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a  b  s  t  r  a  c  t

While  arbuscular  mycorrhizal  fungi  improve  plant  performance  they  demand  large  shares  of the  plant’s
assimilated  carbon,  therefore  resource  allocation  trade-offs  may  drive  the  commonly  observed  sexual
dimorphism  in  mycorrhizal  colonization  in  dioecious  species.  Here  we  looked  for  evidence  of  the  evolu-
tionary  reduction  of mycorrhizal  colonization  in males  of 15  tropical  rain  forest  plants  including  palms
(Chamaedorea)  and  trees,  light-demanding  and shade-tolerant  species.  For  none  of  the  analyzed  species
there  was  evidence  of  spatial  segregation  of  the  sexes.  Most  of the  tree  species  had  no seasonal  variability
in  mycorrhizal  colonization  and  males  had  lower  mycorrhizal  colonization  than  females  in  over  70% of
the  tree  species.  In  contrast,  there  were  no  differences  between  the sexes  of the  Chamaedorea  species.
volution of mutualisms
ength of hyphae
os Tuxtlas
lant–fungus interactions
ropical rain forest

Chamaedorea  species  had  ticker  roots  and  lower  specific  root  length  than  trees,  and  seasonal  patterns  of
mycorrhizal  colonization  correlated  with  the life-histories  of  the plants.  Based  on  phylogenetically  inde-
pendent  contrast,  mycorrhizal  colonization  of  male  trees  correlated  negatively  with  a  metric  of  sexual
differentiation  of mycorrhizal  colonization  between  sexes.  Our  results  suggest  an  evolutionary  reduction
in the  intensity  of  mycorrhizal  interactions  in male  plants,  presumably  driven  by  resource  allocation
trade-offs  as  the  origen  of  sexual  dimorphs  in mycorrhizal  colonization.

© 2015  Geobotanisches  Institut  ETH,  Stiftung  Ruebel.  Published  by Elsevier  GmbH.  All rights  reserved.
. Introduction

Dioecy (separate female and male plants) has evolved in up to
8–43% of the plant families, including 6% of the angiosperm species
orldwide (Renner and Ricklefs, 1995; Barrett, 2002). However,

n tropical regions, dioecy occurs in up to 21% of the flowering
lant species (Bawa, 1980). Many dioecious species display sec-
ndary sexual dimorphism; that is, differences between male and
emale plants in traits not involved directly in the production of
ametes (cf. Geber et al., 1999). Secondary sexual dimorphism
etween male and female plants includes morphological traits, for

nstance, the size and number of flowers produced in male and

emale plants (e.g., Delph, 1999; Hemborg and Karlsson, 1999),
nd differences in physiological traits such as photosynthesis rates,
he uptake of nutrients, and the production of secondary metabo-
ites (e.g., Crawford and Balfour, 1983; Ågren, 1988; Dawson and

∗ Corresponding author.
E-mail address: roger.guevara@inecol.mx (R. Guevara).

ttp://dx.doi.org/10.1016/j.ppees.2015.09.004
433-8319/© 2015 Geobotanisches Institut ETH, Stiftung Ruebel. Published by Elsevier G
Bliss, 1989; Leigh and Nicotra, 2003; Wheelwright and Logan, 2004;
Cornelissen and Stiling, 2005; Hultine et al., 2008). Male and female
plants may  also have different life history traits such as the time to
flowering (e.g., Thomas and LaFrankie, 1993; Delph, 1999; Saeki,
2008), or different functional traits such as anti-herbivore and
anti-parasite defense mechanisms. Male and female plants may
also offer rewards of different quality or quantity for mutualistic
species such as pollinators and mycorrhizal fungi (e.g., Cepeda-
Cornejo and Dirzo, 2010; Vega-Frutis et al., 2013a). Secondary
sexual dimorphism has commonly been linked to the resource allo-
cation trade-offs imposed by the difference in the reproductive
costs of male and female plants, with females investing propor-
tionally more resources in reproduction than males as a general
rule (Reznick, 1985; Delph, 1999; Obeso, 2002), although some
exceptions have been documented in which males have a more

costly reproduction than females (Delph et al., 2005). Secondary
sexual dimorphism stems from a set of differentiated processes
and mechanisms that maximize gains (e.g., nutrient acquisition
and pollination) and minimize costs in male and female indi-
viduals; these can have substantial ecological and evolutionary

mbH. All rights reserved.
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onsequences and can alter, for instance, antagonistic and mutua-
istic interactions in male and female plants (Cepeda-Cornejo and
irzo, 2010).

No less than 74% of flowering plants, distributed in almost
ll terrestrial biomes, are associated with arbuscular mycorrhizal
AM) fungi (Brundrett, 2009). Hyphae of mycorrhizal fungi prolif-
rate in the root cortex and grow into the soil matrix where they
acilitate the uptake of water and soil nutrients (especially phos-
horus and nitrogen) by their host plants (Koide, 1991; Lee and
eorge, 2005; García et al., 2008). However, AM fungi are expensive
ymbionts and they can consume 4–30% of the photosynthates pro-
uced by their host plants (Jakobsen and Rosendahl, 1990; Finlay
nd Söderström, 1992). Therefore, the resource allocation theory
redicts that plants will allocate resources to mycorrhizal fungi
hen plant growth and reproduction are limited by soil nutrients

Treseder, 2004), providing that carbon assimilation is not, and does
ot become, a limiting factor for plant growth and reproduction
Aguilar-Chama and Guevara, 2012).

