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Determining the factors that influence migratory population abundance has been
constrained by the inability to connect events in different periods of the annual cycle.
Carry-over effects are events that occur in one season but influence individual success
the following season and recent empirical evidence suggests that they may play an
important role in migratory population dynamics. Using a long distance migratory
shorebird as an example, I incorporate carry-over effects and changes in the relative
amount of habitat quality into a density-dependent equilibrium population model. The
model uses the example where the quality of habitat on the wintering grounds
(nonbreeding season) influences breeding output the following summer (breeding
season). Carry-over effects, however, may be manifested in a number of other ways that
could influence population dynamics. In the simulations, population declines occur
when habitat is lost on the wintering grounds. However, results show that carry-over
effects can magnify these declines when a disproportionate amount of high quality
habitat is lost the previous winter. Simulations also show that carry-over effects can
have a relative, positive impact on population size when the majority of habitat that is
lost in the previous season is low quality. In this case, the carry-over interacts with
density-dependence the following season producing an additive and positive effect,
buffering the population from severe declines. To predict changes in population size of
migratory animals, it will be important to determine (i) which demographic factors in
which season produce strong carry-over effects and, (ii) not just the amount, but the
relative quality of habitat that is lost. If carry-over effects are significant, they could
potentially mitigate ‘seasonal compensation effects’ from density-dependence, leading
to exacerbated population declines.
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Population abundance in migratory animals is controlled

by a combination of factors during different periods of

the annual cycle (Sherry and Holmes 1996, Newton

2004). Predicting the factors that influence population

dynamics, however, has been difficult because many

species have breeding and nonbreeding ranges that are

separated by large geographic distances. For migratory

birds, determining the relative importance of factors at

different stages of the annual cycle has been the focus of

decades of research (Keast and Morton 1980, Hagan

and Johnston 1992, Martin and Finch 1995, Greenberg

and Marra 2005), culminating in the development of

models designed to predict population changes (Dolman

and Sutherland 1994, Durell et al. 1997, Baillie et al.

2000, Pettifor et al. 2000, Zanette 2000).

The relationship between population abundance

and the annual cycle in migratory animals, however,

is probably more complex than previously thought

(Sillett et al. 2000, Webster et al. 2002). Recent evidence

suggests that carry-over effects, events in one season

that produce residual effects on individuals the follow-

ing season, can have a large impact on migratory
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populations. For example, American redstarts (Seto-

phaga ruticilla ) originating from high quality tropical

winter habitat arrive earlier and have higher reproductive

success on the temperate breeding grounds than indivi-

duals coming from low quality winter habitat (Marra

et al. 1998, Norris et al. 2004). Gill et al. (2001) also

found that black-tailed godwits (Limosa limosa ) arriving

early on the Icelandic breeding grounds were more likely

to originate from higher quality habitat the previous

winter.

Carry-over effects that occur at the individual level

may have significant consequences at the population

level. For example, loss of high quality habitat on the

wintering grounds would not only increase mortality but

could also result in a greater proportion of individuals

over-wintering in poor quality habitat. As a result of a

carry-over effect, the population would experience a

decrease in per capita reproductive output the following

season, resulting in a further reduction in population

size. A decrease in the number of individuals on the

breeding grounds (as a result in winter habitat loss),

however, can also have the opposite effect on population

size: fewer individuals result in an increase in per capita

reproductive success through density-dependence. To

distinguish this phenomenon from the population-level

consequences of a carry-over effect, I term this process

the ‘seasonal compensation effect’ (‘Model development’

for further discussion).

In contrast, via a carry-over effect, loss of primarily

low quality habitat on the wintering grounds could have

a positive impact on population size relative to losing

high quality habitat. In this case, a greater proportion of

individuals are originating from high quality winter

habitat, increasing per capita reproductive success the

following summer. In this case, the seasonal compensa-

tion effect (density-dependence on the breeding grounds)

acts in concert with the carry-over effect, buffering

populations from habitat loss the previous season.

