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ABSTRACT: Using model assemblages gene-
rated by a FORTRAN program the parameter valu-
es of the slope of the power function and the factor
of the exponential model of species—area relations-
hips have been studied. It appeared that the slope
value 1s not a constant independent of area and sam-
pling method but depends strongly on grain, samp-
ling method, and model fit. The fraction of single-
tons in the sample proofed to be of major importan-
ce. A plot of slope against assemblage structure
(estimated by the standard deviation of log> (densi-
ties) was bell shaped with the highest slope values
at intermediate SD values. A comparison of this
plot with SD values from theoretical relative abun-
dance distributions showed that log-normal distri-
buted assemblages should have slope values that are
higher than previously reported in the literature. Al-
though 1t was impossible to predict the slope from
the relative abundance distribution, the opposite
was possible. At any given slope value there are
two linked relative abundance distributions. The fa-
ctor of the exponential model was more indepen-
dent of sampling methods but linearily connected
with sampling efficacy. A high non-linear correla-
tion between factor and Shannon diversity was de-
tected and a general function of this relationship de-
veloped and tested. The factor of the exponential
species—area relationship may serve as an estimate
of regional diversity.

KEY WORDS: species—area relationship, mo-
del species assemblages, diversity, evenness, relati-
ve abundance distributions, random sampling

1. INTRODUCTION

The question how to interpret the pa-
rameters of species—area relationships have
intrigued ecologists from the beginning (Ar-
rhenius 1923). Especially the slope value of
the power function model caught much inter-
est. Preston (1962), MacArthur and
Wilson (1967), May (1975), and Sugi-
hara (1981) derived a slope value around
0.25 1f the underlying relative abundance dis-
tribution followed a log-normal distribution.
Because of the popularity of the log-normal
model and the seemingly mathematical
strength of the derivation the slope parameter
was since then widely and often uncritically
used 1n papers and ecological textbooks.

However, a wide range of slope values
appeared (Connor and McCoy 1979,
Martin 1981), with values even above 1
(Strong 1974, Rosenzweig and San-
dlin 1997), values not covered by former
(Schoener 1976) and recent theories
(Harte et al. 1999). It appeared also that
mainland populations have frequently
smaller slope values than islands (Preston
1962, Begon ef al. 1986, Rosenzweig
1995, Hanski and Gyllenberg 1997,
Ney-Nifle and Mangel 1999, Ulrich
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1999), that the slope values are scale depend-
ent (Palmer and White 1994, He and
Legendre 1996, Rosenzweig 1999,
Ney-Nifle and Mangel 1999) and that
they rely on species turnover rates, evolution-
ary time, latitude, remoteness, and even food
web structures (MacArthur 1965, Wilson
and Taylor 1967, Whitehead and Jones
1969, Begon et al. 1986, Rosenzwelg
1995, Harte and Kinzig 1997). Recently,
Leitner and Rosenzweig (1997) exam-
ined nested species—area curves derived from
model log-normal relative abundance distri-
butions and found slope values between 0.48
and 0.83, which led them state that for such
nested sampling a different theory 1s neces-
sary which is in accordance to the observed
lower values.

The biological interpretation of the slope
value remained unclear. Connor and
McCoy (1979) thought that the slope value
is nothing more than a statistical artefact, re-
sulting from what they called ‘passive sam-
pling’. The statistical derivations of power
function SPARs of Wissel and Maier
(1992) and Harte et al. (1999) point to the
same direction. However, extensive studies
on natural or model assemblages relating
slope values and other ecological parameters
of interest (diversity, community structure,
habitat properties, scale, species turnover and
others) are largely missing and urgently
needed to get a better understanding of the
properties of the slope parameter.

Interestingly, the factor value of the ex-
ponential function has gained much less 1n-
terest. Connor and McCoy (1979) in their
extensive review on the matter even do not
mention any possible interpretation of the
factor value and this has not changed up to
now. The factor is merely seen as a fitted con-
stant describing a special case without any
further biological meaning.

The aim of this study 1s to reveal the rela-
tion of the slope and the factor values with
other ecological or sampling parameters. It
will be shown that especially the factor of the

exponential function deserves much more in-
terest and can be interpreted as an estimate of
regional diversity tightly connected with
other measures of diversity but also with
community structure.

