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mens among regions. Given that Neotropical and Afrotropical regions have contrasting histories of the megafauna (because of the Holocene megafaunal extinction in
in relationship to herbivory and fire, especially in savannas. We predicted that herbivory resistance traits should be more prominent in Afrotropical savanna plants and
fire resistance in Neotropical savanna plants.
Location: Tropics.
Time period: Not applicable.
Major taxa studied: Angiosperms (woody).
Methods: We compiled data for five key plant functional traits (wood density, specific leaf area, maximum tree height, spinescence and proportion of geoxyles) for
forest and savanna woody species from the two distant regions (Afrotropics and
Neotropics). We related these data to climate, soil and fire variables and tested predictions for megafauna selection.
Results: Spines and high wood density were more common among Afrotropical
than Neotropical savanna species and species from the two forests. Moreover, the
Neotropical savanna region contained more geoxyles than the Afrotropical savanna
region. Finally, Afrotropical species were taller than Neotropical species. These differences were consistent with our predictions for trait selection by the megafauna,
and these patterns did not change when considering climate, soil and fire regimens
in the models.
Main conclusions: Our results highlight the great potential of these traits for summarizing disturbance strategy axes in tropical woody species and suggest that global
variation in plant traits is unlikely to be understood fully without consideration of
historical factors, especially the direct and indirect impacts of megafauna.
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global comparisons. Among the most studied traits for woody plants
are maximum tree height (HMax), specific leaf area (SLA) and woody

Biomes are macroecological systems resulting from complex selec-

density (WD). Variation in these traits is generally understood to re-

tive and demographic processes. They are easily recognized from the

sult from the climate and soil (Liu et al., 2019; Maire et al., 2015;

size, relative dominance and spatial arrangement of particular plant

Moles et al., 2009; Ordoñez et al., 2009; Quesada et al., 2012; Reich,

growth forms that result in characteristic vegetation physiognomies.

Wright, & Lusk, 2007; Swenson & Enquist, 2007). However, the ex-

Notwithstanding, plant assemblages may exhibit substantial differ-

plained variance is often modest and context dependent, suggesting

ences biogeographically within a biome, including differences in the

that other drivers play an important role. Wood density is positively

adaptive strategies and functional traits of the dominating woody

related to the mechanical resistance of stems and branches, sur-

plants (Dantas & Pausas, 2013; Rogers, Soja, Goulden, & Randerson,

vival rates and shade tolerance and negatively related to the water

2015). Given that traits often regulate the way in which plants in-

content of stems, hydraulic conductivity and resprouting capacity

teract with the environment, these idiosyncrasies impose challenges

(Chave et al., 2009; Hietz, Rosner, Hietz-Seifert, & Wright, 2017). A

to the development of general predictive models for biome-scale

high WD would provide mechanical stability not only to forest trees

responses to global changes (Archibald et al., 2018; Lehmann et al.,

with large and tall crowns, but also to savanna plants exposed to

2014; Moncrieff, Bond, & Higgins, 2016; Rogers et al., 2015). An un-

breakage by large browsers (e.g., elephants). Another relevant trait

derstanding of these differences would provide insights into the va-

is SLA, which is related to resource strategy (e.g., shade tolerance)

riety of ways in which climate, soil and disturbance regimens interact

and disturbance resistance (flammability and palatability; Pausas,

to control biome distribution in space and time.

Keeley, & Schwilk, 2017; Poorter, Niinemets, Poorter, Wright, &

Forest and savanna biomes predominate in tropical latitudes

Villar, 2009). Leaves with high SLA are inexpensive, short lived, soft,

(Dinerstein et al., 2017). These biomes are assembled by different

nitrogen rich, shade tolerant, flammable, drought and herbivory sen-

processes: savannas are maintained by disturbance (Bond, 2005;

