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METHODOLOGY

Phylogenetic correlograms and the evolution of body size in
South American owls (Strigiformes)

José Alexandre Felizola Diniz-FilhandCarlos Eduardo Ramos de Sant'’Ana

Abstract

During the last few years, many models have been proposed to link microevolutionary processes to macroevolutionanyfipeiterns, de
by comparative data analysis. Among these, Brownian motion and Ornstein-Uhlenbeck (O-U) processes have been used to moc
respectively, genetic drift or directional selection and stabilizing selection. These models produce different curveseovpaamie
between species against time since divergence, in such a way that different profiles appear in phylogenetic correlogadynsdWe an
variation in body length among 19 species of South American owls, by means of phylogenetic correlograms constructed tssing Moran
coefficient in four distance classes. Phylogeny among species was based on DNA hybridization. The observed correlogram was tt
compared with 500 correlograms obtained by simulations of Brownian motion and O-U over the same phylogeny, using discriminar
analysis. The observed correlogram indicates a phylogenetic gradient up to 45 mya, when coefficients tend to stalsilsmindat

the correlograms produced by the O-U process. This is expected when we consider that body size of organisms is comelayed with
ecological and life-history traits and subjected to many constraints that can be modeled by the O-U process, which thtobeen use
describe evolution under stabilizing selection.

INTRODUCTION On the other hand, evolution of complex polygenic
traits subject to multiple selective pressures (especially
In the last few years, considerable attention has beestabilizing selection) is better modeled by the Ornstein-
given to the analysis of quantitative trait evolution, espe-Uhlenbeck (O-U) process (Felsenstein, 1988; Martins,
cially in terms of linking microevolutionary processes 1994; Hansen and Martins, 1996). In this model, evolu-
(selection, drift, mutation) to macroevolutionary patterns, tionary changes are constrained by a constant force to-
evaluated using comparative data (Felsenstein, 1988; Marward a central point, and Vb is related to t by an exponen-
tins, 1994; Hansen and Martins, 1996). Among the manytial decrease, given by
statistical models that have been proposed to fit compara-
tive data, two have recently received more attention. The Vb =0%2a (1 -e*) +¢
first is Brownian motion, that has often been used to de-
scribe evolution by random genetic drift (Felsenstein, 1985 wherea? is the variance of evolutionary change under a sto-
1988; Lynch, 1990; Martins, 1994). In this model, change inchastic process arndis the restraining force of stabilizing
mean phenotype occurs at a constant rate and is non-direselection. One of the properties of the O-U process is that
tional. The relationship between pairwise interspecific vari- it “forgets” the past history (reducing the level of “phylo-

ance (Vb) and time since divergence (t) is given by genetic inertia”). This explains the exponential decrease
toward zero correlation between distantly related species
Vb=pt+¢ (Felsenstein, 1988).

Since these two processes produce different curves
wheref is the parameter (evolutionary rate) arid the of Vb in relation to t, they may be distinguished using phy-
error term. The linear relationship of Vb to t generated bylogenetic correlograms (Gittleman and Kot, 1990;
Brownian motion is also expected under other geneticGittlemanet al, 1996), that indicate how the similarity
models, including constant directional selection (althoughamong species changes with time of divergence between
B would be larger than expected by drift alone) and direc-them. Martins (1994) also proposed a procedure to fit
tional selection in fluctuating environments with a quick these two models to comparative data and estimate evolu-
phenotypic response (Hansen and Martins, 1996). tionary rates in quantitative traits, using Felsenstein’s
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(1985) phylogenetic independent contrasts method tdby Sibley and Ahlquist (1990), which was constructed us-
avoid the problem of heterocedasticity and independencéng DNA hybridization (Figure 1). Calibration of genetic

in regressing the covariance matrix among species on aistances was corrected for generation time, in such a way
phylogenetic distance matrix. that one unit of genetic distanf@&sH is equal to 4.3 my,

