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REFUGE MODEL SIMULATIONS: TESTING THE THEQRY!
Dalton 5. Amorim 27

ABsTRACT. The refuge model has been proposed and developed in the last two
decades only descriptively. The absence of a general method of biogeographi-
cal analysis in the refuge model free from  prior assumptions demands a
scarch for such a methed elsewhere, However, the structure of the madel
itself can be critically and profitably analysed. The model is here tentatively
formalized, with an algorithm for the number of species generated in a region.
This formalization allows simulations that result in objective predictions,
which can be compared with actual data. According 1o the simulations, the
expected number of descendent species for each ancestral species existing in
a region just before the beginning of the Quaternary would be, in the most
conservative hypothesis, one order of magnitude higher than the total num-
ber of species known from actual daia. [0 is shown that it is nearly impossible
toaccept that extinction and failure of populations 1o differentiate could have
had the necessary intensity 1o reduce this number of potential specics in a
region (o the numbers observed, The expected geographic distribution of
species under the predictions of the model is also unverified, considering the
postulated phase of the present climatic cyele. Finally, assuming equal rates
of evolution of classes of proteins, information from molecular distance
studies indicates a history of Tertiary, rather than Quaternary divisions in
Meotropical and Australian taxa. This would foree the conclusion that the
Cuaternary promoted almost exclusively expansions and retractions of the
distribution of biotas around refluges, which are spatially coincident with
arcas of endemism generated during the Tertiary or earlier.

KeyworDs, REFUGE THEORY, TERTIARY, QUATERNAKY, RIOGECGRAPHY, EVOLL-
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INTRODUCTION

Discussion of biogeographical theories during the last few years has shown that
a biogeographical reconstruction should not begin with a preconceived model,
but should be based on a biogeographical method of analysis (Croizat, 1964,
Pramick & Nersow, 1978), This implies that the refupe model should be aban-
doned as an a priori causal explanation for large scale speciation events in any
region, despite the number of coincidences between refuge arcas and areas of
endemism.

The refuge theory does not offer a general method of biogeographical recon-
struction. However, it does contain a model and, although poorly developed in the
literature, some hypotheses can be deduced from it. At least three predictions can
be made under the refuge model. The first concerns the total number of species
expected 1o be generated in a region from a single ancestral species after a given
length of time. The second accounts for the geographic distribution of species or
populations at a given moment inany cycle. The third concerns the expected sub-
stitution rates of molecules between species ofa groupif regular rates arc assumed.
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PALEOCLIMATIC FLUCTUATIONS IN THE QUATERNARY
AND THE NUMBER OF PRESENTLY KNOWN SPECIES IN
NEOQTROPICAL GROUPS

The number of descendent specics ol any given ancestral species is a function
of the number of successive divisions of that species alter a given length of time and
ofthe number of vicariated arcas or areas simultancously occupied by dispersal at
each division. In the refuge model, the major causal factor of vicariance is a
succession of climatic cycles, with alternate phases of glaciation and interglacia-
tion (see VanzoLint & WiLLLams, 1981: Fips. 1-6). Species, within the whole biota,
would expand in range during favorable climates and retract and fragment during
unfavorable phases. Refuge theory necessarily implics that the number ol descen-
dent specics of a group in a region would be a function of the number of climatic
cycles that have been cffective in generating (spatial and, later, reproductive)
isolation and of the number of refuges in that region.

Few authors working with refuge theory seem 1o have made any atlempt 1o
determine whait kind of climatic cycle, in terms of length and periodicity, would
affect evolutionof taxa in aregion. The peak of glaciation of about 18,000-12,000
v, (ASABER, 1974} is frequently cited as having generated divisions in a great
number of Neotropical groups. A less severe and more recent peak of glaciation,
about 2,600v.a., affecting areas at least at the sealevel, is also cited as being possibly
effective in generating divisions within some groups (VANZOLINI & AR'SABER,
1968; VanzoLng, 1973), There are few comments on the influence of earlier glacial
cycles.

