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1

TOWARDS A GENERAL SPECIES – TIME – AREA – SAMPLING
EFFORT RELATIONSHIP
ABSTRACT: Species – area (SAR) and species time (STR) relationships describe the increase
of species richness with study area and study time
and have received much attention among ecologists
and are used in different branches of biodiversity
research. Unknown sample size effects often hinder a direct comparison of SAR and STR shapes of
different taxa and regions. Further, space and time
interact during the accumulation of species due to
the common sample universe. Here we develop a
simple power function scaling model of species
richness that integrates space, time, sample size and
their interactions. We show that this model is able
to precisely describe average species densities and
the increase of species richness in a regional metacommunity of a large sample of spiders on Mazurian lake islands (Northern Poland). The model predicts strong area – sample size and time – sample
size interactions. Judged from the SAR (z = 0.08)
and STR (y = 0.64) slopes it points to only moderate spatial b–diversities but high local temporal
species turnover. We suspect that the parameters
of many published SARs are strongly influenced
by unknown sampling time and sample size effects
that make direct comparison difficult.
KEY WORDS: Araneae, spiders, species
richness, species accumulation, power function,
SAR, Mazurian lakes, island
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1. INTRODUCTION
Species numbers increase with the area
surveyed. This well known species – area relationship (SAR) has received considerable
interest among ecologists (reviews in R o s e nz we i g 1995, S chei ne r 2003, Tj ør ve 2003,
2009) and is used for biodiversity estimates
(Myers et al. 2000), species loss forecasting
(Bro oks et al. 1997, Ul r ich and Busz ko
2003, 2004), and the identification of ecological hot spots (Ul r ich and Bus z ko 2005).
Most SARs are fitted by power functions (Drakare et al. 2006, Dengler 2009). In
1960, Preston proposed that the accumulation of species with sampling time follows
a similar power function relationship. He
also predicted that the slope of this species
– time relationship (STR) has a similar slope
to that found in SARs. Preston’s first prediction is strongly supported by the available
data (Pre ston 1960, Ad le r and Lauenroth
2003, Ad l e r 2004, Mau re r and Mc Gi l l
2004, Ad l e r et al. 2005, Fridley et al. 2006,
Ulrich 2006, Wh ite et al. 2006). The second prediction, though, has less corroboration. Ad l e r and L au e n rot h (2003) found
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at least for grasslands higher slope values of
STRs in comparison to respective SAR slopes
and Ulr ich (2006) reported STR slopes of
forest Hymenoptera to be four times lower
than the respective SAR slopes. In a meta-analytical study White et al. (2006) compared
STRs across taxonomic groups and found the
slopes of power function fits typically to a
range between 0.2 and 0.4. While this at least
in part overlaps with the typical range of SAR
slopes, it does not mean that both slopes are
similar within a taxonomic group.
A third aspect of species accumulation
is sampling effort (for instance numbers of
observations or traps). A large body of work
dealt with such species accumulation or collector’s curves (SACs) (reviewed in Dove and
Cr ibb 2006 and Thomps on and Thomp s on 2007). Asymptotic SACs were mainly
fitted to Michaelis Menten or negative exponential models (C oleman 1981, Wi l l i ams
1995, Ke at ing 1998) while for non–asymptotic SACs power or logarithmic functions
have been applied (C onnor and Mc C oy
1979, Azovsky 2011). Because the term
SAC has been referred to different aspects of
species accumulation (C olwel l et al. 2004)
below we use the species – sampling effort relationship (SER) for the pure increase of species richness with sample size.
At constant area and sampling time,
sampling effort should be proportional to
the number of individuals. Empirical studies pointed to the power function as the
best description of such species – individuals relationships (Pa lmer and White 1994,
Azovsky 2011). Indeed, sampling effort can
be seen as another form of the increase of
individuals and therefore species in space or
time. Thus species richness should increase
with sample size (sampling intensity) in a
similar manner as with area and time, hence
according to an unbounded power function
(but see McGlin n and Pa lmer 2009). In
the present paper we evaluate how area, time

