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Abstract: Physical and chemical defenses of seeds are essential for plant survival and reproduction. By 
protecting their seeds from herbivores and other threats, plants can ensure that their offspring have a bet-
ter chance of surviving and growing into adult plants. Plant seed-size variation can affect their ability to 
allocate defense resources and nutrients. Smaller seeds tend to contain fewer resources and are likely to be 
more constrained in resource allocation to defense or to nutrient supply for the germinating seedling than 
larger seeds. In this study, we hypothesized that (1) the trade-off between physical and chemical defenses 
and reserve materials (in this study TNC content) in seeds is related to the allocation of those resources to 
seeds, 2) the direction of allocation of these resources is mediated by seed size. Based on seeds of 77 woody 
plant species collected in the Kórnik Arboretum located in western Poland, we measured several physical 
and chemical seed traits: seed mass, total phenols, tannin content, crude fiber, lignin content, and total 
non-structural carbohydrates. We revealed that chemical defense (phenol content) and total non-structural 
carbohydrates increased with seed mass, whereas physical defense (fiber content) had the opposite effect. 
We found that the trade-off between physical and chemical defense in plants was often mediated by seed 
size.
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Introduction

The success of organisms depends on how their 
functional traits interact with the environment and 
other organisms (Grime, 1977; Harper, 1977). A 
plant functional trait can be defined as any attribute 
that will influence establishment and survival and 
plays a crucial role in determining fitness (Grime, 

1977; Kunstler et al., 2016). Most theoretical frame-
works in ecology postulate that predicting the suc-
cess of organisms within their environments requires 
understanding how species traits interact with key 
environmental processes (Grime, 1977; Chesson, 
2000). Plant functional traits are important elements 
in community assembly theory to explain plant suc-
cess in the context of plant–plant and plant–animal 
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interactions. Recent studies demonstrate that by fo-
cusing on traits linked to fundamental plant life-his-
tory trade-offs, ecologists can begin to predict plant 
community structure at global scales (Dylewski et 
al., 2020).

Seed functional traits, are crucial for understand-
ing a plant’s success in the context of various eco-
logical factors, encompassing interactions with biotic 
elements like seed predation and dispersal, as well as 
responses to abiotic factors such as drought and wa-
ter limitation (Tweddle et al., 2003; Kijowska-Oberc 
et al., 2022, 2023). Seed size is recognized as a fun-
damental trait for understanding the functioning of 
plant communities (Moles & Westoby, 2006; Adler et 
al., 2014) and is linked with seedling establishment 
(Leishman & Westoby, 1994) as well as plant animal 
interactions (Moles et al., 2003; Maron et al., 2012; 
Dylewski et al., 2020).

Plants have evolved various defense mechanisms, 
both physical and chemical, which impede access to 
nutrients in the affected organs or are more toxic 
to protect against damage by herbivores as well as 
attack by pathogens (Hanley et al., 2007). The de-
fensive trade-off hypothesis in plants proposes that 
plants allocate resources towards either growth or 
defense (Fine et al., 2006). This means that when 
a plant is facing a high level of herbivory or other 
environmental stress, it may allocate more resources 
towards defense mechanisms such as chemical com-
pounds or physical structures that deter herbivores or 
protect against damage (Hanley et al., 2007; Fürsten-
berg-Hägg et al., 2013). This can come at the expense 
of growth, as the plant must divert resources that 
could be used for growth toward defense instead. 
There is evidence to support the defensive trade-off 
hypothesis in plants (Twigg & Socha, 1996; Hanley & 
Lamont, 2002), but it is also thought that plants may 
be able to allocate resources towards both growth 
and defense simultaneously to some extent, depend-
ing on the specific circumstances and the availabili-
ty of resources (Koricheva et al., 2004; Moles et al., 
2013). Additionally, the strength of the trade-off may 
vary among different plant species and in different 
environments (Agrawal & Fishbein, 2006).