In this paper, I examine these scenarios by incorpor-

ating carry-over effects and habitat quality into a

density-dependent equilibrium population model

(Fretwell 1972, Sutherland 1996). Using a long distance

migratory shorebird, the oystercatcher (Haematopus

ostralegu ), as an example, I examine the contribution

of carry-over effects to population change at different

degrees of absolute habitat loss and at different propor-

tions of habitat quality. I demonstrate how a carry-over

effect can exacerbate or buffer population declines

depending on the proportion of high quality habitat

that is lost the previous season.

Model development

The following model is designed to represent a simplified

migratory animal population with two seasons during

the annual cycle: winter (nonbreeding) and summer

(breeding) and two habitat types (high and low quality)

on the wintering grounds in which individuals follow an

ideal-despotic distribution (e.g. territorial). It is assumed

that each of these habitat types initially occur in equal

proportions. A schematic diagram of the entire model is

presented in Fig. 1.

The annual cycle begins during the winter (w) and

ends after summer (s). The population size (N) during

the summer in given year (Nst) can be represented by N

the previous winter (Nwt) times per capita breeding

output during the summer (bt):

Nst�Nwtbt (1)

Similarly, Nwt can be represented by the product of N

the previous summer at year t�/1 (Nst�1) and survival

rate during year winter (1�/dt):

Nwt�Nst�1(1�dt) (2)

Expanding Nwt in Eq. 1 gives:

Nst�Nst�1(1�dt)(bt) (3)

Nst can, therefore, be determined through knowledge of

bt, dt and Nst�1.

For simplicity, density-dependent breeding output and

winter mortality at time t are represented as straight-line

functions:

bt�b0�b1Nwt (4)

dt�d0�d1Nst�1 (5)

where d0 and b0 are the intercepts (per capita density-

dependent rates as density approaches zero) and d1 and

b1 are the slopes (strength of density-dependence:

Sutherland 1996). Note that the shape of the functions

Nst-1
* NstNwt

dt bt

habitat loss

c*

habitat quality

q*

b0
* b1

*d1
*d0

*

Fig. 1. Schematic diagram of the migratory population model,
predicting the population size at Nst. Variables with asterisk
require known values. The model can, therefore, be run without
knowledge of winter population size (Nwt) but the previous
summers’ population size (Nst�1) and the parameters of the
winter (dt) and summer (bt) density-dependent functions must
be determined. A change in the amount of winter habitat is
reflected by a shift in the slope (d1) of the winter density-
dependent function. q determines how much of the habitat lost
is of high quality and directly affects the intercept (d0) of the
winter mortality function (dt). c is the carry-over effect resulting
from loss of high quality winter habitat and directly affects the
intercept (b0) of the breeding output function (bt). The model is
run for successive years until equilibrium is reach (when 1/bt�/

1�/dt or Nst�/Nst�1).

OIKOS 109:1 (2005) 179



will depend on species-specific density-dependent rela-

tionships. The intersection between these functions is

the equilibrium population size (E) and it is reached

when 1/bt�/1�/dt or similarly when Nst�/Nst�1 after

successive iterations of the annual cycle.

Habitat loss and the ‘seasonal compensation effect’

Habitat loss in a particular season is represented by

a change in the slope of b1 or d1 of the function

corresponding to that season (bt or dt, respectively),

resulting in a subsequent decline in E (Fig. 2a).

Sutherland (1996) showed that it is the relative strength

of density dependence between winter (d1) and summer

(b1) that will determine how populations are affected by

habitat loss. For example, if habitat is lost on the

wintering grounds and d1 is stronger than b1, the

percentage population decline will approximate the

percentage decline in habitat. If d1 is weaker than b1,

population decline will be much less than the propor-

tional decrease in winter habitat. Importantly, as long as

there is density-dependence in the season following

habitat loss, population decline will be proportionally

less than the habitat lost in previous season.

A ‘seasonal compensation effect’ occurs as a result of

density-dependence acting in the season following nega-

tive effects (e.g. habitat loss) in the previous season.