and sampling effort work together to form a
general species – time – area – sampling effort relationship (STAER). The starting point
is the assumption that species richness S is
allometrically proportional to area A, time t,
and sampling effort n:
(1)
where: A denotes the area and S the associated number of species. S0 is then an estimator of the average number of species per
sampling unit (species density) and z an estimator of spatial species turnover. The parameter y of eq. 1 can be interpreted as temporal
species turnover within a given area A under
fixed sampling effort and describes the number of new species in a sequence of surveys.
For completely surveyed habitats this equals
the rate of immigration (Ul r i ch 2006). The
last term describes the increase of richness
with sample size n (the SER) and should in a
homogeneous habitat only depend on the underlying abundance distribution and the pattern of aggregation of the individuals of each
species (Gre e n and Pl ot k i n 2006).
Eq. 1 assumes independence of area, time,
and sample size. There is a discussion whether species accumulation curves need to be
extended for interactions between predictors.
For instance, smaller areas might have higher
rates of temporal species turnover than larger
areas. Repeated sampling might then increase
the species numbers of smaller areas faster
than of larger areas and decrease the SAR
slopes depending on sampling time because
STRs and SARs refer to the same sample universe. This is not to say that the SAR becomes
asymptotic to a maximum number of species
(Wi l li ams on et al. 2001).
Several correction terms for deviation
of SARs from the power function model
have been used (Ul r i ch and Bus z ko 2005,
Tj ør ve 2009) although only the multiplicative interaction term of S cho e re d e r et al.
(2004) referred explicitly to sampling effort.

Table 1. Slopes and coefficients of determination of fits of the power, logarithmic, and linear function to
simple species – time (ST R) relationships (n = 8), SARs (n = 30), and SERs (n = 22).
Accumulation curve
STR
SAR
SER
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Power function
Slope
R2
0.24
0.85
0.41
0.98
0.55
0.92

Logarithmic function
Slope
R2
30.1
0.75
30.3
0.97
62.4
0.90

Linear function
Slope
R2
8.8
0.75
0.9
0.92
1.4
0.91
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Ad ler and L auenrot h (2003) and Ad l e r rameters v and w describe the deviation of
et al. (2005) introduced an additive interac- the SAR and the STR depending on time and
tion term to the log transformed species – area, respectively. Negative values of v and w
time – area relationship (STAR) to describe can be interpreted as the saturation in species
the reciprocal relationship of area and time:
richness with increasing sampling effort.
		