Differences in mycorrhizal colonization between male and
emale plants of dioecious species in response to changes in soil
ertility suggest that the reduction of mycorrhizal colonization in
ertile soils may  be more than just an ecological response of the
ost plants. A study with the pioneer tropical tree Carica papaya
howed that female trees have a higher investment in mycorrhi-
al symbionts than male plants, and mycorrhizal colonization in
emale plants correlated negatively with the availability of phos-
horus in the soil, whereas mycorrhizal colonization of male plants
id not change with soil fertility (Vega-Frutis and Guevara, 2009).
. papaya grows in dense patches in forest gaps and roadsides, and
he roots of male and female plants are often knitted together in the
oil. Therefore, the different responses of male and female plants
o changes in soil nutrient availability (Vega-Frutis and Guevara,
009) may  have nothing to do with spatial segregation of the sexes
ut rather with the evolution of different strategies in male and
emale trees to deal with mycorrhizal interactions (Vega-Frutis
nd Guevara, 2009). Eppley et al. (2009) suggested that mycor-
hizal interactions may  be involved in the spatial segregation of
he sexes of Distichlis spicata. However, spatial segregation of sexes
eems an unlikely explanation for secondary sexual dimorphism in
ycorrhizal colonization. The general rule in species with spatial

egregation of sexes is that female plants proliferate in less stressful
ites, for instance, sites with high soil fertility or water availability,
ompared with those sites in which males are more frequent or
bundant (Bierzychudek and Eckhart, 1988). Thus, because low soil
ertility environments favor mycorrhizal colonization (Treseder,
004), males should have higher mycorrhizal colonization than
emale plants, and this would appear to contradict the commonly
bserved patterns in which female plants have a greater mycor-
hizal colonization than male plants, for example, in the dioecious
erennial herbs D. spicata (Eppley et al., 2009) and Antennaria dioica
Varga and Kytöviita, 2010a; Vega-Frutis et al., 2013b), or gain more
enefits from mycorrhizal colonization as in the perennials A. dioica
Varga and Kytöviita, 2008) and the gynodioecious species (female
nd hermaphrodite individuals) Geranium sylvaticum (Varga and
ytöviita, 2010b). In A. dioica,  females gain more phosphorus than
ale plants when associated to mycorrhizal fungi, and in G. syl-

aticum, mycorrhizal fungi are critical to explain the larger size
f the female plants compared with those of the hermaphrodites.
owever, other studies with A. dioica (Varga and Kytöviita, 2008,
011, 2012) showed no differences in mycorrhizal colonization
etween the sexes (but see Vega-Frutis et al., 2013c).
Dioecy is believed to have evolved independently in many plant
ineages from hermaphroditic ancestors either through gynodioecy
r monoecy (Charlesworth and Charlesworth, 1978; Ainsworth,
000; Barrett, 2002) as a mechanism that maximizes allogamous
reeding. If mycorrhizal interactions had no primary role in the
volution and Systematics 17 (2015) 444–453 445

evolutionary separation of sexes in different individuals, then
newly evolved unisexual plants would be expected to have had
expressed mycorrhizal colonization patterns similar to those in
their hermaphroditic ancestors. Thus, we  hypothesize that the low
mycorrhizal colonization reported in male plants compared with
female plants of dioecious species may  be the result of evolution-
ary reductions in the intensity of mycorrhizal interactions in male
plants, whereas female plants kept the levels of colonization of
their hermaphroditic ancestors. Given that dioecy is widespread
across phylogenetic clades of plants, we included in our analy-
sis monocotyledons and dicotyledons, and also light-demanding
and shade-tolerant species (Swaine and Whitmore, 1988), and we
sampled in three different seasons to include seasonal variability.

Plant life history and seasonality are known to affect mycorrhi-
zal colonization. For instance, Zangaro et al. (2003) found a clear
reduction of mycorrhizal colonization from pioneer to early sec-
ondary to late secondary and to climax species in the Tibagi River
Basin, Paraná State, in south Brazil. Also, Zangaro et al. (2007) found
that the mycorrhizal responsiveness of plants was  higher in early
successional than in late successional species, and mycorrhizal col-
onization altered root morphology in early successional species but
had no effect on late successional species.

Mycorrhizal colonization is also usually higher during the plant
growing season, which is a pattern that includes species with
inverted phenology (Diop et al., 1994; Allen et al., 1998). In addi-
tion to sexual dimorphism in mycorrhizal colonization, we predict
higher mycorrhizal colonization in light-demanding species than
in shade-tolerant species, and also higher colonization of the roots
by mycorrhizal fungi during the summer and winter rainy seasons
than in the dry season. We  aim to answer the following questions.
Is there sexual dimorphism in mycorrhizal colonization in tropical
plant species with different life histories and phylogenetic relat-
edness? Do female plants have higher mycorrhizal colonization
than male plants? Are there differences in mycorrhizal colonization
between plants with different life histories? Are seasonal changes
in mycorrhizal colonization equal in plants with different life his-
tories? Given that light-demanding and shade-tolerant species
usually differ in the frequency of AM colonization, we predicted
higher AM colonization in the roots of light-demanding species.
Also we predicted higher AM colonization in female plants of both
life history strategies, irrespective of their phylogenetic relation-
ship because the costs to reproduction are assumed to be high in
female plants of either life history strategy. However, if the sexes
were spatially segregated, our predictions could potentially be
explained by differences in microenvironmental conditions rather
than by the sex allocation theory. Therefore, we investigated sex
spatial distribution of the plant species studied. Finally, to help
us explain the observed patterns we considered the root mor-
phology of the studied species. Recent studies have shown that
root morphology traits are important determinants of mycorrhi-
zal colonization (Kong et al., 2014) and these traits (e.g., first-order
root diameter and specific root length) are known to be phyloge-
netically conserved and have limited plasticity compared to root
architectural traits (e.g., root branching ratio) which vary widely
with environmental conditions (Chen et al., 2013; Liu et al., 2015).

