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ABSTRACT: The demography of a moose population in central Newfoundland was investigated
using hunter statistics and cohort analysis to estimate moose density. The moose population occurs
in a forested area of relatively high primary productivity for which trophic dynamics theory predicts
regulation of herbivores by predation. No natural predators capable of density dependent regulation
of moose live in Newfoundland. Therefore, we assessed the regulatory effects of human hunting on
moose density. We used phase plots rather than time series to help describe nonlinear system
dynamics. This approach characterized the behaviour of the human-moose system as a stable limit
cycle with a period of about 11 years. Fluctuations in the prey population were tracked over time by
fluctuations in the numbers of predators (number of hunters), predator searching time (hunter effort),
and predator kills (harvest). The functional response of hunters reached an asymptote at densities
greater than 1.4 moose-km™. Although the total response indicated a stable equilibrium due to density
dependent hunting, we argue that cyclical behaviour in the numerical response leads to instability and
population cycles. The regulatory effect was caused by delayed density dependence due to the time
lag in the management response (number of licences) to changes in moose numbers. However,
changes in food may have also had a delayed response and should be considered as a possible influence
on synchronizing population cycles.
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The North American moose (Alcesalces)  acterized by plants and carnivores being re-
is a non-migrant species inhabiting mainly  source-regulated (green world) while her-
the boreal forest (Kelsall 1987). Moose bivores are regulated by predation. In envi-
populations living with predators generally ronments with a primary productivity below
exhibit densities below 0.5 animals-km? athreshold (Power 1992), predation no long-
(Messier 1994). In contrast, moose er regulates herbivores and herbivores may
populations without major predators may reduce plant biomass to low levels (brown
exceed2.0animals-km™(Cederlund andSand  world).

1991, Oosenbrug and Ferguson 1992). Food The island of Newfoundland supports
exploitation and predation are the two regu-  both three- and two-level trophic environ-
latory mechanisms proposed toexplainmoose  ments and therefore, studies of plant-herbiv-
population persistence (Boutin 1992, Van ore-carnivore interactions may help test some
Ballenberghe and Ballard 1994, Messier of the HSS model predictions (see Créte and
1995). Manseau 1996). The Northwest Gander-

One hypothesis used to explain animal Gambo Moose Management Area (MMA
distribution and abundance in terrestrial en-  24&42)is situated in the forested central part
vironments is the HSS model (Hairston, Smith  of Newfoundland and occurs in a region
and Slobodkin 1960). According to this characterized by relatively high primary pro-
trophic dynamics model (see Oksanen et al.  ductivity (Mercer and Manuel 1974). For
1981, Fretwell 1987, Oksanen 1991), envi-  this area, the HSS model predicts that preda-
ronments with relatively high primary pro- tion will regulate prey population numbers,
ductivity (i.e. three-level systems) are char-  But wolves (Canis lupus) no longer exist on
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the island of Newfoundland; black bear
(Ursus canadensis) predation is not consid-
ered a mortality factor that regulates moose
numbers (Ballard et al. 1991, Schwartz and
Fanzmann 1991, Ballard 1992); and the re-
cent arrival of coyotes (Canis latrans) is
unlikely to have any regulatory impact on
moose populations. In the absence of wolves,
what is the form of regulation by humans
(Homo sapiens) on moose numbers?

Many moose populations exhibit remark-
able variations in abundance (Créte 1987,
Gasaway et al. 1992). Some moose
populations show regular cycles, such as in
Alaska (Gasaway et al. 1983), on Isle Royale
(1-cycle: 38 years; Peterson et al. 1984) and
in Newfoundland (Moose Management Area
17, 4-cycles: 9.0 = 1.3 (SE) years; Ferguson
1993), which have gone through 2- to 3-fold
changes in density. Here, we report on a
moose population with a large human hunt-
ing harvest (22% per annum) and bear preda-
tion on calves, that also shows cyclicity. The
major mortality for moose in central New-
foundland is human predation through legal
hunting. Cyclical dynamics may be driven by
the kind of ecological conditions to which
the speciesis exposed (Berryman 1995) or by
the organism and its biological attributes
(Bonner 1965, Calder 1984). Here, we em-
pirically test whether human predation drives
population cycles in this moose population.