We analyzed patterns of body size evolution in somefor each branch length in the phylogeny. Since there is no
species of South American owls (Aves: Strigiformes) by detailed information about phylogenetic relationships be-
means of phylogenetic correlograms. Previous paperdween these species within genera, soft polytomies were
(Sant’Ana and Diniz-Filho, 1997; Diniz-Filho and Sant'/Ana, assumed when more than two species per genus were
1998) indicated strong phylogenetic autocorrelation infound, using the maximum within-genus genetic distance
body length, fitted by Cheverudét al. (1985) autore-  in the group (equal to 2.00, 81rix) as a conservative ref-
gressive model. The objective of the present study was t@rence level. Polytomies in each genus were limited to a
compare the observed phylogenetic correlogram (estimatmaximum of four species, in such a way that only part of
ing the relationship between Vb and t) with correlogramsthe total number of species found in South America were
constructed using simulated data of Brownian motion andanalyzed. However, since there is a high similarity of spe-
O-U processes running through the owl phylogeny, in ancies within genera of this group, especially for body length
attempt to evaluate possible evolutionary factors involved(elevated inertia at closest phylogenetic distances)

in body size differentiation among these species. (Sant’Ana and Diniz-Filho, 1997), this choice should not
affect this analysis qualitatively. In fact, a conservative
MATERIAL AND METHODS approach was used, and the two most different species in

body length within each genus were chosen to be included
Nineteen species of owls (Aves: Strigiformes) found in the analysis. Out of 11 genera of owls found in South
in South America were analyzed. Phylogenetic relation-America, 10 were included in the analysis. The only genus
ships among them were based on the phenogram provideeixcluded wa€iccaba which in fact has been considered
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Figure 1- Phylogeny based on Sibley and Ahlquist’s (1990) DNA hybridiza-
tion data and body lengths for the 19 species of owls analyzed here. Num-
bers indicate genetic distances, that can be converted into time (millions of
years) by multiplying values by 4.3.
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a synonym oStrix (Sibley and Monroe, 1990). See Diniz- ogy, 250 simulations were performed for each of the pro-
Filho and Sant’Ana (1998) for a more detailed descrip- cesses, with means and variances equal to the original
tion of the species analyzed and phylogenetic relationshipgraits, using the program PDAP, version 2.0 (Phenotypic
among them. For each species, body size data (total lengtt)iversity Analysis Program, Jones al, 1993). Each
were obtained from Dunning (1989) and Sick (1997).  simulation was then analyzed by calculating phylogenetic

Phylogenetic patterns in body size were analyzedcorrelograms, as described above, using the same distance
by a phylogenetic correlogram (Gittleman and Kot, 1990; classes used for the analysis of real data. These computa-
Gittlemanet al,, 1996), that expresses changes in rela-tions were performed with the program AUTOPHY, writ-
tive similarities between (pairs of) species as a functionten in basic language and available from the authors upon
of time. Moran’s | coefficients used in the correlograms request.

are given by Correlograms generated by the two processes were
compared using different approaches. Single classifica-
I=(M/S)Z ZW; (Yi -V -Y) 1 Zi (v - V) tion analyses of variance (ANOVA) (Sokal and Rohlf,

1995) were used to compare the mean Moran'’s | of each
where n is the number of species analyzed, y is the variclass, between the two processes (Brownian motion and
able analyzed (body length, in this case), Wij is the ele-O-U). A multivariate comparison (using all the classes si-
ment of connectivity matri¥V, which contains the pair- multaneously) was performed using a multivariate analy-
wise phylogenetic distances among species, and S is thsis of variance (MANOVA) and linear discriminant analy-
sum of connections in each distance class. Positive sigsis (Johnson and Wichern, 1992). This last procedure also
nificant coefficients in a given phylogenetic distance classpermitsa posterioriallocation of the observed correlo-
indicate that species are similar at that level, whereas negagram into one of the two groups, using Mahalanobis dis-
tive coefficients must be interpreted as dissimilarity at atances. Pearson correlations between Moran’s | and phylo-
given level. The value of Moran’s | under the null hypoth- genetic distance class (gradient correlations) were also cal-
esis of no phylogenetic effect is given by -1/(n-1). De- culated for each simulation, to evaluate the magnitude of
tailed procedures for computing the significance of eachthe phylogenetic gradients generated by the two processes.
coefficient are given by Sokal and Oden (1978a,b) and
Diniz-Filho (1999). For this study, Moran’s | coefficients RESULTS
were estimated in four time distance classes across the
phylogeny: 0-15, 15-30, 30-45 and 45-60 million years The correlogram of observed data (Figure 2) indi-
since divergence. cates a “phylogenetic gradient” up to 45 mya, when coef-