This results in a relatively higher E than if there was

no density-dependence in the following season. For

example, although loss of winter habitat reduces popula-

tion size, the remaining individuals will be at a lower

density and have a higher per capita breeding output the

following season. As a result, a relatively higher E will,

theoretically, be achieved. The magnitude of this effect

can be seen in Fig. 2b. Consider a shift in d to d? as a

consequence of winter habitat loss. When there is

density-dependent breeding output (negative slope),

E declines from ‘‘1’’ to ‘‘2’’. Conversely, if b is density-

independent (zero slope), E decreases from ‘‘1’’ to ‘‘2a’’

and population decline is directly proportional to the

loss of winter habitat. The difference between ‘‘2’’

and ‘‘2a’’ is what I have termed the ‘seasonal compensa-

tion effect’. As Sutherland (1996) has shown, its

magnitude will depend on the relative strengths of

density-dependence between the seasons.

Habitat quality

In the equilibrium model presented thus far, the mean

value of habitat lost is considered average quality (as

described in Sutherland 1996). In this section, I explore

the consequences of losing a disproportional amount of

either high or low quality habitat from an organism with

an ideal despotic distribution. Compare these scenarios:

two wintering populations, each consisting of half high

quality and half low quality habitat. Population A loses

half of its total winter habitat but all of it is low quality.

Population B loses the same amount of habitat but all of

it is high quality. An increase in the strength of the

density-dependent effect (e.g. via crowding) would pre-

sumably occur in both scenarios as a consequence of a

decrease in the amount of available habitat. As shown

above, this can be reflected through an increase in d1.

Population B, however, now consists of only low quality

habitat and should, therefore, have higher mortality rates

at any given population size compared to Population A.

This disproportionate loss of high quality habitat can be

reflected through a change in the intercept (d0) of the

mortality function (Fig. 3a). The overall effect on E is

additive in that both absolute habitat area is lost

(reflected by an increase in d1) as well as high quality

habitat (reflected by an increase in d0).

For the model, I assume that there are two types of

winter habitats (high and low quality) that initially occur

in equal proportions. d0 is affected by a loss or gain in

the amount of high quality habitat lost in relation to

the overall amount of habitat lost. Therefore, I let a
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b1' (density in 
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R
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(a)

(b)

d1
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122a

E

Fig. 2. (a) The effect of the loss of average quality winter
habitat on equilibrium population size (E). The winter
density-dependent mortality curve changes slope (d to d?) in
relation to the percent habitat loss (Sutherland 1996). (b) A
similar loss of winter habitat would result in a larger decrease in
E if breeding output (b) was density-independent (straight
line). The difference between ‘‘2’’ and ‘‘2a’’ is the ‘seasonal
compensation effect’, a relative increase in population abun-
dance from winter habitat loss due to density-dependent
breeding output. A similar situation could occur from summer
to winter. Note: in this figure (and Fig. 3), E is reached when
b�/d. In the model presented in the text, E is reached when
1/b�/1�/d. Although, these generate different E values, the
concepts presented in this figure (and Fig. 3) are still applicable
to the model.
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proportional change in d0 /(d0 to d0? ) equal a proportion

shift in d1 /(d1 to d1? ) times q, the parameter that

determines the effect of a disproportional loss of high

quality habitat:

d0? � d0

d0?
�q

d1? � d1

d1?
(6)

Solving for /d0?:

d0? �
d0

1 � q
d1? � d1

d1?

(7)

where q�/(p�/0.5). ‘‘p’’ is the percentage of high quality

habitat lost in relation to the overall amount of habitat

lost. For example, if the half of the total amount of

habitat lost is high quality, p�/0.5 then q�/0. In this

case, there is no change in d0 as a result of winter habitat

loss because the mean value of habitat lost is average

quality (i.e. half high quality, half low quality). If three

quarters of the total habitat lost on the wintering

grounds is high quality, p�/0.75, q�/0.25, d0 increases,

further reducing E. Conversely, if only one-quarter of the

habitat lost is high quality, p�/0.25, q�/�/0.25, and d0

decreases.