2. MATERIAL AND METHODS

The assemblages used in this study are
the same as in part I (Ulrich 2000a), the
generation procedure, the properties of these
assemblages, and the generating variables are
listed in Table 1 of Part I (Assemblages 1 to
10). For each of these 728 assemblages spe-
cies area curves of the exponential and the
power function type were computed and the
slope value z (power function) and the factor
b (exponential function) recorded (Formulas
1 and 2 in Part I). For all assemblages the total
number of species S, the species density S,
the relative species density rel. S, the number
of singletons in the assemblage, the number
of species found (Sy), the standard deviation
of log, (densities) (SD), Shannon diversity
and evenness (in the latter three cases sepa-
rately for the total assemblage and the sam-
ple) were computed. Again three different
sampling regimes (sequential adding, nested,
non-nested) will be studied.

3. RESULILS

3.1. INFLUENCE OF SAMPLING
METHOD AND GOODNESS OF FIT
ON THE PARAMETER VALUES

Figure 1 shows that fit of the power func-
tion model and slope value are not independ-
ent. Below values of variance explanation
(R”) of 0.95 both variables are clearly corre-
lated. In the model assemblages used in this
study low slope values below 0.3 were often
combined with a week fit of the power func-
tion model. The exponential model, on the
other hand, did also show such a correlation,
but to a much lesser degree.
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Fig. 1. Model fit (variance explanation R?) and (A) slope of the power function model or (B) factor of the
exponential model of SPARs. Assemblages 1 and 4 to 6 of Table 1 in Ulrich (2000a). Sampling method:

sequential adding. R?: variance explanation

Sampling method and parameter values
were also connected (Table 1). With the same
types of assemblages sequential adding sam-
pling resulted in the highest slope parameters,
non-nested sampling in intermediate values,
and a nested sampling design produced the
lowest slope values. The variance of slope
values also differed. The variance/mean ratio
was highest in the sequential adding sam-
plings (0.09), intermediate 1n non-nested
samplings (0.06), and least in nested ones
(0.04). In the exponential function no such
dependencies could be detected.

species density (S..;), number of species
sampled (§;), relative species density
(Suni/Sa), Suni/Ss, No. of singletons, fraction
of singletons in the sample (singletons/S;),
and fraction of species found (Sy/S,). Table 2
contains the results of a stepwise multiple re-
gression of these variables with the slope and
the factor and shows that the slope values are
more connected with relative measures (frac-
tion of singletons, rel. species density, S,,./S;,
proportion of species found), whereas the
factor 1s more connected with absolute meas-
ures (species density, No. of species found,

Table 1. Slope values (power function) and factors (exponential function) of SPAR models
in dependence of sampling method. Data from assemblages No. 1, 2, 3 in Part I (Ulrich
2000a). These 120 assemblages each had the same underlying generating variable values.
The differences in the slope values are significant at p(t) < 0.0001. The factor values do not

differ significantly

Sampling mell?od-

Power function

Exponential function

Slope Factor
Mean " StDev. Mean StDev.
Sequential adding g8 O 8.44 6.78
Non-nested design 0.35 0.14 9.00 6.09
Nested design 0.27 0.10 9.22 5.99

3:.2. INFLUENCE
OF SAMPLING-PARAMETERS

In a first step of analysis the variables
connected with the sampling process were
studied and the dependence of slope value z
and factor on them. These variables were

No. of singletons). Figure 2 shows that espe-
cially the slope value is highly sensitive to the
fraction of singletons in the sample. This
view 1s emphasized by the partial correlation
of the variables with z and factor (Table 3).
Significant partial correlation with z have all
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Table 2. Multiple regression to detect the dependence of slope and factor values of the power function
and the exponential model on sampling parameters. Data from all assemblages generated with
sequential adding sampling: Assemblages No. 1, 4 to 6 in Table 1 of part I (Ulrich 2000a). S,: Total
number of species in the assemblage, S,: number of species found, S,,;;: Species density.