To obtain a general picture of how phylogenetic ficients stabilized and became nonsignificant at a 5% level.
correlograms reflect Brownian motion and O-U processesT his profile indicates that closely related species tend to
of phenotypic evolution through this specific tree topol- be similar (Moran’s | =0.532; P < 0.01), and that this simi-
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Figure 2 - Phylogenetic correlogram with four Moran’s | coefficients for body size in 19 species of South American owls.
Dashed line indicates the expected value under the null hypothesis of no autocorrelation.
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Figure 3 - Phylogenetic correlograms obtained by simulations of Brownian motion (A) and Ornstein-Uhlenbeck (O-U) (B)
processes, on the phylogeny of 19 species of South American owls. Dashed lines indicate the expected value under the null
hypothesis of no autocorrelation, and full lines indicate the average correlograms.

larity decreases with time. However, in the last distance5% level in 37% of the simulations), and distantly related
class (45-60 mya), Moran'’s | coefficient was not signifi- species tended to be dissimilar (significant Moran’s | in
cant at the 5% level; consequently, more distantly related35% of the simulations). On the other hand, the correlo-
species are not necessarily the most dissimilar. grams generated by simulating the O-U process had simi-
The correlograms obtained in simulations are simi- lar results for the smallest distance class (significant
lar to the real one, but differ for the two processes ana-Moran’s | in 39.5% of the simulations), but differed con-
lyzed. An average continuous “phylogenetic gradient” ap-siderably in the last one (Figure 3b). In the average O-U
pears for the Brownian motion (Figure 3A), with signifi- profile closely related species were also similar, but the
cant values of Moran’s | in the first and last distance phenotypes became independent after the second distance
classes, and different signals. There was a monotonic dezlass. The coefficients in the last distance class were sig-
crease of coefficients in relation to phylogenetic distancenificant in few simulations (18%), in fact indicating that
in the average correlogram. As expected, closely relatedlistantly related species tend to be independent.
species tended to be similar (significant Moran’s | at the Indeed, ANOVA indicated that the correlograms gen-
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erated by the two processes were similar, but differed inlization in the decrease of the Moran’s | coefficient in the
the last phylogenetic distance class, and only the meankst distance classes. The correlation between Moran’s |
of the Moran’s | in this class were different (F = 25.339; and phylogenetic distance class in the real correlogram
P < 0.01). The multivariate comparison of correlogramswas equal to -0.671. Using the distribution of correla-
supported the overall similarity, and that derived from tions of Figure 4 it was possible to estimate the probabili-
MANOVA was equal to 0.932 (close to 1.0). However, the ty that a given gradient correlation (say, the observed val-
F-value associated with Wilks’ lambda was 7.194, signifi- ue of -0.671) appears in one of the two processes. For the
cant at P <0.01. The inspection of the discriminant score®Brownian motion correlogram, the probability that a cor-
permits a visual evaluation of multivariate similarity be- relogram possesses a gradient with-0.671 is 0.625.
tween correlograms of the two processes (Figure 4).  The probability of finding a correlogram with such a gra-
Although the correlograms generated by the two pro-dient correlation among the O-U correlograms is 0.38.
cesses were significantly different according to univariateThis indicates that the correlations in the Brownian mo-
and multivariate procedures, their overall similarity implies tion correlograms are more frequently smaller (indicat-
a relatively low inferential power. The observed Moran’s | ing stronger gradients) than the observed value, when com-
coefficients of body length in each distance class werepared with the correlations of the O-U correlograms. In
within the 95% confidence interval obtained by simulations fact, according to Figure 4, the observed correlation of -
of the two processes. After discriminant analysis, it was0.671 is a typical value in the distribution of correlations
possible to use Mahalanobis distances to allocate the obsf O-U correlograms. So, once again, this gradient corre-
served correlogram to one of the two groups. The prob-ation analysis supports the conclusion that the overall
ability of allocation of the observed correlogram into the shape of the observed correlogram was more similar to
group of O-U correlograms (P = 0.537) is slightly larger the O-U than to the Brownian motion correlograms.
than the probability of allocating it with correlograms gen-

erated by Brownian motion (P = 0.463). The similarity of DISCUSSION
these probability values also reflects the similarity of the
correlograms generated by the two processes. The comparison of the phylogenetic correlogram of

