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Abstract
Main conclusion  Nutrient availability, namely soil phosphorus, modulates trade-offs between constitutive and induced 
defences in maritime pine, with high phosphorus weakening these trade-offs and shaping plant allocation to different 
defensive strategies.

Abstract  Abiotic factors modulate trade-offs between plant functions, but their influence on trade-offs between constitutive 
and induced defences remains poorly understood. We tested for such trade-offs in maritime pine (Pinus pinaster) and exam-
ined whether soil phosphorus availability affected these defensive correlations. We conducted a greenhouse experiment with 
six-month-old pine seedlings from 33 half-sib families, exposing half of the plants from each family to either low or high soil 
phosphorus availability, one of the main limiting factors for pine development in the study region. Within each fertilization 
group, we applied jasmonic acid to induce defences in half of the plants per family. Defensive traits measured included resin 
production and phenolic compound levels. As predicted, we found significant negative correlations between constitutive 
and induced defences for both defensive traits under low phosphorus availability. However, these correlations were absent 
under high phosphorus conditions, indicating that overabundance of this nutrient weakened defensive allocation constraints. 
These findings highlight the role of nutrient availability in shaping plant defence allocation constraints, potentially shaping 
the correlated evolution of plant defensive strategies.

Keywords  Jasmonic acid · Nutrient availability · Phenolic compounds · Pinus pinaster · Resin

Abbreviations
JA	� Jasmonic acid
P	� Phosphorus availability

Introduction

Plants and insect herbivores have interacted for over 500 
million years (Labandeira 2007; Kergoat et al. 2017), result-
ing in a remarkable diversity of defence mechanisms on 
both sides (Futuyma and Agrawal 2009). Plant defences 
are broadly classified as constitutive or induced: constitu-
tive defences represent baseline levels that provide con-
tinuous protection, whereas induced defences are triggered 
by herbivore damage, allowing for more efficient and tar-
geted investment (Núñez-Farfán et al. 2007). A key insight 
in plant defence research is that constitutive and induced 
defences often trade off and, therefore, do not evolve inde-
pendently (Stamp 2003; Rasmann et al. 2015; Agrawal and 
Hastings 2019). These trade-offs arise from resource allo-
cation constraints, leading to negative correlations between 
these defensive strategies (Kempel et al. 2011; Moreira et al. 
2014).

Trade-offs between constitutive and induced defences are 
well documented both across and within species, especially 
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in herbaceous plants (Bingham and Agrawal 2010; Kem-
pel et al. 2011; Rasmann and Agrawal 2011; Rasmann et al. 
2015; Agrawal and Hastings 2019; Kalske and Kessler 
2023). However, these patterns may not directly apply to 
trees, which differ substantially in growth form and life-his-
tory traits that shape resource allocation and defence strate-
gies. Trees grow slowly, are long-lived, and store reserves 
in woody tissues, necessitating durable constitutive defences 
over extended periods (Massad 2013). In contrast, fast-
growing, short-lived herbaceous plants often rely more on 
rapid, inducible chemical defences (Massad 2013). Despite 
these fundamental differences, defensive trade-offs in trees 
remain poorly studied (but see Moreira et al. 2014; Villari 
et al. 2014), representing a key gap in our understanding of 
the diversity, mechanisms, and ecological and evolutionary 
foundations of plant defence strategies.

Abiotic factors influence trade-offs among key plant 
functions, including growth and defence (Züst and Agrawal 
2017). The Resource Availability Hypothesis predicts 
that plants in resource-poor environments invest more in 
defences because tissue replacement is costly, often at the 
expense of growth (Coley et al. 1985; Endara and Coley 
2011). While this prediction is supported for light and water 
availability (Züst and Agrawal 2017), to our knowledge, no 
previous study has directly tested how abiotic factors shape 
trade-offs between constitutive and induced defences (for 
growth-defence trade-offs see Sampedro et al. 2011). Clari-
fying whether nutrient availability constrains or modulates 
the simultaneous expression of constitutive and induced 
defences is essential for understanding how the abiotic con-
text shapes defence allocation and the evolution of plant 
resistance.