Trade-offs with plant seed size result from energy 
constraints on reproductive efficiency that generate 
alternative life history strategies in which plant spe-
cies produce either a few large or many small seeds. 
Large-seeded species devote resources to fewer, bet-
ter-supplied seeds that can settle in various condi-
tions. Small-seeded species maximize the number of 
seeds, thus increasing the chances that some seeds 
will reach favorable micro-sites (Turnbull et al., 1999; 
Moles & Westoby, 2004; Muller-Landau, 2010). Sev-
eral seed traits can influence foraging decisions; seed 
size affords an overriding trait allowing foragers to 
assess overall energetic benefits vs. handling costs of 

seeds (Wang et al., 2013; Lichti et al., 2017), with op-
timal foraging theory predicting that larger seed sizes 
will be favored for higher energetic returns up to the 
point where larger size inhibits handling time (Pyke 
et al., 1977; Dylewski et al., 2020). Such size depend-
ence links seed predation to plant seed-size fecundity 
trade-offs (Shmida & Ellner, 1984; Tilman & Pacala, 
1993) and long-term life-history trade-offs via trait 
syndromes (Adler et al., 2014). Some authors have 
argued that seeds can form coordinated defense com-
pounds (Agrawal & Fishbein, 2006). A recent study 
found a marginally significant correlation between a 
species overall level of chemical and physical defens-
es that do not support arguments for compromise or 
coordinated defense compounds (Moles et al., 2013).

A seed’s mass may determine its ability to allo-
cate resources to defense, since seeds vary in mass 
by several orders of magnitude (Moles et al., 2015). 
For example, Wang et al., (2018) tested 163 plant 
species from the Xishuangbanna tropical forest and 
revealed that the trade-off between physical (fiber 
content) and chemical (total phenolics) defenses in 
seeds was mediated by total resource allocation, spe-
cifically showing stronger negative relationships in 
smaller seeds compared to larger ones. These find-
ings emphasize the importance of considering overall 
resource acquisition when assessing defense trade-
offs and suggest using easily measurable proxies to 
quantify such variations.

Consequently, smaller seeds may show: 1) a 
trade-off between chemical and physical defense, 
and 2) a trade-off between defense (both physical 
and chemical) and nutrient contents. In contrast, 
large seeds tend to have abundant resources that far 
exceed their requirements, i.e., many large-seeded 
plant species can endure a significant loss of their 
cotyledon biomass and continue to germinate. This 
excess of resources may show that large seeds may 
not be compromised between chemical and physi-
cal defenses as well as allocation to reserve materi-
als. We hypothesized that (1) the trade-off between 
physical and chemical defenses and reserve materials 
(in this study TNC content) in seeds is related to the 
allocation of those resources to seeds, 2) the direc-
tion of allocation of these resources is mediated by 
seed-size. According to Wang et al. (2018), we expect 
that trade-off between physical and chemical defens-
es weakens with increasing seed weight. In this study 
we used crude fiber content (“proxy trait” of seed 
coat, i.e., Hudson, 1984; Mueller & Van der Valk, 
2002; Wang et al., 2018) as an indicator of physical 
defense, phenols and tannins as indicators of chem-
ical defense (regulate crucial physiological functions 
in plants to provide resistance against various biotic 
and abiotic stress conditions i.e., Hättenschwiler & 
Vitousek, 2000; Wang & Chen, 2011; Shimada et al., 
2015). The nutritional value of seeds was indicated 
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by total non-structural carbohydrates. If there is a 
trade-off between physical and chemical defenses 
and nutritional content (total non-structural car-
bohydrates), we anticipate that plants will develop 
large seeds to allocate resources to both chemical 
defense and nutrition, thereby enhancing dispersal 
rates and post-dispersal survival in the soil. Con-
versely, according to Wang et al. (2018), we expect 
that small-seeded species exhibit a trade-off favoring 
physical defense, rather than chemical defense.

Materials and Methods
Study area

The seed materials were collected from tree and 
shrub species growing in the Kórnik Arboretum lo-
cated in western Poland (52.2448°N, 17.0969°E, 
75 m a.s.l.). The Kórnik Arboretum is the biggest and 
oldest arboretum in Poland, covering ca. 3500 taxa 
of woody plant species (Paź-Dyderska et al., 2020).

Study species

We included 77 woody plant species (trees and 
shrubs) belonging to 46 genera and 26 families. Se-
lected species naturally occurring in the temperate 
biome (except Melia azedarach, occurring in the trop-
ical biome but it is naturalized in temperate biome), 
(Tab. S1). Twenty-nine species are native in Europe, 
23 have been introduced status in Europe, and 25 
species are not native and have been not naturalized 
in Europe, but cultivated in botanical collections and 
gardens (POWO, 2023).

