the
long-term effects of overwintering habitat and
migration on reproduction (reviewed by Norris
and Marra 2007, Harrison et al. 2011), trade-offs
and costs of reproductive effort also represent
carryover effects, although they have rarely been
framed as such.
As mentioned above with reference to earlylife developmental effects, the most valuable
benefit of recognizing the potential connection
between life-history trade-offs, costs of reproduction, and carryover effects is that integration will
improve our understanding of the mechanisms
driving these processes, and we will likely
discover that the three are mediated by similar
physiological mechanisms. Indeed, the macroand micro-nutrient limitations proposed as
mechanisms of seasonal carryover effects by
Harrison et al. (2011) mirror many of the
mechanisms thought to drive life-history tradeoffs and costs of reproduction (Stearns 1992).
There has also been recent interest in endocrine
mechanisms (Zera and Harshman 2001, Ricklefs
and Wikelski 2002) and oxidative stress (Monaghan et al. 2009) as mechanisms driving lifehistory trade-offs, and it is probable that these
mechanisms are equally important in driving
seasonal carryover effects, as well as carryover
effects at different time scales. Finally, there is a
recent and growing recognition that life-history
trade-offs and carryover effects need not be
based on energy or resource allocation tactics
alone (Zera and Harshman 2001, Dowling and
Simmons 2009, Williams 2012). Indeed, the
physiological systems that directly control reproduction might generate trade-offs and long-term
v www.esajournals.org

carryover effects (Barnes and Partridge 2003,
Partridge et al. 2005, Williams 2005, Harshman
and Zera 2006, Williams 2012).
Integrating research on carryover effects with
existing research on life-history trade-offs and
costs of reproduction has the potential to
improve our understanding of both carryover
effects and the physiological mechanisms controlling life-history trajectories. A more comprehensive understanding of mechanisms driving
carryover effects will in turn help us better
understand factors affecting variation in fitness
and population dynamics in the wild. Moreover,
with growing human development and disturbance, the concept of carryover effects could be
used to better understand the long-term fitness
and population consequences of animal-human
interactions (e.g., bycatch, habitat alteration,
noise disturbance) that in the short-term may
be viewed as inconsequential (Cooke and O’Connor 2010, Cooke et al. 2013).

CONCLUSION
Based on the information we review in this
article, we propose the following working definition for carryover effects: In an ecological context,
carryover effects occur in any situation in which an
individual’s previous history and experience explains
their current performance in a given situation. By
defining carryover effect in this way we hope to
offset any potential confusion that may arise
from a definition constrained by strict temporal
requirements. We believe this working definition
to be sufficiently flexible to allow researchers to
address any number of relevant scenarios where
carryover effects might occur, ranging from
transitions between life-history stages or developmental states, to seasonal interactions and
inter-annual costs of reproduction. We further
suggest that recent research on carryover effects
represents an important contribution towards the
study and unification of life-history trade-offs
and costs of reproduction. Recognizing this
relationship progresses our understanding of
physiological mechanisms driving carryover effects at different time scales, and will ultimately
led to a better understanding of the factors that
influence individual fitness in both theoretical
and applied contexts.
8
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