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       Species that survive rapid climate change are predicted to 
do so by moving, acclimating, or adapting to local conditions, 
each response dependent on coadjustments in an array of biotic 
and abiotic interactors. In plants, adaptation to abiotic change is 
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  •  Premise of the study:  Trait integration may improve prediction of species and lineage responses to future climate change more 
than individual traits alone, particularly when analyses incorporate effects of phylogenetic relationships. The South African 
genus  Pelargonium  contains divergent major clades that have radiated along the same seasonal aridity gradient, presenting the 
opportunity to ask whether patterns of evolution in mean leaf trait values are achieved through the same set of coordinated 
changes among traits in each clade. 

 •  Methods:  Seven leaf traits were measured on fi eld-collected leaves from one-third of the species (98) of the genus. Trait rela-
tionships were examined using phylogenetic regression within major clades. Disparity analysis determined whether the course 
of trait evolution paralleled historical climate change events. 

 •  Key results:  Divergence in mean trait values between sister clades A1 and A2 was consistent with expectations for leaves dif-
fering in longevity, despite strong similarity between clades in trait interactions. No traits in either clade exhibited signifi cant 
relationships with multivariate climate axes, with one exception. Species in clades C and A2 included in this study occupied 
similar environments. These clades had similar values of individual trait means, except for  δ  13 C, but they exhibited distinctive 
patterns of trait integration. 

 •  Conclusions:  Differing present-day patterns of trait integration are consistent with interpretations of adaptive responses to the 
prevailing climate at the time of each clade’s origin. These differing patterns of integration are likely to exert strong effects on 
clade-level responses to future climate change in the winter rainfall region of South Africa.  

  Key words:  climate; Greater Cape Floristic Region; Cape Floristic Region; functional traits; Geraniaceae; leaves;  Pelargon-
ium ; phylogenetic regression; trait integration. 

mediated through changes in individual functional traits and by 
interactions among them (e.g.,  Ackerly et al., 2000 ;  Ackerly, 
2004a ). At present, considerable research efforts are directed 
toward incorporating plant functional traits into climate projec-
tion models to infer impacts of climate change at community 
and larger scales (e.g.,  Webb et al., 2010 ;  Wellstein et al., 2011 ; 
 Van Bodegom et al., 2012 ). Focal leaf functional traits are 
likely to be those easily measured on large numbers of plants, 
for example, leaf mass/area (LMA; or its inverse, specifi c leaf 
area [SLA]). LMA has been shown to be one of a suite of traits 
(often referred to as the leaf economic spectrum;  Wright et al., 
2004 ) that identify major axes of leaf ecological strategies 
( Reich et al., 1997 ;  Westoby et al., 2002 ;  Ackerly, 2004b ; 
 Reich et al., 2007 ;  Curtis and Ackerly, 2008 ). Community 
means of traits such as LMA show correlations with climate 
variables (e.g., mean annual precipitation), but trait–environment 
correlations tend to be much weaker than trait–trait correlations 
( Wright et al., 2004 ;  Edwards, 2006 ;  Ordonez et al., 2009 ; 
 Poorter et al., 2009 ). In fact, the leaf economic spectrum identi-
fi es relationships among leaf traits that apply both within and 
across biomes. The presence of multiple leaf ecological strategies 
within most communities accounts for the lower correlation 



1307July 2013] JONES ET AL.—LEAF TRAIT INTEGRATION IN  PELARGONIUM 

We focus on seven leaf traits. Two are of widespread impor-
tance and were included in analyses by  Wright et al. (2004)  that 
defi ned the leaf economic spectrum (LMA and %N), while the 
other traits are known from the ecological literature to be im-
portant to plant function (leaf size [LS], functional leaf size 
[FLS], succulence [%H 2 O], C/N ratio and  δ  13 C;  Table 1 ).  

 Among the three major clades of  Pelargonium  identifi ed 
by molecular phylogenetic analyses (A, B, C) ( Bakker et al., 
2000 ,  2004 ), two comprise primarily perennials (clades A and C; 
 Fig. 2 ),  while the third clade, B, comprises mostly annuals. We 
restricted our study of leaf traits to perennial species in clade C 
and in clade A (which comprises two clades, clades A1 and A2; 
 Fig. 2 ) that occur in the arid northwest and range to the wetter 
fynbos in the southwest as well as eastward toward the summer 
rainfall region ( Fig. 3 ); species of clades A1, A2 and C often 
co-occur in the same sites. The presence of species from all 
three clades in the GCFR allows us to determine whether these 
clades have diverged in responses to the same or similar climate 
gradients present during the last 20 million years when the 
radiation of extant species occurred ( Bakker et al., 2005 ; 
 Verboom et al., 2009 ). 

 We ask whether patterns of trait integration tell the same 
story of adaptation to climate as do trait means in each of the 
three clades. Do clades A1, A2, and C differ in mean trait val-
ues, and are the values within clades consistent with interpreta-
tions of adaptation to environment? Do these clades show 
similar patterns of trait integration? Similar responses to climate 
gradients in each clade’s leaf trait means and integration pat-
terns would suggest that ecological responses to environment 
(fi ltering) have shaped interactions among functional traits ir-
respective of evolutionary history. If phylogeny and historical 
factors have strongly shaped evolutionary paths within lineages, 
clades A1, A2, and C should exhibit distinct patterns of trait 
covariation refl ecting divergent ecological strategies. These diver-
gent strategies ultimately could result in different responses to 
future shifts in climate even if these clades show current simi-
larity in mean trait values (and currently coexist in the same 
biogeographic regions). Such a result would indicate that incor-
poration of evolutionary history of functional trait constella-
tions would have considerably higher predictive value for lineage 
and species-level climate projections than individual functional 
traits and current species distributions. Finally, we examined 
morphological and physiological trait disparity, a measure of 
trait differentiation among and within clades at different time 
slices, to determine whether trait conservatism/lability patterns 
through time are consistent with differences in historical cli-
mate regimes ( Harmon et al., 2003 ). 