Chemical analysis

We collected seeds from September to Novem-
ber in 2020. We collected seeds or fruits directly 
from branches or fallen seeds from the ground. In 
the case of gymnosperm species, we collected cones 
which were not yet open and seeds were extracted 
in the laboratory. For the species producing fleshy 
fruits, we removed all the fleshy parts wrapping the 
seeds; for the wind-dispersed seeds, we removed the 
wings. We estimated dry mass of all collected seeds 
(oven-dried at 40 °C for at least 72 h) using 30–50 
seeds. We weighed seeds using BP 210 S scales (Sar-
torius, Göttingen, Germany) with accuracy of 0.001 g 
for large-seeded species and AS 60/220.R2 (Radwag, 
Poland) with accuracy of 0.00001 g for small-seed-
ed species. For chemical analysis we used 200g of 
dried and crushed seeds with seed coats. We deter-
mined total non-structural carbohydrates (hereafter 
TNC; i.e., soluble carbohydrates and starch) as de-
scribed by Hansen and Møller (1975), and Haissig 

and Dickson (1979). We assayed soluble carbohy-
drates in methanol–chloroform–water extracts (λ = 
625 nm), and TNC results were expressed as % d.m. 
We determined the fiber content using the meth-
odology of Brinkmann et al. (2002). We suspended 
powdered dry mass (200 mg) in 20 mL of washing 
buffer (100mmK2HPO4/KH2PO4, pH=7.8, 0.5% Tri-
ton X-100), slowly stirred for 30 min at room temper-
ature and centrifuged (20 min, 5500 g, swing rotor). 
Next, we resuspended the pellet in washing buffer 
and washed as above. Subsequently, we washed the 
pellet four times (30 min) in 100% MeOH. The re-
sulting pellet consisted mainly of structural biomass 
and was dried (12h at 80 °C), weighed, and used for 
spectrophotometric lignin analysis by the thioglycol-
ic acid (TGA) method (Bruce & West, 1989). Next, 
to determine lignin content we weighed a 1–2 mg 
sample of structural biomass (three replicates per 
individual sample) into Eppendorf tubes and mixed 
with 1.5 mL of 2m HCl and 0.3 mL thiogylcolic acid. 
We incubated samples at 95 °C for 4h with repeated 
mixing. The samples were rapidly cooled on ice and 
centrifuged for 10 min at 15000 g (desk top centri-
fuge). The supernatant was discarded. We washed 
pellets three-times with distilled water (1000 µL). 
Thereafter, we incubated pellets with 1000 µL 
0.5m  NaOH for 18h on a shaker at room tempera-
ture. The suspension was centrifuged for 10 min at 
15 000 g. We transferred the supernatant into a 2 mL 
Eppendorf tube. We resuspended the pellet in 0.5 mL 
0.5m NaOH, vigorously mixed, and centrifuged. The 
resulting supernatant was combined with the first 
alkaline supernatant and mixed with 0.3 mL concen-
trated HCl. We incubated samples for 4h at 4 °C to 
precipitate the lignothioglycolate derivates. We cen-
trifuged samples, discarded the supernatant, and the 
pellet was solubilized in 1000 µL 0.5m  NaOH. We 
measured the absorbance of the resulting solution 
at 280 nm. We generated calibration curves by sub-
jecting increasing amounts of 0.5–2.5 mg of com-
mercial lignin (alkaline spruce lignin, Aldrich, Mil-
waukee, WI, USA) to the same procedure. We used 
a total of 0.1 g of tissue powder to determine the 
concentration of total phenols. Samples were boiled 
for 15 min in 95% ethanol and 10 min in 80% etha-
nol. Folin–Ciocalteu Phenol Reagent (Sigma F-9252) 
was used and the concentration of total phenols was 
determined spectrophotometrically by measuring 
absorbance at 660 nm as described by Johnson and 
Schaal (1957) and modified by Singleton and Ros-
si (1965). The concentration of total phenolic com-
pounds (TPhC) is expressed as µmol of chlorogen-
ic acid per g−1 dry mass. Chlorogenic acid was the 
standard used in these assays, and the results were 
expressed in terms of µM of chlorogenic acid g−1 dry 
mass (d.m.). Condensed (catechol) tannins, after ex-
traction with absolute methanol, were determined 
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colorimetrically (λ = 500 nm) using a color reaction 
with vanillin in an acid medium (Price et al., 1978). 
We converted these results to µM catechin g−1d.m. 
Absorbance (tannins, phenols, and carbohydrates) 
was determined with a spectrophotometer (UV-1700 
Visible Spectrophotometer; PharmaSpec, Shimadzu, 
Japan).

