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In a previous report to this journal (1963) we
made conclusions on the processes of speciation
and production of endemics among the Darwin
finches in the Galapagos Archipelago. The con-
clusions were inferred from multiple-regression
analysis wherein four independent variables of the
insular environment were quantified and tested
for respective abilities to predict species data.
The analysis was an attempt by linear regression
to discover (a) the environmental determinants
of insular variation in the species numbers (V1)
and (b) the determinants of such wvariation for
numbers of endemic subspecies (¥.). Insular area
(X:) and number of land plant species (X.)—
presumably indexing ecologic and floristic di-
versity—were found lacking in power to “push”
or “move” the dependent variables (the ¥’s).
Isolation, measured by distance between islands
(X3) and by distance from a given island to In-
defatigable Island near the center of the archi-
pelago (X.), was the major predictor of number
of species and endemics for islands, with X being
more important than X in terms of contribution
to ¥ wvariances (Zy?). For both problem a and
b, however, a component (Zdy®) of the variance
remained unaccounted for by regression of the
¥’s on the X’s, and this was attributed to error
inherent to the analysis, to factors not considered,
or to both.

1 Publication supported by the U. S. Public
Health Service.

To decrease the values of Zdy® we have (i)
shifted from use of desk calculator to digital
computer analysis; (ii) included in the analysis
new environmental factors (X5 Xs) not pre-
viously considered; and (iii) utilized new models
or estimating equations invelving transformations
of the arithmetic values of the primary measure-
ments of the ¥'s or X's to their logarithmic
counterparts in nonlinear or joint linear-non-
linear variation. Below we summarize results of
such a comparative multiple-regression analysis,
and, following this, a statement is made of the
bearing of the new information on our previous
conclusions (Hamilton and Rubinoff, 1963). Data
for the ¥’s and the four X’s are from our pre-
vious report, and the new factors (X5 Xs) are
from a comparable study of plant species abun-
dance in the archipelago (Hamilton et al., 1963).

Theory and results from computer analysis.—
Some standard estimating equations (where a and
b represent constants set by solution of simul-
taneous equations; cf. Mordecai, 1941) are as
follows for analysis with 2 independent variables:

Y=ayi;+ byi; Xi+ by Xy (1)
Y=ayi; 4 byi;log X+ by log X5 (2)
log ¥ =logay.i; + log by ; X« + log by;.i X5 (3)
log ¥ =log ay.¢5 + byi.;log X 4 by; ¢ log X ;. (4)

The first is multiple linear regression and the last
three are examples of multiple nonlinear analyses.
With inclusion of new factors, the number of

TaeLe 1. Coefficients of multiple determinations (R*) and contributions of the X's to variance
for?ggfgl t Inf:ﬁ:g]d;nt ‘Eii?zc)e Major contributor(s) to R*
Linear analysis
¥ (species) X:1-X, 0.866 X, 0.481; X, 0.308
Y. (endemics) Xi-X. 0.873 X, 0.813
Nonlinear analysis
¥, log X1-log Xe 0.821 log X1, 0.301; log X, 0.257; log X, 0.171
Y. log Xi-log Xe 0.774 log X, 0.705
log Vs X:-Xo 0.799 Xa, 0514, Xz, 0.158; X], 0.109
log V- X1-Xe 0.710 Xs, 0.550; Xe, 0.109
log V3 log X:-log X 0.759 log X3, 0.247; log X5, 0.236; log X, 0.165
log ¥: log X —log X 0.624 log X, 0.518
Joint linear-nonlinear analysis

V. 6 X's + 6log X's 0.891 log X5, 0.489; X, 0.244
Y. 6 X's+ 6log X's 0.934 X, 0.813
log V. 6 X’s 4 6log X's 0.831 X3, 0.453; log X, 0.288
log V2 6 X’s 4 6log X'’s 0.878 X, 0.684
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simultaneous equations to be solved for the
necessary constants (@y.¢; . . ., byiy; . . ) in-
creases, and the usefulness of computer resolution
for problems involving more than 2 factors is
obvious. For joint linear-nonlinear analysis,
cither ¥V or log ¥V is estimated by various X's
and log X's (cf., e.g, Croxton and Cowden,
1939).