Pinus pinaster Ait., commonly known as maritime pine, 
is a Mediterranean-native species renowned for its ecologi-
cal and economic significance (Bucci et al. 2007). It is well 
adapted to coastal sandy soils, where it thrives under chal-
lenging abiotic conditions (Bucci et al. 2007) and plays a 
crucial role in stabilizing forest soils and other ecosystem 
functions as well as in sustainable forest management and 
restoration efforts (de la Mata et al. 2024). Among the abi-
otic stressors faced, soil nutrient limitation is particularly 
important, with phosphorus availability strongly constrain-
ing plant growth and influencing pine-associated ecosystem 
dynamics in Galician coastal forests (Martíns et al. 2009). 
Maritime pine produces chemical defences in its leaves and 
stems, especially phenolic compounds and resin (composed 
primarily of terpenoids), which deter and negatively affect 
the performance of phytophagous insects and pathogenic 
organisms (Mumm and Hilker 2006). Constitutive concen-
trations of resin and phenolics are particularly high in P. 
pinaster tissues, reaching levels of up to 200 mg per gram 
of dried tissue weight (Sampedro et al. 2011; Moreira et al. 
2014). At the same time, these defences are highly inducible 

in response to herbivory and contribute to induced resistance 
against insect herbivores (Sampedro et al. 2011; Moreira 
et al. 2014). Previous work on Pinus pinaster has shown that 
when phosphorus is limited, plants significantly reduce their 
growth and increase their investment in chemical defences 
(Sampedro et al. 2011), but it is currently unknown whether 
phosphorus limitation affects the correlations between 
defensive strategies in these traits.

In this study, we examined potential trade-offs between 
constitutive defences and their inducibility in maritime pine 
(Pinus pinaster) seedlings, and assessed their dependence 
on soil resource availability—specifically phosphorus, a key 
limiting factor for pine development in the coastal habitats 
of Galicia, north-western Spain (Martíns et al. 2009). To 
achieve this, we conducted a greenhouse experiment with 33 
half-sib pine families, for which we factorially manipulated 
defence induction by applying jasmonic acid (Moreira et al. 
2014) and soil phosphorus availability via fertilization (high 
availability: 20 mg P L⁻1; low availability: 2 mg P L⁻1). We 
focused on two key defensive traits in pines: non-volatile 
resin in stems (the fraction that functions both as a physical 
barrier and a chemical deterrent to insect feeding) and total 
phenolics in needles (Sampedro et al. 2011; Moreira et al. 
2014). A negative correlation between constitutive defences 
and their inducibility in each case suggests a defensive trade-
off. We predicted that high phosphorus availability would 
weaken this correlation, presumably by alleviating alloca-
tion constraints between constitutive and induced defence 
expression. Findings from this work provide mechanistic 
insights into the abiotic control, particularly of soil nutrient 
availability, over plant allocation to constitutive and induced 
defences, ultimately enhancing our understanding of plant 
defence and, more broadly, life history evolution.

Material and methods

Plants and experimental design

Seeds from Pinus pinaster 33 half-sib families, obtained 
from the seed orchard of the Xunta de Galicia in Sergude (A 
Coruña, Galicia, NW Spain; 42.818261°N, 8.461284°W), 
were individually sown in 2-L containers filled with ster-
ilized perlite. The seedlings were grown in a greenhouse 
under controlled conditions, with a minimum of 12 h of 
light per day and temperatures of 25 °C during the day and 
18 °C at night. One month after sowing, half of the plants 
were subjected to one of two fertilization treatments through 
subirrigation every 2 days for 5 months: a complete nutri-
ent solution and a phosphorus-deficient solution. The com-
plete fertilizer treatment was formulated to meet the optimal 
growth requirements of P. pinaster seedlings and contained 
100:20:70:7:9 mg L⁻1 of N, P, K, Ca, and Mg, respectively, 
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along with several micronutrients, including Cu, Fe, Zn, Mo, 
B, and Mn (Sampedro et al. 2011). In comparison, the phos-
phorus-deficient treatment reduced phosphorus availability 
tenfold to 2 mg P L⁻1, while keeping the concentrations of 
other nutrients constant, thereby mimicking the low-P con-
ditions typical of coastal sites in the region (Martíns et al. 
2009). Both treatments were adjusted to a pH of 6.5. Fer-
tilization began one month after sowing to allow seedlings 
to establish initial root systems under uniform conditions, 
minimizing early mortality and ensuring comparable starting 
points at the time of nutrient treatment application.