2. Materials and methods

2.1. Study site
The study was conducted at the Tropical Biology Station Los
Tuxtlas (Universidad Nacional Autónoma de México) in southern
Veracruz, Mexico (18◦34′–18◦36′ N, 94◦04′–95◦09′ W).  The 600 ha
protected area ranges in elevation between 150 and 530 m,  and
the climate is warm and humid for most of the year. The annual
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Table 1
Light demanding (LD) and shade tolerant (ST) dioecious species of palms and trees
studied at Los Tuxtlas tropical rain forest (c.f. Pompa et al., 1992; Ibarra-Manríquez
et  al., 1997; Ruiz-Guerra et al., 2010).

Species Family Life history Life form

Alchornea latifolia (Alla) Euphorbiaceae LD Tree
Brosimum alicastrum

(Bral)
Moraceae ST Tree

Cecropia obtusifolia
(Ceob)

Cecropiaceae LD Tree

Chamaedorea alternans
(Chal)

Arecaceae ST Palm

Chamaedorea elatior
(Chel)

Arecaceae ST Climber palm

Chamaedorea
ernesti-augusti (Cher)

Arecaceae ST Palm

Chamaedorea oblongata
(Chob)

Arecaceae ST Palm

Chamaedorea
pinnatifrons (Chpi)

Arecaceae ST Palm

Chamaedorea tepejilote
(Chte)

Arecaceae ST Palm

Garcinia intermedia
(Gain)

Clusiaceae ST Tree

Hampea nutricia (Hanu) Malvaceae LD Tree
Heliocarpus

appendiculatus
(Heap)

Malvaceae LD Tree

Pseudolmedia
oxyphyllaria (Psox)

Moraceae ST Tree

Urera caracasana (Urca) Urticaceae LD Tree
eteorological Station located 10 km south east of the Los Tuxtlas Biological Station.
ata showed are monthly averaged temperatures (◦C) and monthly accumulated
recipitation (mm) with the rainy and dry seasons identified in the plot. Sampling
vents are indicated by arrows on the x-axis.

verage precipitation is 4725 mm.  Most of the rain falls between
une and September (summer rainy season) with a less intense
ainy season from October to February caused by frequent gales
fall-winter rainy season), and the dry season extends from March
o May  (Fig. 1; Lot-Helgueras, 1976). The vegetation at the study
ite is tropical rain forest (Miranda and Hernández, 1963). The
oil is an andosol–cambisol, with abundant organic matter and
ineral nutrients, but also abundant aluminum and iron cations

hat form insoluble phosphate compounds; thus, plant growth is
ften limited by the low amount of readily available phosphorus
Sommer-Cervantes et al., 2003).

.2. Sampling design

In May  (dry season) 2004, male and female individuals of 15
ioecious species were tagged (Table 1). All the plants were selected
t random from reproductive individuals over an area of ca. 40 ha
nd were georeferenced. Individual plants were sexed on the basis
f flower morphology and the presence of fruits; in all cases,
ully grown trees were selected (juvenile reproductive trees were
xcluded to avoid potential ontogenetic effects; cf. Guevara and
ópez, 2007). Six of the 15 species were light-demanding and the
est were shade-tolerant species, including six Chamaedorea palms
pecies. In total, 337 female and 343 male plants were tagged,
hich included 4–11 individuals of each combination of sex and

pecies. Tagged plants were sampled repeatedly over three sea-
ons (Fig. 1): summer rainy season (August 2004), fall-winter rainy
eason (February 2005), and dry season (May 2005).

.3. AM colonization

Fine roots were collected from all tagged individuals in August
004, February 2005, and May  2005. To collect fine roots, first,
hree main roots of each plant were located, then secondary roots
ere dug out until fine roots were uncovered. This method of root

ampling guaranteed that the collected roots originated from the
agged plant. Fine roots were collected in formaldehyde–acetic

cid–alcohol (FAA) and distilled water (2:1:10:7, respectively).
oots were processed according to the method of Koske and
emma  (1989) and stained with trypan blue (0.05%). The AM
yphae were identified as smooth and coenocytic hyphae (asep-
ate) stained blue by trypan blue and their identities were
Urera elata (Urel) Urticaceae LD Tree

confirmed by the presence of vesicles and arbuscules whenever
possible in the same samples. Mycorrhizal colonization of each
plant in each sampling season was estimated based on 15 root frag-
ments (each ca. 15 mm long) of first-order roots. Each root fragment
was scanned at three equally spaced points by using a 1 mm2 grid
in the ocular piece of an E600 Nikon microscope with an open-
ing at 100× total magnification of 0.1 mm.  The length of hyphae
(LH) of AM fungi in the root cortex per mm of root (Vega-Frutis and
Guevara, 2009; Aguilar-Chama and Guevara, 2012; Vega-Frutis and
Guevara, 2013) was quantified by following Buffon’s needle theo-
rem (Schroeder, 1974). The number of intersections of the hyphae
with the grid lines was counted and applied to the following for-
mula: LH (mm  hyphae per mm of root) = (0.1 mm �IC)/4F, where I
is the total number of intersections between hyphae and the gird, C
is the number of observation fields in which hyphae were actually
observed, and F is the total number of observation fields.