 MATERIALS AND METHODS 

 Pelargonium —   The fi rst divergence in  Pelargonium  occurred roughly 
30 million years ago (Ma) and involved a split between the large and small 
chromosome clades (clade C vs. clade A+B) ( Fig. 2 ) ( Bakker et al., 2004 , 
 2005 ). The large chromosome clade C contains 55 species (20% of extant 
species) and is most diverse and prevalent in the eastern, summer rainfall region 
of South Africa, although several species in this clade (i.e., those included in 
this study) occur in the winter rainfall region of western South Africa ( Fig. 3 ).  
Species in clade C exhibit a range of growth forms from woody shrubs to 
semisucculent, herbaceous perennials as well as a few annuals ( Figs. 1, 2 ). 
Clade A is informally known as the “winter rainfall clade” because, with the 
exception of a few species well nested within the clade that occur in the summer 
rainfall region, its distribution is primarily restricted to the winter rainfall re-
gion. This clade originated around 22 Ma and contains 60% of the total species 
in the genus. Within this clade, a xerophytic clade (A2) has radiated strongly 

between climate variables and individual traits. It follows that 
the power of models to predict plant responses to climate 
changes will be likely to increase signifi cantly if  relationships 
among functional traits  are incorporated, particularly when 
predicting responses at the level of individual species and 
lineages. 

 All traits and their interrelationships are infl uenced by the 
tension between historical contingencies (traits present in a 
clade are shaped by previous selective regimes and genetic 
covariance patterns) and current selective pressures. While it 
is generally assumed that high levels of trait integration and 
genetic covariance limit the potential for individual traits to 
respond to environmental parameters (but see also  Pigliucci, 
2003 ;  Conner, 2012 ;  Murren, 2012 ), modifi cation of trait integr-
ation patterns can also lead to increased independent evolution 
of traits ( Liem, 1973 ;  Hulsey et al., 2006 ), promoting occupa-
tion of new niches or morphospaces ( Vermeij, 1973 ) and, in 
some cases, increased diversifi cation ( Liem, 1973 ;  Kolbe et al., 
2011 ;  Murren, 2012 ). 

 Many studies explicitly examining functional trait values in 
the context of phylogeny have found strong effects of evolution-
ary history ( Ackerly, 2004b ;  Pittermann et al., 2012 ), resulting 
from natural selection on mean trait values and their plastici-
ties, and from genetic constraints ( Schlichting and Pigliucci, 
1998 ;  Donovan et al., 2011 ;  Conner, 2012 ). In some lineages, 
however, traits related to adaptive responses have been shown 
to be evolutionarily labile ( Cavender-Bares et al., 2004 ;  Dunbar-Co 
et al., 2009 ;  Savage and Cavender-Bares, 2012 ). The relative 
strength of evolutionary conservatism in trait interactions 
clearly varies across lineages, and when evolutionary effects 
are strong, models predicting responses of lineages and spe-
cies to future climate change should incorporate not only mul-
tiple traits, but phylogenetic effects on interactions among traits 
as well. 

 In this paper, we explore patterns of relationships among 
functional leaf traits as an indication of leaf trait integration in 
the context of phylogenetic history and trait conservatism in the 
morphologically diverse South African genus  Pelargonium  
L’Hér. (Geraniaceae). We also ask whether patterns of trait 
divergence within lineages are consistent with adaptation to 
historical climate regimes.  Pelargonium  presents a compelling 
case for such an investigation for several reasons. The genus is 
one of the 30 or so lineages in the Cape Floristic Region (CFR) 
that contribute signifi cantly to the extensive species diversity 
( Linder and Hardy, 2004 ) in this biodiversity hotspot threatened 
by human alteration of the landscape and climate change ( Myers 
et al., 2000 ;  Balmford, 2003 ;  Hannah et al., 2005 ;  Midgley and 
Thuiller, 2007 ).  Pelargonium  is also well represented in the 
Succulent Karoo Region (SK) and is one of several clades that 
contributed to recognition of the Greater Cape Floristic Region 
(GCFR), an area that includes the winter rainfall region, i.e., the 
CFR plus the SK and Hantam-Tanqua-Roggeveld Region ( Born 
et al., 2006 ). Climate change models for GCFR project a 
warmer, drier future with increased frequency and intensity of 
drought ( Hoffman et al., 2009 ,  2011 ). 

  Pelargonium  is morphologically diverse in leaf traits and 
growth forms ( Fig. 1 ).  Taxonomic sections within the genus can 
be recognized by their growth forms ( Jones and Price, 1996 ; 
 Bakker et al., 1999 ), but the extent of leaf dissection, and there-
fore functional leaf size (essentially leaf width), is to some 
extent evolutionarily labile within each growth form and sec-
tion ( Jones et al., 2009 ), suggesting that leaf traits may repre-
sent an axis of ecological variation independent of growth form. 
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 Fig. 1. Growth form and leaf form variation in  Pelargonium . (A–C) Clade C species. (A)  P. antidysentericum , whole shrub. (B)  P. antidysentericum , 
leaf. (C)  P. alchemilloides , herbaceous perennial. (D–F) Clade A1 species. (D)  P. cucullatum , shrub. (E)  P. citronellum , shrub. (F)  P. ovale , tufted subshrub. 
(G–J) Clade A2 species. (G)  P. crithmifolium , stem succulent shrub. (H)  P. crithmifolium , leaf. (I)  P. oblongatum , geophyte. (J)  P. rapaceum , geophyte.   
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size (FLS) was measured as the diameter of the largest circle that could be in-
scribed within the margins of a leaf using photographs of fl attened fresh leaves. 
Image analysis was performed using ImageJ (U. S. National Institutes of Health, 
Bethesda, Maryland, USA, http://rsbweb.nih.gov/ij) or Photoshop (Adobe, San 
Jose, California, USA). Leaf %H 2 O was measured as the proportion of satu-
rated wet weight relative to total mass ([wet mass − dry mass]/ wet mass). 

 For isotope and elemental analysis, we collected two to four leaves per pop-
ulation from the same plants measured for leaf traits in 2003, 2008, and 2010 
(63 species). Individual leaf samples were oven dried for 1–3 d. The percentage 
of dry mass of elemental carbon and nitrogen were determined when  13 C :  12 C 
ratios were analyzed, either at the Cornell University Stable Isotope Laboratory 
(http://www.cobsil.com/) or at the University of Cape Town, South Africa 
(http://web.uct.ac.za/depts/age/isotope.htm). Results of the stable isotope analy-
sis were expressed as  δ  13 C (‰) values. 