sitive and have low tissue density and high photosynthetic rates,

Dantas, Hirota, Oliveira, & Pausas, 2016), whereas forests are regu-

whereas leaves with low SLA have the opposite attributes (Poorter

lated mainly by competition (Cardoso et al., 2019; Dantas, Batalha, &

et al., 2009; Westoby, Falster, Moles, Vesk, & Wright, 2002). The

Pausas, 2013). Nonetheless, the same biome may exhibit substantial

former attributes are typically associated with shaded, resource-rich

differences geographically in ecology and history. One of the most

and infrequently disturbed environments, such as forest, whereas

outstanding of these differences relates to the extinction of mega-

the latter are found in frequently disturbed sunny areas (Dantas

fauna outside Africa (e.g., in the Neotropics, c. 10 kyr), modulating

et al., 2013; Poorter et al., 2009). Whether this trait is predominantly

the dominant disturbance regimen, nutrient cycling and plant strat-

controlled by herbivory, fire or resources is unclear. Finally, a high

egies in savannas (Dantas & Pausas, 2013; Doughty, 2017). In fact,

HMax is adaptive in light-limited environments, such as tropical for-

even before this event, the megafauna of the two regions already dif-

est (Moles et al., 2009; Westoby et al., 2002). Given that tall stems

fered in number and composition (Owen-Smith, 2013). For instance,

are costly in terms of production, maintenance and water transport

the present and historical lack of megagrazers to control grass bio-

(Liu et al., 2019; Westoby et al., 2002), growing very tall should be

mass and promote herbivory-maintained savannas in the Neotropics

less adaptive where light is not limiting, especially in nutrient-poor

might have favoured more savannas maintained by high-intensity

soils, such as those of Neotropical savannas (Dantas & Pausas, 2013;

surface fires, resulting in the dominance of species that allocate

Moles et al., 2009). In these ecosystems, high-intensity surface

resources to shoot insulation and resprouting (Dantas et al., 2016;

fires make allocation to tissue and resource protection (e.g., bark

Dantas & Pausas, 2013; Tomlinson et al., 2012). In contrast, alloca-

thickness, underground organs) more important (Dantas & Pausas,

tion of resources for high rates of vertical growth is more important

2013; Pausas et al., 2018; Tomlinson et al., 2012). Moreover, even

in Afrotropical savannas to avoid crown damage by both low-in-

in herbivory-controlled ecosystems, plants should maintain tree

tensity (grazer-controlled) surface fires and browsing (Archibald &

height slightly above the browsing trap in order to be able to allocate

Bond, 2003; Dantas & Pausas, 2013). Many studies are also showing

carbon to other defensive traits. The HMax is also correlated posi-

that plants with spines and densely branched crowns are favoured

tively with fruit size (Wright et al., 2007), and the historically lower

and even evolved in response to megaherbivores in African savannas

richness of browser species in South America (Owen-Smith, 2013),

(Charles-Dominique et al., 2016; Staver, Bond, Cramer, & Wakeling,

combined with the effects of the extinction of megafauna from the

2012). In contrast, plants with specialized woody bud-bearing un-

region, might have led to a lower number of tall, large-fruited species

derground structures (geoxyles or “underground trees”) are also fa-

(Doughty, Wolf, et al., 2016; Mack, 1993). The extent to which the

voured and evolved in fire-maintained ecosystems where herbivory

history of megafauna affects the geographical patterns of these trait

is low (e.g., wet regions; Maurin et al., 2014; Pausas, Lamont, Paula,

attributes has not yet been evaluated rigorously.

Appezzato-da-Glória, & Fidelis, 2018). The extent to which these

In this study, we evaluated the hypothesis that differences in plant

patterns scale up to intercontinental scales owing to the differential

functional traits among biogeographical regions could be explained by

histories of the megafauna is not yet known.

a different historical distribution, abundance and composition of mega-

For a long time, ecologists have been searching for a set of easily

fauna. Megaherbivorous mammals have existed in both the Neotropics

measurable traits to represent the leading axes of trait strategy for

and Afrotropics for tens of millions of years and were present during
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the origin of tropical savannas in both regions (Pennington & Hughes,
2014). Although the extinction of these animals from South America in
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the Pleistocene–Early Holocene might be too recent to produce substantial evolutionary changes in woody species (c. 100–200 tree gen-

To compare SLA, WD and HMax between biomes and continents,

erations), it could have been sufficient to produce changes in species

we used a general linear mixed-effect model, with trait as the re-

and biome distribution and even to trigger plant extinctions (Doughty,

sponse variable, biome, continent and their interaction as fixed ef-

Wolf, et al., 2016; Guimarães, Galetti, & Jordano, 2008). Recent evi-

fects, and reference source as random effect, followed by Tukey’s

dence suggests that alternative savanna states, maintained by either

post-hoc comparison. The best model was selected using stepwise

fire or megaherbivores, do exist in Africa (Dantas et al., 2016; Pausas

backward variable selection based on the Akaike information crite-

& Bond, 2020; Pellegrini, Pringle, Govender, & Hedin, 2016). If these

rion (AIC; for details, see Supporting Information Appendix S1).