2.4. Root morphology

Roots from two males and two females individuals of each of the
15 studied species were collected. Root segments including first-
and second-order roots were washed thoroughly in gently running
water. High-resolution images of representative root segments that
included several second-order roots and their attached first-order
roots were then obtained. In every image, the number of first-order
roots in each second-order root was counted, and, by using as ref-
erence the scale included while imaging each root segment, the
diameters of all first-order roots and the length of the root seg-
ment were measured with ImageJ software (Abramoff et al., 2004).
All imaged root segments were then dried in an oven for 72 h at
60 ◦C. The root branching ratio was then estimated as the number

of first-order roots relative to the number of second-order roots
(Chen et al., 2013), and the specific root length was estimated by
dividing the root length by the root dry mass (Kong et al., 2014).
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Table 2
Spatial segregation of sexes. Frequency of nearest neighbors as a function plant
gender, and the binomial probabilities.

Species Nearest neighbor P

Opposite sex Same sex

Alla 7 8 0.393
Bral  7 9 0.349
Ceob 10 8 0.334
Chal 8 6 0.367
Chel 11 7 0.243
Cher 7 10 0.297
Chob 9 8 0.371
Chpi 5 5 0.492
Chte 9 7 0.349
Gain 6 13 0.104
Hanu 8 6 0.367
Heap 7 5 0.387
R. Vega-Frutis et al. / Perspectives in Plant Eco

.5. Data analyses

All statistical tests were conducted using the R software envi-
onment (R Development Core Team, 2012). We  tested for spatial
egregation of the sexes by working out the frequency of occurrence
f conspecific nearest neighbor of the same and opposite sex, and
alculating the binomial probabilities taking 0.5 as the probability
f success (nearest neighbor of the same sex).

We used repeated measures mixed-effects models to investigate
emporal differences in mycorrhizal colonization. Species identity,
ex nested in species (test differences between male and female
lants within each species), and season nested in species (test sea-
onal differences within each species) were defined as fixed factors.
he identity of the plants was incorporated as a random factor in
he model. We  used a power function to model the variance and a
ompound symmetry structure to account for the autocorrelation
nherent to the repeated measurements experimental design. Dif-
erences between levels of significant factors were tested with post
oc contrasts: t test with standard errors estimated from the linear
redictor of the model (Warnes, 2012).

To test for differences in mycorrhizal colonization between dif-
erent regeneration modes (light-demanding and shade-tolerant
pecies), we used a repeated measures mixed-effects model. The
xed factor was the regeneration mode and season nested in
egeneration mode (evaluate seasonal differences within each
egeneration mode). The random component, the variance, and the
orrelation structure were modeled as described above.

Phylogenetic relationships of the analyzed species (including
yathea sp., Pinus nigra, and Zamia furfuracea as external groups)
ere based on sequences of the MATk region obtained from Gen-
ank (Benson et al., 2013; Table S1 in Appendix A). When no
equence of the actual species was found, the sequence of a
losely related species within the same genus was used. Sequences
ere initially aligned with the platform Muscle (Edgar, 2004) and

hen manually checked. Reconstruction of phylogenetic related-
ess between species was performed with the BIONJ algorithm
Gascuel, 1997). Phylogenetically independent contrasts and cor-
elation models fitted through the origin were performed in the
-libraries ape (Paradis et al., 2004) and phylogr (Diaz-Uriarte
nd Garland, 2007), respectively. We  used the ratio between the
engths of hyphae in the root cortex of male and female plants
f each species as an estimate of sexual dimorphism of mycor-
hizal colonization, and we correlated this metric of dimorphism
ith the colonization of male and female plants separately. The

uotient between male/female colonization will be less than one
nder three different evolutionary scenarios. (1) Female coloniza-
ion remained stable or experienced a minor reduction compared
ith hermaphroditic ancestors over time while male colonization

xperienced a considerable reduction (our hypothesis). (2) Female
olonization increased over time and male colonization remained
table. (3) Female colonization increased over time while male
olonization was reduced. Opposite patterns will result in values
reater than one. There are neither empirical data nor theoreti-
al grounds to support increments of mycorrhizal colonization in
emale plants relative to hermaphroditic ancestors while males
emain unchanged, or to support patterns in which male colo-
ization increases while female colonization remains stable or
ecreases. Such patterns would run counter to the broad legacy of
ata and the theory of resource allocation among sexual functions.
inally, there are three possible scenarios leading to the absence
f sexual dimorphism or null models (ratio of root colonization

n males/females not distinguishable from one) when colonization
ither increased or reduced in the same proportion in both sexes
elative to the hermaphroditic ancestor and also when there was
o change in mycorrhizal colonization in either sex. Given that the
atio of dimorphism and the mycorrhizal colonization of males and
Psox 10 4 0.122
Urca 7 5 0.387
Urel 7 7 0.419

females are not independent, significance was established based
on a Monte Carlo simulation of the correlation of phylogenetically
independent contrasts. First, we  estimated the percentage differ-
ences in colonization between female and male plants of the 15
studied species. Then, in each run of the Monte Carlo simulation,
we calculated male colonization for each species subtracting a ran-
domly assigned percentage from the average value observed in
female plants. In each simulation, the percentage differences were
assigned randomly without replacement. Having obtained random
estimates of male colonization, the phylogenetically independent
contrasts and correlation were determined as described above. We
ran 10,000 simulations (there are over 1.3 × 1012 permutations)
and, based on the collection of correlation coefficients, the prob-
ability of obtaining a correlation coefficient greater than or equal
to the correlation coefficient of the observed data simply by chance
was estimated.

