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Determining carrying capacity from foraminiferal time-series
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ABSTRACT - The carrying capacity K is the equilibrium population density of a species that an area can
support while adequately meeting the needs of every individual. Although widely used in ecology, it has
yet to be applied rigorously to living foraminifera. K is readily determined from time-series of population
densities. Given that N,,, =N, + RN,, in which N, is the population densities at time ¢ N,.; is the density
at a subsequent time #+1 and R is the per capita rate of change in population density, then linear regression
gives R =R, —sN,, in which R, is the per capita rate of increase at time ¢, the constant R is the maximum
possible individual rate of increase, and the negative slope s represents the strength of intraspecific interac-
tions. Setting R, = 0, so that N, = K and R — sK = 0, gives K = R /s, which is applicable in aseasonal
environments. There are two carrying capacities in seasonal environments, depending on whether the season
is favourable (K, ) or unfavourable (K ). Values of K, and K . are estimated for Nonion depressu-
lus in the Exe estuary, UK (25 monthly samples), Quinqueloculina spp. in the Indian River Lagoon, USA
(60 monthly samples) and Haynesina germanica in Cowpen Marsh, UK (25 fortnightly samples). The most
precise estimate was for H. germanica, but it was unclear if this was due to the high rate of sampling or
the large number of replicates used to erect this time-series. J. Micropalaeontol. 31(2): 111-119, July 2012.

KEYWORDS: Nonion depressulus, Quinqueloculina, Haynesina germanica, Exe estuary, Indian River
Lagoon, Cowpen Marsh, population dynamic, seasonality, carrying capacity

© 2012 The Micropalacontological Society

INTRODUCTION

Early work by Bandy et al. (1965) showed that foraminifera can
play a major role in assessing the environmental impact of human
activities on the marine environment. They have subsequently
been widely applied in assessing the impact of sewage outfalls,
oil rigs, developments along shorelines and abrupt catastrophes
(Alve, 1995; Nigam, 2005; Nigam et al., 2006). The environmen-
tal effect of any development is determined through monitoring of
the live foraminiferal community before and after the develop-
ment is implemented (Wilson, 2000; Scott et al., 2001), which
can determine whether a development has forced a regime shift in
which there has been an abrupt, anthropogenically induced change
in the ecosystem from one self-stabilizing state to another that is
not readily reversible (Genkai-Kato, 2007).

Foraminiferal micropalacontologists have acquired a consider-
able number of time-series (e.g. Boltovskoy & Lena, 1969; Buzas
et al., 1977, 2002; Murray, 1983; Basson & Murray, 1995;
Wilson, 2000; Wilson & Ramsook, 2007), with samples taken
regularly at fortnightly or monthly intervals. These can be used as
training sets in the development of new environmental applica-
tions of foraminiferal time-series. One such technique is detecting
changes in the environment’s carrying capacity K for species. As
originally defined by Errington (1934), K is the equilibrium popu-
lation of a species that an area can support while adequately
meeting the needs of all individuals (see also Kashiwai, 1995). K
is thus shaped by the ‘interdependent relationships between finite
resources and the consumers of those resources’ (Monte-Luna
et al., 2004, p. 488). Foraminiferal workers have so far mostly
evaluated K qualitatively (e.g. Hohenegger, 2004). Quantitative
knowledge of K is useful, however, for assessing the sustainabil-
ity of the economic development of a region (Wang, 2010), espe-
cially as anthropogenically induced regime shifts are known to

force changes in an area’s carrying capacities (Peterman, 1977;
Berryman, 1999).

A change in the carrying capacity of an impacted area indi-
cates that its economic development is having a negative impact
on the ecoystem. There is thus a need for a simple method for
determining K from foraminiferal time-series. This paper presents
such a method but notes that many time-series currently available
are inadequate for determining K precisely.