				
Particularly we ask:
(2)
• what functions describe observed
The interaction term u describes the
SARs, STRs, and SERs best,
deviation of the SAR depending on sam• whether area, time and sampling efpling time. Ad ler and L auen rot h (2003)
fort act independently or whether
reported decreasing SAR and STR slopes
interaction terms have to be considwith time and area, respectively, and Ad l e r
ered,
et al. (2005) reported a better fit to plant and
• whether slopes of SARs, STRs, and
bird STARs than the non–interactive model.
SERs are similar according to PresHowever, in a previous paper one of us (Ulton’s (1960) second hypothesis,
r ich 2006) found the area – time interaction
• whether the STR can be used to asas being insignificant in six superfamilies of
sess temporal species turnover, and
forest Hymenoptera.
• whether the constant of eq. 3 can be
Only a few papers explicitly included
used to estimate species density.
sampling effort in SAR and STR models
We use an extensive data set of spider spe(Pa lmer and White 1994, G ol db e rg and cies richness on two complexes of Mazurian
E st abro ck 1998). More recently, S cho- lake islands (northern Poland) obtained for 26
e re der et al. (2004) used general linear lake islands and four surrounding mainland
model regression to disentangle the effect of sites during a two–year study (Ulrich et al.
sampling effort n, area A and the interaction 2010a, b). Apart from the direct fitting of eq. 2
of A and n on species richness S and found and 3 to the whole data set the data allow for
the interaction term as being significant. the construction of SARs for identical samMost work, however, tried to control for dif- pling times and numbers of traps, the conferent sampling effort and either used ‘uni- struction of STRs for identical areas and numform sampling’ (Hi l l et al. 1994), rarefaction bers of traps, and the construction of SERs for
(Hurlb er t 1971), or a top–down approach identical areas and sampling times. This data
to estimate species richness from sampling structure gives therefore a unique opportunity
models (Pielou 1975, C ole man 1981, to decompose different aspects of species acC am et al. 2002). A general model of species cumulation into important parts and their inrichness that includes area, sampling time, teractions and allows for the construction and
and sampling effort was hitherto missing.
study of a general STAER model.
It is also unknown whether the reported
interaction of area and time might be due to
2. MATERIALS AND METHODS
the influence of differential sample sizes at
larger areas and longer study times. The aim
2.1. Study sites and sampling
of the present study is to disentangle the effects of area, time and sample size on the proWe sampled spiders from two large comcess of species accumulation at the regional plexes of lake islands in Northern Poland: the
scale. Following the logic of S cho e re d e r Lake Wigry islands (54°00’ – 54°05’N, 22°01
et al. (2004) and Ad ler and L au e n rot h – 22°09 E) and the Lake Nidzkie, Bełdany
(2003) eq. 2 has to be extended by interaction and Mikołajskie islands (54°37’ – 53°46’ N,
terms that describe the covariance of area, 21°31 – 21°37E, hereafter NBM) (Ulrich et al.
time and sampling effort:
2010a, b). Lake Wigry is part of the Wigierski
National Park and its protected forested islands have a primeval character. NBM form a
(3) complex of three connected lakes and are part
where: u, v, w, and s are the interaction of the Mazurian Lake District. They are the
parameters of the model. The interaction pa- centre of aquatic tourism in Poland.
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On 13 islands on Wigry, 13 islands on
NBM (hence all islands except of a few very
distant and inaccessible ones) and four floristically similar sites on the surrounding mainland, we placed 3 to 15 roof covered Barber
traps (Æ 12 cm opening) in dependence on
island area. Placement was done to cover representative parts of the floral composition per
site. The distance between the traps was always 25 m (Zalewski and Ulrich 2006). They
were monthly controlled from May to October 2004 and 2005. Spiders were classified
into species according to Pl at nick (2009).
Island sizes span a range from 0.0003 to 38.82
ha (for detailed information on island characteristics cf. Ulr ich et al. 2010a).
We constructed SARs, STRs, and SERs
from the species richness in all combinations
of traps (n = 1080) with constant sampling
time and number of traps (SAR), area and
number of traps (STR), and area and time
(SER). In the following we call them pure
accumulation curves. We fitted power function, logarithmic and linear models to SARs,
STRs and SERs. Because the ordering of islands, sampling times and traps might have
an influence on the resulting species accumulation curves (Ulr ich and Buszko 2007)
we reshuffled this order for each new curve.
The STRs refer therefore to the completely
nested type of C are y et al. (2007). Area refers always to island area. We used ordinary
least square regression (after log linearization) for model fit to pure SARs, STRs, and
SERs. Models with and without interaction
terms were fitted by multiple regression after log-transformation. We used the consisFigure 1
tent Akaike information
criterion (CAIC) for
model choice. Errors refer to standard errors.