Power function: Multiple r: 0.95, R*: 0.90, F(5, 349): 598, p(t) < 0.0001

‘Variable BETA StDev. B StDev. p(t)

Intercept 0.73 0.02 0.00E+00
A -0.04 0.02 0.00 0.00 1.61E-02
Fraction of singletons 0.27 0.03 0.27 0.03 5.00E-18
Relative species density 0.45 0.05 0.66 0.08 |.69E-16
Snids —-0.97 0.04 -1.30 0.06 0.00E+00
Proportion of species found 25 0.04 -0.19 0.03 2.7T7TE-10

Exponential model: Multiple r: 0.99, R*: 0.99, F(3,351): 54041, p(t) < 0.0001

Variable BETA  StDev. B StDev. p(t)

Intercept -0.06 0.04 1.49E-01

Species density —0.65 0.01 -0.36 0.00 0.00E+00

5 1.39 0.01 0.32 0.00 0.00E+00

No. Singletons 0.06 0.00 0.06 0.00 5.44E-28
A B

0.8216x + 0.2261
R? = 0.6448

Fraction of singletons

Factor

0 0.2 0.4 0.6 0.8 1

Fraction of singletons

Fig. 2. Fraction of singletons in the sample and (A) slope of the power function model or (B) factor of the
exponential model of SPARs. Assemblages 1 and 4 to 6 of Table 1 in Ulrich (2000a). Sampling method:

sequential adding. R?: variance explanation

of the relative measures, but of the absolute
ones only S,, in the case of the factor of the
exponential function this reverses.

In principle, 1t 1s possible to construct a
species—area curve out of only two data
points, because for every combination of S,
and S, the slope or the factor values of both
models are fixed. Indeed a correlation be-

tween In (S,,,/Ss) and slope and (S; — S....,) and
factor (using 728 assemblages, assemblages
1 to 8 of part I, Ulrich 2000a) resulted in
correlation coefficients of 0.982 and 0.995.
Therefore, under a random placement model
there are indeed only two data point neces-
sary 1f both data points have no variances,
that 1s 1f the area 1s measured exactly and if all
species had been sampled.
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Table 3. Partial correlations of slope value (power function) and factor (exponential model) of SPAR
models with all sampling and structural parameters. Data from all assemblages generated with
sequential adding sampling: Assemblages No. 1, 4 to 6 in Table 1 of part I (Ulrich 2000a). S,: Total
number of species in the assemblage, S;: number of species found, S, Species density, SD:
Standard deviation of log, densities of the assemblage. Significant values ( p(t) < 0.01) are marked in

bold type
Variable Power function Exponential function
Part. Corr. p(t) Part. Corr. p(t)
Sunis -0.03 5.31E-01 -0.97 0.00E+00
Sq -0.20 1.34E-04 -0.09 9.94E-02
S 0.12 2.55E-02 0.99 0.00E+00
No. Singletons 0.13 1.47E-02 0.51 1.74E-24
Fraction singletons 0.39 1.17E-13 -0.10 6.28E-02
Relative species density 0.38 2.87E-13 0.05 3.27E-01
Sunid/S; -0.70 0.00E+00 -0.03 6.39E-01
S/9, -0.42 3.86E-16 —-0.08 1.44E-01
SD -0.07 2.26E-01 —-0.04 4.42E-01
Diversity —-0.07 1.96E-01 -0.01 8.02E-01
Evenness 0.16 3.33E-03 -0.01 9.04E-01
DWD slope -0.01 8.94E-01 -0.03 5.88E-01
Heterogeneity 0.11 4.32E-02 0.05 3.20E-01

More interesting, however, are compari-
sons of the residuals of the above regression
with variables describing underlying assem-
blage or habitat structures. Figure 3 shows
that in the power function In (S,,:/S;) slightly
overestimates the fitted slope. This trend i1s
independent of species density, SD and habi-
tat heterogeneity, but more pronounced at a
higher evenness of the assemblage. At low
relative species densities the variance of the
residuals 1s much higher than at medium and
high rel. species densities. In the case of the
exponential model higher rel. species densi-
ties caused an overestimation of the factor
value. At high levels of evenness the variance
of the residuals was also enhanced.

Which underlying structural variables of
the assemblages influence the variable
S.ni/Ss? A multiple regression with S,,,,/S; as
dependent and SD, diversity, evenness, S,
DWD slope, and heterogeneity as independ-
ent variables revealed a complicated pattern.
No single variable turned out to be dominant.
Positively correlated were the species density

(B-value =0.56), SD (B-value =0.13), and the

evenness (-value = 0.51), negatively corre-
lated were the diversity (B-value =-0.82), the
DWD slope (B-value = —0.32), and the het-

erogeneity (B-value = —0.37) (total multiple
r: 0.82).