Carry-over effects

Carry-over effects occur when individual success in one

season is influenced by events in the previous season.

For example, individuals occupying poor quality winter

habitat may experience reduced reproductive success the

following breeding season when compared to individuals

occupying high quality winter habitat. This carry-over

effect can be expressed at the population level. When a

population experiences a loss of high quality habitat in

the winter it has two results: (i) a decrease in winter

population size (and subsequent reduction in E) as a

result of habitat loss, and (ii) proportionally more

individuals occupying poor quality habitat. Importantly,

with a carry-over effect, the population will also

experience a reduction in per capita breeding output

the following season as a direct result of occupying (on

average) poorer quality winter habitat. The decrease in

bt, therefore, is density- independent, such that at any

given size the breeding population experiences a reduc-

tion in per capita breeding output.

This carry-over effect from winter to summer can be

reflected though a shift in b0 (Fig. 3b). The shift in b0 is

equal to a proportional change in d0 times the carry-over

effect parameter, c:

b0? � b0

b0?
�c

d0? � d0

d0?
(8)

Solving for /b0?

b0?�
b0

1 � c
d0? � d0

d0?

(9)

where c varies from 0 to 1. 0 is no carry-over effect (b0

does not shift due to a change in d0) and 1 results in a

proportionally equal change in b0 due to a change in d0.

Simulations

I ran two sets of simulations to investigate the influence

of carry-over effects on equilibrium population size (E).

A carry-over effect occurs because the quality of habitat

occupied on the wintering grounds has an influence on

individual reproductive success the following summer.

At the population level, a larger proportion of high

quality habitat results in a higher number of individuals

over-wintering in this habitat type, translating to higher

per capita reproductive success the following breeding

season.

For all simulations, I used previous published para-

meters from oystercatchers, a long distance migratory

shorebird. For a population of 2000 individuals, d1�/

0.00011, b1�/0.00005 (Sutherland 1996). Therefore, I

approximated b0�/1.4 and d0�/0.001, reasonable esti-

mations given the values of per capita breeding output

d0
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loss of high quality winter habitat

carry-over effect from 
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Fig. 3. (a) A loss of high quality winter habitat shifts the
intercept of the winter mortality curve from /d0 to d0?, further
decreasing equilibrium population size (E). The magnitude of
this shift will depend on how much high quality habitat is lost in
relation to the overall amount of habitat lost. (b) A carry-over
effect from winter to summer would shift the intercept of the
breeding output curve. A negative carry-over effect (decrease in
b0) will only occur if high quality winter is lost (change in d0).
The relationship between b0 and d0 will depend on the
magnitude of the carry-over effect (‘c’ in model).
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and per capita mortality at low densities for this species

(Goss-Custard et al. 1995). Using these parameters, E�/

2180. This value was very similar to the population size

(N�/2000) used originally by Sutherland (1996) to

estimate d1 and b1.

To examine the influence of the carry-over effect, I

simulated habitat loss on the wintering grounds, re-

flected by a change in the strength of density-dependence

on the wintering grounds (d1; see Appendix for calcula-

tions of percent loss of winter habitat). After habitat

loss, the simulations were run until E was achieved (when

1/bt�/1�/dt or similarly when Nst�/Nst�1).

Habitat loss and carry-over effects

First, I examined the impact of carry-over effects on E at

levels of habitat loss between 0.1 and 75%. At the

population-level, the carry-over effect impacts E when a

disproportional amount of high quality habitat is lost in

the winter (represented by q and resulting in a shift in d0)

and has negative consequences on the reproductive

success (represented by c and resulting in a decrease in

b0) the following summer(s). I measured the relative

contribution of c to overall decline in E by subtracting

the decline in E with a carry-over effect from the decline

in E without a carry-over effect then divided by the total

decline.

