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We used a simple discrete-time population model to investigate how temporally struc-
tured density-dependence influences a population’s response to loss due to harvesting.
We assumed that reproduction is a relative discrete event in time, followed by density-
dependent mortality and then harvesting, or followed by harvesting and then density-
dependent mortality. Such an ordering of events in time may have profound influences
on the dynamics of the population. The extra mortality due to harvesting may either be
additive or compensatory depending on the strength of the density-dependence and the
ordering of events. Population stability is also strongly affected by the temporal struc-
ture of density-dependence. Moreover, the yield and the (unconstrained) optimal har-
vest rate will vary depending on when harvesting occurs in the annual cycle. We argue
that a correct identification of the temporal structure of density-dependence may be of
great importance for understanding population dynamics in general and population

management in particular.

1. Introduction

Many populations live in temporally varying en-
vironments (Fretwell 1972). The seasonality can
vary in strength and on which scale it occurs
(Pimm 1991). Mild seasonality may have a sta-
bilising effect on populations but large seasonality
is inevitably destabilising (Kot & Schaffer 1984).
Often, seasonality has been included in popula-
tion models by periodically changing the value of
a demographic parameter, e.g., the carrying ca-
pacity (Boyce & Daley 1980, Kot & Schaffer 1984).
However, this implies that reproduction occurs

all year around, which may be true for some tropi-
cal organisms, but is not a suitable representation
of the majority of species living in more temper-
ate areas. An alternative approach would be to
identify the different temporal sequences a popu-
lation goes through in a seasonal environment.
For instance, an important factor is the possible
occurrence of sequential density-dependence.
The necessity to keep track of the temporal
ordering of mortality factors to express correctly
the survivorship pattern of a population was
pointed out already by Walters (1986). He also
concluded that the resulting model becomes more
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complex and less general. The importance of se-
quential density dependence was more recently
brought up again by Astrém ez al. (1996). They
also concluded that populations demonstrating
sequential density-dependence may give rise to
N, (N,) maps (recruitment functions, N,, , plot-
ted against N,, where N, and N, , , are the popula-
tion density at time ¢ and ¢ + 1, respectively) with
more than one hump and multiple equilibria. This
suggests that we can expect a larger and more com-
plex variety of dynamics compared to non-sequen-
tial models. Hence, to be able to understand popu-
lation fluctuations or how to manage populations,
the identification of the temporal sequence of den-
sity-dependent mortality and reproduction should
be important.

In spite of this, very few studies have explic-
itly incorporated temporal structure in population
models (but see Ruxton 1996) and even fewer have
focused on practical applications, for example in
population harvesting (Kokko & Lindstrom 1998)
or conservation programmes. The importance of
seasonality has been noticed by insect ecologists
(e.g., Sota 1988, Iwasa et al. 1992). Allen et al.
(1991) provide an interesting example of how to
control a pest (the apple twig borer on grapes)
under such conditions. Sutherland (1996), who
investigated the consequences of habitat loss in a
migrating bird, the oystercatcher (Haematopus
ostralegus), studied a related problem. He asked
whether or not the effect on equilibrium popula-
tion density is different if breeding or wintering
habitat is destructed. Because the oystercatcher is
migratory, the question of where habitat loss oc-
curs coincides with the question of when it oc-
curs.

In this paper, we develop a simple model of a
population in a seasonal environment. We assume
no stage-structure, and we let the seasons be dis-
tinct and unambiguously defined. We also intro-
duce into this model temporally distinct and den-
sity-independent mortality events that can be in-
terpreted as constant effort harvesting. Harvest-
ing can take place before or after reproduction,
and we were interested in the potential effects of
the timing of harvesting on mean population den-
sity, the variation in mean population density, and
the maximum sustainable yield. This does not
mean that the resulting dynamics and yield con-
sequences of the harvesting necessary should be
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indicative of optimal harvesting strategies in the
direct applied sense. Such recommendations natu-
rally require a much more detailed knowledge
about the organisms in question. Here, we are fo-
cussing on the principal consequences of tempo-
rally structured density-dependence on popula-
tions’ ability to respond to losses distinct in time.

