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Abstract Plants often have two kinds of defensive
traits against animal predation: physical and chemical
defenses, but the trade-off between them is heavily
debated, and their impacts on relationship between
plants and animals are largely unknown. We investi-
gated seed traits of 23 tree species and their impacts on
seed fates or hoarding behaviors under predation from
16 rodent species in four forest types in China. We
provide clear evidence that there is a strong nonlinear
trade-off between physical (as measured by seed coat
thickness) and chemical (as measured by tannin
content) defensive traits in seeds. This trade-off was
closely associated with nutritional traits, resulting in
coordinated defense syndromes in seeds. The seed fate
and hoarding behavior patterns were largely
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determined by the trade-off-related seed traits and
the body mass of rodents, respectively, not by the
phylogenetic relations of species. Tree species showed
more conservative evolution in seed traits of high
starch content, high tannin content, and thin seed coat,
but they showed more convergent/divergent evolution
in seed traits of high protein content, high fat content,
and thick seed coat under rodent predation. Our results
suggest that trade-off-related seed traits may play a
predominant role in shaping the relationship between
plants and animals.
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Introduction

Trade-off arising from physiology and allocation is a
fundamental feature of organisms in nature (Stearns
1989; Leishman 2001; Zera and Harshman 2001).
Because plant defense is energy consuming, it is
predicted that there should be trade-offs between
resource investments in different types of anti-herbi-
vore defenses (Lebreton 1982; Steward and Keeler
1988; Karban and Myers 1989; Herms and Mattson
1992; Koricheva et al. 2004; Kempel et al. 2011).
However, the defense trade-off theory is still heavily
debated. Some studies indicated that there were
significant and negative correlations between chemi-
cal and physical defense in leaves of plants (Twigg and
Socha 1996; Hanley and Lamont 2002), but others did
not support such observation (Koricheva et al. 2004;
Read et al. 2009). Some authors argued that seeds
might form coordinated defense syndromes (Agrawal
and Fishbein 2006). A recent study indicated that there
was marginally significant correlation between spe-
cies’ overall chemical and physical defense levels
which did not support arguments for trade-offs or for
coordinated defense syndromes (Moles et al. 2013).
Seeds are important foods for animals in forest
ecosystems, and they often suffer strong predation
pressure from animals like insects, mammals, and
birds (Xiao et al. 2002; Carlo and Yang 2011; Chang
and Zhang 2014). Previous studies have demonstrated
that there are two main seed defense strategies, in
response to animal attack, involving physical and
chemical defenses (Xiao et al. 2008; Zhang and Zhang
2008). The chemical defense traits of seeds include
mainly tannins, while physical defense traits of seeds
include stingers, the seed coat, endocarp, and so on.
According to the defense trade-off theory, there should
be a trade-off between physical and chemical defense
in seeds for countering predation by animals (e.g.,
Lebreton 1982; Steward and Keeler 1988). There are
three basic kinds of nutrition in seeds: protein, fat, and
carbohydrate (e.g., starch) (Chang and Zhang 2014). It
is likely that different kinds of nutrition in seeds may
differ in their association with defensive traits. Previ-
ous studies indicated that tannin was not incompatible
with protein (Adamczyk et al. 2012), which may result
in selection of defense-related nutrition association or
coordinated defense syndromes. Although trade-offs
between physical and chemical defenses have been
investigated in leaves of many plant species for
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countering herbivores (Twigg and Socha 1996; Han-
ley and Lamont 2002; Read et al. 2009), such studies
in seeds under animal predation are still lacking,
especially across a large range of taxa and regions. It is
still unknown how trade-off between defensive traits
and associated nutrition traits affect seed fates under
rodent predation.

The functional traits of organisms are often deter-
mined by two factors: adaptation to environmental
conditions and by shared ancestry (Powell et al. 2009).
Convergent evolution occurs if similar traits are
observed in species from different lineages, while
divergent evolution occurs if closely related species
evolve different traits (Gulick 1888; Reece et al. 2010).
Conservative evolution occurs if functional traits were
largely invariant within descendent lineages (trait
conservation) as compared to variation among lin-
eages. Therefore, phylogenetic relations would signif-
icantly influence the convergent and divergent
evolution in seed traits under animal predation and,
therefore, the ecological interaction patterns between
plants and animals. Recently, the role of evolutionary
signals in affecting species interaction networks have
been well investigated (e.g., Bascompte and Jordano
2014; Rohr and Bascompte 2014). Impacts of evolu-
tionary signals on ecological interaction pattern
between plants and animals would be large if conser-
vative evolution prevails, otherwise, it would be small
if convergent/divergent evolution prevails. In general,
links between evolutionary and ecological networks
through functional traits (particularly trade-off-related
seed traits) are rarely investigated.