 Climate variables —   Eleven climate variables were selected based on their 
potential effect on plant performance and geographic distribution: eight sea-
sonal precipitation variables (seasonal monthly means and variation within sea-
sons, calculated as the coeffi cient of variation for each month, averaged over 
season [CV]), two temperature variables (mean summer temperature [T] and 
accumulated winter chill units), and an estimate of growing season length (for 
defi nition of variables see online Appendix S2). Values of climate variables for 
the collection sites were obtained from the South African Atlas of Climatology 
and Agrohydrology ( Schulze, 2007 ). These GIS climate layers have a spatial 
resolution of 1 min. Because climate variables tend to be highly correlated with 
each other, we used principal components to reduce the dimensionality of the 
eight seasonal precipitation variables to axes that describe general patterns. 
The fi rst precipitation principal component axis (PCA1pp) explains 66% of the 
variation among variables; variables with high loadings on this axis are mean 
rainfall in fall and spring and variation in rainfall in these seasons. Higher val-
ues of PCA1pp correspond to lower values of rainfall and higher coeffi cients of 
variation. The second principal component (PCA2pp) explains 20% of the total 
variation and primarily describes seasonality. Higher values of PCA2pp corre-
spond to higher winter rainfall means with lower variation in conjunction with 
lower summer rainfall. The two temperature variables were combined to yield 
a fi rst PCA that describes 92% of the variation in these variables. For details of 
PCAs, see online Appendix S3. 

 Statistical analyses —   To determine whether clades differed in leaf traits and 
climate, we conducted an analysis of variance on traits and climate variables for 
all species collected in clades A1, A2, and C, comparing mean values among 
clades (online Appendix S4). 

(130+ species) in the GCFR ( Figs. 2, 3 ) ( Bakker et al., 2005 ). This xerophytic 
clade contains a range of drought-adapted growth forms varying from geo-
phytes to stem-succulent subshrubs ( Fig. 1 ); leaves are described as drought 
deciduous, but specifi c phenological patterns are unknown. The sister clade, 
clade A1 (45 species), includes the woody, largely evergreen shrubs of section 
 Pelargonium  and the small, slightly woody semideciduous subshrubs of section 
 Campylia  ( Figs. 1, 2  ) ; both sections are distributed in the CFR ( Fig. 3 ). The age 
of the fynbos clade A1 is uncertain ( Bakker et al., 2005 ). 

 Data collection —   Leaves were collected during the austral winter growing 
season (June–August) of 2003, 2007, 2008, and 2010. Most collection sites 
were within the boundaries of the winter rainfall region in western-northwest-
ern South Africa although a few were in regions with year-round precipitation 
(the southeastern/southern central region;  Fig. 3 ). Species from the xero-
phytic clade (A2) and large chromosome clade (C) were present throughout 
the sampled region; the evergreen shrub clade (A1) was not present at either 
the northern or eastern extremes of the sampled area ( Fig. 3 ). Sites varied from 
78 to 1300 mm in mean annual precipitation (MAP). Species from sites with 
lower MAP were collected from the northwestern, winter rainfall region of 
Namaqualand (e.g.,  Pelargonium klinghardtense  Knuth,  P. sericifolium  J.J.A. 
van der Walt, and  P. spinosum  Willd.) or the easternmost sites [e.g.,  P. laxum  
(Sweet) G. Don]. In sites with higher MAP, precipitation is concentrated in 
winter months. 

 Leaf trait values were obtained for 103 species but because our focus was on 
the perennial species (Appendix S1; see Supplemental Data with the online 
version of this article), fi ve clade B species were excluded; 43 taxa were sam-
pled once—14 of these were not identifi ed to species level or have not been 
formally described. Although variation in traits and climate will not be fully 
portrayed for species represented by single populations, we do not expect single-
population species to contribute large bias since most  Pelargonium  species have 
small geographic ranges. Species means of the other 55 species are based on at 
least two populations, with up to nine for widely distributed species. 

 Leaf trait measurements —   For each species, we measured leaf traits on one 
recently expanded leaf from each of fi ve to eight individuals per population. At 
the time of leaf collection, petioles were wrapped in damp paper towels or in-
serted into damp fl orist foam and then placed in a cooler to saturate for at least 
6 h before measurement ( Garnier et al., 2001 ). Lamina area (here referred to as 
leaf size, LS) was determined with a leaf area meter (LiCor-3000A, Lincoln, 
Nebraska, USA) or by analysis of digital photographs of hydrated fresh, fl at-
tened leaves, and dry mass was measured after oven drying the samples; LMA 
was calculated as the ratio of lamina dry mass to area (g·cm −2 ). Functional leaf 

  TABLE  1. Measured leaf traits and their general signifi cance. 

Trait General signifi cance References

LMA (leaf mass per unit area, g·cm −2 ) Positively correlated with leaf longevity and negatively 
with relative growth rate and maximum photosynthetic 
rate on a mass basis; inverse of specifi c leaf area (SLA)

 Field and Mooney, 1983 ;  Lambers and 
Poorter, 1992 ;  Cornelissen et al., 1996 ; 
 Reich et al., 1997 ;  Reich et al., 2003 ;
  Wright et al., 2004 

% N (percent leaf N, dry mass) Main determinant of the biochemical capacity of 
photosynthesis; across ecosystems, %N is 
positively correlated with A max 

 Field and Mooney, 1986 ;  Wright et al., 2004 

LS (Lamina size, cm 2 ) Small leaves are found in environments with high light and 
low temperatures, or high temperatures with low water and 
low nutrient availability; smaller leaves have higher major 
vein density and are less vulnerable to hydraulic failure

 Givnish, 1987 ;  Scoffoni et al., 2011 ; 
 Sack et al., 2012 

FLS (functional leaf size, cm) Often measured as leaf width; determines thickness of the 
boundary layer and can have strong effects on leaf 
hydraulic effi ciency

 Parkhurst and Loucks, 1972 ;  Givnish, 1979 ; 
 Nicotra et al., 2011 

%H 2 O Proxy for succulence, a component of a 
drought tolerance strategy

 Brouillette et al., 2006 ;  Donovan et al., 2009 ; 
 Ogburn and Edwards, 2012 

 δ   13 C Indicates integrated water use effi ciency (WUE); a less 
negative delta value indicates lower discrimination 
against naturally occurring C 13 , and thus higher WUE

 Farquhar et al., 1982 ;  Farquhar et al., 1989 ; 
 Comstock and Ehleringer, 1992 ; 
 Ehleringer, 1993a ,  b ;  Stewart et al., 1995 ; 
 Panek and Waring, 1997 ;  Donovan et al., 2007 