Root morphology data were analyzed by linear mixed-effects
models and we tested for differences between life forms (palms
and trees) to support patterns of sexual dimorphism between dif-
ferent life forms. In the case of first-order root diameter and specific
root length, in the random component of the models, we included
the species identity, whereas in the case of frequency of branch-
ing, the random component of the model included the species and
the identity of the individuals because there were between two
and five second-order segments of each individual. To meet model
assumptions, we used the natural logarithmic transformation for
the specific root length and the frequency of branching, and in all
models the variance was  modeled with an exponential function
and we used a compound symmetry correlation structure for the
random component.

3. Results

3.1. Sexual dimorphism between sexes

The binomial probabilities showed no significant evidence
(P > 0.104) of spatial segregation between the sexes in the 15 ana-
lyzed species (Table 2). The mixed-effects model showed significant
differences in mycorrhizal colonization between sexes (Table 3a).
There was secondary sexual dimorphism in mycorrhizal coloniza-
tion in seven of the 15 species analyzed (Fig. 2). None of the

Chamaedorea species showed significant differences in mycorrhi-
zal colonization between male and female plants (t < 1.42, df = 161,
P > 0.158). In contrast, in the clade of trees, seven of the nine
species showed significant differences in root colonization between
male and female plants (t > 2.1, df = 161, P < 0.037); in all cases,
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Fig. 2. (a) Phylogenetic relationships of the 15 analyzed species based on the MATk
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Table 3
Statistical summary of repeated measures mixed-effect models for the length of the
hyphae in the root cortex in the 15 dioecious species analyzed.

df F P

(a) Species level
Species 14,105 3.0 <0.001
Species (sex) 15,483 4.4 <0.001
Species (seasons) 30,483 6.7 <0.001

F
h
d

h. pinnatifrons, Chte: Ch. tepejilote, Gain: Garcinia intermedia, Hanu: Hampea nutri-
ia,  Heap: Heliocarpus appendiculatus, Psox: Pseudolmedia oxyphyllaria, Urca: Urera
aracasana and Urel: U. elatior. We  followed the APG-III classification system of
ngiosperms.

ycorrhizal colonization was higher in female plants than in male
lants (Table S2 in Appendix A). Differences between sexes were
round 20% for most of the species but reached 61% in Brosimum
licastrum. The two species of trees with no sexual dimorphism
ere Cecropia obtusifolia (t = 0.34, df = 161, P > 0.738) and Heliocar-

us appendiculatus (t = 0.22, df = 161, P > 0.823).
Based on the phylogenetically independent contrasts (Fig. 3) we

ound a significant negative correlation between the degree of sex-

al dimorphism in mycorrhizal colonization and the mycorrhizal
olonization in male plants (� = –0.73, df = 12, P = 0.003). In other
ords, the greater the differentiation between male and females

n mycorrhizal colonization, the lower the colonization in male
rees. In contrast, mycorrhizal colonization of female plants was
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not significantly correlated with the dimorphism in mycorrhizal
colonization (� = 0.36, df = 12, P = 0.207). As expected, in both cases
the phylogenetic correction reduced the estimated relationship
between the characters (males: r = 0.84, df = 13, P < 0.001; females:
r = 0.50, df = 13, P = 0.058).

3.2. Seasonal patterns in mycorrhizal colonization

There were six different patterns of seasonal variation in mycor-
rhizal colonization of the 15 analyzed species (Table 3a, Fig. 4).
Seven species (47%) showed no significant seasonal variation
in mycorrhizal colonization: B. alicastrum,  Pseudolmedia oxyphyl-
laria, Alchornea latifolia, Hampea nutricia, Urera caracasana,  Urera
elata, and H. appendiculatus.  In most Chamaedorea species, Garcinia
intermedia and C. obtusifolia,  seven species (47%), mycorrhizal col-
onization peaked in the summer rainy season, and included three
variations: (a) a reduction of the mycorrhizal colonization from
the summer rainy season to the fall-winter rainy and dry seasons
(Chamaedorea pinnatifrons and Chamaedorea alternans); (b) high
mycorrhizal colonization in both rainy seasons and low coloniza-
tion in the dry season (Chamaedorea tepejilote, Chamaedorea elatior
and G. intermedia); and (c) high colonization only in the summer
rainy season with low mycorrhizal colonization in the fall-winter
rainy and dry seasons (C. obtusifolia and Chamaedorea oblongata).
And, in only one species (7%), mycorrhizal colonization peaked in
the fall-winter rainy season, with low mycorrhizal colonization in
the summer rainy season and dry seasons (Chamaedorea ernesti-
augusti).
3.3. Mycorrhizal colonization among species