Glaciation cycles are probably generated by distinct, nonexclusive, and inter-
acting  causes. Each causal lactor scems to have its own periodicity. There is
evidence of cycles of 400,000 (Swrra, 1974), 100,000 (FairprinGe, 19725 Mulls,
1983; PoLrarn, 1983; Swmrii, 1984; BoyD er al., 1984), and of about 10,(0K) vear
intervals (WHITE & Valastro, 1984; Devron & Hucies, 1984, ete), The extent of
the Qaternary period, during which there have occurred exceptionally intense
plobal climatic variations, is also a point of some disagreement . Most authors
indicate a period of 2 muy., although there are some more conservative (1 m.y.) or
more extreme opinions (7.5 m.y.; Zupakov & Borzenkova, 1983).

An estimate of the total number of climatic cycles that have affected the
biological history of any region depends on the length of the cyeles (Lime of
isolation) one accepts as sufficient 1o influence the history of the organisms, [fone
accepts short cycles as cfficient for generating differentiation (and reproductive
isolation}, a larger number of splitting events must have affected the history of the
proups. However, the lack of a definition for the kinds of cycles that affects the
history of groups makes it very difficult to estimate this variable in a simulation.
Ina simplistic calculation of the numbers of each kind of cvele, we would have, in
a period of, say, 2 m.y., 5 complete cycles of 400,000 vears, 20 complete cycles of
100,000 years, and about 200 cycles of 10,000 years,

It is evident that interactions among different causal and local factors imply
loss of regularity in the final pattern. However, this is simply irrelevant in the
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simulation, since what affects the final number of species in the region is the total
number of cycles which have occurred, not their regularity. So, the values pre-
scented below correspond only 1o possible minimum and maximum numbers of
cycles (respectively 3 and 200 that may have affected the history of groups in the
region, with an intermediary value.

The number of refuges is also a point of poor agreement among authors.
VanzoList & Wirniams (1970) have proposed four refuges for Amazonia, while
Brown (1977) proposed 38 refuges for whole tropical South America, there being
numerous other intermediate opinions. Different ecological requirements imply
that a refuge can be adequate for a group but not for others, 1o survive during
unfavorable phases. Thatis, the effective number of refuges can be higher or lower
depending on the group and the extreme values must be taken to fit all kinds of
groups in the simulations.

The simplest algorithm to caleulate the final number of potentially generated
species under a model of regular expansion and retraction is

(1) N = RE,

where M is the final number of species, R is the total number of efficient refuges,
and Cis the number of cycles that affected the history of the 1axa.

Table 1 includes the results obtained with 9 different simulations, in which
vitlues 0f 6, 15, and 40 have been assumed for R and values of 5, 20, and 200 have
been assumed for C.

Table L Total number of differemiated descendent species or subspecies that would be expected by a
reluge model toexist today, beginning with a single ancestral species inthe end of the Tertiary. Different
simulations were made, in which ditferent values are attributed for the number of cycles (£ and for
numberal refuges (1), The algorithm itsell does not take intoaccount processes thal would reduce the
lmal number of species

R 5 0 o
i TAx 0 ATxnts ' P
1% Téxld 130 15700
H Lo 1 INETIE Apd

The validity of tests of a theory depends on the correct choice of objects in the
realworld to be compared with the simulation results. In the present context, these
objects are groups that have some precise historical features: the taxon must be
monophyletic, endemic of a geographic region, and its (supposed) origin must

ave been earlier than the Quaternary, Some examples of taxa with these charac-
teristics, as may be inferred from their biogeography and/or paleontology, are
Rhynchosciara (Dipiera, Sciaridac), the Rhipidita group of Ditomyiidae (Diptera),
the Platyrrhini (Primates), and the Passalinac (Coleopiera, Passalidae).

Rhynchosciara, an exclusively Neotropical group, has its sister-group in Ma-
dagascar. The genus has 22 presently known species ( AMoriM, 1987). The Rhipi-
dita group has as its sister-group a circum-antarctic taxon; this group has 21 known
Neotropical species (Amorim, 1987). In both groups, the number of known species
is profoundly alfected by sampling crrors, because large areas in South America
have never been collected for these groups. They provide, however, at least an
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order of magnitude as a reference, The Passalinae, a group rather casy to collect
in Neotropical forests, has about 200 known species, and its sister-group is outside
the Neotropical region. Finally, in the Platyrrhini there are probably slightly less
than 250 valid names for species and subspecies in the Neotropical Region. The
sister-group of this taxon, the Catarrhini, is distributed mainly in the Afrotropical
and Oriental regions. The Platyrrhini are quite well collected and studied taxo-
nomically. Forthcoming work on primatology most probably will not modify the
order of magnitude of the number of known differentiated populations in the
taxon.