Statistical analyses

Before conducting the analyses, we applied a nat-
ural logarithm transformation to the seed mass, phe-
nolic content, tannin content, lignin content, TNC 
and fiber content to achieve distributions that did 
not differ from normality. Next, we used z-scores 
standardization (centered around the mean and di-
vided by the standard deviation) of each variable to 
reduce skewness in the residuals and stabilize the 
estimation procedure for each model. We used line-
ar regression. First, we determined the relationships 
between seed mass and other seed traits (phenol-
ic, tannin, lignin, TNC and fiber content). Second, 
we determined trade-offs between chemical (phe-
nolic and tannin content), physical (fiber content) 
and nutrient (TNC). Third, we determined if these 
trade-offs were mediated by seed masses. To do that 
we calculated the simple correlation between total 
phenolic and fiber content, tannin and fiber content, 
TCN and phenolic content, TNC and tannin content, 
and TNC and fiber content for subsets of the full 
dataset defined by seed mass windows according to 
Wang et al. (2018). To determine whether seed mass 
affects the trade-off between seed defensive traits, 
we divided our dataset into six equally sized subsets 
based on seed mass quantiles as described by Wang 
et al. (2018). Then we built a linear model with trait 
correlations for each subset predicted as a function 
of the corresponding seed mass window. Analyses 
were carried out in R 4.0.2 (R Core Team, 2020). The 
simple regression models were carried out using the 
stats package in R. The data visualizations were per-
formed using the ggplot2 package (Wickham, 2016).

Results

The seed masses used in our study ranged from 
0.00048 g to 12.94 g (mean±SD: 1.14±2.96). The 
phenolic content ranged from 14.09 µM g−1d.m. to 
822.93µM g−1d.m. (126.40±151.18), tannin levels 
ranged from 0.04 µM g−1d.m. to 811.92 µM g−1d.m. 
(76.67±138.87). The fiber ranged from 0.24% to 
0.97% (0.67±0.18) and lignin content ranged from 
3.78% to 10.96% (7.04±1.64). The non-structur-
al carbohydrates ranged from 0.94% to 53.76% 
(9.37±12.60).

Our results indicated that seed mass was signif-
icantly positively correlated with the tannin content 
(β±SE 0.285±0.11, R2=0.07, F1,75=6.62, p=0.012, 
Fig. S1), phenol content (0.372±0.11, R2=0.13, 
F1,75=12.08, p<0.001, Fig. S2) and total non-structur-
al carbohydrates (0.611±0.09, R2=0.36, F1,73=42.18, 
p<0.001, Fig. S3), but was negatively correlated with 
the fiber content (−0.279±0.12, R2=0.07, F1,75=6.33, 
p=0.014, Fig. S4). We did not find any relationship 
between seed mass and lignin content (−0.023±0.12, 
R2=0.00, F1,75=0.40, p=0.838, Fig. S5).

Our results showed a significant negative relation-
ship between phenolic content and fiber content in 
seeds (−0.283±0.11, R2=0.07, F1,75=6.54, p=0.013, 

Fig. 1. The relationship between a) total phenolic content 
and fiber content, b) total non-structural carbohydrates 
and fiber content, and c) total non-structural carbohy-
drates and total phenolic content
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Fig. 1a). However, this relationship was more strong-
ly negative for small seeded species than for large 
seeded species, where the line flattens out with in-
creasing seed mass windows (compared slope across 
seed mass windows: 0.153±0.02, df=4, p=0.003, 
R2=0.88, Fig. 3). In the case of tannin content, the 
relationship with the fiber content was negative but 
non-significant (−0.194±0.11, R2=0.02, F1,75=2.94, 
p=0.090, Fig. S6). This relationship also was more 
strongly negative for small seeded species and be-
came less negative for large seeded species, howev-
er, the compared slope was non-significant across 
seed mass windows (0.049±0.04, df=4, p=0.340, 
R2=0.03, Fig. S7).

We found that non-structural carbohydrates were 
significant negatively correlated with the fiber con-
tent (−0.271±0.11, R2=0.06, F1,73=5.61, p=0.021, 
Fig. 1b) and positively correlated with the phenol 
content (0.257±0.11, R2=0.05, F1,73=5.08, p=0.027, 
Fig. 1c). We did not find a significant relationship 
between non-structural carbohydrates and tannins 
(0.202±0.11, R2=0.03, F1,73=3.21, p=0.077). More-
over, we did not find that seed size mediated a trade-
off between TNC and chemical (both phenolic and 
tannins contents) or between TNC and physical de-
fense (p>0.05, Tab. S2).