ALGEBRAIC BACKGROUND TO CALCULATING
CARRYING CAPACITY K FROM A TIME-SERIES
Aseasonal environments
A population is a group of conspecific individuals that exist
together in time and space (Levin ef al., 2009). Population dynam-
ics examines temporal changes in such a group (Berryman, 1999;
Turchin, 2003). Lee & Muller (1973) found that foraminiferal
species have extremely high intrinsic rates of increase that allow
them to exploit the rapid changes in the microbial community
structure that take place throughout favourable months. Murray
(1967) concluded that the annual production of benthonic
foraminifera is a product of four main factors: the initial size of
the standing crop, the proportion of individuals that reproduce, the
frequency of reproduction and the number of surviving new indi-
viduals resulting from each reproductive phase. He proposed a
method for assessing production from time-series. Nigam et al.
(2009) noted that pollutants affect the per capita rate of reproduc-
tion. The method outlined in this section is suited for estimating
K in an aseasonal environment, where K does not vary throughout
the year.

Murray (1983) introduced a model for foraminiferal population
dynamics in which the change in the number of members of a
foraminiferal population over time (4N) was equal to the number
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of inputs (births B, immigrants /) less the number of outputs
(deaths D, emigrants E), such that

AN=B-D+I-E. (1)

It follows that a given population of N, at time ¢ (the standing
crop of Murray, 1967) will at a later time #+1 have changed to a
population N,,, as follows:

N, =N, +B-D+I—E. )

Thus, AN =N, ,—N, and may be positive (population growth),
zero (population stable) or negative (population decline), depend-
ing on the balance of inputs and outputs.

For AN to be meaningful, an independent variable is needed
against which to measure changes in the number of individuals
forming the population. Measuring N, per spatial unit (area, vol-
ume) is more informative than is a census of an unconstrained
population and is termed the population density. The expression
AN =N, ,— N, per spatial unit measures the change in popula-
tion density between time ¢ and #+1. For the remainder of this
paper, N, and N, signify population densities.

Whether the density of a studied population increases, is static
or decreases between times ¢ and #+1 depends on the actions of the
individual specimens, as it is individuals that live, die, procreate
and migrate (Berryman & Kindlmann, 2008). Where the popula-
tion density is low relative to the resources (food, mates, predator-
free space) available and individuals do not have to compete
intraspecifically to satisfy their needs, the population density will
increase over time because (a) most offspring will survive to
reproduce, (b) the need to emigrate in search of resources will be
low and (c) there will be an influx of immigrants. These factors
collectively raise inputs and lower outputs to the population. When
the population density exceeds the resources available and individ-
uals must compete intraspecifically to satisfy their needs, the popu-
lation density will decrease over time as demand for resources
outstrips supply and (a) the birth rate decreases, (b) the weaker
specimens die and (c) some members of the population emigrate.

As Berryman & Kindlmann (2008, p. 35) noted, it is more
meaningful to express changes in population density in terms of
the individual organism rather than the entire population. The per
capita rate of change in population density R is given by

R=AN/N,=(N_,—N,)/N,, (3)

+1

algebraic manipulation of which gives

N,y =N,+RN, 4)

in which the population density at time #+1 is determined by the
density at the previous time ¢ and the individual rate of population
density increase R. The value of R in equations (3) and (4) may
be positive (in which case the population density increases), zero
(density remains stable) or negative (density decreases). Equation
(4) is a positive feedback loop; the number at time #+1 can be
fed back into the right-hand side of (4) to predict the population
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density at time #+2 and so on. If R is positive and remains con-
stant, then the population density will increase exponentially. This
is likely only when a population is faced with an abundance of
resources such that supply exceeds demand (as, say, in the first
stages of the succession following the arrival of a foraminiferal
species in an area — cf. Alve, 1999). If R is constant but negative,
such that the supply of resources (which will be finite in the short
term) is outstripped by demand, then equation (4) will lead the
species into local eradication. Only when R = 0 will the popula-
tion density remain unchanged.