STUDY AREA

Northwest Gander-Gambo MMA 24&42
(2,111 km?) is an area of central
Newfoundland that has supported moose
since the 1910s (Pimlott 1953). Besides hu-
mans, black bears have been the only natural
predators of moose. Brown bears (Ursus
arctos) do not live here, wolves were exter-
minated, and coyotes are a recent arrival to
the island (Lariviere and Créte 1993) and
likely did not influence the population dy-
namics of moose in this area prior to the last
1991 estimate. The majority of hunters use
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highway or fourwheel drive vehicles to reach
their hunting areas whereas in less accessible
areas, hunters rely more on aircraft, all ter-
rain vehicles, boats and canoes (Créte 1987).
Since 1972, Newfoundland has used a quota
system whereby hunters are drawn for partic-
ular age/sex classes of moose and hunt in
areas depending on priority (Mercer and
Manuel 1974).

This study area lies within the Central
Newfoundland ecoregion (Damman 1983)
and is mostly covered by boreal forest. Abies
balsamea predominates and stands of Picea
mariana, and to a lesser extent Betula
papyrifera, cover large areas. A dense moss
carpet occurs in areas not disturbed by fire
but this region experiences the highest forest
fire frequency of the island. The continental
climate in this area shows a large annual
range in temperatures for the island with high
summer temperatures and low winter tem-
peratures. This area receives lower rainfall
than other subregions as well as occasional
dry spells. Growing season is 140-160 days.
Precipitation and snowfall is average relative
to most of the island with snow cover in
winter being more reliable.

METHODS

Ecologists traditionally think in terms of
time series as a way to represent population
dynamics. Although conceptually straight-
forward, a time series plot (e.g. Fig. 1) is
often of limited value for representing long-
term dynamics and does not provide much
insight into the dynamical structure of the
system. As an alternative to a time series,
mathematicians typically plot concurrent
values of state variables on independent axes.
The state-variable space generated by this
process is called phase space, and the graph
of state variables in a phase space is termed a
phase plot. Plotting system dynamics in phase
space, as opposed to a time series, has the
distinct advantage of collapsing the system’s
dynamics along the time axis, thereby solv-
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Fig. 1. Time series plot of predator (number of
licences) and prey (moose numbers) from 1969
through 1991 in the Northwest Gander-Gambo
Management Area, Newfoundland.

ing the logistic problem of plotting long-term
behaviour. A phase space graphic facilitates
the understanding of ecological systems in
qualitative terms (Logan 1991). Phase plots
are similar to numerical response plots but
while ecologists expect numerical responses
to be represented by a non-linear relationship
(e.g. Fryxell 1991), phase plots portray sys-
tem behaviour as an attractor of various shapes
(Cambel 1993).

Plotting the relationship between preda-
tor and prey density helps to describe the
behaviour of a system. In contrast, plotting
the relationship between the functional re-
sponse of predators and prey density helps to
determine the mechanistic processes of the
system. To understand the mechanistic proc-
ess behind predator-prey relationships we
plotted rates of change against prey density.
One relationship we wanted to examine was
the predators’ success rate relative to prey
density. Another relationship examined was
the functional response of predators (killing
rate) relative to prey density. This relation-
ship took the form of a Type II functional
response (Taylor 1984) as in many other
systems (Real 1979, Messier 1994). We de-
termined the functional response using the
hyperbolic, Michaelis-Menten function
which takes the form y =ax/(b+x), where y is
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the per capita killing rate and x is moose
density (Messier 1994). Parameter a repre-
sents the asymptotic killing rate when pred-
ators are fully satiated, and b is the moose
density at half the maximum killing rate. The
last relationship examined was that of preda-
tion rate relative to prey density. The preda-
tion rate was calculated as the product of the
numerical and functional responses and a
third-order polynomial was used to fit the
curve.