ecosystem states also existed in the Neotropics, the extinction of

The final analyses included 339 woody species for SLA, 1,945

megafauna is likely to have produced the retraction of herbivory-main-

species for WD and 1,346 species for maximum tree height (for

tained savanna states and their species. Moreover, even before the ex-

more details, see Table 1). We found that all three continuous traits

tinction of megafauna, the number of species of megafauna, especially

were significantly different between biomes, and only maximum

grazers and animals with body mass 10–1,000 kg, was already lower in

tree height also differed consistently between biogeographical re-

the Neotropics (Owen-Smith, 2013).

gions (Table 2; Figure 1a–c); that is, Afrotropical species were signifi-

To test our hypothesis, we compiled data on spinescence (pres-

cantly taller than Neotropical species. The SLA was lower in savanna

ence/absence), HMax (in metres), SLA (in square millimetres per mil-

compared with forest (Figure 1a; Table 2; Supporting Information

ligram), and WD (in grams per cubic centimetre) for Afrotropical and

Appendix S2 and Table S2.2), in the two continents (Figure 1a).

Neotropical savanna and forest species (Dantas & Pausas, 2020; data

Forests from the two regions had similar WD values and differed

sources are available in the Appendix and methodological details in

significantly from both savannas, although in different ways (sig-

the Supporting Information Appendices S1 and S2 and Table S2.1).

nificant biome–region interaction; Table 2; Supporting Information

We also compiled data on the proportion of geoxylic species in re-

Table S2.2): Afrotropical savanna species had the highest values

lationship to the total number of woody species for two large sa-

(higher than the forests), whereas Neotropical savanna species

vanna-dominated Neotropical (Brazilian Cerrado) and Afrotropical

had the lowest (lower than the forests; Figures 1 and 2). For HMax,

(southern Africa) regions (for details, see Supporting Information
Appendix S1). For the continuous traits, we also evaluated the extent
to which climate, soil and fire explained biogeographical differences
between and within biomes, because these traits are often consid-

TA B L E 1 Number of species per trait, biome and
biogeographical region (Afrotropical and Neotropical) included in
this study

ered to be explained by these habitat variables.
We expected savannas, but not forest, from different continents
to contrast in disturbance strategy, because of different histories of
megafauna. We also expected Afrotropical savanna species to be

Number of species
Trait
2

SLA (mm /mg)

Biome

Neotropical

Afrotropical

Savanna

117

86

Forest

104

32

WD (g/cm3)

Savanna

77

80

Forest

1,408

380

HMax (m)

Savanna

310

105

Forest

561

370

Savanna

216 (9)

102 (35)

Pausas, 2013) in a nutrient-poor background (soil leaching and more

Spinescence
(yes/no)

fire-mediated nutrient losses). Thus, in addition to the well-known dif-

Forest

788 (32)

305 (15)

Total

Savanna

370

106

differentiated from the remaining savanna and forest species by presenting more adaptations to herbivory, such as spines and a high WD
(these traits are fundamental for avoiding tissue damage by browsers). Neotropical savanna species, in contrast, were expected to be
more specialized in resisting high-intensity surface fires (attributable
to higher grass productivity/lower grazer consumption; Dantas &

ferences in the fire-escape strategy of trees and shrubs (i.e., higher
and lower allocation to bark and height growth, respectively; Dantas
& Pausas, 2013), we expected a higher proportion of geoxyles among
woody species and an extreme resource conservative strategy (shorter
stems, lower SLA and WD) in Neotropical savanna species. This strategy would be useful for saving and protecting resources for post-fire
resprouting. In forest, we predicted light competition to select for the
tallest trees, but given that large-fruited plants tend to be taller and to
depend on large herbivores for dispersal, we predicted African plants
to be taller than Neotropical ones (that lack megaherbivores). This effect should be weaker in savanna woody species, because resprouting
is more important than seeding as a strategy for regeneration.