All these taxa have “Gondwanic types” ol distribution. Since they are suppos-
edly older than 2 m.y., we could use their present number of species as data to be
compared with the simulation results. The fact that these groups may have a
MNeotropical distribution due to a mid-Tertiary introduction by migration (a
hypothesis herein considered improbable), rather than toa Mesozoic, Gondwanic
origin, does not affect the line of reasoning developed here; in both cases they
would still have a pre-Quaternary origin,

The differences between predicted and actual data are in the best case of one
order of magnitude. This forces us o abandon the model or to modily 1ts algo-
rithm. This algorithm, in fact, was developed as a first step only to present the
general structureof the problem. [tdoes not include evolutionary processes which
reduce the number of potential species; “deleterious™  evolutionary processes
must now be included. The two most important processes in this category are
extinction and fusion between previously geographically isolated populations that
failed to differentiate,

[f fusion (or hybridization) between previously vicariated populations oceurs,
the last eycle would have produced little or no increase at all in the numerical
diversity of species in the arca. In the case of the refuge model, 1o justify the
reduction in the final number of species produced by the simulations with this
process would imply necessarily that shorter cyeles would have little or no
influence on the process. We do not necessarily need to modify the algorithm to
verily the influence of fusion between populations in the simulation: we can just
alter the values attributed 1o C, what limits the “acceptable” results of Table 1o
those of the left column.

Extinction, on the other hand, reduces the number of populations isolated in
the R refuges that would effectively penerale species in a vicariant event, A new
alporithm that includes this process can be given as follows:

(2) N = (RyRp) - (RprRpy) o (R-Rp ),

where N is the number of produced species, R, is the total number of refuges, and
By, 15 the number of refuges in which extinction ook place for the descent of a
group in the i-th of 7 cycles.

Although extinction may be a random process, we can admit that groups with
similar ecological features would not survive in certain refuges (e.pg., because the
refuges are too small) in any or most cycles. Consequently, it would be acceptable
1o admit a mean rate of extinction in cach cycle in relation 1o the total number of
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existing refuges. In this case, we can use the results of the first simulation, simply
reducing the values attributed to R, The effect of extinction can be visualized by
ignoring the lower lines in Table L.

The inclusion of the effects of fusion between populations and extinction in our
simulations leads to a curious result: It is still necessary to consider the results of
Table 1, in which the most conservative hypothesis indicates N = 7.8x10%, This is
30 times higher than the known number of Platyrrhini.

Some additional comments must be made for the results of the simulation.
First, it is necessary to consider that rejection of lines 2and 3 of Table [, to try 1o
adapt the model to the known data, requires a “model of extinction” within the
refuge model, However, in such an extension this implies a contradiction to a basic
assumption of the refuge model, namely that refuges arc supposed 1o be stable
arcas. Additionally, such a model assumes different ecological features and
consequent differential survivals forvarious groups, so that there would be at least
some groups in the biota with a higher number of species (e.g., line 2 of column 1
of Table I}, which certainly cannot be verified in any group.

Asaclarifying example, considerasimulation inan “extinction refuge model”
of 15 refuges on the continent, 5 cycles of 400,000 years in 2 m.y., and extinction in
11 of the 15 descendent populations at cach of the five cycles. A single ancestral
species at the beginning of the Quaternary would have about 2" descendent
species in the region. That number cannot be verificd. Additionally, such a
Quaternary history of the group would be very different from the original formu-
lation of the theory.