Cohort analysis requires time series data
on age-specific kills and age-specific natural
mortality rates and a large cumulative
mortality (Pope 1972). We used Deriso et
al.’s (1985) cohort analysis model
(CAGEAN) to estimate moose density. Meth-
ods follow that of Ferguson (1993) with one
difference; we did not follow Gulland’s
(1983) recommendation to average hunter
effort. We decided that averaging unneces-
sarily smoothed the natural variability in the
data. Although the estimated numbers of
moose (Wilcoxon Mann-Whitney test: Z = -
2.13, P = 0.03) and their variation (Fl_21 =
5.87, P < 0.001) differed between the two
approaches, the overall distribution of esti-
mates did not differ significantly
(Kolmogorov-Smirnov 2-sample test: D =
0.348, KSa = 1.18, n = 23, P = 0.12). All
statistical tests were done using SAS (SAS
Institute Inc., Cary, NC) statistical software
for microcomputers.

RESULTS

From 1969 to 1991, predator and prey
numbers in the Northwest Gander-Gambo
Management Area markedly fluctuated over
time (Fig. 1). Predator numbers varied 4- to
S-fold from 420 to 1896 licences (895 + 382
(SD)) while prey numbers varied 2-fold from
1772 to 3577 moose (2461 + 617; Table 1).

Phase plots of predator numbers (numer-
ical response; Fig. 2), predator kills (Fig. 3)
and predator effort (Fig. 4) against prey
density all followed a closed-loop pattern in
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Table 1. Moose population statistics for Northwest Gander-Gambo MMA, central Newfoundland.

Estimated Per-Capita Hunter No. of

No. of Kily Killing Predation

Year No. of Rate of  Effort Licences  Moose Licence Rate? Rate’
Moose! Increase (days)  (hunters) Killed

1969 2289 - 7479 1384 518 0.37 6.9 22.6
1970 2239 -0.02 7751 1376 822 0.60 10.6 36.7
1971 1892 -0.17 7843 1379 529 0.38 6.7 28.0
1972 1872 -0.01 8089 1394 578 0.41 7.1 30.9
1973 1772 -0.05 4419 740 292 0.39 6.6 16.5
1974 1853 +0.04 3518 678 347 0.51 9.9 18.7
1975 1907 +0.03 2894 537 287 0.53 9.9 15.0
1976 2108 +0.10 2582 582 362 0.62 14.0 17.2
1977 2308 +0.09 4923 900 584 0.65 11.9 25.3
1978 2202 -0.05 6826 1100 654 0.59 9.6 29.7
1979 2076 -0.05 7184 1050 513 0.49 7.1 24.7
1980 1951 -0.06 4561 690 402 0.58 8.8 20.6
1981 1952 +0.00 3031 470 268 0.57 8.8 13.7
1982 2104 +0.07 2340 420 293 0.70 12.5 13.9
1983 2422 +0.14 2254 420 309 0.74 13.7 12.8
1984 2688 +0.10 3571 660 461 0.70 12.9 17.2
1985 3336 +0.22 3263 660 449 0.68 13.8 13.5
1986 3218 -0.04 3677 750 530 0.71 14.4 16.5
1987 3568 +0.10 5097 700 638 0.91 12.5 17.9
1988 3577 +0.00 6164 800 758 0.95 12.3 21.2
1989 3489 -0.02 6590 915 872 0.95 13.2 25.0
1990 3181 -0.09 6028 1090 891 0.82 14.8 28.0
1991 2610 -0.20 10293 1896 941 0.50 9.1 36.1
Mean 2461 +0.01 5234 895 535 0.62 10.8 21.8
SD 617 6.8 2231 382 209 0.17 2.7 7.2

! Estimated using cohort analysis and includes crippling loss and poaching.

2 Killing rate = moose killed/(licence-100 days™

).