Forest
Geoxylic plants*
(yes/no)

1,720

395

3,599 (376)

1,400 (53)

Note: Numbers in parentheses are the numbers of spine-bearing or
geoxylic suffrutex species; total refers to the common species among
traits, excluding geoxyles, because the list of all species provided by
Maurin et al. (2014; our data source for Africa) was not available to
check the overlaps.
*Data for geoxyles are at the geographical (savanna) region scale,
rather than the real biome scale (African Zambezian versus Neotropical
Brazillian Cerrado regions; see Supporting Information Appendix S1).
Abbreviations: HMax, maximum tree height; SLA, specific leaf area;
WD, wood density.
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TA B L E 2 Results of linear mixed-effect models for plant functional traits of tropical savanna and forest species against resource
availability, fire regimen, biome and biogeographical region (Afrotropical and Neotropical)
Trait

Model

Selected model and coefficients

R2m

R 2c

Log (SLA)

Partial 1

2.81 − 0.47 × Bi

0.21

0.62

WD

HMAX

AIC

p-value

263.84

<.001

Partial 2

2.70 + 0.37*R1 − 0.00 × FF

0.04

0.71

278.22

<.001

Full

2.79 − 0.46*Bi + 0.29 × R2

0.22

0.62

258.46

<.001

Partial 1

0.56 + 0.01 × Re + 0.17*Bi − 0.27 × Bi:Re

0.05

0.12

−1,569.80

<.001

Partial 2

0.56 − 0.05 × R1 − 0.15 × R2

0.05

0.34

−1,672.50

<.001

Full

0.57 − 0.06 × R1 − 0.15 × R2 + 0.04 × R3 + 0.15 × Bi + 0.02 × Re
− 0.31 × Bi:Re

0.11

0.18

−1,708.50

<.001

Partial 1

34.13 − 20.10 × Bi − 14.47 × Re + 11.87 × Bi:Re

0.35

0.43

10,256.00

<.001

Partial 2

27.89 + 17.99 × R1 − 7.15 × R2 − 0.17 × FI

0.11

0.55

10,349.00

<.001

Full

36.61 + 9.04 × R1 − 5.29 × R2 − 0.11*FI − 15.18 × Bi − 15.18 × Re
+ 9.14 × Bi:Re

0.40

0.44

10,195.00

<.001

Note: For each trait, we used three starting models (Model), one partial model (Partial 1) including biome (Bi), biogeographical region (Re) and their
interaction (Bi:Re); a second partial model (Partial 2) including only resource availability- and fire-related variables; and a third model (Full) including
variables from both Partial 1 and Partial 2. Random effects are the reference sources for trait data.

(b)

c
ab

b

a

F.Afr

S.Afr

F.Neo

Biome.Region

c

(c)

a
bc

ab

c

0

0.0

a

Maximum Tree Height (m)
10
30
50
70

b

Wood Density (g/cm3)
0.4
0.8
1.2

ac

log (SLA) (mm2/mg)
1.5
2.5
3.5

(a)

4.5

Abbreviations: AIC, Akaike information criterion; FF, fire frequency (using fire count per area as a proxy); FI, fire intensity (average fire radiative
power); HMax, maximum tree height (in metres); R1–R3, principal components analysis resource-related axes 1–3 (Supporting Information
Table S2.3); R 2c, conditional R 2 (full model: fixed and random effects); R 2m, marginal R 2 (fixed effects); SLA, specific leaf area (in square millimetres per
milligram); WD, wood density (in grams per cubic centimetre).

F.Afr

S.Afr

F.Neo

Biome.Region

F.Afr

S.Afr

F.Neo

Biome.Region

F I G U R E 1 Distribution of trait values between biome (F = forest; S = savanna) and biogeographical region (Afr = Afrotropical; Neo =
Neotropical). Different letters indicate significant (and same letter non-significant) pairwise difference between estimated marginal means
(see Table 3) [Colour figure can be viewed at wileyonlinelibrary.com]
forest species tended to be taller than savanna species within the

p = .001) (Figure 2). The second principal component separated the

two regions, but Neotropical forest species had similar HMax values

two savannas (positive and negative score values for Neotropical

compared with Afrotropical savanna and forest species.