In the exponential SPAR model there 1s
of course no such relation between factor and
S.ni/Ss. The main influencing variable on the
factor value was the number of species found
(Table 2). The dominating factors influenc-
ing the number of species found were the di-
versity (partial r: 0.81) and the evenness
(partial r: —0.51) of the assemblage. Figure 4
shows an exponential relation between S, and

diversity, which 1s again dependent on sam-
pling method (Fig. 4C).

3.3. INFLUENCE OF STRUCTURAL
PARAMETERS

[s 1t possible to connect the slope and the
tfactor values of both SPAR models with vari-
ables describing the structure of the assem-
blages and the heterogeneity of the area
sampled. Table 4 gives the results of a step-
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Fig. 4. Number of species sampled (5;) and factor of the exponential model in dependence of the Shannon
diversity of the assemblage. A and B: sequential adding sampling (assemblages 1 and 4 to 6 of Table 1 in
Ulrich 2000a); C and D: nested and non-nested sampling design combined (assemblages 2, 3, 7, and 8). r:

Pearson’s correlation coefficient

Table 4. Multiple regression to detect the dependence of Slope and factor values of the power function
and the exponential model on the structure of the assemblages and area heterogeneity. Data from all
assemblages generated with sequential adding sampling: Assemblages No. 1, 4 to 6 in Table 1 of part
[ (Ulrich 2000a). S,: Total number of species in the assemblage, S;: number of species found, S,
Species density, SD: Standard deviation of log, densities of the assemblage.

Power function: Multiple r: 0.74, R 0.55, F(4, 386): 116, p(t) < 0.0001

Variable BETA  StDev. B StDev. n(1)
Intercept 0.13 0.03 9.85E-05
Diversity 0.36 0.07 0.07 0.01 1.15E-06
Evenness -0.21 0.07 -0.21 0.07 3.96E-03
DWD slope -0.53 0.04 -0.20 0.01 1.02E-37
Heterogeneity 0.61 0.03 0.02 0.00 0.00E+00
Exponential model: Multiple r: 0.85, R*: 0.72, F(5,385): 199, p(t) < 0.0001
Variable BETA StDev. B StDev. p(t)
Intercept 17.10 3.26 2.47E-07
SD -0.33 0.04 -2.75 0.37 6.55E-13
Diversity 1.22 0.06 11.86 0.56 0.00E+00
Evenness -0.77 0.07 -41.27 3.78 2.56E-24
DWD slope 0.19 0.03 392 0.70 4.84E-08
Heterogeneity -0.07 0.03 -0.11 0.04 1.22E-02
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wise multiple regression with the parameters
S,, SD, Shannon diversity, evenness, DWD
slope, and heterogeneity and shows that in the
case of the factor of the exponential model
the Shannon diversity of the assemblage (/)
is the dominating factor influencing the fac-
tor value. Factor and diversity are highly
non-linearly correlated [factor = 0.57 exp

(0.84 x H,) + 0.08] (Fig. 4B, D). This correla-
tion 1s better under a sequential adding sam-
pling regime than in the case of the two other
methods (Fig. 4B, D). This general relation
between factor and diversity of total assem-
blage allows us to rewrite the exponential
form of the species—area relationship using
diversity and species density (the intercept)

S = [a exp(B Hi) + 7] (1)
In (area) + Suni

Due to the random placement of 1ndi-
viduals the diversity of the sample and as-
semblage diversity were highly correlated
(H, = 0.94 x Hyampie; T = 0.96), being the sam-
ple diversity a good estimator of latter, we
can also denote

S = ‘exp AP Hiwity ¥4 (2
In (area) + Suni

The above relation also leads to a new 1n-
terpretation of the factor value of the expo-
nential model of the species—area relation. It
1s an estimate of regional diversity.