Table 1 summarizes results of application of
the formulae listed (equations 1-4) to problems
a and b. In addition to X, X: X and X,, the
new factors considered are elevation (X;) and
area of adjacent island (X.). Xs is thought to
positively index ecologic diversity, and X, on a
negative basis, to index isolation, particularly for
prediction of endemics (cf. Hamilton et al., 1964).
Table 2 is a simple correlation matrix for the 2
V’s, the 6 X's, and their 8 logarithmic counter-
parts; it will be noted that none of the X’s is
strongly correlated (i.e., >> 0.80) with another X.
“Goodness of fit” for the formulae used is based
on increases in value of coefficients for multiple
determination (R?) for ¥ or log ¥V (see Snedecor,
1957), and percentages of variation explained by
cach independent variable are based on contribu-
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Fic. 1. Deviations from regression (dy zz:)

plotted against insular area. To show that the
multiple-regression equation ¥; = 8.234 - 0.001X;
+ 0.015X:-0.165X5 predicts number of Dar-
win finch species more accurately for the
larger than for the smaller islands (n = 16) in
the Galapagos Archipelago. The dy.:z- values
(closed circles: @) represent ¥;— ¥i. Contribu-
tions to the variance (R®=0.836) here are:
X1, 0.047; X., 0.308; X, 0481. Note the negative
bys.z: value regression of ¥ for area (X,); its
variance contribution is, however, negligible.
Open circles ((O) denote deviations from regres-
sion by the equation ¥:=-0.313 4 0.001X; 4
0.095X:. To show the primarily linear (= hori-
zontal) spread of dy.. points resulting from
prediction of insular numbers of endemic sub-
species. For the latter equation, variance is 0.863,
receiving 0.050 from area and 0.813 from isolation
(Xs). For both ¥, and Y., the computer “selected”
the best 2 or 3 X’s from the 12 predicting ones.

NOTES AND COMMENTS

tions to R®, independent of other variables con-
sidered in multiple regression. Thus the linear
and nonlinear analyses utilize 6 variables each in
multiple regresssion, and the joint linear-non-
linear analyses have the use of 12 wvariables (6
arithmetic, 6 logarithmic).

By multiple linear analysis (equation 1) nearly
87% of the insular variation in species numbers or
¥V: (= variance = R? % 100) can be accounted
for by variation in the 6 X’s, with distance from
nearest island (Xi) being the major contributor
(48%). The other “mover” of V. is insular
number of land plant species (X. contributing
31%; see table 1). The remaining X’s account
for negligible, insignificant components of the
variation. Values for R? resulting from applica-
tion of equations 2, 3, and 4 to the data are all
smaller than the preceding, indicating poorer fits.
Equation 4 (log-log analysis), explaining 82% of
the ¥V, variation, provides the next best fit. In
addition to having a larger R® value, equation 1
may also be favored over equation 4 because the
latter’s major contributor (log X,, area: 30%)
is less than that for X, in equation 1, which ex-
plains 489% of the 87% wvariation. Nonlinear
equations have smaller R® values than the linear
one for Y. or log ¥V, but Xs or log Xs is in each
case the major “mover” of the dependent variable.

In joint linear-nonlinear analysis, a problem
of redundancy arises since each environmental
factor is included both as an arithmetic and a
logarithmic value. While the meaning of the
findings is still uncertain, 89% of the variation in
¥, can be attributed to variation in the 12 factors,
with the logarithm of elevation (log X;) and
arithmetic distance from the center of the archi-
pelago (X.) being the major variance contributors
(50%, 249%). Of possible interest here is that in
our study (op. cit.) of abundance of land plant
species in this archipelago, elevation was the
major predictor of insular number of species.
However, X continues to be the major statistical
“mover” for variation in log V. V. and log
Y. (table 1), and this finding supports that noted
above and previously reported (Hamilton and
Rubinoff, 1963).

Concluding discussion.—In this study, a major
problem is that of curve-fitting and the determi-
nation of linear or nonlinear variation for the
dependent and independent variables. The trans-
formation of arithmetic to logarithmic wvalues
poses a problem. For example, the correlation
of small measurements and their logarithmic
counterparts (cf., ¥: versus log ¥, in table 2
where r = 40.99) is wvery good, but for large
measurements (area, elevation) differences appear
(e.g., X1 versus log Xi: r = +0.69). This may be
an important aspect of the redundancy problem
in joint linear-nonlinear analysis. As yet we
cannot determine whether the high R® value
(0.89) for linear-nonlinear prediction of ¥, by the
12 variables (with log X; and X. being major
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TasLe 2. Simple correlation matrix®
_ Logarithms
Y1 Va X1 Xz Xa X X5 ¥ Va X1 Xz Xs Xs Xs Xe

¥, 1.00 -0.60 038 055 -0.69 -0.64 0.23 0.63 0099 -0.52 055 0.69 —-0.66 -0.55 0.19 0.70
V. 1.00 -0.86 0.13 090 044 -034 -0.22 0.59 0.93 -0.06 -0.08 0.83 0.61 -0.15 -0.25
X 1.00 057 -033 -0.22 003 073 033 -0.22 0.66 045 -0.32 -0.12 0.11 0.54