Discussion

Seeds typically possess stored nutrients, serving 
as a temporary source of sustenance for the estab-
lishment of seedlings (Zangerl & Bazzaz, 1992). 
However, several biotic and abiotic pressures may 
have had a selective effect on the evolutionary trajec-
tory for allocation of energy to chemical or physical 
defense strategies to protect the seed embryo (Dal-
ling et al., 2011). Across a variety of woody plant 
species used in the analyses, we showed several cor-
relations between seed masses and seed resources. 
We found that contents of tannins, phenolics and 
total non-structural carbohydrates increased with 
the seed mass, but fiber content decreased with the 
seed mass. Moreover, our results supported that the 
trade-off between chemical and physical defenses was 

Fig. 3. The relationship between total phenolic and fiber 
contents across species for six seed mass windows (1: 
0.0004–0.006 g; 2: 0.007–0.023 g; 3: 0.027–0.044 g; 4: 
0.046–0.138 g; 5: 0.147–0.287 g; 6: 0.311–12.940 g)

Fig. 2. The relationship between total phenolic and fiber contents across species for six seed mass windows
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mediated by seed mass and nutrients (non-structural 
carbohydrates). Furthermore, our results indicated a 
stronger trade-off between physical and chemical de-
fenses for small-seeded species than for large-seeded 
species.

In this study the relationships between seed 
mass, physical, chemical and nutrient contents were 
significant. The role of chemical and physical defens-
es in seeds may affect interactions with animals, due 
to increasing attractiveness for seed dispersers (Jan-
zen, 1969), but also avoiding seed predators (Janzen, 
1971), or may affect the ability of microbial patho-
gens to attack seeds in the soil (Dalling et al., 2011). 
Even though both small- and large-seeded species 
are consumed by different guilds of seed predators 
(e.g., invertebrates and small mammals) other fac-
tors, like physiological adaptation to survive (dor-
mancy and desiccation), may affect the allocation of 
energy in small and large seeds. Our results indicated 
that large seeds have a high level of energy content 
(starch and glucose) and chemical component, but 
lower content of fiber. Large-seeded species are asso-
ciated with higher recruitment survival rates (Metz 
et al., 2010; Lönngberg & Eriksson, 2013) and pro-
vide an advantage for seedling establishment in dry 
conditions. Moreover, seedlings from large-seeded 
species had higher emergence and survival percent-
ages than seedlings from small-seeded species in dry 
soil conditions in glasshouse experiments (Leish-
man & Westoby, 1994). Our results indicated that 
small-seeded species were characterized by higher 
fiber, which corresponds with a previous study (Wu 
et al., 2019). Small-seeded species may invest much 
more energy in physical defense (i.e., seed coat mass 
ratio) than large-seeded species due to the adapta-
tion for defense against parasitic microorganisms 
(Dalling et al., 2011), seed predation by insects 
(Louda, 1982), but also survival of passage through 
the digestive system in the case of endozoochory dis-
persion (Chen & Moles, 2015).

Seed traits are linked to their predation and dis-
persion (Janzen, 1968). Due to predation pressure, 
seeds invest energy to various components of phys-
ical and chemical defenses against seed-eating ani-
mals (Janzen, 1971). In this study the relationships 
between seed mass, physical, chemical, and nutrient 
contents were weak but significant. Our results in-
dicated negative correlations between physical and 
chemical components. We found that a nutritional 
trait (in our study non-structural carbohydrates) was 
associated with the physical and chemical defensive 
traits. Non-structural carbohydrates were signifi-
cantly positively correlated with the phenol content, 
but not with the tannins. An opposite significant 
relationship was found between non-structural car-
bohydrates and fiber content. Many field-based re-
search studies indicated various effects of seed traits 