Due to our nested design the data points used
to construct regressions and parameter errors
were not independent. This might influence
estimates of standard errors and probability
levels. Therefore we do not compare parameter values of different models but concentrate
on the qualitative aspect of model fit.
3. RESULTS
3.1. Basic Model choice
In the first step we compared the fit of the
linear, the logarithmic and the power function
models of the pure SARs, STRs, and SERs. In
all three cases we found the power function
models to fit best (Tab. 1) although the differences are small. The average number of species per trap S0 ranged between 1 and 38 with
an arithmetic mean of 5.53. S0 was independent of the area sampled (Spearman’s r = 0.03,
n.s.). In the case of the SER the logarithmic
model predicted in all cases negative values
of S0 while the linear model constantly overestimated S0 by a factor of more than ten (not
shown).
If area, time and sampling effort acted
independently the non–interaction model
(eq. 2) with observed SAR, SER, and STR
slopes should correctly predict the observed
species richness. Using the observed species
density and the average slopes (Tab. 1) gives
for the 1080 single data points
(4)
This model explains 63% of the variance
in S (Fig. 1A). However, it overestimates ob-
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Fig. 1. Observed and expected species richness of the regression models obtained from the model without interaction terms (eq. 1: A) and the interaction model (eq. 3: B). Open circles refer to data obtained
from only one sampling
Figure 2 date. The bold line gives in both cases the 1:1 relationship.
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Figure 2
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Fig. 2. Dependence of the quotient of predicted and observed species richness (Spred/Sobs) on area (A),
Figure 3times (B), and sampling effort (C, numbers of traps). Spred refers to non–interaction model (eq.
sampling
4). Open circles refer to data obtained from only one sampling date, open triangles denote the data from
the smallest island. Cumulative island area in ha.
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Fig. 3. Dependence of the quotient of predicted and observed species richness (Spred/Sobs) (A), sampling
times (B), and sampling effort (C, numbers of traps). Spred refers to the prediction of the best Akaike
model with interaction terms (Tab. 2, eq. 5). Open circles refer to data obtained from only one sampling
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Figure
4 triangles denote the data from the smallest island. Cumulative island area in ha.

STR slope

served0.7richness Sobs at single sampling dates
0.6
and underestimates
Sobs in the smallest areas
below0.50.2 ha, but not at low numbers of traps
0.4
1
(Fig. 2).
Further, the relation Spred/Sobs increases
4
0.3
with area
and sampling effort (Fig. 1A) due
8 to
0.2
an overestimation of Sobs in large areas (Fig.16
2A)
32
0.1
and at high numbers of traps (Fig. 2C). The lat0
ter deviation
implies
some 60degree80saturation
of
0
20
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120
species richness at these #scales.
traps
Multiple regression using the interaction
model (eq. 3) returned the area – sampling effort and the time – sampling effort interaction
terms as being statistically significant at the 5%
error benchmark (Tab. 2). A stepwise parameter
reduction and Akaike model choice retained
these interaction terms (Tab. 2). The model predicts 98% of the observed variance in S.