For a species to survive indefinitely at a site, the positive feed-
back loop in equation (4) must be countered by at least one stabil-
ity-inducing, negative feedback loop through changes in the rates
of births, deaths or migration (Malthus, 1798). This is incorpo-
rated into equation (4) because R, the individual rate of increase,
is dependent on the population density at time ¢ (Berryman &
Kindlmann, 2008). At a time when population density is low rela-
tive to resources, (B + I) will be high and (D + E) low such that
the individual rate of increase R approaches a maximum limit R,.
As the population density increases, (B + [) will decrease and
(D + E) increase and R will decrease proportionally. Assuming
that R is linearly related to population density (Berryman &
Kindlmann, 2008), it follows that

R =R, —sN, )

in which R, is the per capita rate of increase at time ¢, the con-
stant R is the maximum possible individual rate of increase, N, is
the population density at time ¢ and the negative slope s repre-
sents the strength of intraspecific interactions. The value of s is a
function of the proportion of the available resources used by the
individual and is, therefore, larger for macrofauna than for meio-
fauna, such as foraminifera. Graphing the simple linear regression
(5) for R, against N, indicates not only R_, which occurs when the
population density approaches zero (i.e. at the intercept on the
y-axis), but also a population density K (the carrying capacity) at
which R, = 0 (Fig. 1). The population density K represents the
density at which the needs of all the members of the population
density are precisely met. Thus, the carrying capacity acts as an
attractor towards which the population density is drawn (Morin,
1999). The goodness of fit in equation (5) is given by the coeffi-
cient of determination 72, in which 0 < 72 < 1. This coefficient
indicates the strength of the linear association and the percentage
of the data close to the line of best fit. If, for example, 7> = 0.75,
then 75% of the total variation in R is explained by the linear
relationship between N, and R,. The remaining 25% of the varia-
tion in R is unexplained. Analysis of variance (ANOVA) deter-
mines whether the variables R, and N, are sufficient to explain the
values of R and s obtained. In populations with cyclical fluctua-
tions in population density, higher values of 72 and significant
results from ANOVA are obtained by graphing R, =R —sN, at
the lag of the feedback mechanism, whether it is N,,,, N,;, etc.
(Berryman et al., 1987).

Setting R, = 0 in equation (5), such that N, = K and R — sK = 0,
it follows that

K=R_/s. (6)
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Fig. 1. Graph showing the determination of the maximum per capita
rate of population density increase (R,,) and carrying capacity K from
the linear regression of R, =R —sN, where R, measured the per capita
rate or reproduction at time ¢ and the slope s measures the strength of
interaction between individuals The per capita rate of reproduction R,
may be positive, zero or negative.

Thus, K can be readily determined after conducting the linear
regression in equation (5) and substituting R and s into equation (6).

Seasonal environments

Aseasonal environments are likely to be rare. For example,
Tedesco & Thunell (2003) and Wilson (2010) detected seasonality
among planktonic and nearshore benthonic foraminiferal faunas,
respectively, in the tropical Caribbean area, even though tempera-
tures there vary little throughout the year. Gooday (2002) noted
that benthonic ecosystems at abyssal depths, where temperatures
are virtually constant, are sustained by organic matter (phytodetri-
tus) that settles seasonally from the euphotic zone. Small, oppor-
tunistic species, such as Alabaminella weddellensis (Earland,
1936) and Epistominella exigua (Brady, 1884), exploit this phyto-
detrital rain and thus fluctuate seasonally. This section examines
means of determining K in a seasonally variable (phenological)
environment.

Population dynamics in a phenological environment constitute
chaotic systems in which it is not possible to predict precisely the
population density for any month in successive years (Conrad,
1986). Fretwell (1972, fig. 12) has shown, however, that K varies
phenologically, being high (K, ) at that time of year when the
resource supply in the environment is favourable and low (K
when it is not (see also Holt, 2008). Hence, K, and K . act as
attractors comparable in form to the Lorenz chaotic attractor (cf.
Li & Chen, 2002, fig. 1; Turchin & Taylor, 1992, fig. 10), with
the interaction of N,, R, and environmental favourability cycling
between K and K . over time. To calculate K and K, a

max n X min’

seasonally variable time-series must, therefore, be split into two

subsets of data: those occasions (weeks, months) that contribute
towards K . and those that contribute to K . It is inadvisable to
partition the time-series using samples with more or less than the
mean population density as the mean is influenced by outliers
(Schwerdtfeger, 1941) that greatly reduce the number of sample
points contributing to K. The time-series is instead partitioned
here using the median population density. Also, given that the
population N,,, shows density dependence on the population den-
sity N, it is not possible simply to splice together (albeit in order
of time) all population density readings either above or below the
median and analyse these as a single time-series using equations
(5) and (6). This yields linear regression curves with very low
values of 72 because R, =R —sN, is not applicable across the
splices. Instead, the longest continuous sets of readings above and
below the median must be analysed separately to give estimates
of K, and K . respectively. This method is demonstrated here

using time-series from Murray (1983), Buzas er al. (2002) and
Horton & Murray (2006).