At 6 months of age, seedlings in the phosphorus-deficient 
treatment were significantly shorter than those in the com-
plete fertilization treatment (F1,32 = 142.52, P < 0.001), aver-
aging 22.6 ± 0.7 cm versus 47.8 ± 1.2 cm, respectively (see 
Suppl. Fig. S1). At this moment, we applied the induction 
treatment: half of the plants in each fertilization treatment 
received a foliar application of 22 mM jasmonic acid (JA) 
(Sigma-Aldrich, #39270-7) in deionized water containing 
2.5% ethanol (v/v). The other half of the seedlings served 
as controls and were sprayed with the carrier solution only. 
The JA and control solutions were sprayed until runoff 
(approximately 2.6 ± 0.2 or 3.7 ± 0.3 mL for each phospho-
rus-deficient and complete fertilized plants, respectively). 
The JA concentration chosen and application procedure were 
adapted from protocols previously validated for P. pinaster 
(Moreira et al. 2009). To prevent cross-contamination, JA-
treated and control plants were placed in separate rooms 
during treatment application, where they remained drying 
for 24 h before placing them back in their original rooms 
and randomized positions. The experiment followed a rand-
omized split-split plot design (fertilization: plot level; induc-
tion: split-plot level; family: split-split plot level), where 
plants within the same fertilization treatment were spatially 
grouped due to irrigation constraints, and the remaining fac-
tors were randomized within each fertilization group. This 
design was replicated across four blocks, resulting in a total 
of 528 seedlings: 33 families × 2 fertilization treatments × 2 
induction treatments × 4 blocks. Two weeks after JA applica-
tion, all plants were fully harvested. Needles and stems were 
separated; needles were oven-dried at 40 °C for 48 h for 
phenolic analysis, and stem material was stored at −20 °C 
for resin analysis. All needles from each plant were pooled 
into a single sample for analysis, providing an estimate of 
whole-plant-level defence allocation.

Chemical analyses

For the analysis of needle phenolics, we extracted phe-
nolics from 300 mg of finely ground, dried pine needles 
using a 1:1 volumetric mixture of aqueous methanol in an 
ultrasonic bath for 15 min (Moreira et al. 2014). Follow-
ing extraction, we centrifuged the mixture at 698.5 g and 

diluted the methanolic extract. The total phenolic content 
was then quantified colorimetrically using the Folin-Cio-
calteu method, with a Biorad 650 microplate reader set to 
740 nm and tannic acid as the standard, with results reported 
on a dry weight basis.

To estimate the concentration of non-volatile resin 
in the stem, we applied a gravimetric approach (Moreira 
et al. 2014). Approximately 5 g of fresh stem material was 
crushed and placed in pre-weighed tubes, each 20 cm in 
height. Resin compounds were extracted using hexane in an 
ultrasonic bath, and the extraction process was repeated. The 
solvent was evaporated, and the residue mass of non-volatile 
resin was measured to the nearest 0.0001 g, providing an 
accurate assessment of the resin concentration in relation to 
the stem’s dry weight.

Statistical analyses

First, we obtained least square means for each family under 
control and induced conditions, separately within each 
level of the soil fertilization treatment. To do this, we ran 
linear mixed models for non-volatile resin in the stem and 
phenolic compounds in the needles, including phosphorus 
availability (P), induction treatment (T), and their interac-
tion (P × T) as fixed factors. Family and its interactions with 
the main effects (P, T, and P × T) were also treated as fixed 
factors. We included the block effect (B) and its two-way 
interactions with the main effects (B × P and B × T) as ran-
dom factors to ensure proper error terms for analysing the 
main effects. Although half-sib families are often treated as 
a random effect in quantitative genetic studies—given the 
interest in variance components and broader inference—here 
we treated family as a fixed factor. Our goal was solely to 
obtain family-level means within each fertilization × induc-
tion combination, accounting for any sample size imbal-
ances, rather than estimating family means across other fac-
tor levels or quantifying variance components. All analyses 
were performed using PROC MIXED (SAS Institute, Cary, 
NC, USA) (Littell et al. 2006). The results from these mod-
els are presented in Sampedro et al. (2011).