Habitat quality and carry-over effects

Second, I examined the impact of losing different

proportions of high quality winter habitat (represented

by q) on E with and without a carry-over effect. Values

of q ranged from �/0.5 (all habitat lost is low quality) to

0 (loss of equal proportions of high and low quality) to

0.5 (all high quality). For each level of q, I then varied

levels of total habitat loss from 0.1 to 50%. In all cases,

c�/0.5. For comparison, I repeated this simulation but

with no carry-over effect (c�/0).

Results

Habitat loss and carry-over effects

As winter habitat loss increased (0.1 to 75%), E

decreased from an initial equilibrium value of 2180

(Fig. 4a). At all levels of habitat loss, E was lower when

c was larger. For example, with zero carry-over effect

(c�/0), half of the initial E was reached at 55% habitat

loss. When c�/0.6, half the initial E occurred at 45%

habitat loss; when c�/1, one-half of E occurred at 35%

habitat loss. The decrease in E was also nonlinear; when

c�/1, E declined more rapidly between 0.5 and 50%

compared to when c�/0 (Fig. 4a).

Although reductions in E were small at low levels of

habitat loss, c contributed the greatest proportion to a

decline in E at low levels of habitat loss (Fig. 4b). For

example, the overall contribution of c to total population

decline was over 50% when c was between 0.8 and 1 and

absolute habitat loss was 1% or less.

Habitat quality and carry-over effects

When a carry-over effect was present (c�/0.5),

E decreased as the proportion of high quality winter

habitat lost increased (Fig. 5). In the absence of a carry-

over effect (c�/0), the proportion of high quality habitat

lost (q) had little influence on E. This was true even

at high percentages of habitat loss. When a carry-

over effect was present and the majority of habitat lost

was low quality (negative q), q had a positive effect on

E (Fig. 6a). In other words, E was higher relative to

when q�/0. When the majority of habitat lost was

high quality, (positive q), q had a negative effect on E
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Fig. 4. (a) Equilibrium population size (E) in relation to habitat
loss. Population size is based on Eq. 3, where Ns(t�1)�/2180,
b0�/1.4, b1�/0.00005, d0�/0.001. Each line represents a
different level of carry-over effect incorporated into the model.
In all cases, q�/0.5, meaning that the habitat lost was high
quality. (b) The percent decrease in E attributed to carry-over
effects at different amounts of winter habitat loss. Each line
represents a different level of carry-over effect. The y-axis is
calculated by subtracting the decrease in E for a given level of
carry-over effect (c�/0) from the decrease in E when there is no
carry-over effect (c�/0), relative to the total decrease in E.
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(additional decline relative to q�/0; Fig. 6a). The overall

impact on E was larger when the majority of habitat lost

on the wintering grounds was low quality (q was

negative) because of the seasonal compensation effect

(Discussion). When there was no carry-over effect

(c�/0), different proportion of high quality habitat lost

(q) had minimal impacts on E, either positive or negative

(Fig. 6b; compare scale on y-axis to Fig. 6a).

Discussion

I have shown that carry-over effects and habitat quality

can be incorporated into a density-dependent equili-

brium population model for migratory organisms

(Fretwell 1972, Sutherland 1996). Habitat quality has

been shown to have important effects on reproductive

success, survival and physical condition both in summer

(Holmes et al. 1996, Murphy 2001, Part 2001) and winter

(Strong and Sherry 2000, Marra and Holmes 2001). The

relative amounts of different quality habitat, therefore,

should be taken into consideration when calculating

absolute habitat loss. In the equilibrium model, b0 and d0

represent the breeding output and mortality rates as

density approaches zero. The important characteristic of

these parameters is that they are averaged over all

habitat types. Therefore, changes in the proportion of

different quality habitats will change the value of these

intercepts. On the other hand, if habitat is lost but the

proportion of different quality habitats remain the same,

only the strength of density-dependence (represented by

d1 or b1) will increase. The interpretation of these

parameters represents a key fundamental concept that

should be taken into account when considering popula-

tion models of migratory organisms.