Formula 1 can also be obtained analyti-
cally. Under the assumption that the relative
abundance distributions at the local and the

Diversity
W

2 f/

0 T .

0 “Secil
S

1

150 200 250 300 ° 350

regional scale are similar the diversity index
H solely depends on the number of species S
(the same result for the model assemblages
contains Figure 4A) with approximately

H = b In(S) (3)

Figure 5 gives this relationship graphi-
cally for four theoretical relative abundance
distributions (canonical log-normal, random
fraction, broken stick and log series) and the
maximum value [/n(s)] to show the parameter
range of the constant b.

The exponential SPAR can be rewritten as

| 4
S‘_Sun.if :aln( a" ] ( )

I

unit

with S;, S;: species number at areas a; and
a;. a: constant. Introducing formula 3 1nto 4,
we get after simple rearrangement

H,

et ~aln(a)-aln(a,, )+S

unit

and after setting ay, to 1

T (5)

~ e
In(a,)

unil

In(a,)

da

This formula equals the factor of the em-
pirical fit of Figure 4 and formula 1. §; 1s of
course the species number per unit area, g, the
total area sampled. Formula 5 gives also an

interpretation of the constants in formula 1: o
equals the inverse of the natural logarithm of

total area sampled, B 1s the inverse of b, the
constant of the diversity—species number re-

lation, and y 1s S,,../In(a;).

Fig. 5. Dependence of Shannon diversity on
the number of species for four theoretical
relative abundance distributions (B: broken
stick, C: canonical log-normal, D: random
fraction, E: log series with slope of -0.1). A:
plot of max. possible diversity [=In (S)]. All
curves are fitted by logarithmic functions
(obtained from species numbers of 10, 25,
50, 75, 100, 200, 300) with variance
explanations > 0.99
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Figure 6 shows that formula 5 is indeed a
good descriptor of the relation between diver-
sity and factor value. Plotted are predicted
and real factor values of all assemblages with
sequential adding sampling. Because formula
5 is the general solution independent of as-
semblage structure and all assemblages were
taken with a mean value of the constant b the
fit is not as good as the empirical fit in Figure
4B but sufficient to confirm the general appli-
cability of formula 5.

S0
40
30
20

10

Predicted factor

Real Factor

Fig. 6. Test of the model described by formula 5:
predicted values and observed values of the factor of
the exponential model for the assemblages No. 1 and
4 to 6 of Tablel in Ulrich 2000a (sequential adding
sampling). Given i1s also the regression function and
Pearson’s coefficient of correlation r. The constant
b in formula 5 was set to 0.93

In the case of the slope of the power
function model the multiple regression re-
sulted in a more complicated picture. As ex-
pected DWD slope and evenness were
negatively, diversity and heterogeneity posi-
tively correlated with the slope value z. The
variance explanation, however, was rela-
tively low (55%) and 1t was not possible to
link the slope z directly with one of the above
variables.

A plot of the z values against the SD val-
ues of the assemblages showed a more deci-
sive pattern (Fig. 7). There was a bell shaped
relation between SD and slope, independ-
ently of sampling method (Fig. 7B, C). SD

values below 2 and above 5 resulted 1n slope
values of the SPARs below 0.2, SD values
between 3 and 4 gave slopes between 0.6 and
1. This result can be compared with typical
SD values of theoretical relative abundance
distributions (see Fig. 9 of part I, Ulrich
2000a). SD values below 2 characterize the
random assortment, the broken stick, the
dominance decay, and the overlapping niche
model. These models should all result 1n
slope values below 0.3. High SD values
above 6 have the geometric, the dominance
preemption, and the log-series model. They
also will have slopes below 0.3.Random frac-
tion, log-normal and (dependent on the pa-
rameter settings) power fraction and
Zipf-Mandelbrot distributions are character-
1zed by SD values between 3 and 5 and 1t 1s
concluded that their power function SPARs
will frequently have slopes between 0.4 and 1.

Because of the dependence of the slope
parameter on species density, the slope
should also depend on the unit of area sam-
pled. This was indeed the case (Fig. 8A).
Higher units of areas reduced the slope value
independently of sampling method. The fac-
tor of the exponential SPAR model, on the
other hand, was not affected by the unit of
area (Fig. 8B). The sample size did not sig-

nificantly influence both parameters (Fig.
8C, D).