Second, using the family means from the models 
described above, we conducted family-level Pearson corre-
lations between constitutive levels and inducibility for each 
trait, separately within each fertilization treatment. Least 
square means for control plants of each family represented 
constitutive levels, while inducibility was determined by 
calculating the difference between the least square means 
of control and induced plants of each family. A negative cor-
relation for a given trait would support the idea of a trade-off 
between constitutive and induced defences. However, this 
approach poses the challenge of including the same variable 
(i.e., the constitutive values) as both an independent variable 
and in the calculation of the response variable, potentially 
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leading to spurious correlations (Morris et al. 2006). To cir-
cumvent this issue, we implemented a Monte Carlo simula-
tion approach following Morris et al. (2006). We performed 
10,000 simulations of constitutive and inducible resistance 
values using data distributions parameterized from the com-
puted means and variances. This number of simulations was 
chosen to ensure stable estimates of the null distribution 
and associated P-values, as higher numbers of simulations 
further reduce sampling error but with diminishing returns 
in precision (Morris et al. 2006). For each simulation, we 
computed Pearson correlation coefficients and summarized 
the results as frequency histograms. From these, we derived 
Monte Carlo P-values and compared them to the observed 
Pearson P-values to discriminate true trade-offs from spuri-
ous correlations. This procedure was conducted in SAS by 
adapting the original MATLAB code of Morris et al. (2006) 
(see more details in Suppl. Fig. S2 and S3).

Results

We found evidence that soil phosphorus availability affects 
family-level correlations between constitutive pine defen-
sive traits and their inducibility. Specifically, under reduced 

phosphorus availability, significant negative, non-spurious 
correlations were observed between constitutive levels and 
inducibility for both non-volatile stem resin concentration 
(r = −0.82, P < 0.001, n = 40; Fig. 1A) and needle total phe-
nolics (r = −0.61, P = 0.004, n = 40; Fig. 1C). In contrast, 
no significant associations were found under high phospho-
rus availability (stem resin: r = −0.63, P = 0.114, n = 40; 
Fig. 1B; needle phenolics: r = −0.45, P = 0.740, n = 40; 
Fig. 1D).

Discussion

We found negative correlations between constitutive 
defences and their inducibility for two key defensive traits 
in P. pinaster: non-volatile resin in stems and total pheno-
lics in needles. These results align with previous studies in 
herbaceous plants, such as Asclepias species (Bingham and 
Agrawal 2010; Agrawal and Hastings 2019), Arabidopsis 
thaliana (Rasmann et al. 2015), wild crucifers (Zhang et al. 
2008), and various cultivated garden plants (Kempel et al. 
2011). Similar patterns have also been observed in some tree 
species, including Populus tremuloides (Cole et al. 2021) 
and other Pinus species (Villari et al. 2014; Runyon et al. 