and Afrotropical savannas, respectively; Figure 2). This second axis

To assess how these traits covaried and separated species

explained 33% of the trait variability and was strongly and negatively

by biome and continent in functional trait space, we carried out

correlated with WD (r = −0.95; p < .001) and weakly with SLA (r =

a principal components analysis (PCA) including only those spe-

−.25; p = .002). The third axis, which explained 25% of trait variation,

cies with a full trait set (that is, SLA, WD and HMax information;

somehow separated the two Afrotropical forests (Figure 2b) and was

154 species). We found a full functional trait set for 46 forest (17

negatively correlated with HMax (r = −.62; p < .001) and positively

Afrotropical and 29 Neotropical) and 108 savanna (66 Afrotropical

correlated with SLA (r = .61; p < .001). Overall, these results were

and 42 Neotropical) species. The first principal component sep-

consistent with those obtained when the functional traits were anal-

arated forests (positive axis values) from savannas (negative axis

ysed separately (Figure 1), suggesting that this subset of species was

values; Figure 2a). This axis explained 42% of the trait variance and

representative of their groups.

was positively related to HMax (r = .77; p < .001) and SLA (r = .75;

Based on the list of species with available data for the continuous

p < .001) and negatively (albeit weakly) related to WD (r = −.31;

traits (2,435 species), we searched for data on spinescence in flora
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−0.5

0.0

0.5

1.0

1.5

0.5 1.0

SLA

−2.5

Afrotropical forest
Neotropical forest
Afrotropical savanna
Neotropical savanna

WD

−0.5

PC2 (33%)

−0.5

SLA

HMax

−1.5

(b)

HMax

−2.5

PC2 (33%)

(a)

0.5 1.0
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2.0

WD
−1.5

−0.5

0.0

0.5

1.0

1.5

PC3 (25%)

PC1 (42%)

F I G U R E 2 Ordination (principal components analysis) of species and traits showing the occupation of functional space by Afrotropical
and Neotropical forest (blue and green, respectively) and savanna (red and orange, respectively) species, based on the subset of species
with a complete trait set. (a) Shows the first and second, and (b) the second and third dimensions. Circles are centred on the means for each
biome–continent combination. HMax = maximum tree height; PC = principal component; SLA = specific leaf area; WD = wood density
[Colour figure can be viewed at wileyonlinelibrary.com]
TA B L E 3 Results of χ2 comparison for the proportion of species with spines and the proportion of geoxylic species among biome–region
combinations
Savanna

Forest

Trait

Biome

Region

Percentage of
species

Spines

Savanna

Afrotropics

34.3

–

<0.001

<0.001

<0.001

Neotropics

4.0

50.32

–

1

1

Afrotropics

5.0

58.60

0.04

–

0.968

Neotropics

4.0

114.43

0.00

0.212

–

Afrotropics

3.8

–

<0.001

–

–

Neotropics

10.4

55.81

–

–

–

Forest
Geoxylic

Savanna

Afrotropics

Neotropics

Afrotropics

Neotropics

2

Note: The χ statistics are presented below and p-values above the diagonal in the last four columns. In the spinescence analyses, p-values were
adjusted using the Benjamini–Hochberg method for multiple comparisons. The numbers of spinescent and geoxylic species per biome and region in
presented in Table 1.

databases for Afrotropical and Neotropical savanna and forest (for

Overall, these results were consistent with our predictions for an

details, see methods in Supporting Information Appendix S1). We

effect of megafauna in selecting for more herbivory-adapted species

found reliable information for 1,411 species (Table 1). Afrotropical

in African savannas (more spines and high WD) and for more resource-

savanna species showed the highest number of species with spines

conservative (although not extremely) and fire-adapted species in

(34% of the species), and this was significantly higher than the num-

Neotropical savannas (more geoxyles and low WD). Moreover, the

ber of spiny species in all the other groups (< 5% in Neotropical sa-

lower height of Neotropical species is consistent with our predictions

vannas and the two forests; Table 3).

for the effect of lower large-fruited seed disperser diversity in the

We also compared the proportion of geoxyles in two large sa-

Neotropics.

vanna-dominated regions (Table 3), the Zambeziam region, including 12 African countries (Maurin et al., 2014), and the Brazilian
Cerrado region in South America (from different data sources; see
Supporting Information Appendix S1). The results suggested that
c. 4% of the woody plants were geoxyles in the Zambeziam region

3 | E N V I RO N M E NT D O E S N OT E X PL A I N
D I FFE R E N C E S I N TR A IT S A M O N G B I O M E S
A N D CO NTI N E NT S

and c. 10% in the Cerrado (Table 1). As predicted, we found geoxyles to be significantly more common in the Neotropics than in the