C/N ratio (dry mass) Refl ects water availability during leaf synthesis; indicate 
integrated nitrogen use effi ciency; C/N ratios are 
negatively correlated with photosynthetic rates 
and plant nutrient status

 Lambers et al., 1998 ;  Hartman and 
Danin, 2010 ;  Yang et al., 2011 
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squares regression, which assumes that all species are independent of each 
other, except that it incorporates the hierarchical structure among species re-
fl ected in their phylogenetic relationships (i.e., pGLS accounts for phyloge-
netic autocorrelation that would lead closely related species to have similar trait 
values). For each clade, we used the best correlation structure given its more 
likely model of evolution (OU or BM). This procedure allows branch length 
transformations using the optimum value of Pagel’s  λ  parameter ( Pagel, 
1999 ) so the model of trait evolution best fi ts the data. These analyses were 
performed using the R packages ape ( Paradis et al., 2004 ) and nlme ( Pinheiro 
et al., 2009 ). Fifty-seven species of the 98 were present in the phylogeny 
(19 from clade A1, 20 from A2, 18 from C). Our phylogenetic hypothesis is 
based on four markers, cpDNA  trnL-F , nrDNA ITS, mtDNA  nad1  b/c exons 

 To examine trait integration and potential for adaptation, we regressed leaf 
traits with each other and with climate. Before performing the regression analy-
sis, we assessed the likelihood of the measured traits diverging in each clade 
under Brownian motion (BM) vs. Ornstein-Uhlenbeck (OU) models of evolu-
tion ( Hansen, 1997 ). Brownian motion assumes a random walk through trait 
space, whereas the OU model assumes that in addition, an attractive force (nat-
ural selection) pulls trait values toward an optima. The best fi tting model (online 
Appendix S5) was selected using the sample-size corrected Akaike information 
criterion (AICc). This procedure was carried out using the R package GEIGER 
( Harmon et al., 2008 ). After this procedure, we performed phylogenetic least-
squares regressions (pGLS) among traits and between traits and climate 
variables. Phylogenetic least-squares regression is similar to an ordinary least 

 Fig. 2. Phylogenetic hypothesis used in analyses of phylogenetic signal, phylogenetic regression, and disparity. This phylogeny is pruned from 
the 50% majority rule Bayesian inference analysis from  Jones et al. (2009) . Growth form characteristics and distributions are summarized for clades 
A1, A2, and C.   
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 Fig. 3. Maps of winter and summer rainfall, clade distributions, and sampled  Pelargonium  populations from those clades. (A) Map of monthly precipita-
tion averaged over June, July, and August. (B) Map of monthly summer precipitation, averaged over December, January, and February. (C) Distribution of clade 
A1 species derived from the Acocks and PRECIS data bases (black dots) (see  Martínez-Cabrera et al., 2012  for details) with locations of collections of clade 
A1 species included in this study (red dots). (D) Distribution of clade A2 species (black dots) with locations of collections of clade A2 species included in this 
study (green dots). (E) Distribution of clade C species (black dots) with locations of collections of clade C species included in this study (brown dots).   

and 30 indels inferred from the plastid partition ( Bakker et al., 2004 ;  Jones 
et al., 2009 ). Polytomies were treated as soft and were randomly resolved. 
 Figure 5  depicts only those phylogenetic regressions that remained signifi cant 

after we corrected for false discovery rate in multiple comparisons using the 
Benjamini and Hochberg procedure ( Benjamini and Hochberg, 1995 ;  Verhoeven 
et al., 2005 ). 
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are in Appendix S4). As expected, clade A2 occupied signifi -
cantly drier, warmer sites with higher variation in precipitation 
in winter, summer, and fall, and a growing season that was on 
average 42% shorter than that of clade A1. 

 Across the range of sites sampled, mean values for climate vari-
ables of clade C species were similar to those in clade A2 but not 
clade A1. Clade C species differed from clade A2 species only in 
occupying sites with higher summer precipitation and higher vari-
ability in winter precipitation (Appendix S4). 

 Clade C and clade A2 species also had statistically similar val-
ues for all leaf traits except  δ  13 C ( F  1,39  = 3.85,  P  < 0.05;  Fig. 4 ), 
which was higher in clade C species. Although members of clade 
C occupied signifi cantly drier and warmer environments than 
those of clade A1, the only leaf trait to differ signifi cantly between 
clades C and A1 was LMA ( F  1,43  = 8.04,  P  < 0.001), which was 
higher in the evergreen shrubs of clade A1 ( Fig. 4 ; Appendix S4). 
The majority of mean trait values of clade C species were interme-
diate between those of clades A1 and A2. 

 Individual traits are not strongly correlated with climate 
axes —    Very few traits in any clade showed strong associations 
with multivariate climate axes, with two exceptions: among the 
xerophytes of clade A2, %N was positively related to PCA1pp 
( Fig. 5 ,  Appendix S6). PCA1pp is an axis dominated by means and 
CVs of spring and fall precipitation: as fall and spring precipitation 
decrease (higher PCA1pp) and seasonal variation increases, %N 
goes up. 

 Another strongly signifi cant phylogenetic relationship was be-
tween functional leaf size and PCApp2 in clade C. Smaller FLS 
has evolved in species occupying regions with greater winter mean 
annual rainfall, lower variation in winter rainfall, and lower mean 
summer rainfall. 

 The relative lack of correlation among our multivariate axes of 
climate and  δ  13 C values prompted us to examine whether individ-
ual climate values were phylogenetically associated with C isotope 
discrimination since this is a key measure of water-use effi ciency 
(WUE). In clades A1 and A2,  δ  13 C did not show associations with 
climate variables, but in clade C, higher  δ  13 C values, indicating 
greater WUE, were negatively associated with growing season 
length and the amount of winter rainfall. Increasing WUE was 
positively associated with seasonal variation in both winter rainfall 
and summer temperature (online Appendix S7). 