Acsecond pointis that the Platyrrhini are at least 30 m.y. old. Thatis, the group
has a history extending at least 28 m.y. before the Quaternary, if not since the
beginning of the Cretaceous. To accept the total number of species in the
Platyrrhini as adequate to compare with the simulations would imply accepting
that the ancestral species of the group had not subdivided during that whole
period. This is really an improbable hypothesis. If a group had a number of
divisions (d}) in its history through the Tertiary (i.c., during a period of 80 m.y. ), the
final number of species to be compared with Table I would be something between
250/d and 250024 (minuvs extinctions). This number, smaller than 250, puts the
refuge theory into a further jeopardy,

THE PRESENT PHASE OF THE CLIMATIC CYCLE AND KNOWN
GEOGRAPHIC DISTRIBUTIONS OF NEOTROPICAL SPECIES

Another approach to verily predictions of the refuge model is Lo analyse
congruence between present geographic distributions of species or differentiated
populations in many groups with those expected by the model,

Information about the distribution of taxa adequate [or such analysis may be
obtained , forexample, from Harrer’s (1978) study of avian groups in Amazonia.
His results (for similar data, sec HERSHEOWITZ, 1977; Brown, 1982; Kivzry, 1982;
Praxce, 1982, etc) show that most species have distributions centered in nucled,
considered by him as spatially congruent with the arcas ol past refugia. In other
words, itis possible to detect today existence of arcas of endemism in many groups,
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a trivial task for any taxonomist. There is information, on the other hand, that the
maximum level of rainfall in the present cycle of climatic fluctuation has already
been surpassed. We are now moving intoa phase ofincreasing aridity (FAIRBRIDGE,
1974; VanzoLin & Ramos, 1977; VanzoLing, 1982; RODRIGUES, 1984),

These two classes of data together disagree with the refuge theory, Should the
theory have been correct, at the beginning of the regressive phase of each cycle
forest species should have maximum distributions and be largely sympatric with
their sister-species, which later become subdivided when the forest retreats.
However, if information about the climate is correct, expansion of the population
distribution during the last favorable phase of the climate did not lead to sympatry
between previously vicariated populations. The retraction of the forest, conse-
guently, will not generate new descendent species from the carlier fractioned
ancestral species in most or all refuges.

This is certainly an inconsistency of the model, but one capable of immuniza-
tion from falsification. One could argue that the present decrease in rainfall (if the
information is true at ally may be part of a “short” cycle and, as we have
demonstrated above, it would not have much effect on the speciation process.

MEAN RATES OF MACROMOLECULAR EVOLUTION
AND DEGREE OF MODIFICATION OBSERVED IN PROTEINS
IN NEOTROPICAL GROUFPS

Another kind of pertinent information in this analysis has been furnished by
studies of macromolecular divergence in biological groups, Many different tech-
niques and methods have been developed to analyse differentiation in homolo-
gous macromolecules (for general views, see WiLson er al. 1977; Farms, 1985).
These analyses provide hypotheses of genealogical relationships among taxa and
include information about degree of modification found between them at cach
level. Using the premise that particular classes of proteins in certain groups have
relatively constant rates of evolution (WiLsow er al,, 1977), one may establish a
“molecular clock” for evolution, These data have been used in biogeographical
studies, since they furnish an approximation of absolute age of groups. Many
studies have been made on amphibians, particularly for Neotropical (Hever &
Maxson, 1982, 1983; Maxsox & Hever, 1982) and Australian groups (Maxson &
WiLsoN, 1975; Maxson ef af, 1979 Maxson & Maxson, 1979 DAUGHERTY &
Maxson, 1982; Barenpse, 1984; Maxson & Roperts, 1984; RoBerTs & Maxson,
1985). These papers are almost unanimous in concluding that most {insome cases
all) events of subdivision of monophyletic assemblages into species and groups of
species probably occurred during the Tertiary, rather than during the Quaternary
period.

Agpain, the conclusions can be immunized from falsification. The “molccular
clock™ is based on an assumplion of mean rates of evolution for some proteins,
which may be [alse. However, even if macromolecules do not present such regular
rates of modification, this would not necessarily [avor the refuge model. Errorsin
measurcments may have increased or decreased the actual ape of the groups
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analysed. As a mean rate, it deparis wo far from the rates expected by the refuge
model, Morcover, the “molecular clock™ has been calibrated apainsit fossils, which
give only minimum ages: the actual ages would tend to be still greater.