Mycorrhizal colonization varied significantly among species
(Fig. 5, Table S2 in Appendix A); however, sexual dimorphism
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nd seasonal patterns in mycorrhizal colonization did not corre-
ate with the length of hyphae in the roots. Two  Chamaedorea
pecies, Ch. elatior and Ch. oblongata (with no sexual dimorphism
nd significant seasonal changes in mycorrhizal colonization),
nd two pioneer trees, U. caracasana and A. latifolia (with sexual

imorphism and no significant seasonal changes in mycorrhizal
olonization), had the greatest mycorrhizal colonization, with an
verage of over 28 mm of hyphae in the root cortex in 1 mm  of root.
n contrast, Ch. pinnatifrons, Ch. alternans, and Ch. ernesti-augusti
with no sexual dimorphism and significant seasonal changes
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Fig. 6. Seasonal pattern of arbuscular mycorrhizal colonization (mean ± standard
error) in relation to two  regeneration modes (light demanding and shade tolerant
species) from the tropical rain forest at Los Tuxtlas, Ver. Mexico. Letters indicate
homogenous groups within each regeneration mode.

in mycorrhizal colonization), and the shade-tolerant species of
trees B. alicastrum,  P. oxyphyllaria, and G. intermedia (with sexual
dimorphism and no significant seasonal changes in mycorrhizal
colonization) had the lowest mycorrhizal colonization, with an
average of 13 mm of hyphae in 1 mm of root, and was statisti-
cally different from the average of the group with the heights
colonization (t > 2.31, df = 80, P < 0.023). The group composed of
H. appendiculatus, C. obtusifolia,  and Ch. tepejilote (with no sex-
ual dimorphism and significant seasonal changes in mycorrhizal
colonization) together with U. elata and H. nutricia (with sexual
dimorphism and no significant seasonal changes in mycorrhizal
colonization) presented intermediate levels of colonization and did
not differ significantly from either of the other two  groups (t < 1.81,
df = 80, P < 0.074).

3.4. Regeneration modes

There were significant differences between regeneration modes
across seasons (Table 3b, Fig. 6). Shade-tolerant species showed
significant reductions in root colonization from the summer rainy
season to the fall-winter rainy season (t = 4.5, df = 524, P < 0.001)
and from fall-winter rainy season to the dry season (t = 7.9, df = 524,
P < 0.001). Light-demanding species had high mycorrhizal colo-
nization in the summer rainy season compared with that in the
fall-winter rainy and dry seasons (t > 2.9, df = 524, P < 0.004), but
there were no significant differences between the fall-winter rainy
and dry seasons (t = 1.2, df = 524, P = 0.216).

3.5. Root morphology

Detailed descriptions of the root morphology of each species
and sex will be reported elsewhere. Here we  only reported
differences between palms and trees since these two groups
showed contrasting patterns of root colonization between male
and females plants. Overall, the morphology of the root varied sig-
nificantly between palms and trees. The first-order roots of palms
(326 ± 58 �m;  mean ± standard error) were more than twice as

thick (F = 7.01, df = 1, 11, P = 0.023) as those of trees (155 ± 29 �m).
The specific root length in palms (e5.08±0.33 m/g) was 21% lower
(F = 6.84, df = 1, 11, P = 0.024) than that of trees (e6.45±0.41 m/g), and
the root branching ratio of palms (e1.77±0.09 m/g) was  29% higher
(F = 13.72, df = 1, 12, P = 0.003) than that of trees (e1.37±0.06 m/g).
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. Discussion

.1. Sexual dimorphism in mycorrhizal colonization

In agreement with both resource allocation theory and our con-
eptual expectation, we found that 78% of the analyzed tree species
7/9) showed differences in mycorrhizal colonization between

ale and female plants. In the seven tree species with sexual
imorphism, mycorrhizal colonization was higher in female plants
han in male plants, which is a pattern that is consistent with
ther field studies (Eppley et al., 2009; Vega-Frutis and Guevara,
009; Vega-Frutis et al., 2013b) and controlled experiments (Varga
nd Kytöviita, 2010a). Although other factors such as parasites,
rought, temperature, and phenological stages of the plants may
lso affect plant–mycorrhizal interactions (Gehring and Whitham,
992; Varga and Kytöviita, 2008; Vega-Frutis et al., 2013c; Vega-
rutis et al., 2014), given the hap hazardous sampling protocol
sed in this study, these other factors are unlikely determinants
f sexual differences in the mycorrhizal colonization of the studied
ree species. In addition, we found no evidence of spatial segrega-
ion of the sexes in any of the studied species. Therefore, potential

icroenvironmental differences associated with male and female
lants also seem an unlikely explanation for the observed patterns
f sexual dimorphism in root colonization by AM fungi (Vega-Frutis
nd Guevara, 2009; Vega-Frutis et al., 2013b).