Given that variation in SLA, WD and HMax are often attributed

Afrotropics (see Tables 1 and 3).

to climate, soil and fire, we investigated the extent to which these

|
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drivers accounted for the biogeographical patterns in these traits.

that the biogeographical patterns in the continuous traits are not

To test this, we used the same analyses as those used to evaluate the

explained by environmental variables.

relationships of traits with biome and continent (mixed-effect models), but replacing the former explanatory variables by these habitat
variables (Partial Model 2; Table 2).
Habitat variables were obtained by searching for species occurrence data in GBIF.org (28 February 2020; see reference list for the

4 | TR A IT–EN V IRONMENT REL ATI ON S HIPS
D I FFE R B E T W E E N B I O M E S A N D
CO NTI N E NT S

https://doi.org/10.15468/dl.pxxewu), associating the obtained geographical coordinates with global climate, soil and fire datasets (for

We also evaluated biome- or continent-specific trait–environment–

methods, see Supporting Information Appendix S1) and calculating

fire relationships. Differences in these relationships among biomes

their means for each species and variable. Given that many of the

and continents were interpreted as evidence of the effect of his-

climate and soil variables were correlated, we first ran a PCA on the

tory in modulating trait–environment relationships. Trait–environ-

mean values of variables per species to reduce variable dimensional-

ment relationships, and the strength of the relationships, differed

ity and selected the axes explaining > 10% of the variance in climate

between biomes and regions (Supporting Information Table S2.4).

and soil (the first three in all cases; Table S2.3). These axes were

Relationships were generally stronger for savannas than for forests

added to the models as explanatory variables along with the fire

(except for SLA; Supporting Information Table S2.4). We also ob-

variables (fire frequency and intensity; for details, see Supporting

served that the variance explained by environmental variables in the

Information Appendix S1).

savanna-only model for WD was relatively high (20%; fixed factors

In general, savanna species tended to occur in drier and more

alone). To see whether these effects explained the biogeographi-

seasonal climates, where fire frequency, intensity and soil pH were

cal differences when including only the savannas, we repeated the

higher and soil organic carbon content lower compared with forests

backward selection, including “region” among the explanatory vari-

(Supporting Information Appendix S3 and Figure S3.2). High-SLA spe-

ables. The final model kept region (highly significant) among the pre-

cies tended to be those inhabiting wet and less seasonal areas, with

dictors, and the variance explained by the fixed factors in the model

carbon-rich, sand-poor soils and low fire frequency (Table 2, Partial

increased to 60%, with region alone explaining 51% of the variance,

Model 2; Supporting Information Table S2.3). However, these effects

along with fire frequency (negative relationship) and the third PCA

were modest, especially in comparison to the effect of biome (Table 2,

axis (positively), related mostly to soil clay content (r = .80) and, to a

Partial Model 1). Species with high WD were generally those inhab-

lesser extent, to mean annual temperature (r = −0.48). However, the

iting soils with low precipitation and cation exchange capacity and

variance explained by fire frequency and clay alone in the model was

high temperature and pH. This effect was similar in strength to that of

negligible (< 1%), suggesting that WD responds differently to these

biome and biome–region interaction (Table 2). Finally, tall species also

variables in different regions (different intercepts). Moreover, in this

inhabited wetter, warmer, less seasonal environments, with fine-tex-

model, the initial (before including “region”) relationship with water

tured and cation-poor soils, experiencing low fire intensities.

availability (negative) and cation exchange capacity (positive) disap-

To assess whether differences between biomes and continents
changed after accounting for habitat variables, we repeated these

peared, suggesting that differences in savanna between regions are
explained, at least in part, by differences in climate and soil.

analyses with a full model (biome, continent, their interaction and
habitat variables) as the initial model in the backward model selection procedure. If the relationships detected in the Partial Model 1

5 | D I S CU S S I O N

disappeared (biome and region as predictors), we interpreted as if
their effects were accounted for by the environmental variables se-

Forest and savannas differed consistently between biogeographi-

lected (PCA axes and/or fire variables). Otherwise, we compared the

cal regions in traits such as SLA and HMax (both lower in savannas).

patterns with the predictions for our hypothesis of a direct modu-

Nonetheless, savannas of the two continents contrasted in important

lation by megafauna. Overall, including environmental variables in

ways.