We can turn the relation between relative
abundance distribution and slope value on the
head. Although 1t 1s impossible to predict the
slope value it 1s possible to predict the SD
value from any given slope value (at fixed
sampling unit) if we change the axes in Fig-
ure 6 (Fig. 9). For any slope value and any
given unit of area two SD values exist which
are unambiguously linked with them. The
higher the slope 1s the more equal are these
values and at slopes above 1 SD values of 3
are predicted. Both relations follow linear re-
gressions: SD=-1.9slope+5.5andSD=1.5
slope + 1.3. Changing the unit of area will re-
sult in a parallel shift of the regression lines.
This 1s easily seen when rewriting the power
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Fig. 7. Dependence of slope value of the power
function model on the standard deviation of log,

(densities) (SD).

A: sequential adding sampling

(assemblages No 1 and 4 to 6 in Ulrich 2000a); B:
non-nested sampling design (assemblages No. 3 and
8); C: nested sampling design (assemblages No. 2

and 7)

Factor
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Fig. 8. Dependence of slope and factor values on unit of area and sample size. A, B: slope and factor in
dependence of unit of area (number of cells); C, D: slope and factor in dependence of sample size (10 to
100). Given is also the only significant (p(t) < 0.01 regression, R?: variance explanation
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function SPAR and introducing into the
above regression:

C ln Sunff +d (6)

In(n) S

SD =cz+d =

n

where 7 1s the area sampled, z the slope and d
the constant. Changing the unit of area chan-
ges Syqit by a certain factor c;. Therefore

C

SD e ln CISum'r +d=
nkn) 8 (7)

n

C unit
= In +
N o

+( clin(c, ) +d]
In(n)

Formula 7 1s the same as formula 6 ex-
cept of a different intercept and 1s the general
solution of the relation between SD and slope
of the power function SPAR. The factors ¢
(—=1.9 and 1.5) seem to be constants, the inter-
cepts depend on assemblage structure, dis-
persion and on the habitat. They have to be
determined empirically for each habitat.

6

SN

SD of assemblage
N W

£ =h

0 0.2 04 0.6 0.8

Slope

Fig. 9. Linkage between slope of the power function
and standard deviation of log, (densities) (SD) at
constant unit of area (1 cell = 0.0011% total area).
Plotted are the associated SD values at given slope
values. The SDs are means for slope values (x =+
0.02) of assemblages 1 and 4 to 6 of Table 1 of
Ulrich (2000b). The standard deviations of the
SD-means are in the upper regression always less
than 10% mean in the lower regression less than
36% mean (n = 6 to 32). Upper regression: SD =
-1.9 slope +5.5; lower regression: SD = 1.5 slope

+1.3. Both regression are significant at p(t) < 0.01

4. DISCUSSION

The main goal of the present study was
to link the slope and the factor of the power
function and exponential model of spe-
cies—area relationships with other variables.
A first point, however, which deserves atten-
tion 1s the correlation of model fit and slope
value 1n the power function model. Because
R? values below 0.9 can frequently hardly be
called good fits, low slope values may be the
result of the inappropriaty of the power func-
tion model. The huge compilation of SPARs
in Connor and McCoy allow to test whether
the correlation between R” and slope also oc-
curs in real SPARs. Figure 10 shows that this
1s indeed the case. The regression of Figures
1A and 10 are very similar pointing to the in-
terpretation that low slope values are con-
nected with a worse fit of the power function
model. This seems especially to be the case at
slope values below 0.1.

The study showed that the slope of the
power function model was more related to
relative measures and that the factor was
more influenced by absolute measures. Addi-
tionally, the slope of the power function
turned out to be more effected by the sam-
pling procedure (especially the unit of area)
than the factor of the exponential model. The
slope was also dependent on sampling proce-
dure. Sequential adding sampling resulted in
significantly higher slopes than a nested or a

Variance explanation

Fig. 10. Dependence of slope value on variance
explanation for 100 species—area relationships given

in Connor and McCoy (1979). R’ variance
explanation, P(t) < 0.01
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non-nested design. Low slope values for
nested species area relationships had previ-
ously been reported by Rosenzweig (1995)
who stated that such curves have frequently
slopes below 0.2. The mean values reported
in Table 1 are larger and range around 0.27.
This may however stem from the selection of
assemblage structures.