The purpose of this study was to investigate the
trade-off between defensive traits (physical defense vs
chemical defense) and the impacts of trade-off-related
traits (e.g., protein, fat, and starch) on seed fates or
hoarding behaviors across a broad range of taxa and
geographical regions. Seed fates or hoarding behaviors
of rodents were measured based on tests of hoarding
behaviors of 125 animals from 16 rodent species on
seeds of 23 tree species in semi-natural enclosures in
the temperate, warm temperate, subtropical, and
tropical forest ecosystems in China. Seed fate cluster-
ing patterns of trees or hoarding behaviors clustering
patterns of rodents represent ecological interaction
patterns between tree and rodent species. Seed trait
clustering pattern of trees represents the evolutionary
pattern of trees in seed traits under rodent predation.
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We had three objectives. First, we wanted to test the
defensive trade-off hypotheses and the coordinated
defense syndrome hypothesis in seeds. We predicted
that there would be a negative association between
physical (as measured by seed coat thickness) and
chemical (as measured by tannin contents) defensive
traits, and nutrition traits might be closely associated
with these trade-off traits. Second, we wanted to
examine the impacts of the seed traits on seed fates and
hoarding behaviors of rodents to infer the role of trade-
off-related traits. Finally, we wanted to examine
associations among clustering patterns of phylogenetic
distance, seed traits, and seed fates or hoarding
behaviors, so as to infer the impacts of trade-off-
related traits on relationship between seeds and rodents
in forest ecosystems.

Methods
Study sites

We conducted studies in four research stations located
in the Dailing (45°58’ N, 129°08' E, elevation 750 m),
Donglingshan  (40°00'N,  115°30'E, elevation
1140 m), Dujiangyan (31°4'N, 103°43’E, elevation
700-1000 m), and Xishuangbanna (21°56'N,
101°15’E, elevation 550 m) stations in China during
2004-2011 (Supplementary Materials, Fig. S1). The
Dailing station is located in the temperate broad-
leaved deciduous forest in northeast China. The
Donglingshan station is located in the warm-temper-
ature broad-leaved deciduous forest in north China.
The Dujiangyan station is located in the subtropical
evergreen broad-leaved deciduous forest in south
China. The Xishuangbanna station belongs to the
subtropical rainforest in southwest China. For more
detailed information about the four study sites, see
Cheng et al. (2005) and Chang and Zhang (2014) for
the Dujiangyan station; Li and Zhang (2003, 2007) and
Zhang and Zhang (2008) for the Donglingshan station;
Yi et al. (2008) and Yi and Zhang (2008) for the
Dailing station; and Cao et al. (2011) and Wang et al.
(2014) for the Xishuangbanna station.

Seed collection and seed traits

Seeds were collected when they became mature using
seed traps (Xiao et al. 2001). The seed traps were

made of nylon net bags (mesh size 2 mm x 2 mm)
with a diameter about 0.8 m at the open entry
(supported by a wire with a diameter of 5 mm) and
placed under trees with support of three wooden sticks
about 1.2 m high above the ground (the distance of the
bag bottom to the ground was about 0.6 m). Mature
seeds were collected mainly from August to October
in the Dailing site, from July to September in the
Donglingshan site, from September to November in
the Dujiangyan site, and from August to December in
the Xishuangbanna site. Intact seeds without infesta-
tion of fungus or damages by animals (e.g., insect,
mammals, and birds) were selected and kept in cool
and dry environmental conditions before enclosure
tests. We randomly selected some intact seeds of each
tree species to measure their seed traits (Table S1; for
more details, see refs. Zhang and Zhang 2008; Chang
and Zhang 2014; Wang et al. 2014). A mixture of dry
seed kernels of each tree species was used to measure
their nutritional traits (including crude protein, crude
fat, crude starch, tannin, and caloric value per seed) in
the Cereal Quality Supervision and Testing Centre,
Ministry of Agriculture, China. The seed tannin
content was measured according to the national
standard (GB/T15686-2008) for sorghum using the
spectrophotometry method. The seed protein content
was measured according to the national standard (NY/
T3-1982) for cereals and legumes using the semi-
micro Kjeldahl apparatus. The seed fat content was
measured according to the national standard (NY/T4-
1982) for cereals and oil crops using the Soxhlet
extractor. The seed starch content of dry nutmeat was
measured according to the national standard (NY/
T11-1985) for cereals using the optical rotation
method. The caloric values of seeds per gram (KJ/g)
were calculated by the average gross energy equiva-
lents of protein (17.2 kJ/g), fat (38.9 kJ/g), and
carbohydrates (17.2 kJ/g) (Yang and Xiao 2002); the
caloric value per seed (KJ) was calculated as mean dry
kernel mass per seed x caloric value per gram. The
seed coat thickness was used to represent the physical
defense trait of seeds, while the tannin content was
used to represent the chemical defense trait. We used
the vernier caliper to measure the minimum thickness
of the seed coat. We defined thick- or thin-coated
seeds based on the relative thickness (large or small)
of their seed coat. Because animals often prefer to eat
high protein or/and fat foods (Li and Liu 2003;
Makarios-Lahham et al. 2004; Wang and Chen 2009;
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Zweifel-Schielly et al. 2012), we defined protein and/
or fat as the high-nutrient food and starch as low
nutrient food for rodents. The taxonomic trees of tree
and rodent species in our study were shown in the
supplementary materials (Figs. S2 and S3).