 Do major clades show similar patterns of trait integration, and 
are integrated responses among traits similar in each clade? —    Be-
fore the analyses of trait integration, we were interested in the ex-
tent of conservatism in individual traits because high levels of 
conservatism could indicate decreased evolutionary lability within 
lineages for responding to future environmental change. We found 
that few traits in any clade were phylogenetically conserved. 
Blomberg’s  K  was lower than 1 for all traits and for clades A1, A2, 
and C (except  δ  13 C in clade A1; online Appendix S8), indicating a 
general tendency toward less phylogenetic signal than expected 
under a BM model of trait evolution. However, randomization 
tests detected phylogenetic signal for FLS and LMA in clade C, 
and for  δ  13 C in clade A1 (Appendix S8). In other words, among 
close relatives in clade C, values of LMA and FLS were more 
similar than expected under a null model of no resemblance. With 
respect to the climate variables, clade C alone exhibited signifi cant 
phylogenetic signal for precipitation (Appendix S8). 

 To base the phylogenetic regressions on the most appropriate 
models for trait coevolution within clades, we tested the BM model 
(a random walk through trait space), against the OU model (natural 

 Pearson correlations among traits and with the multivariate climate axes for 
the 57 species were calculated for comparison to the phylogenetic regressions; 
correlation patterns for the data set of 57 species were similar to those calculated 
on the full data set (98 species). Only correlations with  P  < 0.02 are shown in 
 Fig. 5 ; if the Benjamini and Hochberg procedure was applied to this analysis, 
only one correlation was signifi cant. 

 Phylogenetic signal —   We measured phylogenetic signal in individual leaf traits 
and climate using Blomberg et al.’s  K  statistic ( Blomberg and Garland, 2003 ).  K  is 
the ratio of the observed level of phylogenetic covariance in species mean trait 
values divided by the expected level of covariance under a Brownian motion (BM) 
model of evolution.  K  takes values from 0 to infi nity; larger values indicate higher 
phylogenetic signal ( Blomberg and Garland, 2003 ), with  K  = 1 expected for traits 
evolving under BM. The statistical signifi cance of  K  was estimated by calculating 
the variance of phylogenetically independent contrasts (PICs) on 1000 permuted 
data sets. The  p -value obtained under this procedure tells us whether the phyloge-
netic signal in each trait is signifi cantly greater than null expectations of no ten-
dency for relatives to be similar (i.e., no signal), whereas Blomberg’s  K  estimates 
the magnitude of the phylogenetic signal. These analyses were performed using 
Picante ( Kembel et al., 2010 ). 

 Disparity —   To visualize functional trait diversifi cation over time in the ge-
nus as a whole and within clades A1, A2, and C, we used relative disparity plots 
( Harmon et al., 2003 ). These plots are constructed for single traits. Disparity is 
calculated by partitioning the variance in trait values among and between different 
time slices. The disparity value at any of these time slices is the ratio of the average 
disparity (trait differentiation) of subclades whose ancestral lineages were present at 
that time slice and the disparity of all species within the target clade. Therefore, 
large clade disparity at any time indicates high divergence in trait values among 
closely related species within the clade (high trait lability). On the other hand, low 
trait disparity indicates that greater divergence occurred between clades rather than 
within them and thus indicates relative conservatism within clades. 

 Disparities for each trait were calculated using average pairwise Euclidean dis-
tances between species using Geiger ( Harmon et al., 2008 ). Disparity was calcu-
lated, in separate analyses, for the entire genus (including clade B species) as well 
as within clades A1, A2, and C. For each of the separate clade analyses, relative 
disparity values were standardized by dividing each subclade’s disparity by the 
disparity of the entire clade in question. At each node in the phylogeny, the mean 
relative disparity was calculated for clades A1, A2, and C with the ancestral lin-
eages present at that point in time, then these disparities were plotted as a function 
of relative time (the depth of the phylogenetic tree). Values are interpreted with re-
spect to the amount of disparity that can be attributed to each clade: values near 0 
indicate low disparity within individual clades (more ancestral trait diversifi cation) 
relative to the overall disparity, while higher values indicate that larger propor-
tions of the overall disparity are contained within clades (more recent trait di-
versifi cation). The degree to which the calculated mean disparity deviated from 
the null expectations under unconstrained BM character evolution was evalu-
ated by performing 1000 simulations of each trait or climate variable on the 
pruned ultrametric Bayesian consensus tree ( Jones et al., 2009 ). To compare 
relative disparities with the null hypothesis, we calculated the morphological 
disparity index (MDI) ( Harmon et al., 2003 ). This metric calculates the area 
between the curves representing the observed and simulated disparities. The 
MDI can be positive or negative; negative values indicate that disparity varia-
tion is predominately partitioned among clades, while positive values indicate 
that variance is partitioned within clades. 

 RESULTS 

 Do major clades show the same patterns in mean trait values, 
and are the values within clades consistent with interpreta-
tions of adaptation to environment? —    Mean trait and climate 
values support ecological differentiation of clades A1 and A2 
and ecological similarity of clades A2 and C. As might be ex-
pected given their ecological differentiation, clade A1 and clade 
A2 differed in several leaf traits and climate variables. The xe-
rophytic and deciduous clade A2 had signifi cantly lower values of 
LMA ( F  1,60  = 9.8,  P  < 0.01) and C/N ratio ( F  1,38  = 14.1,  P  < 
0.001) and had higher leaf succulence ( F  1,61  = 15.4,  P  < 0.001) 
and %N ( F  1,38  = 10.5,  P  < 0.01) than the mostly evergreen 
shrubs and subshrubs of clade A1 ( Fig. 4 ;  means and variances 
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 Fig. 4. Box plot showing the leaf trait values of the analyzed clades. The boxplots in gray shows the median and the interquartile distance of trait values 
of leaf traits in each clade. The black circle and error bars represent the mean and  ± 95% confi dence interval. Trait means are based on those species present 
in the phylogenetic analysis. Signifi cant differences among clades are indicated by letters above each box plot.   
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values between the two models of %N was less than 2 units. In 
clades A2 and C all traits were best fi t with OU models with the 
exception of  δ  13 C in A2 (minimal difference between models) and 
leaf size and FLS in C. We therefore used BM correlation structure 

selection pulls traits toward an optima). Individual traits in clade 
A1, with the exception of %N, are best described by the BM model 
while the OU model best characterizes most traits in clade A2 and 
clade C (Appendix S5). In clade A1, even the difference in AICc 

 Fig. 5. Diagram showing signifi cant phylogenetic regressions among leaf traits and between these and climate variables. For phylogenetic regressions, 
clade A1 is based on a BM model of trait evolution, clade A2 and C are based on an OU model. Only relationships deemed signifi cant after adjustment for 
false discovery rate are shown for phylogenetic regresssions. Correlations among phylogenetically uninformed traits and climate axes are shown for all 
relationships with  P  < 0.02 for comparison. Black and gray lines indicate positive and negative relationships, respectively. Coeffi cients and  P -values for 
phylogenetic regressions are presented in Appendix S6.   
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Appendix S8) decreased to negative values toward the present, 
suggesting that more trait variance has been partitioned among 
subclades for the species examined. 