3 Predation rate = total moose killed/total moose alive at the start of the hunting season (percent of

population killed by hunters each year).

an anti-clockwise direction. The system’s
dynamics cycled in what mathematicians term
a limit cycle. Anti-clockwise cyclic patterns
over time can be indicative of delayed densi-
ty dependence, sometimes termed delayed
negative feedback (Hutchinson 1948).
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Evidence for time lags causing this
negative feedback came from partial correla-
tion analysis of lagged hunter statistics. First,
the effect of first-order correlation, PC1, be-
tween R = In (N, ,/N) and In N, was deter-
mined. Next, the relative contribution of sec-
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Fig. 2. Changes in the number of predators (human
hunters) with prey density (moose) from 1969
through 1991 in the Northwest Gander-Gambo
Management Area, Newfoundland.
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Fig. 3. Phase plot of predator effort (hunter days)
with prey (moose) density from 1969 through
1991 in the Northwest Gander-Gambo Man-
agement Area, Newfoundland.

ond-order feedback to the observed dynam-
ics was calculated as the partial correlation,
PC2, between the observed per-capita rate of
increase, R, and population density in the
previous year,

In N, from which the effect of first-
order correlation, PC1, had been removed
(Table 2). Cyclical dynamics are dominated
by second-order feedback (PC2>PC1), while
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Fig. 4. Phase plot of predator kills (moose killed
by hunters) with prey (moose) density from
1969 through 1991 in the Northwest Gander-
Gambo Management Area, Newfoundland.

those with more stable dynamics are domi-
nated by first-order feedback (PC2 < PC1).
For this predator-prey system, moose densi-
ty, predator density, and predator effort were
all dominated by second-order feedback im-
plying delayed density dependence (Table
2).

Next, we looked at the relationship
between rates of change for predation varia-
bles relative to density. Hunter success in-
creased linearly with moose density (r =
0.83, n =22, P <0.01; Fig. 5). The Type II
functional response of human predation was
related to moose density using the Michaelis-
Menten model (r=0.66,n=22, P<0.01; Fig.
6). The killing rate increased at low moose
densities and reached an asymptotic value of
15.5 moose killed/(hunter-100 days™') indi-
cating some form of predator satiation. The
moose density associated with half the max-
imum Killing rate was 1.2 moose-km™.

Predation rate or total response was
calculated as the percent of the moose
population harvested by hunters (Fig. 7).
This relationship indicates strong density
dependent predation at moose densities of
less than 1.4 moose-km?. For the central
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Table 2. Properties of a cyclical moose population in central Newfoundland, 1971 through 1991.

Property First- Second- Coefficient Significance?
Order Order Mulitiple N, N,
Rate Partial Determination®
Corr.! Corr.2
Total 0.277 0.443 0.548 0.12 0.03
Moose
Hunters 0.293 0.520 0.534 0.55 0.04
(licences)
Hunter 0.327 0.539 0.547 0.67 0.04
Effort (days)
Total 0.469 0.399 0.475 0.23 0.72
Kill

! Correlation between the per-capita rate of change, R = In (N,
density, In N,

? Correlation between R and In N, with the effect of first-order correlation removed.

* Coefficient of multiple determination for the model R=a+bInN +cIn N, ,.

, Significance of correlation coefficient for N and N_,.

/N)), and the log initial population
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Fig. 5. Linear relationship of hunter success Fig. 6. Functional response of predators (moose

(moose kills per licensee) with moose density killed/(hunter-100 days™!) against moose density
from 1969 through 1991 in the Northwest from 1969 through 1991 in the Northwest
Gander-Gambo  Management  Area, Gander-Gambo  Management  Area,
Newfoundland. Newfoundland.
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Fig. 7. Relationship between predation rate (per-
cent harvest) and moose density from 1969
through 1991 in the Northwest Gander-Gambo
Management Area, Newfoundland.

forested areas of Newfoundland, K, mortality
due to human predation increased as density
of moose increased through a density-
dependent functional response. Time lags
created in the numerical response resulted in
population cycles. The density of prey is not
fixed at these equilibria but instead are
continually perturbed by changes in the
environment. Moose densities greater than
1.4 moose-km? experienced inversely density
dependent human predation. The relative
positions of the recruitment and total respense
curves result in two stable states K, and K,
with the low density state regulated by
predation whereas the high density state
occurred when the prey escaped predator
regulation (Fig. 8).