MATERIALS AND METHODS

Three time-series are analysed here, each for a different reason.
Murray (1983) presented the time-series for monthly population
densities for live Nonion depressulus (Walker & Jacob, 1798) in
the Exe estuary, England, from which he developed equations (1)
and (2), and this is reanalysed here for comparison. The monthly
study of Quinqueloculina spp. in the Indian River Lagoon, Florida
by Buzas et al. (2002) is included because of the length of the
time-series (60 months). In contrast, Horton & Murray (2006)
sampled foraminiferal populations in Cowpen Marsh, England, at
fortnightly rather than monthly intervals.

Murray (1983) collected two replicate samples with a total
volume of 90 ml each month from a tidal pool. Samples were
taken from January 1979-July 1981 and the number N, of live .
depressulus per month was recorded (Murray, 1983, table 2). The
median population density was calculated for this times-series and
used to extract shorter time-series for which the monthly popula-
tion density N, was greater or lower than the median. For the
longest of these shorter times-series the monthly values of per
capita R, [: (Nt " —N,)/ N;] were calculated and linearly
regressed against N, to give R, =R —sN,, and the carrying
capacity K, and K derived from K = R_/s.

Several measures not determined by Berryman & Kindlmann
(2008) were calculated. The goodness of fit (%) of the linear
regression was determined, as were the 95% confidence limits for
R, and s. ANOVA was computed to determine whether the
explanatory variables R, and N, were sufficient to explain the val-
ues of R and s and accepted as significant where p < 0.05.
Substituting the upper and lower confidence limits on R and s
into equation (6) gives possible ranges for K, and K, .

Buzas et al. (2002) collected monthly sediment samples of 80
ml containing Quinqueloculina spp. (four replicates of 20 ml
each) from Station 3 in the Indian River Lagoon, Florida, to give
a five-year time-series that Wilson & Dawe (2006) showed to be
seasonal. Carrying capacity strictly counts individuals of a popula-
tion of a single species, but Buzas et al. (2002) combined the
Quinqueloculina spp. in the Indian River samples into a single
test subject. It is possible that closely related species have devel-
oped more or less different ecologies so as to avoid direct compe-
tition for limited resources (Rockwood, 2006). The time-series of
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Fig. 2. Time-series of population densities N, of Nonion depressulus in
the Exe estuary, UK. Estimated values of minimum (X _, ) and maximum
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Buzas et al. (2002) is nevertheless used to demonstrate the tech-
nique of calculating K, in this case for a genus.

Horton & Murray (2006) collected 10 ml samples every two
weeks from 31 sites at Cowpen Marsh between 1 May 1995 and
3 May 1996. Replicates were not taken and Stations 28-31 (low-
est relative to mean sea-level) were not sampled on each occa-
sion. Horton & Edwards (2006) divided the marsh into upper,
middle and lower marsh environments using the relative abun-
dance of Haynesina germanica (Ehrenberg, 1840), Miliammina
fusca (Brady, 1870) and Jadammina macrescens (Brady, 1870).
Population densities for live H. germanica in Stations 15-27
(foraminiferal Zone II of Horton & Edwards, 2006) were grouped
as a metapopulation, the population dynamics and carrying capac-
ity of which were analysed.

RESULTS
Nonion depressulus in the Exe Estuary
The monthly population density of N. depressulus in the Exe estu-
ary (the standing crop of Murray, 1983) ranged from 67 to 584
specimens per 90 ml (median 170; Fig. 2). Of 31 monthly read-
ings of population density, fifteen were greater than and fifteen
less than 170 foraminifera per 90 ml, while July 1980 had a pop-
ulation density of 170 foraminifera per 90 ml. The longest con-
tinual time-series of population densities <170 foraminifera/90 ml
comprised five samples only (Table 1). Linear regression of R,,,
against N, returned R, = 0.920 — 0.008N, (2 = 0.493). This equates
to a K . of 115 N. depressulus per 90 ml. However, ANOVA
indicated that there was no significant linear relationship R, and N,
(F1p = 1.943, p = 0.298). Substituting the 95% confidence limits
for R and s into equation (6) gives a range for K ., of —72 to
251 N. depressulus per 90 ml (Table 2a). Negative carrying
capacities being an ecological impossibility, K . is taken as rang-
ing from 0-251 N. depressulus per 90 ml (this rule is applied to
subsequent records of negative values for K).