Rodent trapping

We captured rodents in the field nearby the study plots
using live traps made of steel wire mesh
(L x W x H= 14 x 14 x 30 cm) and baited with
fresh peanuts (Chang et al. 2009). The species, body
mass, and reproductive status of captured animals
were recorded (Table S2). Pregnant females or
juveniles were immediately released in situ. Before
enclosure tests, all captured animals were kept indi-
vidually in cages at the field laboratory and provided
with adequate food, water, and nest materials for daily
use. Procedures of capturing and raising animals were
in accordance with the regulations by the Institute of
Zoology, Chinese Academy of Sciences.

Hoarding behaviors and seed fates in enclosures

We built several semi-natural enclosures (standard
size for each enclosure: L x W x H=10 x
10 x 1.5 m) in each of the four study sites by
following Cheng et al. (2005). To keep rodents in
the enclosures and exclude other large animals from
the enclosures, we built enclosure walls using con-
crete, with the wall above ground 1-m high and 0.5-m
deep underground. The top of the enclosure was
covered with wire netting of a small mesh size
(1.5 x 1.5 cm). In the south sites of Dujiangyan and
Xishuangbanna, the top of the enclosure was covered
with plastic cloth to prevent disturbance from rainfall
during the experiment. Modifications in construction
of enclosures were needed in different sites to adapt
the experiment to local environments. Nest boxes were
placed in each corner of the enclosure, and one food
station (supplied with water) was placed in the center
of the enclosure for rodents.

The experiments on seed fates and hoarding
behaviors of rodents lasted for 2 days (minor modi-
fications of the following experimental procedures
were needed to adapt the experiment to local envi-
ronments). Only one animal was placed in each
enclosure and provided with seeds of several tree
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species of the study site (for tree species used in each
study site, see Table S1). The animal was used only
once for each enclosure test. A total of 125 animals of
16 rodent species (shown in Table S2) were used to
study seed fates of 23 tree species (shown in Table S1).
In the first day, one animal was placed in the enclosure
and provided with tagged seeds to allow the animal to
adapt to the new environment. On the second day, 10
seeds of each plant species were placed in the food
stations to test the impacts of seed traits on seed fates
by rodents. Seeds were tagged with light plastic-coded
tags (3 x 1 cm) attached using 10 cm of thin (diam-
eter 0.2 mm) stainless-steel wire (Zhang and Wang
2000; Xiao et al. 20064, b). This seed tagging method
has been shown to have a negligible effect on seed
removal and hoarding (Xiao et al. 2006a, b). After
seed placement, seed fates were examined next day.

Following our previous studies, seed fates were
defined as follows:

IIS: Intact seeds left at seed stations (i.e., intact
in situ) which represents the intensity of seed removal
by rodents.

EIS: Seeds consumed by rodents at seed stations
(i.e., eaten in situ).

EAR: Seeds removed and consumed by rodents
away from seed stations (i.e., eaten after removal).

IAR: Intact seeds dropped on ground surfaces away
from stations (i.e., intact after removal).

SH: Intact seeds cached in soil or leaf litter (i.e.,
scatter hoarded) which represents a mutualism
between seeds and rodents if seeds later germinate.