Another analysis used to distinguish the two pro- body length for the South American owls with corre-
cesses was to compare the Pearson correlation betwedagrams obtained by simulations of two stochastic pro-
Moran’s | and phylogenetic distance (gradient correlations)cesses suggests that the data are better explained by an O-
(Figure 5). The median correlation for correlograms gen-U process, which have been used to model effects of sta-
erated by Brownian motion was equal to -0.733, which wasbilizing selection (Felsenstein, 1988; Martins, 1994;
significantly lower than the median of the correlation of Hansen and Martins, 1996). Although pure statistical sto-
the correlograms generated by the O-U process (-0.626¢hastic processes such as Brownian motion and O-U pro-
(Mann-Whitney testy 2=24.71, 1 d.f., R 0.001). The  cess are not expected to model in detail all genetic fac-
lower median of O-U correlograms is caused by the stabitors responsible for phenotypic variation in a complex trait
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Figure 4 - Discriminant scores of the correlograms generated by simulations of Brownian motion (BRW) and O-U process of
phenotypic evolution. The position of the score of the observed correlogram for the 19 species of South American owls is shown.
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such as body size (which explains the large residuals of Phylogenetic correlograms have been used, since
discriminant analysis - Figure 4), they can give afirst in- Gittleman and Kot’s (1990) paper, as a method for detect-
dication of the general evolutionary patterns and processemg phylogenetic patterns in data (the diagnosis approach,
involved at very large time scales (Martins, 1994). in the sense of Gittleman and Luh, 1992). However, the

Brownian motion has usually been interpreted as antheoretical paper of Hansen and Martins (1996) indicates
expression of genetic drift, although higher evolutionary that they can also be used as an inferential tool, at least
rates than expected by pure neutral divergence can alsfor distinguishing simple processes, including the two dis-
indicate constant directional selection (Hansen and Mar-cussed in this work (Brownian motion and O-U process).
tins, 1996). When considering the nature of the characteirhe general idea (Figure 6) is that Brownian motion pro-
analyzed and the large time scales in data, both processelsices a monotonic decrease in Moran'’s | coefficients with
are in fact unlikely to explain phenotypic variation. Body increasing phylogenetic distance classes. When stabiliz-
size is one of the most important characteristics of theing selection, as modeled by the O-U process, is involved,
organisms, being correlated with many other ecological,it curves the correlogram, reducing the phylogenetic dis-
physiological and life-history traits, such as geographictance at which the line cuts the expected value of | under
range size, population density, home range, prey sizethe null hypothesis (absence of autocorrelation). This ef-
growth and metabolic rates, age at sexual maturity, numfect may increase up to the level that history can be “for-
ber of offspring, among others (Peters, 1983; La Barberagotten” and no phylogenetic pattern can be detected in data,
1989; Brown, 1995). So, it would be improbable that, ateven among very closely related species. These curved
these very large time scales, it evolves by simple genetiprofiles were in fact obtained in the simulations, reflect-
drift, or under unidirectional constant selective pressure.ing in higher correlation (weaker gradients) between
On the other hand, even at small time scales, stabilizingMloran’s | and phylogenetic distance classes than observed
selection is usually involved in body size variation among for Brownian motion. The most difficult inferential as-
species (Lynch, 1990; Spicer, 1993), which can be expectin the correlogram analysis should be to distinguish
plained by the many structural, ontogenetic and physiologi-between evolutionary processes that can be modeled by
cal constraints involved in local adaptation after specia-Brownian motion (constant directional selection versus ran-
tion events. These constraints imply that closely relateddom drift) (Hansen and Martins, 1996). Further investiga-
species are similar (phylogenetic inertia), but adaptationgion of this topic is necessary, but there is a possibility that
to different environments tend to produce independentthe increasing rate of evolution, associated with selection,
variation after those constraints have become inoperativenay produce higher slopes in the correlogram. Another
(Cheverudet al, 1985; Schluter, 1996). So, long-term possibility, following the inferential procedures in spatial
evolution under stabilizing selection is in fact a plausible autocorrelation, is that multivariate (or multivariable)
explanation for the patterns observed in the correlogramsnalysis can be useful to distinguish between different
of body size. processes (Sokal and Jacquez, 1991).
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Figure 5 - Distribution of gradient correlations (Pearson correlations between Moran’s | and phylogenetic distance) in
the correlograms of simulated evolution generated by Brownian motion and O-U process.
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Figure 6 - Theoretical correlograms showing how increasing levels of stabilizing selection (in O-U process) distorts the monotonic
correlogram that is expected under a Brownian motion. Curved dashed lines indicate different levels of stabilizing selection.