(5)
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This model still overestimates species
richness for only one sampling date and
the smallest island (0.0003 ha (Figs. 1B, 3),
while otherwise the ratios of predicted to
observed species numbers became independent of area (Fig. 3A), time (Fig. 3B), and the
number of traps (Fig. 3C). The intercept of
eq. 5 (S0 = Exp(1.09) = 2.97) ranges well within
the 95% confidence limit (lower CL = 0.5; upper CL = 8.0) of the observed species density.
Coefficients and beta values of multiple
regression do not directly indicate the relative
importance of the predictor variables. Using
partial correlation coefficients we found the
log S – log n partial correlation to be strongest
(r = 0.91) followed by log S – log t (r = 0.75)
and log S – log A (r = 0.51). The log S – log
A log n interaction (r = –0.64) appeared to be
stronger than the log S – log t log n interaction (r = –0.42). All partial correlations were
significant at the 0.001% error benchmark.
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The present paper shows that a simple
additive interaction STAER model is able to
predict species richness of spiders at the regional scale. Previous attempts to include
sample size in SARs involved predefined
sample theoretical models to normalize sample size (Pielou 1975, C oleman 1981, Cam
et al. 2002). In a homogeneous environment
and equal species detection probabilities species richness will increase with area according to a Poisson model (He and L egend re
1996). However, in heterogeneous landscapes
SARs are forced towards an allometric
shape (Har te et al. 1999, Pue yo 2006).
Accordingly, in heterogeneous landscapes
and under unequal detection probabilities
species richness should scale to sample size
according to a power function (S cho ere d e r
et al. 2004). The present paper confirms this
assumption (Tab. 1). Pure SERs, controlled
for the effect of area and time were best fitted
by power functions.
We did not fit asymptotic functions like
the Michaelis-Menten or the negative exponential model. These are always more curved
than the logarithmic function and predict
lower species richness above certain thresholds. Hence if the logarithmic function fits
worse than the lesser curved power function
the asymptotic models would do even worse.
These results justify the inclusion of the SER
into power function STAER models as done
in eq. 3.
Our study also confirms and extends previous work (Adler and Lauenroth 2003, Adler
et al. 2005) that showed that area, time and
sampling effort do not act independently.
SARs have often been found to deviate from
a power function shape (Connor and McCoy
1979, R os enzweig 1995, Plot k in et al.
2000, Ulr ich and Buszko 2005, Tj ør ve
2009) and several authors included correction
terms to account for deviations at small (Ulr ich and Buszko 2005, Tj ør ve 2009) and
large areas (Plotkin et al. 2000). Our results
extend those of S cho ere der et al. (2004)
that much of the deviation from the power
function might be explained by the interaction of area with sampling effort (Tab. 2).
Ad ler and L auenrot h (2003) and
Ad le r et al. (2005) favoured a time – area in-
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teraction to describe the increase of species
richness with area and time. However, one of
us (Ul r i ch 2006) did not corroborate this
hypothesis in an eight year study on forest
Hymenoptera. Our model also does not contain the time – area interaction and a model
that contained area, time, and the time – area
interaction identified this interaction term as
being insignificant (P(t) = 0.36; not shown).
Our model implies also the possibility that
the significant interaction term of Ad l e r and
L au e n rot h (2003) and Ad l er et al. (2005)
might be due to the unknown interaction of
area and time with sampling effort.
An intriguing aspect of our model is that
SAR slopes decrease and STR and SER slopes
increase after correcting for variable interactions (eqs. 4 and 5). Most mainland SARs
have slopes between 0.1 and 0.20 while isFigure
3 slope frequently range between 0.2
land SAR
and 0.4 (R os en z wei g 1995, D ra kare et al.
2006). Many of the SAR slopes reported in the
literature stem from repeated sampling during100
many seasons and contain therefore
un100
A and sampling effort covariates.
B
known time
D ra10
kare’s et al. (2006) recent meta-analysis
10
on SAR slopes across various environmental
gradients
used raw literature data. We
1 suspect
1
that at least part of the variability in slope values 0.1
might result from unknown 0.1
sample size
0
2
effects. 0
50
100
150
On first sight,Area
our model predicts higher
STR slopes than previously reported in the
literature. White et al. (2006) reported slopes
between 0.2 and 0.4 for a variety of taxa. Our
uncorrected slope (y = 0.24; eq. 4) fits into
Figure
4
this expectation
while the corrected slope
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Table 2. Model parameters of eq. 6 and the best model after Akaike model choice (eq. 7).
Full model: Adj. R2 = 0.99; CAIC: 67.60; Best model: Adj. R2 = 0.98; CAIC: 47.74. n = 1080.
Variable
ln A
ln t
ln n
ln A ln t
ln A ln n
ln t ln n
ln A ln t ln n
Constant