LH: Intact seeds preserved in the nest boxes (i.e.,
larder hoarded).

These indices of seed fates affect dispersal success of
seeds in early seed dispersal stage (Zhang et al. 2008).
After seed fates were examined, all seed fragments were
cleared to prepare for the next day’s test.

For each animal j of a rodent species i, the percent
(Pisjri» %) of each seed fate (i.e., IIS, EIS, EAR, IAR,
SH, LH) of a tree species k was calculated as number
of seeds of the focal seed fate/total number of seeds of
the focal tree species placed in the enclo-
sure x 100 %. For a given rodent species i, the
average percent (pg, %) of the focal seed fate of the
focal tree species k was calculated as

n
o Pijk
Pik = E -
- n
j=1
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(j = 1 to n; n is the number of animals of the rodent
species i tested, which represents replicates). We used
the average percent (po, %) for further statistical
analysis.

Statistical analysis

Proportional data were arcsine transformed before
statistical analysis for achieving or approaching a
normal distribution. Kolmogorov-Smirnova and Sha-
piro—Wilk tests were used to explore the data normal-
ity. Data were naturally logarithm-transformed to
detect potential nonlinear relations. Pearson (for
normally distributed data) or Spearman (for not
normally distributed data) correlation was used to
identify significant correlations among variables of
seed traits, seed fates, and body mass of rodents.
Factor analysis was used to identify key principle
components in determining seed traits of all tree
species by following Chang and Zhang (2014). SPSS
statistics (version 20) were used for theses statistical
analysis.

General linear mixed models (GLMM) were used
to test the effects of seed traits and body mass of
rodents with sites being taken as a random factor. The
best-fitting models were selected by the lowest AIC
values from 256 candidate models (all possible
combinations of variables) for each response variable.
The taxonomic trees for tree and rodent species
(Figs. S2 and S3) in our study were used by referring
to the Catalogue of Life China 2013 Annual Checklist
(http://www.sp2000.cn/joaen/).

Square Euclidean distance (standardized as z
scores) was calculated to infer similarity of seed traits
or seed fates (or hoarding behaviors) between pair-
wise species of trees or rodents, and to identify
significant clusters (p < 0.05) so as to infer evolu-
tionary or ecological patterns of tree species by
comparing the differences among clustering patterns
of phylogenetic distance, seed traits, seed fates, or
hoarding behaviors. By searching GenBank (http://
www.ncbi.nlm.nih.gov/genbank/), we only found 16
tree species of our study had the gene sequence data,
and only one gene of about 200 bp was available for
establishing the phylogenetic trees. The phylogenetic
tree based on this short gene sequence is not reliable.
Thus, we used the online Phylomatic service (http://
www.phylodiversity.net/phylomatic) and PhyloCom

software to construct a phylogenetic tree for tree
species (Webb et al. 2008). The phylogenetic tree for
rodents was constructed by cutting the species from a
worldwide species-level mammalian supertree with
branch lengths (calculated from multiple genes) (Fritz
et al. 2009), using picante package in R software (R
Core Team 2014). Phylogenetic distance (PD), which
represents the phylogenetic relatedness between
pairwise species of tree or rodents, was calculated
from the branch lengths of the two phylogenetic trees,
using ape package in R software (R Core Team 2014).

The evolutionary adaptation of seed traits or seed
fates to rodent predation was defined as convergent,
divergent, and conservative evolution. If species from
different taxonomic clades (i.e., genera) appeared in
the same seed trait or seed fate clades, we defined this
phenomenon as the convergent evolution. If species
from the same taxonomic clade (i.e., genus) appeared
in different seed trait or seed fate clades, we defined it
as the divergent evolution. If species from same
taxonomic clade (i.e., genus) appeared in the same
seed trait or seed fate clade, we defined it as the
conservative evolution.

Mantel test, which is widely used for comparing
distance matrices in ecology (Goslee and Urban
2007), was used to test the correlation between
phylogenetic distance, seed trait distance, and seed
fate distance in tree species and also the correlation
between phylogenetic distance and hoarding behav-
ior distance in rodent species. If the correlation
between phylogenetic distance and seed trait dis-
tance or seed fate distance was significant and
positive, we concluded that the phylogenetic relat-
edness played a significant role in affecting seed
traits or seed fates, and conservative evolution in
seed traits or seed fates was recognized; otherwise,
convergent or divergent evolution were recognized.
R software (R Core Team 2014) was used for the
statistical analysis of general linear mixed models
and Mantel test.