Slope values have long been thought to
range around 0.25 (Preston 1962, May
1975) 1f the underlying community structure
1s log-normal. In a recent study, however,
Leitner and Rosenzweig (1997) showed
that this 1s not the case when dealing with
nested species area curves. From their model
assemblages they deduced slope values
around 0.77 and were urged to add the as-
sumption of a positive correlation of range
size and abundance to the log-normal model
to derive slope values below 0.3. The data
presented here confirm and extend these re-
sults. High slope values generally character-
1zed assemblages with SD values between 2
and 4, independently of sampling method.
The finding of high slope values in the mid
range of SD values is therefore not restricted
to nested SPARs. The range between 3 and 4
1s the range for log-normal, but also for
power fraction, or random fraction distribu-
tions (see Fig. 9, Ulrich 2000a) and the
mean slope value of my assemblages in this
range was 0.61 which 1s 1n good agreement
with the findings of Leitner and Rosenzweig.
These authors introduced an additional as-
sumption, the positive correlation between
abundance and range size (Hanski1 1982,
Gaston 1996). However, this may be not
necessary to explain the phenomenon: The
derivation of the slope values from a log-
normal distribution by Preston (1962) and
Sugihara (1981) assumed tacitly that the
relative abundance distribution at the local
scale (the unit of area) is the same than in the
whole area. For small sampling units this is
not necessarily the case (Ulrich in prep.) and
the strong logarithmic dependence of slope
on unit of area (Fig. 8) indicates that the unit
of sampling may be more fundamental than

abundance range size distributions. At units
of area above 16 cells the slopes were nearly
always 1nside the expected range. This indi-
cates that the unit of area has to be large
enough to ensure that local and regional as-
semblage structure are comparable. Addi-
tionally, in my model assemblages the
dependence of slope on unit of area was more
strong for assemblages with SD values be-
tween 2 and 4 than for assemblages with SD
values above 4 (in the latter case units of 9
cells or more produced always slopes below

0.25).

Again, a comparison with the data in
Connor and McCoy helps to explain the pat-
tern. Of the 100 SPARs they compiled 28
contain data on total species numbers. In only
two of these cases the relative species density
was below 20%. This can be compared with
the relation of relative species density and
slope (see Part III of this paper, Ulrich
2000b) which 1s nearly the same than the rela-
tion between S,,,,/S; and slope (of course due
to the high correlation between number of
species sampled and total number of species).
Species area relationships with relative spe-
cies densities above 0.2 have nearly inevita-
bly slope values below 0.2, independent of
the underlying community structure and only
dependent on the unit of area sampled (Fig.
3C). The high frequency of slope values be-
low 0.2 reported for nested species area
curves may therefore in most cases be the re-
sult of the choice of grain by the researchers
but not a general pattern of species assem-

blages.

Schoener (1976) and following him
Martin (1981) predicted that the slope value
will vary between 0 and 0.5, based on the
model z = I — [IA2 — S/P)] where S 1s the
number of species found and P the source
size pool. In the case of our model assem-
blages S/P equals the proportion of species
sampled S¢/S,. A comparison of the values
from this model with the ‘real’ values (of the
model assemblages) proofed that Schoener’s
model is indeed able to predict real slopes un-
der the special case of very equal distributed
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assemblages (SD values below 2.5 according
to a broken stick, a random assortment, or a
dominance decay model) (regression be-
tween predicted and real z values: z,.,, = 0.63
Zpred —0.09; r=0.88). In general, however, the
model failed. From the model assemblages
studied here it was also impossible to derive a
good relation between the proportion of spe-
cies sampled and z.

The only author’s relating the slope
value and SD as a variable describing assem-
blage structure were Hanski and Gyllen-
berg (1997). Based on metapopulation
dynamics they united species—area curves
and distribution—abundance curves into a
general theory and predicted a sigmoidal de-
pendence of slope upon SD with decreasing z
when SD increases. Even when leaving the
problem aside that their theory does not dis-
criminate between different sampling meth-
ods and subsumes the various aspects of grain
and extent into a single parameter the plot of
SD against slope in Figure 7 shows a more
complicated bell shaped but not sigmoidal
pattern. A fit of the predicted slopes with the
real ones (assemblages 1 to 8 of Table 1) re-
sulted 1n every case 1n only weak (although at
p(t) < 0.05 significant) correlations (r below
0.2) with nearly all predicted values ranging
either much to low or much too high.