I have also shown that carry-over effects at the

individual level can have potentially important implica-

tions for migratory population dynamics. Specifically,

carry-over effects can magnify population declines when

there is an increase in the proportion of individuals

experiencing a negative carry-over effect. For example,

when the proportion of individuals over-wintering in

poor quality habitat increases, the per capita reproduc-

tive success of the population will decline the following

season. This exacerbates population declines, which are

already affected by increased mortality due to loss of

habitat on the wintering grounds.

Equally as important, the model shows that carry-over

effects can also have positive effects on population size.

For example, in the model, when greater than half of the

habitat lost is low quality (q is negative), a positive (and

additive) effect on E occurs in the following way: first, as

a result of low quality habitat loss, a larger proportion of

individuals occupy high quality winter habitat, produ-

cing a positive carry-over effect on per capita breeding

output the following season. Second, fewer individuals

on the wintering grounds results in higher per capita

breeding output from density-dependence the following

season (i.e. the seasonal compensation effect). In this

way, loss of low quality habitat may have minimal

impacts on E (Fig. 6), particularly if carry-over effects

are strong.
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axis is calculated by subtracting the decrease in E for a given
value of q from the decrease in E when q�/0 (equal amounts of
high and low quality habitat lost). (b) as in (a) but c�/0. Note
the different scale of the y-axis compared to (a).
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I made the following three model assumptions regard-

ing the influence of carry-over effects at the population

level. First, the carry-over effect does not interact with

density on the breeding grounds. It is possible that carry-

over effects may have their largest impact at high

densities the following season. If this were the case, the

carry-over effect (c) would increase the slope of b1

(strength of density-dependence) instead of a causing a

shift in b0. Determining the relative impact between

density-dependence factors and carry-over effects will be

another important component to understanding popula-

tion dynamics.

The second assumption is that changes in density on

the wintering grounds do not influence the strength of

the carry-over effect. If the majority of habitat lost on

the wintering grounds is high quality, surviving indivi-

duals will presumably increase the density in low quality

habitat. The second assumption would be violated if

higher densities further increase the population-level

carry-over effect (value of c) on reproduction during

the breeding season. Conversely, if mostly low quality

habitat is lost, densities may increase in higher quality

habitat, decreasing the positive impacts of a carry-over

effect. It will, therefore, be important to understand how

density interacts with ‘intrinsic’ quality, particularly after

a significant amount of habitat is lost.

Third, I assume that organisms show an ideal-despotic

distribution, implying that there is an asymmetric

distribution of fitness across different quality habitats.

If organisms are distributed in an ideal-free fashion

on the wintering grounds, a carry-over effect may

have little influence on the per capita breeding success

the following season if individuals are able to redis-

tribute themselves over the landscape after habitat

loss. All birds would have the same fitness during

the winter, regardless of the quality of habitat that

is lost. The carry-over effect, therefore, would not

change per capita breeding success the following

summer.

Until recently, carry-over effects have been overlooked

in many migratory species (with the exception of water-

fowl and geese), primarily because of the difficulty of

tracking individuals from one season to the next. While

only a few studies using mark�/recapture have yielded a

sufficient sample size to determine carry-over effects

(Gill et al. 2001), new techniques such as stable isotope

analysis, are providing cheaper and easier ways to track

individuals year round (Marra et al. 1998, Norris et al.

2004). It seems reasonable to speculate that carry-over

effects will be prominent in other migratory species. In

particular, events that have negative but nonfatal effects

on individuals will likely result in carry-over effects into

the subsequent season. The scenario I have presented in

this model is one example: after loss of high quality

winter habitat, surviving individuals are forced into

smaller areas of low quality, increasing density, and

resulting in lower mean reproductive success for the

population the following season. Species that show

strong density-dependence as a result of crowding may

be more susceptible to carry-over effects resulting from

loss of habitat. In contrast, species that are strongly

territorial (territories do not constrict as density in-

creases), loss of habitat may only result in high mortality

rates.