The longest continual time-series for N. depressulus exceeding
the median population density consisted of six samples for which
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Table 1. Time-subseries for Nonion depressulus population densities (V,)
in the Exe Estuary, UK: (a) subseries of continuous population densities
lower than the median; (b) subseries of continuous population densities
greater than the median.

Date N, R,
(a) N, < median

March 1981 164 —0.35976
April 1981 105 0.31429
May 1981 138 —-0.17391
June 1981 114 —-0.28070
July 1981 82 n\a
(b) N, > median

September 1980 341 0.20235
October 1980 410 —0.36098
November 1980 262 0.35115
December 1980 354 —0.17514
January 1981 292 —0.04110
February 1981 280 n\a

n\a, not applicable.

linear regression of R, against N, returned R, = 1.336 — 0.004N,
(r* = 0.659), which indicates K, of 334 N. depressulus per 90
ml. However, ANOVA indicated that there was no significant lin-
ear relationship R, and N, (F,3 = 5.744, p = 0.096) while the
95% confidence limits for R and s indicate that K lies some-

max

where between 0 and 2368 N. depressulus per 90 ml.

Quinqueloculina spp. in the Indian River Lagoon

The monthly population densities of Quinqueloculina at Station 3
in the Indian River Lagoon ranged between 91 and 3517 speci-
mens per 80 ml of sediment (median 653; Fig. 3). Of the 60
monthly samples, the 30 with a lower than median population
density contained only four short continual time-subseries, each of
four months (Table 3). The linear regressions from these sug-
gested values of K, of 262-10 487 Quinqueloculina per 80 ml.
However, ANOVA showed a significant linear relationship
between R, and N, for only for one of these subseries (January—
April 1996; F, |, = 263.2, p = 0.039). Substituting the 95% confi-
dence limits for R and s for all four subseries in equation (6)
suggested K . to range from 0-10 487 specimens per 80 ml
(Table 2b).

The longest subseries for Quinqueloculina spp. with popula-
tion densities greater than the median consisted of seven sam-
ples (May-November 1996) for which R, = 1.015 — 0.001N,
(r? = 0.46), which equates to a K, of 2011 Quinqueloculina
per 160 ml. However, ANOVA did not indicate a significant lin-
car relationship between R, and N, (F;, = 3.40; p = 0.139).
Substituting the 95% confidence limits for R and s into equa-
tion (6) indicates that K, probably lies between 0 and 9457
Quinqueloculina per 80 ml.

Haynesina germanica in Cowpen Marsh

Foraminiferal Zone II

Of the 25 samples in this time-series, the longest subseries
with lower than the median population density of 528 speci-
mens per 130 ml of sediment contained five samples only
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Table 2. Intercept R, and slope s from linear regression R, = R —sN, and estimated minimum (K|

min.

) and maximum (K,

ax.

) carrying capacities for time-

subseries for selected foraminifera in seasonal environments: (a) Nonion depressulus in Exe Estuary; (b) Quinqueloculina spp. in Indian River lagoon, Florida,