If z 1s not an ecological constant the
question of an ecological interpretation of the
slope parameter remains, or more precisely of
the connection between z and other parame-
ters describing assemblages and environ-
ments. The high dependence of z on sampling
method, grain and extent indicates that this
seems possible only to a limited degree (un-
der standardized sampling methods). Then
the slope can be linked with the fraction of
rare species in a community (Fig. 2) and the
relative abundance distribution. The bell
shaped curves of Figure 7, however, tell that
this connection 1s only one-sided. It will not
be possible to predict assemblage structure
from the slope value alone. The crucial factor
determining the slope proofed to be the grain
and because 1n most studies this variable dif-

fers considerably it seems nearly impossible
to compare slope values of different assem-
blages and habaitats. This casts also doubts on
some reported globally differences in slope
value, especially the latitude dependence,
and differences between mainland and 1sland
slopes (Rosenzweig 1995).

The factor of the exponential SPAR
model has largely been 1ignored by ecologists
but the results presented in Figure 4 and the
derivation of formula 5 show that the factor
deserves much more attention. The factor 1is
closely linked with the Shannon measure of
diversity and may be used as an estimate of
regional diversity. The factor has therefore a
much more founded ecological interpretation
than the slope value of the power function. Of
course, the relation between factor of the ex-
ponential function and Shannon diversity is
not the same for all types of communities and
In some even no such relation is expected.
Imagine, for instance, an assemblage with
maximum diversity = /n(S) and high densities
of the species. In this case, nearly all species
will already be found in one unit of sample
area and the slope of the logarithmic fit will
be very low. According to formula 5 this will
also result in a much to low estimate of Shan-
non diversity. However, at the same time, the
fit of the logarithmic model will also be
worse. This relation between model fit and
applicability of formula 5 can be seen in Fig.
11. Plotted are the quotient of predicted and
real Shannon diversity and goodness of fit of
the exponential function (R?). If R? exceeds
0.95 71.6% of all the estimates range between
75% and 125% of the real diversities, a very
good agreement between prediction and real
value. If the R” is less than 0.90 this is the case
in only 34.7%.

Of course, the above results and espe-
cially the new interpretation of the factor of
the exponential SPAR model have to be
checked using natural communities. To do
this the species—area curve, species numbers,
the local and regional diversity, and the com-
munity structure have to be reported simulta-
neously. Such compilations are up to now
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Fig. 11. Goodness of prediction of Shannon
diversity in relation to fit of the exponential
model of SPAR. The goodness is given as the

missing but it would be a valuable task and a
further step to uncover the secrets of spe-
cies—area relationships.
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5. SUMMARY

Using model assemblages generated by a FOR-
TRAN program the parameter values (slope and fac-
tor) of the power function and the exponential model
of species—area relationships have been studied. It ap-
peared that the slope value i1s not a constant indepen-
dent of area and sampling method but depends
strongly on grain (Fig. 8), sampling method (Tables 1
and 3), and model fit (Figs 1 and 10). The relationship
between slope and sampling parameters and commu-
nity structure was studied by multiple regression (Ta-
bles 2 and 4) and residual analysis (Fig. 3). Of the
ecological parameters the slope of the density—weight
relationship and the fraction of singletons in the samp-
le (Fig. 2) proved to be of major importance.

A plot of slope against assemblage structure
(estimated by the standard deviation of log> (densi-
ties) was bell shaped (Fig. 7) with the highest slope
values at intermediate SD values (2 to 4) (Fig. 9). A
comparison of this plot with SD values from theoreti-
cal relative abundance distributions (see Fig. 9 in Ul-
rich 2000a) showed that log-normal distributed

quotient of predicted and real diversity on all
768 model assemblages (assemblages No. 1 to

10 in Table 1 of Ulrich 2000a). R?: variance
explanation of the exponential model

assemblages should have slope values that are higher
than previously reported in the literature.

The factor of the exponential model was more
independent of sampling methods but connected with
sampling efficacy. A high non-linear correlation be-
tween factor and Shannon diversity was detected (Fig.
4) and a general function developed and tested (Figs
5, 6 and 11). The factor of the exponential spe-
cies—area relation may serve as an estimate of regional
diversity.
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