CONCLUSIONS

Atheory hasscientificstatus, following Porper's (1959) criterion, if hypotheses
can be deduced from the peneral theory and  tested against reality. The refuge
theory, interestingly, has the characteristics of a general theory from which
hypotheses can be deduced, although no defender of the refuge theory has ever
formalized it. On the other hand, accumulation of knowledge about coincidences
between refuge arcas and arcas of endemism does not furnish additional strength
to the theory, although this is frequently claimed by the proposers of the theory,
Repetition does not test the causality proposed by the model in any sense, but
rather conlirms the existence of an observed pattern.

Studies of the supposed “axioms” of the theory in the literature (although not
[ormally proposed) allows some formalization. The formalization proposed here
resulted in objective predictions about the number of descendent specics and the
spatial distribution of the species (or subspecies). Both showed very poor congru-
ence with actual data, and an additional source of information {macromolecular
data) also arpucs against the model,

This would be sufficient to falsify the theory when it proposes that climatic
fluctuation during the Quaternary is the causal factor for most of the speciation
events in the history ofsubdivisions of hiological groups, Climatic variation more
likely would have occurred during the Quaternary over a pre-established biogeo-
graphical pattern of distribution, promaoting only expansion and retraction of the
biota as a whole around each area of endemism originated during the Tertiary and
before,

ENDLER (1982a) has also proposed some predictions of the theory - especially
based on expected ccological behaviour of different groups or species of a group
in different refugia - that are not observed in available data. Mavr & O'Hara
(1986) tried 1o show that Endler’s data are too imprecise 1o allow some of his
conclusions. Also, the bird species analysed, the distributions of which would
supposedly dismiss the theory, are actually allopatric, “never having come into
secondary contact” (Mavr & O'"Hawa, 1986:55). However, this kind of pattern, as
we have scen, is one of the evidences against the refuge theory, although not
favoring ENDLER’S (19824, b) parapatric model {CRACRAFT & PRUM, 1988).

The generally observed coincidence between core areas of endemism and arcas
believed to be refugia should not be overlooked. An explanation for this fact may
be duc to aspects of relief. At least some of the breaks in the history of terrestrial
groups in South America have been demonstrated to be spatially and temporally
congruent with epicontinental sea formation during the Tertiary (Amori, 1987,
see Brooks er al, 1981, for aquatic groups). The sea introgressions covered lower
arcas, with terrestrial species occupying the vicariated higher terranes. These same
higher arcas would offer the adequate climatic conditions (especially pluviosity)
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for the survival of rain forests and the development of forest refuges during the
Quaternary. Tertiary areas of endemism that were not refuges during the Quater-
nary may have suffered sever or complete extinction. A “Tertiary model” of
divisions in the history of groups, still to be further developed, is compatible with
the three kinds of data presented above,

Obviously, objections can be proposed against the formalization above, since
one can consider that it does not represent the theory. However, the algorithms
presented are mathematical representations of the theory very similar to its
description in the literature. Actually, as showed by NELsox (1979), refuge theory
is vicariance applied to a specific situation in Quaternary. The algorithms pro-
posed can be applied 1o any case of vicariance, refuges being just one particular
case, The second algorithm, in fact, may be further improved (e.g., deducing a
number of refuges for the cases of fusions between populations at each cyele) and
astudy could be made to determine whether mean values of extinction are acoept-
ahle, However, the enormous differences between the predictions and the actual
data imply that the model cannot be sustained, at least not in the way it has been
presented. Certainly, a different formalization of the model may be proposed, but
toreject the algorithms as inadequate without asubstitute proposition - if possible
at all - would throw the discussion to a rhetorical level, placing the theory in the
realm of metaphysics (sensu Popper, 1959).
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Mote from the Editor. This paper received [rom different referees comments both decisively favoura-
bl and frontally against its publication. Thus, as the subject of the paper seems 1o be controversial, it
was decided: (17 1o publish it; (2) to open i the RBE a scction “Points of view” where comments on
the subject will be eventually published.
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