Other methods have been proposed to distinguish benretic comparative methods and critical suggestions to the original
tween Brownian motion and O-U processes, but their ap-manuscript. Our research program in quantitative ecology and
plication in this study would be difficult, because of limi- Population biology has been continuously supported by the
tations in the data set. The approach by Martins (1994)Conselho Nacional de Dgsenvolwmento_ C|entif|coeTecno_IOg|co
fits the two models to phylogenetically independent con- (CNPa) and Coordenagdo para Aperfeigoamento do Ensino Su-
trasts between species against time, to avoid the problerﬁerIOIr (CAPES).
of independence. However, the phylogeny used as a basis
for this study possesses polytomies within genera, that
could produce undesirable effects on model fitting pro- Nos dltimos anos diversos modelos tém sido propostos a
cedures. On the other hand, methods based on testing eveim de realizar inferéncias sobre processos microevolutivos com
lutionary rates, assuming different genetic processes, suchase em padrées macroevolutivos obtidos a partir de dados
as proposed by Lynch (1990), Turedlial. (1988) and  comparativos. Dentre esses, 0 movimento Browniano e o processo
Spicer (1993), need to compare within and among spe©Ornstein-Uhlenbeck (O-U) tém sido utilizados para modelar
cies variances. However, the within species variability is Principalmente deriva genética e selecéo estabilizadora, respec-
not available for the species analyzed here. tivamente. Esses modelos produzem curvas diferentes de relacéo

Although correlograms generated by the two processe§ntre variancia mtgrgspgqﬁca e disténcia no tempo, de modo que
are statistically different according to all analyses, their highezles podem ser distingtiidos com base em correlogramas filo-

| similarity imolies i latively low inf tial genéticos. Neste trabalho, nés analisamos a variagao interes-
overall similarity Implies in a relatively low inferential power, pecifica no tamanho do corpo de 19 espécies de corujas (Strigi-

in terms of predicting the process of origin for a given tormes) sul-americanas através de correlogramas filogenéticos,
correlogram. A better classificatory ability than obtained in construidos utilizando indices | de Moran em quatro classes de
this paper would be achieved by increasing the number oflistancia. A filogenia entre as espécies foi definida com base em
distance classes, but this also needs a larger number of spgados de hibridizacdo de DNA. O correlograma observado foi

cies and a fully resolved phylogeny among them. Nevertheentéo comparado a 500 correlogramas obtidos através de simu-
less, comparison between observed and simulated corrdacoes de evolugdo por movimento Browniano e pelo processo

lograms can be an initial indicator of how complex data can©-U, sobre essa mesma filogenia. Esses correlogramas foram

be fitted to general statistical models and permit an initial OmParados entre si utilizando analises de variancia (ANOVA e
understanding of the variability in a quantitative trait of a MANOVA) e atraves das correlagdes entre os indices | de Moran

f . bei ful hen full | de as classes de distancia filogenética. O correlograma observado
group ot organisms, being usetul even when ully reSOIVe iy ic4 5 existéncia de um gradiente filogenético de variacéo até

phylogenies and within species variability are not available.cerca de 45 milhdes de anos, quando os indices se estabilizam, e
€ similar aos correlogramas obtidos através do processo O-U,
ACKNOWLEDGMENTS considerando tanto a correlacéo do gradiente quanto a sua alo-
cacao aos dois grupos de processos através de analise discrimi-
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I6gicos e de histéria de vida, que produzem muitas restriges q
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uéones, J.A., Dickerman, A.WandGarland, T. (1993).PDAP: Phenotypic

podem de fato ser modeladas por um processo O_U expressando DlVerSlty AnaIySIS PrOgranUniVerSity of WiSCOnSin, Madison (D|S'

selecdo estabilizadora.
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