X. 1.00 -0.00 -042 -0.75 0.66 051 0.15 0.79 0.90 -0.08 -0.09 0.00 0.71

Xz 1.00 051 -031 -0.39 -067 0.83 -0.20 -0.18 0.94 0.67 -0.16 -0.34

X, 1.00 -0.09 -0.23 -0.62 0.34 -0.39 -0.68 0.57 0.80 -0.44 -0.23

Xs 1.00 047 0.23 -0.26 0.21 0.07 -0.27 0.03 0.63 0.35

X, 1.00 0.59 -0.23 0.87 0.65 -0.36 -0.06 0.16 0.92

log V1 1.00 -0.52 0.50 0.64 -0.63 -0.54 0.19 0.67

log ¥. 1.00 -0.08 -0.02 0.71 048 -0.11 -0.26
log X, 1.00 0.81 -0.22 -0.12 0.02 0.85

log X: 1.00 -0.25 -0.38 0.21 0.73

log X: 1.00 0.79 -0.11 -0.29

log X, 1.00 -0.14 -0.09

log X 1.00 0.03

log X 1.00

! Respective values for correlation coefficients (r) where for 16 islands of the Galapagos Archipelago
¥: = number of species, ¥. = number of endemic subspecies, X; — area (in square miles), X: = num-
ber of land plant species, Xs = distance (in miles) from nearest island, X, = distance (in miles) from
center of archipelago, X = elevation (in feet), and X, = area of adjacent island (see text). With 14
degrees of freedom, 5% and 1% levels of significance are respectively achieved by values of 0.50 and

0.62 for any single » (cf. Snedecor, 1957, p. 174).

“movers”) is meaningful or a result of some
variables “masking” others. In any event, the
two “movers” here are one of elevation (indexing
ecologic diversity) and one of isolation. In spite
of an increase in the number of X wvariables from
4 to 6 (or 12!), X remains the best predictor
of ¥.. For predictions of ¥: new variance con-
tributors appear in the form of log area (30%),
land plant species numbers (31%), log elevation
(49%), and distance from archipelago center
(249%), with X, also being a significant con-
tributor in 5 of 6 equations (table 1).
Deviations from regression, plotted against the
X’s, give new information about problems a and
b, and for prediction of V., the scatter plots are
mostly horizontal along (for example) the X,
axis (see open circles of fig. 1). This confirms
the linear variation in insular number of endemic
subspecies, with isolation, measured by least in-
terisland distance, being the major predictor
(bygeq.x . . . values varying from +0.09 to 40.11).
For prediction of Vi, such residual variation is
curved, and fig. 1 (by closed circles) shows that
equation 1 predicts numbers of finch species for
the larger Galdpagos islands with greater fidelity
than for the smaller islands. This hints of non-
linear regression of ¥, on X,, but the same trend
is true for log ¥, on log Xi. Thus knowledge of
isolation, plant species numbers, and area over-
and wunderpredicts the size of the finch species
faunas for the smaller islands of the Galipagos.
To an equal or lesser extent, the same trend for
misprediction is true for the more isolated islands

(byyeg.e - . . varying from -0.16 to -0.17 for arith-
metic values). This nonobvious finding holds true
for each of the linear, nonlinear, and joint linear-
nonlinear predictions.

The question arises for the finches in the
Galidpagos: why does the species-environmental
variant analysis, but not the endemics-environ-
mental analysis, depart from normality? Disre-
garding inadequacies of the X and ¥ data, we
surmise that this is a result in part of reduced in-
sular area and isolation, and that the outer, smaller
islands of the archipelago have unstable species
communities, but relatively stable endemic com-
munities. The significance of our inference, if
truly valid, is uncertain, but it may relate to
MacArthur and Wilson’s (1963) equilibrium
theory for fluctuations in insular species numbers.
We are also reminded of Snow’s (1950) finding,
for the islands of Sdo Tomé and Principe in the
Gulf of Guinea, that the endemic avifaunal mem-
bers are common and seemingly stable, and that
it is among the nonendemics that species are ex-
tinct or in danger of becoming extinct. At the
minimum, our findings hint of undescribed prob-
lems in increased or decreased ecological compe-
tition, as well as in species equilibrium phenomena,
for the smaller, outer islands of the Galdpagos.
Isolation, influencing the dispersal of individuals
and of their ecological requirements in part, must
be an aspect of the problem not yet unraveled.

Summary —Area, elevation, land plant species
numbers, area of adjacent island, and two mea-
sures of isolation are used in arithmetic and
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logarithmic quantifications to predict insular vari-
ation in number of species and endemics for the
Darwin finches in the Galipagos Archipelago.
Roughly 80% of the variation in numbers of
endemics is accounted for by isolation (positive
regression) measured as the distance from the
nearest island. For variation in species numbers,
this measure of isolation (negative regression)
and plant species numbers (positive regression)
are major predictors (48%, 31%) by linear
analysis, but for linear-nonlinear analysis, log
elevation and distance from archipelago center
are also important (49%, 26%). For species
numbers, each estimating equation mispredicts
for the small, isolated islands more than for the
larger, neighboring ones. This hints of special
problems for increased or decreased ecological
competition, and for instability or stability of
species or endemics communities, in the periph-
erally isolated, smaller islands.
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