 DISCUSSION 

 The unusually diverse and unique fl ora of southern Africa is 
already showing signs of response to climate change (e.g.,  Wilson 
et al., 2010 ;  Parr et al., 2012 ;  Schmiedel et al., 2012 ). While 
there has been progress in incorporating systematic and phylo-
genetic data into conservation planning in anticipation of pro-
jected global climate change (e.g.,  Linder, 1996 ;  Desmet et al., 
2002 ;  Forest et al., 2007 ;  Crouch and Smith, 2011 ;  Davies 
et al., 2011 ), there has been relatively little incorporation of evo-
lutionary history into global change modeling of species re-
sponses, despite the potential for gain in predictive power 
( Edwards et al., 2007 ). This lack of inclusion of potential ef-
fects of evolutionary history becomes even more important as 
detailed studies within ecosystems and communities often lead 
to the conclusion that responses will be species and lineage spe-
cifi c (e.g.,  Hoffman et al., 2009 ;  West et al., 2012 ). It is gener-
ally assumed that current characteristics of lineages will shape 
future responses, but the extent to which individual characteris-
tics will drive these responses depends on selection on mean 
values and on covariance with other functionally important fea-
tures. Here we begin to investigate whether patterns of trait in-
tegration in lineages of  Pelargonium  might predict different 
responses of these lineages to climate change than would be 
predicted by trait means alone. Our fi rst goal was to determine 
whether functional leaf traits exhibit variation consistent with 
adaptation to environment in each clade. 

 Between clades A1 and A2, trait means diverge but patterns 
of trait interactions are similar —    Clade A1 is generally consid-
ered a fynbos lineage ( Verboom et al., 2009 ), and most species 
are evergreen shrubs or subshrubs. The sites where we found 
clade A1 species support a preference for mesic environments 
( Fig. 3 ), with longer average growing seasons and generally 
higher (and less variable) average seasonal precipitation and 
cooler temperatures compared to sites with clade A2 species. 
Clade A2 species exhibit a range of growth forms from geo-
phytes to stem succulents and subshrubs, and most species are 
deciduous during the summer drought period. They occur 
throughout the GCFR, but are most diverse in the Succulent 
Karoo. Given clade differences in habitats, we expected and 
observed several differences in their leaf traits, but these differ-
ences appear more likely to refl ect the evolution of deciduous-
ness (drought avoidance at the whole plant level) in clade A2 
rather than drought tolerance at the leaf level. High tempera-
tures and low water availability in arid regions tend to be asso-
ciated with smaller leaf sizes, and higher LMA, C/N ratio, and 
WUE ( Wright et al., 2005 ), but leaf trait values of xerophytic 
clade A2 species were instead consistent with leaf economic 
spectrum trait values associated with shorter leaf life spans: i.e., 
lower mean values of LMA, C/N, and higher %N. 

 Despite differences in mean values of several traits, trait–
trait interactions were broadly similar in both clades, consistent 
with a prediction of the leaf economic spectrum: %N should 
decrease as LMA increases, refl ecting the well-recognized 
tradeoff between rapid growth return on carbon investment vs. 
structural stability of existing tissues. Changes in %N likely deter-
mined changes in the C/N ratio, and strong positive relationships 

for the phylogenetic regressions (pGLS) among traits in clade 
A1 and OU correlation structure in clades A2 and C. 

 Phylogenetic regression showed that trait relationships dif-
fered among the major clades. Only two trait associations were 
common to all three ( Fig. 5 ): a positive relationship between 
lamina size (LS) and functional leaf size (FLS)—a relationship 
not necessarily expected because large leaves in this genus can 
be highly dissected–and a negative relationship between C/N 
and %N. Clades A1 and A2 showed strong correlated evolution 
among %N, C/N ratio, and LMA. The correlations are consistent 
with predictions of the leaf economic spectrum—as LMA in-
creases, the C/N ratio increases and %N declines. Also shared by 
both clades A1 and A2 is a strong negative relationship between 
succulence (%H 2 0 content) and LMA. The only unique relation-
ship in clade A1 is a positive association of succulence with %N. 
Clade A2 differs from clade A1 in that, among these deciduous 
xerophytes, overall leaf size (leaf area) is positively related to 
succulence and LMA increases as functional leaf size declines. 

 Despite the statistical similarity in mean leaf trait values in 
clade C with those in A1 and A2, integration among leaf traits 
in clade C is considerably weaker. Beyond the relationships 
shared with the other two clades, clade C uniquely shows a sig-
nifi cant negative relationship between FLS and %N. Notable is 
the lack of correlation of LMA with any other traits. 

 Simple correlations mirror phylogenetic regressions, but 
relationships are not as strong —    Patterns of phylogenetically 
uninformed correlations among trait values and phylogenetic 
regressions were quite similar although notably weaker than 
those informed by phylogeny ( Fig. 5 ). The phylogenetically un-
informed correlations shown are signifi cant at the level of  P  < 
0.02, but only one correlation remained signifi cant after apply-
ing the Benjamini and Hochberg procedure for false discovery 
rates. Also notable is the lack of relationship between indi-
vidual trait values and the climate PCA axes, with the sole ex-
ception of the relationship between %N and fall and spring 
precipitation in clade A2, a relationship also detected in the phy-
logenetic regressions. 