Fig. 1   Plant family-level corre-
lations between the constitutive 
concentrations (in mg g−1 DW) 
of non-volatile resin in the 
stem (A, B) or total phenolics 
in the needles (C, D) and their 
corresponding inducibility 
in Pinus pinaster seedlings, 
shown separately under low (left 
side panels) or high nutrient 
availability (right side panels). 
Inducibility was measured as 
the family mean values of jas-
monic acid (JA)-induced plants 
minus the mean of control 
plants. Shown are Pearson cor-
relation coefficients, whereby 
significant negative relation-
ships denote a genetic trade-off 
between constitutive and 
induced defences. Monte Carlo 
P-values indicate the probability 
of obtaining a spurious correla-
tion for the observed Pearson r 
and associated data error (see 
“Materials and methods”). Each 
point represents a half-sib Pinus 
pinaster family (n = 33), and all 
families were included in each 
correlation analysis
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2022). Although more research on trees is necessary to draw 
broader conclusions, current evidence suggests that nega-
tive correlations between constitutive and induced defences 
are common across diverse plant species. These patterns are 
likely driven primarily by resource allocation constraints, 
despite considerable variation in life-history traits such as 
growth form, longevity, and woodiness (Koricheva et al. 
2004), as well as differences in herbivore pressure (Wetzel 
et al. 2023). Moreover, the conserved metabolic pathways 
involved in synthesizing specialized metabolites like phe-
nolics and terpenoids (Zulak and Bohlmann 2010), likely 
contribute to similar defence induction patterns and resource 
allocation strategies (Moreira et al. 2013). Notably, in P. 
pinaster, these allocation constraints appeared consistently 
across different tissues and defensive traits—resin in stems 
and phenolics in needles—each linked to distinct herbivores 
and metabolic pathways (Franceschi et al. 2005; Mumm and 
Hilker 2006). Nevertheless, given the variability in costs and 
plasticity of various defensive traits (Bonello et al. 2006; 
Cipollini et al. 2014), further studies examining constitu-
tive–induced defence correlations across additional traits are 
needed to fully characterize the defensive phenotype in this 
and other tree species.

Our study adds a novel dimension by showing that corre-
lations between constitutive and induced defensive strategies 
depend strongly on environmental context. Specifically, we 
provide evidence that soil phosphorus availability—a key 
limiting factor in Pinus pinaster coastal ecosystems (Martíns 
et al. 2009)—modulates these defensive trade-offs. Under 
low phosphorus conditions, seedlings exhibited a strong 
negative correlation between constitutive and induced 
defences for both stem resin concentration and needle phe-
nolics, whereas no significant association was found under 
high phosphorus availability. These results offer mechanistic 
support for resource allocation constraints as the primary 
driver of these negative correlations across both trait and 
organ types (for growth-defence trade-offs, see Fine et al. 
2006; Moreira et al. 2014; Hahn and Maron 2016; López-
Goldar et al. 2020), although alternative explanations such 
as pleiotropy cannot be fully excluded (Karasov et al. 2017). 
These context-dependent patterns have important ecological 
and evolutionary implications for P. pinaster in Galicia’s 
coastal range, where soil fertility and herbivory regimes vary 
significantly (Zas 2003; Zas et al. 2006, 2011; Martíns et al. 
2009). In nutrient-poor environments, trees may face con-
straints that limit their ability to maintain both constitutive 
and induced defences, potentially increasing vulnerability 
to pest outbreaks if herbivore pressure intensifies. Conse-
quently, forest management strategies should incorporate 
soil nutrient status when planning reforestation and pest con-
trol programs. Targeted phosphorus amendments might alle-
viate resource allocation constraints and bolster defensive 
capacity but must be applied cautiously to prevent nutrient 

leaching and unintended shifts in competitive dynamics. 
Integrating nutrient management with pest monitoring will 
likely be critical for sustaining forest health, particularly 
under the growing impacts of climate change on nutrient 
cycling and herbivore pressures in coastal forest ecosystems.

Further basic research—which will, in turn, help inform 
applied practices—should explore defensive strategies in P. 
pinaster through combined manipulations of phosphorus, 
nitrogen, and other interacting factors such as drought or 
salinity. Within this context, detailed studies aimed at quan-
tifying the costs of different defensive traits and types of 
herbivore damage can provide predictive insights into abi-
otically driven defensive allocation constraints. Relatedly, a 
better understanding of endogenous (genetic and metabolic) 
linkages between defensive traits is needed, for example, 
using transcriptomic and metabolomic tools. Lastly, compar-
ative studies across taxa with contrasting functional strate-
gies, combined with nutrient manipulations, can enhance our 
understanding of how plant life-history traits and resource 
limitations shape defensive trade-offs and their ecological 
and evolutionary significance.
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