USA (K, 1-4 = four subseries of four samples each); (¢) Haynesina germanica in lower Cowpen Marsh, UK, with K calculated at lags of N, and N,,.
Time-series Carrying capacity Measure Value Lower bound (95%) Upper bound (95%)
(a) Murray (1983), Nonion R, 0.921 ~2.356 4.198
depressulus in the Exe Estuary s ~0.008 —0.033 0.017
115 -72 251
K, R, 1.336 ~0.465 3.137
s —0.004 —0.009 0.001
- 331 49 2368
(b) Buzas et al. (2002), Quinqueloculina nin ' 0.48 —7.064 8.025
in the Indian River Lagoon s 0.00005 —-0.038 0.038
Ky 1 10487 ~184 210
2 R, 0.509 ~15.056 16.074
s 0.0012 —-0.033 0.030
2 436 462 531
K, 3 R, 1.348 ~11.852 14.549
s —-0.005 -0.053 0.043
K, 3 262 —222 338
K, 4 R, 2.153 0.677 3.629
s —0.005 —-0.009 —0.001
K. 412 73 3202
K, R, 1.015 ~0.379 2.409
s —0.001 —0.001 0.000
- 2012 -300 9457
(¢) Horton & Murray (2006), Haynesina K. ' 2.017 1.78 2.252
germanica in Cowpen Marsh s —-0.0051 —-0.00572 —0.00442
398 312 510
K, at N, N 0231 ~0.738 1.201
s -0.0002 —0.00095 0.00055
K, 1180 -781 2170
cat N R, 1.735 0358 3.112
s —0.0013 —0.0023 —0.00023
K. 1368 155 13 317
~ 10 W (18 February—4 April 1996; Table 4). Linear regression of
Z“' 9~ R, against N, gave R, = 2.017 — 0.005N, (r*> = 0.998), indicative
= of a K, of 398 H. germanica per 130 ml (Fig. 4a). ANOVA
= 8 1 indicated a significant linear relationship between R, and N,
€ 74 (F(y 5 = 1130.8, p = 0.001), while substituting the 95% confi-
2 6 - A dence llmlFs for R, and s into equation (6) indicates that K,
= probably lies between 312 and 510 H. germanica per 130 ml
8 5 (Table 2c¢).
“ O The longest subseries with a greater than median density con-
o % 4 1 sisted of nine samples (14 May—9 September 1995) for which lin-
E s 3 - In(Nt) ear regression of R, against N, at a lag of #+1 gave R, = 0.231- 0
= S | _____ In(K_.. ) .00019N, (2 = 0.064). The graph of R, against N, at a lag of #+1 is
c3 27 min indicative of cyclical population dynamics (Fig. 4b). Linear
T3 indica y pop y g
O % 1 - In(Kmax) regression of R, against N, at a lag of ++3 gave a much better fit
(—3 g_ 0 (R, = 1.735 — 0.0013N,, r* = 0.743, K = 1348 H. germanica per
3 & Febl’l‘Jary Febrl‘lary Febrl‘JaI’y Febr‘uary Febn‘Jaw 130 ml; Fig. 4c) for which ANOVA indicated a significant linear
(ZU S 1992 1993 1994 1995 1996 relationship between R, and N, (F; ,, = 11.59. p = 0.027) and for

Fig. 3. Time-series of population densities N, of Quinqueloculina spp. in the
Indian River Lagoon, Florida, USA. The four estimated values of minimum
(K.,» and the one of maximum (K| ,,) carrying capacities are superimposed
only in the vicinity of the samples used to determine them. Population densities
have been plotted as natural logarithms due to the wide range of values.

which substituting the 95% confidence limits for R and s into
equation (6) indicates that K lay somewhere between 156 and
13 317 H. germanica per 130 ml. It is inferred from this that neg-
ative feedback between May and September acted on the popula-
tion with a delay of six weeks (Fig. 4d).
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Fig. 4. Determining the maximum and minimum carrying capacities

for Haynesina germanica in the lower Cowpen Marsh, UK. (a) Linear
regression of R, =R —sN, for a subseries of four samples with a lower
than median population density N,. (b) Linear regression of R, =R —sN,
for a subseries of eight samples with a greater than median population
density N, at a lag of #+1, showing evidence of cyclical population dynamics.
(c) As (b), but plotted at a lag of #+3. (d) Time-series of population densities
N, of H. germanica in Lower Cowpen Marsh, UK. The estimated values of
minimum (K ; ) and maximum (K, ) carrying capacities are superimposed

only in the vicinity of the samples used to determine them.

DISCUSSION
McLeod (1997) used the concept of carrying capacity K to esti-
mate potential, short-term yields of red kangaroos that could be
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Table 3. Time-subseries for Quinqueloculina spp. population densities
(N,) in the Indian River Lagoon, Florida, USA: (a—d) subseries of
continuous population densities lower than the median; (e) subseries of
continuous population densities greater than the median.