DISCUSSION

These results indicate that haman preda-
tion of moose is strongly density dependent
within the lower range of moose density
(<1.5 moose-km?). This moose population
shows dynamics that are strongly affected by
second-order feedback processes (Turchin
1990), or what is traditionally called delayed
density dependence (Morris 1959). Stable
limit cycle behaviour is a result of non-
linearity, which in predator-prey systems
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Fig. 8. A model for moose populations with
strong density dependent human predation.
Human predation ( ) is density dependent
at low moose densities and inversely density
dependent at high moose densities. The growth
rate of moose without human predation (- - -)
declines at high density due to density depend-
ent food limitation. K,, is a stable equilibrium
around which cycles in the numerical response
causes the moose population to cycle over
time. K_ is a unstable equilibrium caused by
the interaction between predation and food
limitation.

implies that the effects of predation is non-
proportional (Berryman 1996). Dynamics that
cycle without damping, but are still bounded,
are intriguing, but appear common in natural
predator-prey systems (Norrdahl 1995).

What drives cycles?

Our main interest was in determining the
major factor driving the cyclical behaviour
of this moose population. External forces
like climate or sunspot cycles are unlikely to
drive the system although external forces are
probably involved in the synchronization of
cycles over large geographic regions (Moran
1953, Royama 1992). The next approach was
to examine factors involved in circular
causality, or negative feedback (Sinclair and
Pech 1996).
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Population cycles can be caused by time
lags in any negative feedback process (May
1973, 1981, Berryman 1989). Therefore one
plausible mechanism involves interactions
with the food of moose. Time lags can be
created if the quality of new foliage is affected
by browsing in the previous year (delayed
induced defence hypothesis, Batzli 1983,
Seldal et al. 1994), or if high moose densities
and/or food shortages in one year can affect
the survival and fecundity of the next
generation via physiological mechanisms
(maternal effect hypothesis, McCullough
1979, Sauer and Boyce 1979, Peterson et al.
1984, Fryxell et al. 1991, Rossiter 1994).

There is evidence from other species that
heavy browsing can cause marked changesin
the quality of new foliage in the following
years (Caughley 1976, McCullough 1979,
Cooper and Owen-Smith 1985, Palo 1985,
Lavsund 1987, Robbins et al. 1987,
Thompson 1988). These changes can have a
negative impact on the fitness of moose
(Sather 1987). There is also evidence that
maternal experiences of red deer (Cervus
elaphus) in one year can affect the fitness of
offspring in succeeding generations (Clutton-
Brock et al. 1982, Albon et al. 1987). Models

ER

incorporating food quality and maternal ef-

fects can generate cycles (Berryman 1996).
However, to test the food hypothesis requires
quantitative data on the effects of browsing
on changes in foliage properties and the ef-
fects of food availability and quality on brows-
ing rates during a population cycle (e.g.,
Krebs et al. 1986a, 1986b, 1992). Although
we have no evidence, changes in food may
have had a delayed response and should be
considered as a possible influence on popula-
tion cycles. Perhaps food changes synchro-
nize the periodicity whereas predation deter-
mines the amplitude of moose population
cycles.

Effects of human predation
This study of the cyclic behaviour of a
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moose population has led us to conclude that
human predators can cause cyclic dynamics.
Humans invariably kill a high proportion of
moose during the decline phase (Table 1) and
relax their effects during the increase phase,
anecessary property of predator-prey cycles.
The effectiveness of human predators at con-
trolling the numerical dynamics of their prey
(moose) is further attested to by several ex-
amples of intense food limitation experi-
enced by moose in areas of Newfoundland
where inaccessibility limits the effectiveness
of hunters (Ferguson et al. 1989). The present
data on moose and human hunters over a 23-
year period suggests that much of the annual
variation in observed per-capita rates of
change of this population can be explained
by conventional predator-prey interactions.