Results
Trade-off between defensive traits

Correlation analysis indicated that the physical defense
trait of (seed coat thickness) was negatively correlated
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with the chemical defense trait of tannin content
(p < 0.05; Figs. 1, 2a; Table S3), and this negative and
nonlinear relationship was very strong (with a fitting
curve: In (coat thickness) = —0.250-0.163 In (tannin
content), p = 0.042) (Fig. 2a). High nutrition trait
(protein) was positively associated with the physical
defensive trait (seed coat thickness, p < 0.05) but
negatively associated with chemical defense of tannin
content (p < 0.05) (Fig. 1, Table S3), while low
nutrition trait (starch content) was negatively associ-
ated with seed coat thickness, protein, and fat contents
(all p < 0.001).

Seed weight was positively associated with the coat
thickness (p < 0.01) and the caloric values (p < 0.01).
The caloric value was positively associated with fat
content (p < 0.01) (Fig. 1, Table S3). Similar to
results of Fig. 1 and Table S3, factor analyses also
revealed that coat thickness, fat and protein content,
seed weight, and caloric value were positively asso-
ciated with each other, but they were negatively
associated with starch and tannin contents (Supple-
mentary Materials, Fig. S4)

Hence, these analyses indicated that there was
obvious nonlinear trade-off between physical and
chemical defense traits, and physical defense was
associated with high nutritional traits, while chemical
defense was associated with low nutrition traits (with
an approximate significance level, p < 0.1).

Caloric

Weight
value
Protein
L
/ o
a
Fat Y C(?at
. n % o¢* thickness
0. N ;‘ :~
*e L o* T, K
IR Ay s
Starch Tannin
+0.5 -0.5

Fig. 1 Significant correlations among seed traits. Solid lines
denote positive correlations and dashed lines denote negative
correlations. The thickness of the lines denotes values of Pearson
or Spearman correlation coefficients as contrasted to that of
lines (correlation coefficient is +0.5 for solid lines and —0.5 for
dashed lines) in the key below the figure

@ Springer

Effects of trade-off-related seed traits

Spearman correlation analyses indicated that percent
of seeds intact in situ (IIS) was positively correlated
with seed weight and coat thickness (all p < 0.001),
but negatively related to starch content (all p < 0.01)
(Table S4). Percent of seeds eaten in situ (EIS) was
positively correlated with starch content (p < 0.01)
but negatively correlated with seed weight, coat
thickness, protein content (all p < 0.001), fat content
(p < 0.01), and caloric value (p < 0.05). Percent of
eaten after removal (EAR) was negatively correlated
with seed weight (p < 0.01) and coat thickness
(p < 0.001). Percent of seeds larder hoarded (LH)
was positively correlated with seed weight (p < 0.05)
and coat thickness (p < 0.001) but negatively corre-
lated with tannin content (p < 0.05). Body mass of
rodents was negatively correlated to IIS (p < 0.01).

GLMM analyses indicates that coat thickness
showed a positive effect on IIS, but a negative effect
on EIS and EAR; body mass of rodents (see Table S2)
showed a positive effect on EIS; fat content showed a
negative effect on EAR (Table 1).

Hence, these analyses indicated that seeds with
large seed weight or thick coat or high nutritional or
high caloric value were less frequently eaten but more
frequently larder hoarded, while low nutritional or
high tannin seeds were more frequently eaten but less
frequently larder hoarded. Large-sized rodents har-
vested more seeds.

Effects of phylogenetic signals

The phylogenetic tree of tree species indicated that a
large group of species belonged to Fagaceae, and the
other species showed high coat thickness except for P.
kerrii and C. oleifera (Fig. 3a, b). The Fagaceae group
was characterized by high starch content (Chang et al.
2012; Table S1). Within the Fagaceae group, there
were three genera: Lithocarpus, Castanopsis, and
Quercus. Seeds of Lithocarpus had very thick seed
coat, while Castanopsis and Quercus had very thin
seed coat (some of them had high tannin content).
Cluster analyses based on seed traits of tree species
(Fig. 3a, b) showed significant associations between
phylogenetic distance and seed trait distance (Mantel
test: r = 0.39, p < 0.05). There were three significant
seed trait clades of tree species (Fig. 3b). The first
clade (# 1) was composed of three species (J.
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Table 1 The best-fitting models selected by lowest AIC values
from 256 candidate models for each response variable

Best-fitting models AIC
IIS = 0.275 coat thickness 111.44
EIS = 0.0014 body mass — 0.1213 coat thickness 44.96
EAR = —0.1839 coat thickness — 0.0058 fat content 34.73