The mycorrhizal colonization of male plants correlated over the
hylogenetic structure with the estimate of sexual dimorphism
f mycorrhizal interactions, whereas the mycorrhizal coloniza-
ion of female plants did not correlate with the estimate of sexual
imorphism. These findings show that, regardless of their phyloge-
etic relationships, the differentiation in mycorrhizal colonization
etween sexes of dioecious tropical trees at Los Tuxtlas is given by

 reduction in the mycorrhizal colonization in male plants rather
han by changes in the mycorrhizal colonization of female plants.
his finding is consistent with our conceptual framework in which
e hypothesized that mycorrhizal colonization of male and female
lants of dioecious species would have been the same at the time
f segregation of sexual functions in different individuals, and
ater, in some species, male plants evolved by reducing the colo-
ization of roots by mycorrhizal fungi, presumably in response to
election pressures driven by resource allocation trade-offs, as is
ommonly seen in mycorrhizal interactions at the ecological scale
see Johnson, 2010). Multiple mycorrhizal fungi species can occupy
he same root fragment, and plants and fungi have the ability to
iscriminate among alternative partners (partner choice) based on
he cost/benefit ratio (Bennett and Bever, 2009; Kiers et al., 2011;
ekberg and Koide, 2014). Therefore, partner choice may  not only
e occurring among species but also between sexes of the same
pecies. For instance, Varga and Kytöviita (2008) showed that male
nd female plants are functionally different in relation to mycor-
hizal interactions even when the same fungal species colonizes
heir roots. Females of A. dioica gain higher benefits (biomass and
umber of ramets) when inoculated with the AM fungus Glomus
laroideum than inoculated male plants. Our findings are also con-
istent with Delph’s (1999) review, showing divergent patterns in
ale and female plants of dioecious species for a large number

f life history traits. Details of the evolutionary history of reduc-
ng cost to mycorrhizal interaction in male plants of dioecious
pecies remain to be elucidated; however, the evidence presented
ere, combined with previously published data, indicate that dif-

erences in colonization of the roots by mycorrhizal fungi between

ale and female plants of dioecious species have deep roots in

he evolutionary history of trees. Further research in this area is
eeded to increase the number of dioecious plant species scanned
this must include plants from different biomes and life histo-
ies), as well as experiments to estimate the bidirectional resource
volution and Systematics 17 (2015) 444–453

allocation between plants and fungi, and the use of molecular tools
to elucidate the guilds of AM taxa present in the roots of female and
male plants.

Chamaedorea species showed no sexual dimorphism in
mycorrhizal colonization. This contrast with the findings of
Cepeda-Cornejo and Dirzo (2010) who found differences in growth,
anti-herbivore defenses, and herbivory rates between male and
female plants of Ch. alternans, Ch. pinnatifrons, and Ch. ernesti-
augusti at Los Tuxtlas. It remains an open question whether the lack
of sexual differentiation in mycorrhizal colonization in Chamae-
dorea species is tied phylogenetically to a common ancestor or
to the habit of growing in the understory stratum—not mutually
exclusive explanations—and one that deserves detailed investiga-
tion. For instance, Oyama and Mendoza (1990) found that although
defoliated male plants of Ch. tepejilote produced more than twice
the number of inflorescences than nondefoliated plants, defoli-
ation had no effect on female plants. The overcompensation of
male plants following defoliation may  help to explain the lack of
sexual dimorphism in mycorrhizal colonization in Chamaedorea
species. Tolerance to defoliation (overcompensation) will increase
the demand for soil nutrients in male plants, whereas herbivory
has no effect on female plants. This overcompensatory growth of
male plants may  be linked to the higher rate of leaf production
compared with that found in female plants (Oyama, 1990). Natural
losses of leaf area in Chamaedorea species are high and occur mainly
by two  mechanisms: leaf area losses caused by objects falling from
the upper canopy, and attack of the specialist herbivore Calypto-
cephala marginipennis (Oyama and Mendoza, 1990). Thus, tolerance
of herbivory in male plants may  counteract potential dimorphism
in mycorrhizal colonization in Chamaedorea species. Furthermore,
the studied palms have thicker first-order roots, lower specific root
length, and second-order roots that branched more frequently than
roots of the analyzed tree species, suggesting a high mycorrhizal
dependency of palms (Kong et al., 2014), which also may  pre-
vent differentiation in mycorrhizal colonization between sexes in
the Chamaedorea species. The feedback between defoliation and
mycorrhizal colonization and the relative dependence of plants
on mycorrhizal interaction along different phylogenetic clades are
lines of investigation that deserve further attention to understand
fully the evolution of sexual dimorphism of mycorrhizal interac-
tions.

4.2. Seasonal patterns

Overall root colonization by AM fungi varied across seasons and
seems to be positively correlated with precipitation. High values
of mycorrhizal colonization were observed in the summer rainy
season, and low values were observed in the dry season, which is
a pattern that is consistent with reports of another species at Los
Tuxtlas (cf. Núñez-Castillo and Álvarez-Sánchez, 2003). The main
driver of seasonal variation of mycorrhizal colonization at Los Tuxt-
las is likely to be the availability of soil nutrients. It is known that at
Los Tuxtlas, high levels of mycorrhizal colonization during the rainy
seasons are a response to the low availability of phosphorus in the
soil (Vega-Frutis and Guevara, 2009). A competing but not exclusive
hypothesis worth pursuing is that the concentration of flowering
and fruiting during the dry seasons in many species of the tropi-
cal rain forest at Los Tuxtlas (Ibarra-Manríquez and Oyama, 1992),
including at least 50% of the studied species, diverts resource allo-
cation from mycorrhizal interactions to the reproductive structures
of the plants.
When divided by species, different seasonal patterns in mycor-
rhizal colonization were revealed: 47% of the analyzed species (B.
alicastrum, P. oxyphyllaria, A. latifolia, H. nutricia, U. caracasana,
U. elata, and H. appendiculatus) had no seasonal variation in the
length of hyphae in the root cortex. Seasonal stability of root
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olonization by AM fungi of many tree species at Los Tuxtlas may
e a consequence of a mild seasonal pattern. Although there is a
ell-defined dry season at the study site (see Fig. 1), the cumula-