2. The model

Let us assume three unique and temporally well-
separated events occurring during a year: birth (B),
mortality (M), and harvesting (H). Each of these
events is (or is not) a density-dependent process.
Density-independent mortality may occur at all
times. A sequence of n processes can be ordered
in n! different ways. However, the relative posi-
tion of the events is different only in (n — 1)! of
these, and that is one of the requirements for
changing the stability properties of the model and
the equilibrium density after a given process
(Astrbm et al. 1996). Hence, H, B and M can be
ordered during a year, say, in two different ways
— HBM and BHM — resulting in two different
discrete-time population models, which map the
population density at year ¢ to the population den-
sity one year later (¢t + 1):

t >t+1
N, +B(N,)N, - H(@)p - M(8)8 = N,,, (1)
®
)
t >+ 1
N, - H(N)N, + B(y)y -M(@)¢=N,,, (2
Y
(0

H(.,), B(.) and M(.) indicate that the processes are
functions of the population density resulting from
the preceding processes. Now, let us assume that
both per capita birth rate and death rate are lin-
early related to population density such that

B(N)=f3-bN 3)
and

M(N)=a+aN 4)

where s the maximum per capita birth rate, oz is
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the minimum per capita death rate, and b and a
determine the strength of the density-dependence
in the birth and mortality rate, respectively. For
simplicity, we have assumed linear density-de-
pendence, but this is not crucial for the general
result. The per capita risk of being harvested is
assumed to be independent on population density,
i.e., a certain fraction, A, of the population is re-
moved every year. Inserting Eqs. 3 and 4 in Egs.
1 and 2, respectively, gives the following two
models:

HBM: (1-h)N,[1+B-bN,(1-h)]x
X(l-a-al')=N,,,
BHM: N,(1+B-bN,)(1-h)x
x(1-a-a¥)=N,,

&)

(6)

where:
I'=(1-h)N,[1+B-bN,(1-h)]
and
¥ =(1-h)N,(1+ B -bN,).

The population density is calculated after all
processes, i.e., N, is the evaluated population
density. In the following section we present how
the timing of harvesting influences the mean popu-
lation density, the variation in mean population
density, and finally, the effect on the maximum
sustainable yield.

3. Results

Removing individuals from the population imme-
diately decreases the population density. However,
as clearly demonstrated in Fig. 1, harvesting may
not only be compensated for, but also overcom-
pensated. The maximum per capita birth rate has
to exceed a certain value and the harvest rate must
be low enough for this overcompensation to oc-
cur. In Fig. 1, we present two examples (for each
sequence of events) of how compensation is re-
lated to per capita birth rate and harvest rate. In-
terestingly, harvesting before reproduction may
result in a higher mean equilibrium population
density compared to harvesting after reproduction
or no harvesting at all.

Another important aspect with consequences
for population conservation and management is
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Fig. 1. The difference in mean population density (%)
between a harvested and an unharvested population
for different values of the harvest rate, maximum per
capita birth rate (), and for the two different sequences
of events (HBM and BHM). H = Harvest, B = Birth,
M = Mortality. Solid curve (HBM and S = 2), dashed-
dot curve (BHM, f = 2), dashed curve (HBM, S = 3),
dotted curve (BHM, S = 3). The other parameter val-
ues are o= 0, b= 0.0005 and a = 0.00025.

the relative variation in mean equilibrium popu-
lation density over time. We calculated the coef-
ficient of variation (CV) by simulating the time
dynamics for the two models for 200 time steps,
discarding the first 100 to avoid the influence of
transients. The coefficient of variation increases
with increasing maximum per capita birth rate,
because the dynamics changes from stable to cyclic,
and finally, multi-point cycles or chaos (Fig. 2).
Harvesting, no matter when, stabilises the dynam-
ics. The effect is stronger when the population is
subject to harvesting after reproduction but be-
fore the density-dependent mortality (Fig. 2, dot-
ted line).

The harvest rate resulting in the maximum
sustainable yield is dependent not only on the
maximum per capita birth rate, but also on the
timing of harvesting (Fig. 3). Notice that for a
wide range of harvest rates below the optimum
level, the yield is higher if the maximum per capita
birth rate is 2 instead of 3. That actually reflects
a higher equilibrium size for lower per capita birth
rate, which is possible only if density-dependent
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Fig. 2. Coefficient of variation (CV) of mean popula-
tion density for different values of the maximum per
capita birth rate (). HBM (dashed curve) and BHM
(dotted curve) refer to the two different sequences of
events when the population is harvested. H = Har-
vest, B = Birth, M = Mortality. In this figure, the harvest
rate is either zero (solid curve) or 0.2 (dashed and
dotted curves). The other parameter values are o= 0,
b = 0.0005 and a = 0.00025. Positive mean popula-
tion density is not possible without harvesting for >
3.5 and, hence, the coefficient of variation is not de-
fined.

reproduction and mortality are separated in time.
This effect of sequential density-dependence on
the relationship between maximum per capita birth
rate and mean population density is presented in
Fig. 4 for a wider range of -values.