Seed fates were defined as seeds intact in situ (IIS), eaten in situ
(EIS), eaten after removal (EAR), intact after removal (IAR),
scatter hoarded (SH), and larder hoarded (LH)

mandshurica, A. davidiana, J. regia) with high
nutrition and very thick seed coat. The second clade
(# 2) was composed of species (i.e., P. koraiensis, C.
mandshurica, A. vulgaris, C. oleifera, and C. hetero-
phylla) with high nutrition (high fat and protein
contents) and thick seed coat (except for C. oleifera).
The third, also the largest clade (# 3), was mostly
composed of species of Fagaceae group (except for P.
kerrii) which was characterized by high starch content.
Within this largest clade (# 3), there were three non-
significant sub-clades, and one of them was composed
of high tannin species (i.e., Q. variabilis, Q. serrata, C.
calathiformis, Q. wutaishanicaa, and Q. mongolica).
The third clade (# 3) corresponded well to their

phylogenetic relations, showing strong conservative
evolution in seed traits of starch content (Fagaceae
clade) and tannin content (Quercus cluster), but the
other two clades (# 1, #2) did not correspond well with
their phylogenetic relations, showing strong conver-
gent evolution in seed traits of seed coat thickness and
high nutrition. However, convergent evolution was
also observed in a few species within the Fagaceae
clade. Castanopsis genus was characterized with very
thin seed coat and low tannin content, but C.
menkongensis (with thick seed coat) and C. calathi-
formis (with high tannin content) showed divergent
evolution from their genera in seed trait clades.
Cluster analyses based on seed fates revealed five
significant clades (Fig. 3c). The first and the largest
clade (# 1) were characterized with thick seed coat for
most tree species (except for P. kerrii and C. oleifera),
or with high nutrition (except for P. kerrii). The
second (# 2), third (# 3), and fifth (# 5) clade were
composed of tree species with thin seed coat or/and
high tannin contents. The fourth clade (# 4) was
composed of only one species with thick seed coat and
high nutrition. It is notable that all species of
Lithocarpus with relatively thick seed coat within
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(a) Phylogeny

Pinus koraiensis
_EPittosporopsis kerrii 1*
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(b) Seed trait
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Castanopsis hystrix
Castanopsis echinocarpa
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Fig. 3 Effects of phylogenetic relation on seed trait and seed
fate patterns of tree species under rodent predation. Phylogeny
of rodent species (a), seed trait clades (b), and seed fate clades

the Fagaceae clade were grouped into the first seed fate
clade (# 1). All species with thick seed coat, high
nutrition and low tannin were grouped into the first
seed fate clade (# 1) except for one species (A.
vulgaris), and all species in this clade had thick seed
coat and high nutrition except for one species (P.
kerrii). All species with thin seed coat, low nutrition
or/and high tannin contents were grouped into the
other four groups except for A. vulgaris. Mantel test
indicated that the pairwise phylogenetic distance of
tree species was not significantly correlated to the
square Euclidean distance of seed fates (p > 0.05).
The phylogenetic reconstruction of rodents indi-
cated that the largest clade was composed of species
of Murinae; within this Murinae group, Apodemus
was characterized by small body mass (Fig. S4,
Fig. 4a). Cluster analyses based on hoarding behav-
iors of rodents (corresponding to seed fates of tree
species) revealed four significant hoarding behavior
clades (Fig. 4b). The largest cluster (# 1) was

@ Springer

(¢). Asterisk denote significant clusters, numbers indicate cluster
code, the color from red to blue indicates the coat thickness of
seeds from soft to hard

characterized by small body mass of rodents, while
the other three clusters (# 2, # 3, # 4) were
characterized by large body mass. Mantel test
showed the phylogenetic distance was not signifi-
cantly correlated to the square Euclidean distance of
hoarding behaviors (p > 0.05)

Hence, these results indicated that trade-off in seed
traits or rodent body mass were more associated with
ecological interaction patterns among rodents and
seeds, but the effects of phylogenetic distance of tree
or rodents were not significant.