on removal rates, where seed quality interacted with 
other environmental factors (e.g., precipitation, 
shrub level, moonlight) to influence seed selection 
by rodents (Perea et al., 2011; Chiuffo et al., 2018; 
Moore et al., 2022). Testing 40 tree species, Blate et 
al. (1998) found that seed predation decreased with 
seed size and hardness of seed coat. Rodents first se-
lect seeds with higher caloric values, which is corre-
lated with seed size (Westoby et al., 1992), however, 
chemical components in seeds can modulate this re-
lationship. Gong et al. (2015) found that seeds with 
high levels of phenolic content were better defended 
against seed predators, whereas other traits like seed 
size and coat hardness did not affect seed predation. 
Total phenolic contents are an important component 
of defense among plant species, and high content 
of phenolics might protect seeds from predators. 
Flores-Peredo and Cime (2016) revealed that rodents 
preferred small seeds of Pinus species with high lev-
els of lipids and low tannin contents. However, some 
empirical evidence suggests that high levels of chem-
ical defense like tannins and nutrition like starch in-
creased seed removal and consumption by rodents, 
whereas high seed coat thickness and low tannin lev-
els decreased seed consumption (Zhang et al., 2016). 
Other studies showed that seed size played the main 
role in seed caching behavior by small mammals, 
and nutrients and chemical components had less im-
pact (Wang & Chen, 2009) or no effect (Kuprewicz 
& Garcia-Robledo, 2019). Our results suggest that 
large-seeded species which invested in both chemical 
and nutritional components of seeds may affect seed 
caching behavior by small mammals, increasing seed 
survival after dispersion.

Trade-offs in seeds traits may have a predomi-
nant role in shaping the relationship between plants 
and seed predation (Zhang et al., 2016). Our results 
partially support the trade-off defense hypothesis 
of Wang et al. (2018) in seeds of temperate woody 
plant species, where we found that phenolic content, 
but not tannins, significantly decreased with the fib-
er content in seeds of woody plant species. In the 
case of tannin content the slope was weakly negative. 
We also found that this trade-off was mediated by 
seed size, where in small-seeded species the trend 
was more negative than for large-seeded species. The 
non-significant relationship for tannins may be the 
result of the fact that tannins are one of the com-
pounds belonging to phenols, and there can be no 
or very low tannin production in seeds in our plant 
species (for example a tannin level of 0.04 µM g−1d.m 
compared with 32.64 µM g−1d.m total phenolic in Pi-
cea abies ‘virgata’). The total phenolic content varies 
greatly among species and represents a wide range 
of components, therefore it is a good indicator of 
carbon-based defense response chemicals in plants 
(Xiao et al., 2006; Steele et al., 2001; Smallwood et 
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al., 2001; Wang et al., 2018). Allocation of resources 
in plants is related to the physiological and ecologi-
cal costs that a plant incurs to protect against herbi-
vores. Most plant defense hypotheses predict a trade-
off between resource investments in different types 
of defenses against herbivores (Koricheva et al., 
2004). However, evidence of the occurrence of trade-
offs between chemical and physical defenses are 
strongly debated. Trade-offs between chemical and 
physical defenses in plant leaves and seeds were test-
ed in several studies and supported by some (Twigg 
& Socha, 1996; Hanley & Lamont, 2002; Zhang et 
al., 2016; Wang et al., 2018) or rejected by others 
(Read et al., 2009; Koricheva et al., 2004; Moles et 
al., 2013; Tiansawat et al., 2014).The global compar-
ative research focused on large numbers of species 
provide little evidence to support the trade-off defen-
sive hypothesis (Koricheva et al., 2004; Moles et al., 
2013). The reason for lack of support for the trade-
off defensive hypothesis is that due to selective pres-
sures, plants deploy a different combination of de-
fenses to compete with coexisting species. Moreover, 
previous studies that concentrated on seeds argued 
that combinations of traits like nutrients or seed size 
mediates the trade-off between physical and chemi-
cal defenses (Zhang et al., 2016; Wang et al., 2018). 
Based on 23 tree species Zhang et al. (2016) showed 
that seed coat thickness (physical defense) was neg-
atively correlated with the tannin content, but the 
relationship was non-linear. Our results correspond 
with previous research conducted on seeds of 163 
tropical plant species (Wang et al., 2018), where it 
was found that the trade-off between physical and 
chemical defenses was stronger for small-seeded spe-
cies than among large-seeded species.

In conclusion, we found several significant rela-
tionships between seed mass and other seed traits 
(phenol content, fiber content and TNC). We con-
firmed that the trade-off between chemical and 
physical defenses is mediated by seed size, where in 
small-seeded species the trend was more negative 
than for large-seeded species. Moreover, we showed 
that TNC increased with chemical defense but de-
creased with the fiber content, however, these trade-
offs were not mediated by seed mass. Our study 
found that plant species that produce small seeds 
tend to contain fewer resources and are likely to 
be more limited in their allocation to defense than 
plants that produce larger seeds.
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