4. Discussion

In population models where density-depend-
ent reproduction and mortality occur simultane-
ously (and there is no stage-structure), an increase
in the per capita birth rate inevitably results in
increased equilibrium size. Temporally structured
density-dependence makes it less obvious how
changes in demographic parameters translate into
equilibrium population density. This has far-reach-
ing consequences for how, e.g., habitat loss or
harvesting affect populations. For example, let us
assume that we study a population described by
Eq. 1. In order to manage this population we have
to carry out a population survey before reproduc-
tion to estimate N,. Often, this is the only piece of
information we have at hand. Second, we must
know B(N,), i.e., how per capita birth rate relates
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Fig. 3. Yield (the mean number of individuals har-
vested) for different harvest rates, maximum per capita
birth rates () and sequences of events (HBM vs.
BHM). H = Harvest, B = Birth, M = Mortality. Solid
curve (HBM and =2), dashed-dot curve (BHM, = 2),
dashed curve (HBM, f = 3), dotted curve (BHM, = 3).
The other parameter values are oo.= 0, b=0.0005 and
a=0.00025.

to population density. Now, we can calculate the
population density before harvesting (¢) and if
harvests are reported, we can easily get an esti-
mate of how per capita mortality rate due to har-
vesting is related to population density (H(¢)).
The next step is the straightforward calculation
of population density before the density-depend-
ent mortality event (8). The per capita mortality

6-N,

rate M(0) can now be calculated as T’“ Af-

ter several years of careful data collection we will
have an estimate of how M( ) varies with popula-
tion density and the population processes have
been identified. Although this protocol is simple
in theory, we fully realise the practical problems
of obtaining the adequate data. If experimenta-
tion is not possible, it will be even more difficult.
Without this indispensable information, however,
it will be extremely difficult to gain any real un-
derstanding of the population we are manipulat-
ing.

Our results also have implications for the
never-ending debate on additive and compensa-
tory harvesting mortality (e.g., Anderson & Burn-
ham 1976, Burnham & Anderson 1984, Burnham
et al. 1984, Hudson & Rands 1988, Barker et al.
1991, Smith & Reynolds 1992, Smith & Reynolds
1994, Sedinger & Rexstad 1994). The solution of
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this problem hinges on the recognition of the tem-
poral structure of density-dependent processes. It
is thus obvious that we have to know how the per
capita birth and death rates vary with population
density for different seasonal processes. So far,
few attempts have been made in this direction.
Sinclair and Pech (1996) addressed the problem
with a model without explicit seasonality and con-
sequently failed to resolve it. Harvesting mortal-
ity can only be compensated (or overcompensated)
for if there is one or more density-dependent proc-
esses following it. Kokko and Lindstrom (1998),
who used a modelling approach different from
ours, recently pointed out the importance of the
timing of harvesting in relation to density-depend-
ent events. They used a continuous-time model
with periodic forcing, whereas we have explicitly
included seasons as discrete events in the life cy-
cle. Biologists with no training in mathematics may
perhaps find our approach more easily digested.

The mean population density does not have to
be the only critical factor for the persistence of a
population. In fact, large population density does
little to extend the final phase of extinction, and
high growth rate may actually lead to a faster de-
cline (e.g., Lande et al. 1995). In our model, in-
creasing maximum per capita birth rate (f) leads
to higher population variability. Harvesting may
stabilise variation between years relative to the
mean population density. This is only true if 3 is
low or the harvest rate is large. If Bis large enough
for a harvest-related compensation to occur, the
harvest rate must be high in order to dampen the
increased population variability. But if the har-
vest rate exceeds a certain value, harvesting tends
to be additive to the density-dependent mortality,
not compensatory. Hence, there may exist a trade-
off between high population density and stability
between years.

In conclusion, sequential density-dependence
calls for collection of data on per capita birth and
death rates in relation to population density. If
this information is lacking, the underlying causes
of population fluctuations can never be understood
and population management faces another source
of uncertainty, adding to the inevitable variance
in parameter estimates caused by environmental,
demographic, and observation uncertainty. Only
by understanding the basic mechanisms of popu-
lation dynamics is it possible to improve man-
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Fig. 4. Mean population density for different values of
the maximum per capita birth rate and harvest rate
(h), when the sequence of events is HBM (H = Har-
vest, B = Birth, M = Mortality). The harvest rate is ei-
ther zero (solid curve) 0.2 (dashed curve) or 0.7 (dot-
ted curve). Parameter values are o = 0, b = 0.0005
and a = 0.00025.

agement and, in an acceptable way, decide about
population harvesting in space and time.
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