Discussion
Trade-off between defensive seed traits
On the basis of physiological and ecological costs of

defense allocation, most plant defense hypotheses
predict the occurrence of trade-off between resource
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investments in different types of anti-herbivore
defenses (Koricheva et al. 2004). The defensive
trade-off hypothesis was supported in several studies
on leaves of plants (e.g., Twigg and Socha 1996;
Hanley and Lamont 2002), not supported by others
(e.g., Read et al. 2009; Koricheva et al. 2004; Moles
et al. 2013). Our results provided the first evidence of
nonlinear trade-off between physical and chemical
defense in seeds for countering animal predation
across a large range of taxa and regions. Seed coat
thickness is significantly and negatively correlated
with the tannin content in seeds of 23 tree species from
four climate zones, supporting the defensive trade-off
hypothesis. In our study, seeds countered rodent
predation with a spectrum of two defensive strategies,
physical defense or chemical defense. Thick seed coat
or endocarp has been shown to effectively reduce the
speed of seed destruction, and significantly increase
the time for rodents to eat seeds (Zhang and Zhang
2008). Similarly tannin compounds are often toxic to
rodents and can effectively slow down seed consump-
tion by rodents (Xiao et al. 2008). Both physical and
chemical defenses are costly in energy, and thus it is
logical that seeds show trade-off between these two
defensive traits. The two defensive strategies are less
compatible with each other, resulting in strong non-
linear negative relations between seed coat thickness
and tannin content (Fig. 2a).

We also found the nutritional traits were closely
associated with the two different defensive traits.

———Maxomys surifer
——Leopoldamys edwardsi
-Apodemus chevrieri
Apodemus agrarius
-Apodemus peninsulae

Apodemus latronum
Apodemus draco

— Rattus tanezumi
_23[ Sciurotamias davidianus
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Tamias sibiricus
‘,E Rattus nitidus
3 Leopoldamys edwardsi
7 Tscherskia triton

Protein and fat content were positively correlated with
seed coat thickness, but negatively correlated with
tannin and starch contents. Starch content was posi-
tively correlated with tannin content (with an approx-
imate significant level) but negatively correlated with
seed coat thickness, protein and fat contents. High
tannin seeds frequently also have high starch content
and low protein/fat content (e.g., Q. serrata, Q.
variabilis, and Q wutaishanica; Table S1). Tannins
can precipitate proteins, which inhibits the absorption
of nutrients in some ruminant animals (Adamczyk et al.
2012). Indeed, we also found tannin and protein are not
compatible with each other in seeds; their relation was
a “L” shape (Fig. 2d). A large intake of tannins may
cause irritation of bowel, stomach or kidney, liver
damage, or gastrointestinal pain (Adamczyk et al.
2012). The incompatibility between tannin and protein
may explain why tannin is more associated with starch
content, and less correlated with protein or fat content.
Our results show that physical defense is selected for
protecting high nutrition seeds (with high protein or
fat), while tannin is likely selected for protecting low
nutrition seeds with high starch. We suggest that the
incompatibility between protein and tannin may play a
central role in the evolution of defense and nutrition
traits in seeds. Furthermore, we found seed mass was
closely associated with seed coat thickness and high
protein or fat content, supporting the hypothesis of
coordinated defense syndromes in plants (Agrawal and
Fishbein 2006; Moles et al. 2013).

@ Springer



262

Plant Ecol (2016) 217:253-265

Effects of trade-off-related seed traits

Several hypotheses have been suggested to explain the
effects of seed traits on seed fates under rodent
predation, but most studies are conducted based on one
location or a few species. The high tannin hypothesis
suggests that high tannin seeds are more likely
dispersed by rodents, not consumed in situ (Steele
et al. 1993; HadjChikh et al. 1996; Wang and Chen
2008; Xiao et al. 2008, 2009) because tannin is known
to inhibit food digestion of rodents (Smallwood and
Peters 1986). The handling time hypothesis predicts
that large seeds or seeds with hard endocarp are more
likely to be hoarded by animals because of the longer
handling time required to eat them and consequently
the animals would suffer a high predation risk
(HadjChikh et al. 1996; Xiao et al. 2005; Yi and
Zhang 2008). High fat seeds are seen to be more
hoarded by rodents for storage (Xiao et al. 2006a, b),
while low nutrition seeds (e.g., insect-infested seeds)
are more likely eaten in situ, less hoarded by rodents.
Our results indicate that seed traits are highly corre-
lated with the trade-off-related traits (Fig. 1). Seed
traits of large seed weight, thick seed coat, high
protein, and fat contents were positively associated
together. Likewise, seed traits of high tannin content
and high starch content were often positively associ-
ated. The seed fates were not affected by a single trait,
but a combined effect of coordinated defense syn-
dromes (Agrawal and Fishbein 2006). We found that
thick coat and low tannin seeds with high protein and
fat significantly not only reduced seed consumption
and predation by rodents, but also reduced seed
removal. We also found high tannin and high starch
seeds not only suffered high seed consumption and
predation by rodents, but increased seed removal. Our
results using data from a broad range of taxa and
regions generally suggest that the seed fate clustering
patterns of tree species are mainly determined by the
trade-off-related traits. It is notable that thickness of
seed coat does not necessarily mean the hardness.
Thus, it is necessary to establish the relationship
between seed coat thickness and hardness in future
studies.