 Are evolutionary differences in trait values consistent with 
differences in historical climate regime? —    One way to exam-
ine whether trait evolution is consistent with differences in his-
torical climate change is to look at the extent of trait divergence 
as a function of the timing of clade divergence. All the morpho-
logical disparity indices (MDI) of leaf traits in all data parti-
tions were positive (Appendix S8), except for functional leaf 
size in clade C, indicating that trait variation tended to be parti-
tioned within rather than between subclades—i.e., trait diversi-
fi cation within clades A1, A2, and C occurred following clade 
divergence and thus trends differ among clades. These dif-
ferences are illustrated for two traits, functional leaf size and 
LMA, in  Fig. 5 . Subclades within clade C showed lower than 
expected disparity for FLS and LMA for the early time inter-
vals (30 to 18–10 Ma), with increased recent disparity (18–10 
Ma to present;  Fig. 6  and Appendix S8). This pattern indicates 
early occupation of relatively small portions of the total trait 
space by the clade C subclades (i.e., early conservatism). In-
creased within-clade evolution occurred later in clade C, indi-
cating more recent evolutionary lability. On the other hand, in 
clade A1, all leaf traits have positive disparity values ( Fig. 6 ; 
Appendix S8)  relative to null expectations, indicating large 
within-clade variation throughout their evolutionary histories. 
Finally, in clade A2, disparities for FLS (and succulence; 
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and Maherali, 2006 ). Mean values of  δ  13 C in both clades A1 
and A2 indicate that species in these clades exhibit C 3  photo-
synthesis under fi eld conditions. Coupled with evolutionary in-
dependence between succulence and  δ  13 C, this observation 
suggests that the primary function of succulence in  Pelargon-
ium  leaves is not related to CAM photosynthesis. In fact, in a 
greenhouse study on eight species of  Pelargonium,  the leaf suc-
culent species had the highest maximum photosynthetic rates 
( Nicotra et al., 2008 ). 

 The lack of correlation among most individual leaf trait val-
ues and the multivariate climate axes in either clade A1 and A2 
species most likely refl ects the tendency for species in the most 
extreme environments, i.e., the clade A2 species of the SK, to 
avoid hot, dry conditions through deciduousness. The only trait 
to show a signifi cant relationship with the multivariate climate 
axes was leaf nitrogen content in clade A2, which increased with 
decreasing precipitation in fall and spring. Leaf nitrogen content 
on a per leaf area or mass basis has been shown to increase with 
increasing aridity for a given LMA ( Cunningham et al., 1999 ; 
 Reich et al., 1999 ;  Wright et al., 2001 ), again in association with 
generally shorter leaf life spans ( Wright and Westoby, 2002 ), 

 Between clades C and A2, trait means converge but pat-
terns of trait relationships do not —    Although the number of 
extant species in clade C (20% of the genus) is considerably 
smaller than clade A, the distribution of the entire clade is 
much broader, extending farther north into eastern Africa as 
well as Asia Minor, Madagascar, and the Arabian peninsula 

between C/N and LMA suggest that nitrogen use effi ciency 
increases with increasing LMA. Increases in LMA coevolved 
with decreased succulence in both clades A1 and A2. 

 As a widely accepted proxy for integrated WUE,  δ  13 C has 
been related to morphological traits such as leaf size, both larger 
and smaller ( Geber and Dawson, 1990 ;  Cordell et al., 1999 ; 
 Sherrard and Maherali, 2006 ), to lamina thickness and LMA 
( Cordell et al., 1999 ;  Hanba et al., 1999 ;  Vitousek and Field, 
1999 ) and to physiological traits such as N concentration (WUE 
declines as %N increases) ( Kloeppel et al., 1998 ) and leaf C/N. 
We expected to see similar relationships among  δ  13 C, and these 
leaf traits in both clade A1 and A2, so the lack of association of 
 δ  13 C with other leaf traits or with any environmental parameters 
(either singly or as multivariate climate axes) in either clade 
was surprising. In clade A1, high evolutionary conservatism 
and relatively little variation in  δ  13 C values may explain this 
independence. In clade A2, the considerable variation in  δ  13 C 
among species was not associated with other traits or environ-
mental variables. Whole-plant drought avoidance via decidu-
ousness could allow lower WUE to be coupled with rapid 
development and short leaf life spans ( Geber and Dawson, 
1990 ), especially if the primary growing season is relatively 
cool and wet such that open stomates do not result in large 
water defi cits in leaves. The lack of evolutionary correlation 
between  δ  13 C and %N observed in this and other studies, includ-
ing many on perennials (e.g.,  Maestre and Cortina, 2006 ), supports 
the idea that high photosynthetic capacity can be favored in de-
ciduous species regardless of moisture availability ( Sherrard 

 Fig. 6. Selected lineage through time plots of leaf traits for the entire genus  Pelargonium  and clades A1, A2, and C. Time is expressed as relative time 
(small font) and molecular clock dates are based on the plastid DNA  trnL-F  age estimates calculated by  Bakker et al. (2005) . These last are superimposed 
in the  x -axis. Molecular clock dates for A1 are not presented since the time of clade origin is uncertain. Plots show measured relative disparity (continuous 
line) compared with median expected disparity based on simulations (dashed lines). The greater the distance between curves, the higher the subclade dis-
parity at that time, and therefore a larger proportion of the total variation is concentrated within the subclades. Where the lines converge, disparity is lower; 
when the area between the two curves is negative, subclades occupy different portions of the trait space. Morphological disparity index (MDI) values for 
these plots are presented in Appendix S8.   
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( Bakker et al., 2004 ). However, all of the clade C species de-
scribed in this study were collected predominantly from the 
GCFR ( Fig. 3 ). There are many sites where clade A2 and clade 
C species co-occur within meters of each other, so species of 
both clades included in this study generally experience the 
same or similar environmental gradients. Mean climate vari-
ables at our collection sites for species in clades A2 and C 
differed only slightly: clade C was found in sites with higher 
mean summer precipitation and higher variation in winter pre-
cipitation. We expected similar individual trait values in each 
clade if leaf traits refl ect adaptive evolution to common envi-
ronmental gradients (i.e., ecological fi ltering). This expecta-
tion was borne out: mean values of individual traits between 
clades A2 and C were generally not signifi cantly different. It 
is tempting to conclude that despite very early lineage diver-
gence, current co-occupation of winter rainfall regions by 
clades A2 and C has led to parallel responses in leaf trait evo-
lution and that these same responses will shape adaptation to 
future climates. However, two additional lines of evidence 
complicate this conclusion. 