the model with biome and region did not change the biogeograph-

First, Afrotropical savanna species presented higher WD. Wood

ical patterns in the traits (full model in Table 2). However, after ac-

density was previously shown to be related to soil and climate, in-

counting for the environment, Afrotropical and Neotropical forests

creasing with temperature (and related variables, such as evapo-

became marginally different in HMax (p = .06; shorter plants in the

transpiration; Swenson & Enquist, 2007) and decreasing with soil

latter). Wood density became negatively related to water availability

fertility (Quesada et al., 2012). We found similar associations (see

(Table 2). Moreover, the SLA values of Neotropical savanna species

Table 2; Supporting Information Table S2.3), but these effects did

became only marginally different from those of Afrotropical forest

not explain the biogeographical patterns reported here. In fact,

species (p = .08) when differences in soil cations were taken into

we found that savanna and forest, and savannas from different re-

account (Figure 1a). For all traits, models including both biome and

gions, differed in how WD related to these variables (Supporting

environmental variables and, for WD and HMax, also region and the

Information Table S2.4). A high WD confers mechanical resistance

interactions, showed the lowest AICs. The results support the idea

to plant stems and branches, and thus, it is important for plants

1294

|

DANTAS and PAUSAS

submitted to intense browsing by megaherbivores. We suggest that

of large-fruited plants owing to the extinction and lower pre-extinc-

the selective role of disturbance by megafauna explains these differ-

tion historical diversity of megadispersers (Figure 3). This interpre-

ences. To our knowledge, this is the first study to suggest that WD is

tation is consistent with evidence that large-fruited trees are more

under selection by megaherbivores.

common in Afrotropical than Neotropical forest taxa (Mack, 1993)

Second, we found Afrotropical savanna to present more thorny

and that the distribution of species with megafauna-dispersed fruits

species than Neotropical savanna and forests from the two re-

has probably reduced since the extinction of megafauna (Doughty,

gions. Spines are an important adaptation to reduce browsing, and

Wolf, et al., 2016). However, HMax differed only marginally between

Afrotropical spiny species evolved in close proximity to the diversifi-

the two forests, which suggests that differences in megafauna abun-

cation of bovid herbivores (Charles-Dominique et al., 2016).

dance before the Holocene extinction might have played a role.

Third, the proportion of geoxyle species was lower in the

Given that HMax is correlated with multiple traits and functions

Afrotropics than in the Neotropics. This is a growth form that rep-

(Liu et al., 2019; Moles et al., 2009), we suggest that more studies

resents an important adaptation to resist fire (Pausas et al., 2018)

should be carried out to understand the underlying causes of this

and marks the origin of fire-dominated mesic savannas (Maurin et al.,

intercontinental difference fully.

2014; Pennington & Hughes, 2014; Simon et al., 2009). Ours is the

We did not find clear evidence of megafauna biogeography

first study to provide evidence that differential patterns of mega-

shaping SLA. Although SLA was lower in savannas, both savannas

fauna history shape the distribution of high-WD, thorny and geoxyle

had similar SLA values (Figure 1). The lower SLA in savannas than in

plant species at the global scale. Combined with previously reported

forests might result from a common and indirect effect of both fire

differences in relative height and bark allocation (Dantas & Pausas,

and herbivory in savannas (i.e., canopy openness). In fact, SLA is a

2013), these results indicate the importance of megafauna biogeog-

very plastic trait that responds readily to small variations in light in-

raphy to understanding of plant trait variation in savannas (Figure 3).

cidence (e.g., similar light environments may even produce overlaps

We found a consistent intercontinental difference in HMax

between the SLA values of savanna and forest species; Hoffmann &

across biomes (Figure 1; Table 2). We did not interpret this pattern as

Franco, 2003).