The effects of body size of rodents on seed fates
have rarely been investigated, probably due to a
limited number of rodent species being studied in one
location. Rodents with different body sizes may have
different seed-handling abilities and, therefore, have
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different seed selection pressure on seed size (Lu and
Zhang 2005, 2007, 2008). It has been reported that
large rodents can consume both small and large seeds,
while small rodents only select small seeds (Zhang and
Zhang 2008; Izhaki 2002; Munoz and Bonal 2008).
Chang and Zhang (2014) suggested that in the
Dujiangyan site, large-sized rats tend to scatter hoard
more large and thick coat seeds, while small-sized
mice tend to scatter hoarding high tannin seeds. Our
results indicated that large rodent species tended to
harvest more seeds and ate seeds in situ, and thus
imposed high predation pressure on seeds. This is
likely because large animals are more capable of
countering predation risk of their predators and needs
more food for maintenance per individual. It is
notable that the hoarding behavior patterns of rodents
were mainly determined by body mass of rodents
(Fig. 4b), suggesting body size of animals is very
important in shaping the seed-rodent interactions.

Effects of the phylogenetic signals

Previous studies demonstrated that phylogenetic rela-
tionships contributed to the formation of community
structure and diversity (Silvertown et al. 2001, Webb
et al. 2002, Rezende et al. 2007) or species interaction
network (Bascompte and Jordano 2014; Rohr and
Bascompte 2014), but it is still not clear how they are
linked to functional traits (particularly the trade-off-
related traits). Closely related species of trees may
have similar seed traits and then have similar seed
fates under animal predation (a tendency of conser-
vative evolution). But under natural selection of
similar environment (e.g., seed predation or dispersal),
distantly related species may show similar seed fates
(a tendency of convergent evolution). Our results
indicated that under rodent predation pressure, seed
fates were more influenced by the trade-off-related
seed traits (i.e., seed coat thickness and nutrition
quality) (Fig. 3c). The influence of phylogenetic
relation is minor, although in two genera (Castanopsis
and Quercus) show similar seed fates. For majority of
non-Fagaceae group, tree species showed obvious
convergent evolution in seed traits of high physical
defensive trait (thick seed coat) and high nutrition
traits (protein and fat), while for majority of Fagaceae
group, tree species showed obvious conservative
evolution in low nutrition trait (starch), high chemical
defensive trait (tannin), and low physical defensive
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trait (thin seed coat) (Fig. 3b). Within the Fagaceae
group, divergent evolution in seed traits toward
medium-thick seed coat occurred in a few species
(four Lithocarpus species and C. mekongnsis). It is
obvious that trade-off in defensive seed traits has
weakened the effects of phylogenetic signals on seed
fate patterns of tree species. However, seed fate clades
#2 and #3 are species mostly from two genera of
Castanopsis and Quercus, suggesting some influence
of phylogenetic signals in limited groups. Similarly,
we also found the hoarding behavior pattern was
mainly determined by the body size of rodents, not by
their phylogenetic relations (Fig. 4b). However,
rodent species within the Murinae group (Fig. S3,
Fig. 4a) had small body size (except for L. edwardsi)
and had similar hoarding behavior patterns (Fig. 4b),
suggesting potential impact of phylogenetic relations
in this group. Chang and Zhang (2014) found that
small-sized Apodemus species tend to hoard small and
high tannin seeds in the Dujiangyan region.

In summary, we found there was a clear evidence of
nonlinear trade-off between physical and chemical
traits in seeds of tree species over a broad range of taxa
and regions. This trade-off resulted in coordinated
defense syndrome in seeds. The trade-off-related traits
are closely associated with the seed trait and seed fate
patterns of trees under rodent predation. Our results
suggested trade-off might play a significant role in
shaping evolutionary and ecological patterns of
species interactions in animal-plant systems. Future
studies should be directed to investigate effects of
trade-off in seed traits on seedling establishment in
natural conditions.
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