Carry-over effects, however, need not be associated

with density-dependence the previous season. For

example, North American passerines breeding in some

fragmented habitats have been shown to experience

high rates of brood parasitism by brown-headed cow-

birds (Molthus ater ; Robinson and Wilcove 1994,

Robinson et al. 1995). Brood parasitism can not

only result in lower reproductive success (Pease and

Grzybowski 1995) but also increased feeding rates by

adults (Winfree 1999). Higher feeding rates could

compromise the physical condition of adults, lowering

their ability to acquire high quality habitat the following

winter.

In addition, the geographic connectivity of migratory

populations (Webster et al. 2002) will influence how

carry-over effects are expressed the following season. For

example, populations may show strong geographic

structuring on the wintering grounds but high dispersal

rates (population mixing) on the breeding grounds. Loss

of high quality habitat in one wintering area, therefore,

may have negative consequences on the ability of those

individuals to compete with other individuals (over-

wintering in different areas) for resources on the breed-

ing grounds.

The specific mechanism of carry-over effects presented

in this model (high quality winter habitat loss result-

ing in a decrease in reproductive success) may not be

applicable to all systems. However, different types

of carry-over effects, influencing various demogra-

phic parameters can be incorporated relatively easily

into specific systems. For example, individuals may

experience strong carry-over effects from an increase in

brood parasitism or nest predation on the breeding

grounds. In turn, this may decrease their ability to secure

high quality habitat the following winter through

a decrease in physical condition the preceding breeding

season.

To predict changes in population size for migra-

tory animals, it will be important to determine (i)

the strength of density dependence in both seasons,

and (ii) which demographic factors in which season

produce strong carry-over effects. If carry-over effects

are significant, they could magnify the effects of habitat

loss by counteracting seasonal compensation effects in

the following season, leading to further population

declines.
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Appendix

Calculation of habitat loss on the wintering grounds

I let percent habitat loss on the wintering grounds be

reflected through an increase in the slope of d1. To

calculate the change in the slope of d1 for a given level of

habitat loss I used to following method. Expanding bt

and dt in the original model equation:

Nst�Nst�1(1�dt)(bt) (3)

gives:

Nst�Nst�1(1�(d0�d1Nst�1))

�fb0�b1(Nst�1(1�(d0�d1Nst�1)))g (10)

Since equilibrium is reached when Nst�1�/Nst, I

simplified Eq. 10 by letting both Nst�1 and Nst�/E:

E�E(1�(d0�d1E))fb0�b1(E(1�(d0�d1E)))g (11)

To calculate an increase in d1 in relation to a percentage

decrease in E, I first let the strength of density-

dependence on the breeding grounds equal zero (b1�/

0) to remove breeding ground effects on E. I, therefore,

had to adjust the value of b0 given that b1�/0. To do this,

I used the original parameters from the wintering

grounds (d0�/0.001, d1�/0.00011), letting E�/2180 and

b1�/0 (zero density-dependence), then solved for b0. For

this case, b0�/1.317.

Using these values, I decreased E by a specific percent

(for example: 50% of 2180�/1090) and then solved for d1

the following way:
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Let post mortality population size be defined as:

P�E(1�(d0�d1E)) (12)

Eq. 11 can, therefore, be rewritten as:

E�P(b0�b1P); or (13)

b1P2�b0P�E�0 (14)

Solving Eq. 14 for P:

P�
b09

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2

0 � 4b1E

q

2b1

(15)

Combining Eq. 15 with Eq. 12:

E(1�(d0�d1E))�
b09

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2

0 � 4b1E

q

2b1

(16)

Solving for d1:

d1�
b0�(d0 � 1)(2b1E)9

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2

0 � 4b1E

q

�2b1E2
(17)

Using this equation, when E�/1090 (50% decrease), d1�/

0.000220002 (when d0�/0.001, b1�/1.317, b0�/0). I used

this value of d1 value to reflect 50% habitat loss.
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