Date N, R,
(a) N, < median (1)

February 1992 126 0.56349
March 1992 197 0.25888
April 1992 248 0.59274
May 1992 395 n\a
(b) N, < median (2)

December 1993 494 0.13765
January 1994 562 -0.25623
February 1994 418 -0.07656
March 1994 386 n\a
(¢) N, < median (3)

December 1994 385 -0.35065
January 1995 250 -0.51200
February 1995 122 1.01639
March 1995 246 n\a
(d) N, < median (4)

January 1996 176 1.22159
February 1996 391 0.16113
March 1996 454 -0.25991
April 1996 336 n\a
(e) N, > median

May 1996 985 0.64873
June 1996 1624 -0.07081
July 1996 1509 0.83830
August 1996 2774 -0.17628
September 1996 2285 -0.47921
October 1996 1190 0.09916
November 1996 1308 n\a
n\a, not applicable.

harvested from semi-arid shrub-land in SE Australia. Goss-

Custard et al. (2002) used it to argue that, because migratory
birds frequently starve or emigrate well before K is reached, it is
unsafe to propose that a change in site management would not
affect birds. Gregr et al. (2008) used it to estimate the target pop-
ulation for sea otter recovery around British Columbia. Thus, K
has been widely used by ecologists working with large, multicel-
lular organisms. Foraminifera differ from kangaroos, migratory
birds and sea otters not only in size but also in being polyvoltine
(they reproduce several times each year; Murray, 1983) and in
having short life spans that make them ideal for environmental
monitoring (Murray, 2000; 2006; Schafer, 2000; Barbieri et al.,
2006). Although polyvoltine (Ernst et al., 2006) and univoltine
(Piatt et al., 1990) taxa both are impacted rapidly by environmen-
tal catastrophes, populations of univoltine organisms require much
time to recover (Monson ef al., 2000) whereas polyvoltine
foraminifera recover relatively quickly (Schafer, 1982; Ellison &
Peck, 1983). This rapid recovery gives foraminifera an advantage
over univoltine organisms as a tool for assessing environmental
impacts. Accurate knowledge of carrying capacity K is required,
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Table 4. Time-subseries for Haynesina germanica population densities
(N,) in lower Cowpen Marsh, UK: (a) subseries of continuous population
densities lower than the median; (b) subseries of continuous population
densities greater than the median, R, calculated using N, and N,,,;

(¢) subseries of continuous population densities greater than the median,
R, calculated using N, and N,

+3°

Date N, R

(a) N, < median

18 February 1996 216 0.925926
5 March 1996 416 -0.07692
19 March 1996 384 0.041667
4 April 1996 400 0

17 April 1996 400 n\a

(b) N, > median (t+1)

14 May 1995 904 0.212389
1 June 1995 1096 —0.06204
12 June 1995 1028 0.093385
28 June 1995 1124 0.346975
12 July 1995 1514 0.321004
27 July 1995 2000 -0.28

10 August 1995 1440 -0.42222
26 August 1995 832 -0.30769
9 September 1995 576 n\a

(¢) N, > median (+3)

14 May 1995 904 0.243363
1 June 1995 1096 0.381387
12 June 1995 1028 0.945525
28 June 1995 1124 0.281139
12 July 1995 1514 —0.45046
27 July 1995 2000 -0.712

10 August 1995 1440 n\a

26 August 1995 832 n\a

9 September 1995 576 n\a

n\a, not applicable.

however, if foraminifera are to be used to their full potential in
environmental monitoring and disaster mitigation.

Interpretation of population density time-series from foraminif-
era in the wild may, however, be made problematic by biotic inter-
actions. For example, Buzas ef al. (1977) suggested that, in some
tropical environments at least, changes in species densities are
regulated biotically. Biotic interactions, such as interspecific com-
petition and cropping of foraminifera by predators (Buzas, 1978;
Buzas & Severin, 1982), can greatly affect densities and in some
cases overwhelm environmental influences. Nevertheless, ecolo-
gists continue to calculate carrying capacity K from time-series.