ive average rainfall from March to May  is over 70 mm.  In biomes
uch as the seasonally dry tropical forest where total annual rain-
all is around 700 mm,  and there is frequently no rain at all through
he dry season, there are consistent reports of high mycorrhizal
olonization in the rainy season compared with that in the dry
eason (cf. Allen et al., 1998). Notably, most of the species with
o seasonal variability in mycorrhizal colonization are those with
imorphism in mycorrhizal colonization between sexes. This sug-
ests that dimorphism in mycorrhizal colonization is more likely to
volve in species that sustain a constant level of mycorrhizal colo-
ization than in those with seasonal changes. An extensive account
f mycorrhizal colonization in male and female plants over diverse
iomes, and tracking the origin of dimorphic taxa, may  help to con-
rm this hypothesis. Given that mycorrhizal interactions show a
igh degree of plasticity (cf. Garrido et al., 2010), it is important to
nderstand what sexual dimorphism in mycorrhizal interactions

n dioecious plants means. The available evidence suggests that
imorphism in mycorrhizal colonization means intersexual differ-
nces in threshold and sensitivity to nutrient-wise environmental
onditions driven by differences in life histories of male and female
lants. In support of this concept, Vega-Frutis and Guevara (2009)
ound a negative correlation between the availability of soil nutri-
nts (phosphorus) and mycorrhizal colonization in female plants
f C. papaya, whereas male plants showed no response to changes
n nutrient availability. To gain further understanding of the mech-
nism that leads to sexual dimorphism in mycorrhizal interactions
n dioecious species, long-term experimental studies are required
hat may  confirm the negative correlation observed by Vega-Frutis
nd Guevara (2009).

.3. Regeneration modes

Trees in the tropical rain forest are often classified as light-
emanding and shade-tolerant species (Swaine and Whitmore,
988); overall, we observed different seasonal patterns of root
olonization between these two life history strategies. Light-
emanding species showed high levels of root colonization during
he growing season (summer rains), and low root colonization in
he fall-winter rains and dry seasons. In contrast, shade-tolerant
pecies showed a gradual reduction of mycorrhizal colonization
rom the summer rainy season to the dry season. Öpik et al. (2009)
ound that the roots of forest specialist plant species hosted more
M fungal taxa than the roots of generalist plant species, and some
M fungal taxa were detected exclusively from forest specialist
lant species. Their finding and our results suggest that an ecologi-
al specificity might be operating on the basis of functional groups
f plants (Öpik et al., 2009; Lekberg and Koide, 2014). In addition,
he different seasonal patterns of AM colonization observed in these
wo life history strategies might be linked to other trophic interac-
ions concurring in the host plants. For instance, light-demanding
nd shade-tolerant tree species in the tropical rain forest dis-
lay different anti-herbivore defense strategies: light-demanding
pecies tolerate herbivory, whereas shade-tolerant species resist
he attack of herbivores (Ruiz-Guerra et al., 2010; Endara and Coley,
011). It is possible that in the growing season, light-demanding
pecies invest heavily in mycorrhizal interactions as a mecha-
ism that contributes to the growth of new tissues to compensate

or losses suffered after attack from herbivores. Given that light-

emanding species proliferate in environments without shortage
f light, photosynthesis and carbon assimilation are not limiting
actors of plant growth, and plants may  meet the cost of AM inter-
ctions even after heavy herbivory (cf. Aguilar-Chama and Guevara,
012). In contrast, shade-tolerant species minimize the attack of
volution and Systematics 17 (2015) 444–453 451

herbivores by means of physical and chemical defense attributes.
In shaded environments, resistance to herbivory needs to be main-
tained for the whole life-span of the leaves because photosynthesis
and carbon assimilation are limiting factors for plant growth;
shade-tolerant species usually have low growth rates, and the cost
of growing new tissues is high in this type of species compared with
their light-demanding counterparts. Therefore, in shade-tolerant
species, it appears that mycorrhizal interactions may  contribute
more to plant defense than to growth, and it seems likely that
by reducing mycorrhizal colonization from the summer rainy sea-
son up to the dry season, the cost/benefit ratio can be maximized,
balancing growth and allocation to defense. This is also a line of
research that merits attention.

Although the effects of mycorrhizal interactions on plant
defense against herbivores have been documented in a number
of studies (see Garrido et al., 2010; Vannette and Hunter, 2011;
Aguilar-Chama and Guevara, 2012), none has addressed the ques-
tion of whether plants with different regeneration modes will
display different strategies to deal with concurring mutualistic and
antagonistic interactions, that is, mycorrhizal interactions and her-
bivory.

5. Conclusions

The conclusions from this study can be summarized as fol-
lows: (1) There is sexual dimorphism in mycorrhizal colonization
in tropical trees at Los Tuxtlas, but not in Chamaedorea species. (2)
Sexual dimorphism and seasonal patterns of mycorrhizal coloniza-
tion are not correlated with the levels of mycorrhizal colonization.
(3) Sexual dimorphism in mycorrhizal colonization may  arise as a
consequence of evolutionary reductions in the intensity of mycor-
rhizal interaction of male plants, which is presumably driven by
resource allocation trade-offs. (4) Mycorrhizal colonization of light-
demanding and shade-tolerant plant species differ across seasons.
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