We conclude that the 8-11 year cycles in
moose numbers are probably caused by
delayed negative feedback between human
hunters and moose abundance. Examples of
how delayed management responses can re-
sult in time lag effects have been reported for
walrus (Odobenus rosmarus; Fay etal. 1989),
white-tailed deer (Odocoileus virginianus,
Fryxell e: al. 1991) and in fisheries
(McGarvey 1993). The cyclic dynamics can
be exacerbated, however, by environmental
disturbances and socio-political changes.
Political events can result in sudden changes
in numbers of hunters and include relatively
unpredictable events such as the number of
traffic related human deaths caused by moose
collisions (Oosenbrug et al. 1991) or in-
creased poaching. Environmental disturbanc-
es are more likely in the southern portion of
the island, where little forest exists and the
potential for particularly large die-offs of the
moose population can occur (e.g. severe win-
ter conditions such as icing) causing a tempo-
rary decoupling of the predator-prey interac-
tion.

Many moose populations are regulated
with relatively little variation at densities far
below the food carrying capacity (Créte 1987,
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Van Ballenberghe 1987, Gasaway etal. 1992,
Messier 1995). Empirical evidence suggests
that human predators are involved in the
cyclical second-order dynamics, whereas
wolves are involved in the more stable first-
order dynamics (Messier 1994, 1995). We
suspect that human searching efficiency is
somehow compromised in regions where
moose populations reach the limits set by
their food supplies, perhaps because of lack
of natural predators or area inaccessibility to
hunters (Mercer and Manuel 1974). Manage-
ment efforts to control destructive moose
over-browsing are aided by human hunters,
who are remarkably efficient at searching out
and killing moose. Managers can capitalize
on the knowledge that hunters, if largely
unimpeded in their movements, can exercise
density dependent effects on moose num-
bers.

New model

The maximum predation rate by humans
hunting in this area occurred at densities of
1.4 moose-km™. This figure coincides with
the carrying capacity calculated by Ferguson
(1992) of 1.3 moose-km based on percent
forest cover, indices of moose productivity,
and evidence summarized by Créte (1989).
We would therefore expect maternal effects
as a result of food limitation to occur at
moose densities greater than about 1.4
moose-km? (Fig. 8). Although, the model
presented in Figure 8 predicts that the lower
equilibrium of moose density maintained by
human predation is stable, we suggest that
the cyclical behaviour observed in the nu-
merical response promotes the cycles in
moose density over time. The population
cycles may be caused by time lags in changes
in predator density, possibly due to reactive
rather than proactive management decisions
to adjust the number of licences issued. As
observed for moose and caribou (Rangifer
tarandus), a negative-sloped functional re-
sponse at high prey densities results in a
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depensatory predation curve (Dale etal. 1994,
Messier 1995). If moose numbers cycle, then
at high densities a depensatory population
response can occur with resource exploita-
tion dominating population regulation (Fig.
8; see also Messier 1991).

The moose population in our study area
experienced regulation by human predation
which maintained moose density withinlarge
bounds (1.17 £ 0.29, mean + SD, range 0.84
to 1.69). Moose densities can be maintained
by human predation for the same reasons that
wolf predation is so effective in reducing
moose population growth at low densities
(Messier 1994). Moose are non-gregarious,
well dispersed, show limited movement, small
home ranges and are spatially predictable.
Afterthree decades of searching for the canses
of animal population cycles in genetic
feedback mechanisms, maternal effects,
induced plant defences and disease, ecologists
seem to be returning to the old ideas of
predator-prey cycles in snowshoe hares
(Trostel et al. 1987), microtine rodents
(Hanskietal. 1991), insects (Berryman 1996)
and curiously, moose in some areas.
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