This paper examined three foraminiferal time-series (Murray,
1983; Buzas et al., 2002, Station 3; Horton & Murray, 2006) from
environments known to be seasonal. Whereas samples were taken
monthly by Murray (1983) and Buzas ef al. (2002), the latter
comprising one of the longest foraminiferal time-series published,
Horton & Murray (2006) collected samples fortnightly. All three
time-series showed what Price (1999) called a boom-and-bust pat-
tern, which is typical of species having members with life spans
shorter than the duration of phenological environmental fluctua-
tions. Such species are typically small organisms that produce
many offspring, rely on the probability that only a few of their

offspring will survive to reproduce and do little to enhance their
offspring's chance of survival.

No matter what their length, the three foraminiferal time-series
contained only short subseries with population densities greater or
lower than the median. Linear regression of R, against N, for these
short subseries for N. depressulus and Quinqueloculina spp. did
not estimate K, and K . reliably or distinguish between them,
there being much overlap of the 95% confidence intervals for R
and s. One estimate of K, for N. depressulus exceeded that for
K. ... Murray (1991, p. 39) discussed the carrying capacity of N.
depressulus but assumed that the maximum standing crops were
the carrying capacities (410-584 per 90 ¢cm?). Thus, the observed
densities of N. depressulus are much smaller than the calculated
K .. (2368 individuals). This probably arose from the time-sub-
series containing so few samples that the signal was temporally
aliased (cf. Hayek & Buzas, 2010) and so failed to sample all
fluctuations in N, adequately (cf. Weedon, 2005). The subseries
for H. germanica, in comparison, showed significant linear rela-
tionships between R, and N, and high values of 72, despite contain-
ing about the same number of samples as the subseries for N.
depressulus and Quinqueloculina spp. There was nevertheless
some overlap between the potential values of K. and K, for H.
germanica.

IfK ., and K, for foraminiferal population densities are to be
used in environmental monitoring, then some means must be found
to increase the values of 72 and narrow the confidence intervals for
R, and s. Wilson & Dawe (2006) grouped the data for
Quinqueloculina spp. for Stations 1-3 (12 replicate samples of 20
ml each) of Buzas et al. (2002) to produce a metapopulation that
they analysed for seasonality. Carrying capacities for subseries for
this metapopulation (analyses of which are not presented here) had
lower values of 2 and wider confidence intervals for R and s
than did the subseries from Station 3 alone. This indicates that
increasing the number of replicate samples over a wide geographi-
cal area in an attempt to overcome patchiness does not improve
the estimates of R, s, K, and K . Instead, it seems from analy-
sis of H. germanica that replicate samples must be collected at
more frequent (fortnightly, weekly) intervals. It is noted, however,
that many replicate (i.e. foraminiferal Zone II) samples were used
to develop the H. germanmica time-series, so further work is
required to ascertain if more frequent sampling or the taking of a
greater number of geographically closely spaced replicates is
needed for the reliable estimation of carrying capacity.

Calculating K using the method described yields information
regarding two other factors: the maximum per capita rate of
reproduction R and the strength of interaction between individu-
als in the population s. Monitoring R, and K over time will indi-
cate changes in the favourability of the environment for the
species in question (Berryman & Kindlmann, 2008, fig. 3.8),
whether phonologically induced or longer term due to anthropo-
genic effects.

CONCLUSIONS

The concept of the carrying capacity K of a population is central
to the study of population dynamics and has an advantage over
the concept of sustainability in that it can be quantified (Sayre,
2008). Carrying capacities for many organisms are known to
be adversely affected by anthropogenic impacts and there is no
reason why foraminifera should react differently. In seasonal
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environments, K for many species varies phenologically. This
paper shows that foraminiferal carrying capacities vary likewise
and that minimum and maximum carrying capacities (K, and
K .. respectively) can be readily calculated from time-series of
foraminiferal population densities. However, the precision with
which they can be calculated depends on the quality of the time
series. Further work is required to see if the quality is improved
by collecting a large number of replicates or frequent (weekly,
fortnightly) samples of relatively few replicates. Armed with this
knowledge, foraminiferal workers will be able to contribute sig-
nificantly to environmental impact assessments. They will, in
particular, be able to detect recovery (or lack thereof) from
adverse environmental impacts much more quickly than those
working with longer-lived organisms.
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