 In contrast to clade A2, clade C species exhibit relatively few 
signifi cant relationships among leaf traits indicating compara-
tively less evolutionary integration in functional traits than 
clades A1 and A2 and no support for the relationship between 
LMA and %N identifi ed by the leaf economic spectrum. Clade 
C also uniquely exhibits a negative interaction between FLS 
and %N; larger leaves have proportionately less nitrogen. Across 
a broad range of angiosperms, larger leaves have greater in-
vestment in support tissue with proportionately less nitrogen 
than in lamina tissue; thus differences in nitrogen content be-
tween support and photosynthetic tissues increase with leaf size 
( Niinemets et al., 2007 ). Other trait relationships expected in 
response to increasing aridity, i.e., associations of higher LMA, 
higher C/N ratios, and smaller leaf sizes, do not appear, but 
neither do the trait correlations that might suggest increasing 
deciduousness. Instead, clade C species in the GCFR are char-
acterized by phylogenetic signal in leaf size and LMA. In addi-
tion, mean  δ  13 C values for clade C are signifi cantly less negative 
than those in clade A2, and these were strongly related to spring 
and fall precipitation (PCA1pp), and not as strongly to sum-
mer precipitation (PCA2pp,  P  < 0.08) or to temperature (PCA1T, 
 P  < 0.08) (Appendix S7). Less negative  δ  13 C values, phylogenetic 
association with precipitation in seasons that bracket the pri-
mary growing season and conserved leaf size imply that clade C 
has radiated into arid regions with a strategy involving greater 
WUE coupled with conserved LMA, perhaps greater leaf longev-
ity, rather than deciduousness as in clade A2. Direct measures of 
WUE and leaf longevity in co-occurring clade A and clade C 
species are currently underway to test this hypothesis. 

 Patterns of trait integration and phylogenetic conservatism are 
consistent with interpretations of historical adaptation to climatic 
variation prevalent at the time of clade diversifi cation —    Estimates 
for the age of  Pelargonium  range from 28–38 Ma ( Bakker et al., 
2005 ;  Fiz et al., 2008 ;  Palazzesi et al., 2012 ), placing its origin dur-
ing a time when southern Africa was subject to a relatively mesic, 
subtropical climate. Signifi cant climate change characterized by 
aridifi cation followed during the Miocene ( Heinrich et al., 2011 ; 
 Rommerskirchen et al., 2011 ). The repositioning of the cold-water 
Benguela current ~10 Ma drove this change and led to the 
entrenchment of a Mediterranean climate regime in western South 
Africa in which the bulk of the annual precipitation falls predict-
ably during the cool winter months, especially in the SK. 

 Estimates in the literature of the timing of the split of clade C 
from its sister clade A+B indicate that the split occurred before the 
onset of the mid-Miocene aridifi cation ( Verboom et al., 2009 ). 
Consequently, during its early history, clade C evolved under rela-
tively warm and more aseasonal conditions. The lower than ex-
pected values of disparity of functional leaf traits in clade C indicate 
relatively little change in leaf traits during much of this time. We 
hypothesize that it was during this time that clade C’s leaf ecologi-
cal strategy evolved. Signifi cantly higher integrated WUE effi -
ciency in modern species, phylogenetic conservatism in leaf size 
and LMA, and strong coupling of values of  δ  13 C with precipitation 
patterns are consistent with evolved adaptive responses to higher 
temperatures and aseasonal precipitation during the growing sea-
son. Clade C species’ tendency to respond to limitations in water 
availability by increasing water use effi ciency may explain their 
current prevalence in the summer rainfall region wherein the bulk 
of photosynthesis occurs during warmer temperatures. Radiation 
of clade C into the GCFR following the mid-Miocene aridifi cation 
(12–10 Ma,  Dupont et al., 2011 ;  Heinrich et al., 2011 ) led to 
marked, recent increases in functional trait disparity within this 
clade. 

 Clade A originated prior to development of the Benguela 
Current (~22 Ma  Bakker et al., 2005 ;  Verboom et al., 2009 ;  Roters 
and Henrich, 2010 ;  Rommerskirchen et al., 2011 ). Although the tim-
ing of the split between clade A1 and A2 is uncertain, it also likely 
occurred before the current shifted ( Bakker et al., 2005 ;  Verboom 
et al., 2009 ). Both clade A1 and A2 diversifi ed dramatically during 
the period of increasing aridifi cation. The lack of widespread cli-
mate niche conservatism in the genus suggests that this diversifi ca-
tion was assisted by adaptation to multiple environments along 
climate gradients established during the aridifi cation process 
( Martínez-Cabrera et al., 2012 ). Patterns of trait disparity through 
time for both clades A1 and A2 indicate relatively high disparity 
within the subclades of these groups and therefore relatively high 
evolutionary lability in traits. This conclusion is consistent with 
previous fi ndings that within each clade, closely related species of 
 Pelargonium  have diverged in physiology ( Nicotra et al., 2008 ), 
leaf shape ( Jones et al., 2009 ), and climate niche preferences 
( Martínez-Cabrera et al., 2012 ). Despite differences in species dis-
tributions and mean values of individual traits in clades A1 and 
A2, strong coevolution between LMA, C/N, and %N suggest that 
tradeoffs between high photosynthetic rates and leaf longevity 
identifi ed by the leaf economic spectrum were strongly infl uential 
during evolution under a winter rainfall regime in which the bulk 
of photosynthetic activity occurs during cool periods. 

 Summary —    Parallel evolution of clades of  Pelargonium  within 
the GCFR involved three different leaf ecological strategies: ever-
greenness, deciduousness, and an intermediate and less integrated 
set of traits involving greater water use effi ciency. In clade A, leaf 
ecological strategies are consistent with the general tradeoffs iden-
tifi ed by the leaf economic spectrum. This set of functional trait 
interactions evolved during a time of increasing aridity that coin-
cided with the origin of predictable patterns of winter rainfall. 
Within this clade, divergence in mean trait values between the sis-
ter clades A1 and A2 are consistent with leaf economic spectrum 
constraints associated with variation in leaf longevity. These dif-
ferences in leaf longevity are associated with the concomitant evo-
lution of different growth forms, such that shrubby habits are 
associated with both evergreenness and higher precipitation in 
clade A1, while the evolution of growth forms involving storage 
organs (tubers, succulent stems) are associated with deciduousness 
in A2 and facilitate its persistence in regions with lower amounts 
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to climate variables ( Vasseur et al., 2012 ). Although the effi -
cacy of incorporating the evolutionary history of trait–trait in-
teractions needs vetting, and numerous details remain to be 
investigated (e.g., Does the length of time particular trait inte-
gration patterns have persisted infl uence their probability of 
change?), we now have many of the tools needed to begin to 
apply this method to understanding species responses to climate 
change (e.g.,  Scoble and Lowe, 2010 ). 
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