Coefficient
0.08
0.67
0.82
0.00
–0.04
–0.08
0.002
1.04

Full model
StdError
0.060
0.020
0.040
0.001
0.004
0.020
0.002
0.060

P(t)
<0.00001
<0.00001
<0.00001
0.99
<0.001
<0.001
0.42
<0.00001

y = 0.64 (eq. 5) is much higher. The latter refers
to the temporal increase in species richness at
a unit of area and one trap. However, species
turnover rates generally refer to whole habitats
and sufficiently precise estimates of species
richness (high sampling effort). To study the
effects of area and sample size we recalculated
eq. 5 for different island areas and sample sizes
and plotted the resulting STR slopes against
sampling effort and island area (Fig. 4). The
Figure shows that for larger areas and higher
sampling effort STR slopes quickly reach the
values within the range of 0.2 to 0.4 that White
et al. (2006) reported. This area and sampling
effort dependence of our model is of course
a desired feature because it nicely reflects the
common notion that temporal species turnover decreases with habitat area. Further our
model predicts how the results of the meta–
analysis of White et al. (2006) might be influenced by habitat area and sample size effects.
Nevertheless, neither the study of White et al.
(2006) nor our results confirm the ‘ergodic’
conjecture of Preston (1960) that area and time
are equivalent with respect to b-diversity and
that STR and SAR slopes are similar.
Our model predicts similar temporal
species turnover rates to those previously
observed in the field. Temporal species turnover can be calculated from the STR
S using
two consecutive sampling dates: 2 = 2 y .
S1
Slope values between 0.2 and 0.4 as predicted
from Fig. 3 B result then in turnover rates S2/
S1 between 1.07 = 7% and 1.32 = 32%. Available data for local terrestrial communities of
arthropods (D en B o er 1985, Har r is on
1991, Ulr ich 2006) and plants (C are y et al.
2007) pointed to turnover rates between 3%
and more than 30%. These values are well
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Coefficient
0.08
0.64
0.80
–
–0.04
–0.06
–
1.09

Best CAIC model
StdError
0.004
0.020
0.010
–
0.001
0.004
–
0.040

P(t)
<0.00001
<0.00001
<0.00001
–
<0.00001
<0.00001
–
<0.00001

within the range predicted by our model and
obtained by Wh ite et al. (2006).
Our study used the number of traps as
the measure of sampling effort. Of course the
natural way to assess sampling effort is to use
the number of individuals trapped. However,
this needs quantitative trapping and roughly
equal catch probabilities for all species across
the landscape. In spiders and in many other
animal taxa such an assumption is unjustified. In the present case log-transformed spider individual and traps numbers were only
moderately correlated (r = 0.58). Further, the
use of individuals instead of traps does not allow for the construction of SARs and STRs
under equal sampling intensity.
An undesired feature of any STAER
model with interaction terms is that negative
parameters of these terms force the function
inevitably towards decreasing species richness far beyond the observed values. Such an
extrapolation reaches beyond the local scaling region covered by the model and needs
additional variables and variable interactions
to be considered. This demands again not
to extrapolate too far to estimate total species richness in space and time (C olwel l
and C o d d i ng ton 1994). Our study cannot precisely answer the question about the
upper boundary of this local scaling region;
however the model reaches its maximum not
before an area of 7000 ha and 100 sampling
years. These values are far beyond the observed scales. Hence the model allows precise
estimation of species richness and spatial and
temporal b-diversity within the lower part of
the scaling region.
In contrast, Figs. 2 and 3 identify a lower
boundary of this region. Both models failed
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at areas below 0.1 ha and one sampling date.
The respective data points refer to the smallest island (0.003 ha) where in total only six
species occurred while the second largest
island (0.14 ha) already contained 31 species. The individual numbers per trap on the
smallest island were only 1/5 (12 individuals
trap–1) of the average number for all sites. Apparently, this island was too small to harbour
a normal spider population.
In conclusion our study demonstrates
that a combination of the well introduced
species – area and species – time relationships with a term that contains information
on sampling effort improves modelling of
species richness in space and time. Apparently species richness if proportional to all
three factors in an allometric manner. Such
an equivalence might indicate that qualitatively similar processes operate to trigger the
increase in species richness. Further studies
have to evaluate whether we identified a general rule or whether different taxa and ecological guilds demand additional adjustment.
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