a direct result of disturbance by megaherbivores, because empirical

The extinct megafauna of South America included a high di-

evidence that large mammals, such as elephants, substantially affect

versity of large browsers (Owen-Smith, 2013), which suggests

tree demography in forest is equivocal (Cardoso et al., 2019; Omeja

that woody plants were also subject to herbivory selection on that

et al., 2014). Instead, because fruit size and HMax are positively cor-

continent by the time these species evolved. However, evidence

related (Wright et al., 2007), the height differentiation shown here

indicates that, if South American large mammals had not gone ex-

is more consistent with a reduced Neotropical stock and distribution

tinct, their distribution would be concentrated in southern, southeastern and eastern portions of the continent (see Doughty, Faurby,
& Svenning, 2016: fig. 5a). In tropical and subtropical latitudes, these
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areas would coincide, in part, with the south-eastern distribution of
modern tropical savannas of the Cerrado region but would mostly
overlap with regions dominated by seasonally dry forests (SDF; e.g.,
Gran Chaco and Caatinga regions) and humid subtropical grassland–
forest mosaics (SGFM). Modern Neotropical savanna species, with
their weak and vulnerable stems (low relative height growth, low
WD and lack of spines), are unlikely to have evolved in regions with

ŽŵƉĞƟƟŽŶ

abundant browsers. In fact, ecosystems with similar climate and soil

ŝƐƉĞƌƐĂůŽĨ
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Figure S3.2) but are avoided by large mammals, which generally pre-
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F I G U R E 3 Simplified summary of the effects of megafauna
history on plant functional traits of tropical woody species. Arrows
between the dominant driver(s) (boxes) and traits (ellipses) indicate
positive (blue) and negative (red) effects. Numbers (superscripts)
in traits refer to the sources for the information: (1) Dantas and
Pausas (2013); (2) present study; (3) Archibald and Bond (2003) and
Staver et al. (2012); (4) Tomlinson et al. (2012); and (5) Mack (1993),
Guimarães et al. (2008) and Doughty, Wolf, et al. (2016) [Colour
figure can be viewed at wileyonlinelibrary.com]

conditions currently exist in tropical Africa (Supporting Information
fer conditions similar to those of Neotropical SDF (i.e., dry and seasonal climates, high soil fertility; Dantas et al., 2016; Dexter et al.,
2018). A quick search for information on spinescence for 200 randomly selected Neotropical SDF species (100 deciduous forest and
100 semi-arid thorny woodland species) from Oliveira-Filho (2017)
showed that the proportion of spinescent species in SDF is similar
(23%; n = 60) to that of Afrotropical savannas (χ2 = 1.67; p = .196) and
much higher than that of Neotropical savannas (χ2 = 20.14; p < .001).
The SGFM, in contrast, occur in moister climates. Evidence suggests
that grasslands in these mosaics are experiencing encroachment by
moist forest and depend on anthropogenic intervention (fire and
grazing) to prevent complete replacement by moist forest (Overbeck
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et al., 2007). Although some authors attribute this process to climate

of grazer species. Thus, in the Neotropics, successful woody sa-

change, large mammalian herbivores could have developed a role in

vanna plants are those that maximize fire resistance and recovery

maintaining these grasslands before human arrival. This is consistent

(stem and bud protection, with inexpensive light stems). In Africa,

with fossil evidence that before extinction of the megafauna, SGFM

plants having similar strategies are probably restricted geograph-

grassland species dominated in Neotropical areas now occupied by

ically, and the strong and persistent megaherbivore control fa-

modern tropical savanna (Behling, 2002). Moreover, increased fire

vours plants that evolved to maximize herbivory resistance and

frequency in the SGFM region coincided with the period of mega-

fire avoidance (high WD, early allocation to height and numerous

fauna extinction (Overbeck et al., 2007), which is consistent with

spines). The extinction of megadispersers in the Neotropics could

studies showing that large grazers inhibit fire in Africa (Dantas et al.,

have maximized the intercontinental distinctions by promoting

2016). Finally, the grasslands in these mosaics have high floristic

height and fruit size asymmetry.

affinity with Chacoan SDF (but not with modern tropical savannas;

Overall, our results support the idea that the differential pat-

Overbeck et al., 2007), despite occuring in moister climates. Thus,

terns of megafauna history in the tropics are likely to have affected

the Neotropical home of South American extinct megafauna was

the present biogeographical patterns of plant functional trait varia-

probably a more open version (probably savanna like) of SDF, very

tion (Figure 3). Looking at plants and thinking about the megafauna

similar to the vegetation dominating in modern semi-arid African

history might provide new insights for understanding the patterns of

savannas, in addition to moister, non-seasonal grasslands, most of

vegetation across the globe.

which were dominated by Chaco-related plant species. With the
extinction of the megafauna, these ecosystems tended to be re-
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