Plant Ecology (2024) 225:705-712
https://doi.org/10.1007/511258-024-01429-2

=

Check for
updates

Defoliation tolerance in Plantago seedlings varies with neighbour
environment

Mick E. Hanley' - James Buckley' - Laoise Hunter-Martin' - Jessica J. S. Thomas'

Received: 19 December 2023 / Accepted: 22 April 2024 / Published online: 11 May 2024
© The Author(s), under exclusive licence to Springer Nature B.V. 2024

Abstract

Environmental selection during early ontogeny influences plant species representation in mature vegetation. Chief amongst
these selective forces is the interplay of herbivore selection and seedling defence/tolerance. Although some species can
recover from almost complete cotyledon loss, it remains unclear whether tolerance is impacted by other critical early
life-history hazards like competition. This study examines early seedling tolerance of two sympatric Plantago species (P.
lanceolata and P. major) for individuals grown in isolation, monoculture (i.e., with conspecifics) and mixed assemblages
(with congenerics). The effects of 95 and 50% cotyledon removal at 14-d-old on plant growth and root:shoot allocation was
established in 28-d and 100-d old plants. Although damage and neighbour environment consistently limited subsequent
growth of P. major, there was no interaction between these factors. Nonetheless, individuals subjected to 95% defoliation
in mixed assemblages were substantially smaller than those without neighbours. A similar response to cotyledon removal
was evident for P. lanceolata at 28-d, although plants with conspecific neighbours tended to be larger. The defoliation
effect disappeared at 100-d, and plants grown with neighbours were now smaller. Mortality and root:shoot allocation did
not vary across treatments. While we underscore the negative impact that early ontogenetic damage and the influence of
neighbour environment has on subsequent plant growth, we failed to elucidate obvious interactions between these factors.
Nonetheless, we highlight how the remarkable tolerance of Plantago seedlings to almost complete defoliation in the face
of intra-/inter-specific competition, may yet be impacted by anthropogenic disruption of environmental filters operating at
the regeneration stage.
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Introduction

The interaction between plants and their environment during
early establishment is critical to understanding the ecologi-
cal patterns and processes that underpin plant community
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assembly, species coexistence and persistence (Harper 1977;
Fenner & Thompson 2005; Parmesan & Hanley 2015). Seed-
lings are by far the most vulnerable phase of a plant’s life
history (Grime 2001; Fenner & Thompson 2005) and many
different factors, including competition, nutrient limitation,
disease, and drought limit seedling recruitment and even
eliminate entire cohorts (Moles & Westoby 2004; Fenner &
Thompson 2005; Chang-Yang et al 2021). Nonetheless, chief
amongst the hazards to seedling survival is herbivory (Moles
& Westoby 2004), and it is perhaps no surprise therefore that
different plant species exhibit a range of early life history
traits that imbue their seedlings with the capability to deter
herbivores or recover from herbivore attack when it happens
(Barton & Hanley 2013).

A wide variety of chemical defences are expressed in
seedlings (see Elger et al 2009; Hanley et al 2018) and in
tandem with the selective preferences of different herbi-
vores, conspire to shape the composition and structure of
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established plant communities (Hanley et al 1996; Burt-
Smith et al. 2003; Hensgen et al 2011; Liang et al. 2019).
The mechanism by which this happens reflects likely
trade-offs between allocation of resources to (seedling)
defence, and growth (competitive ability). In an experi-
ment with two clover species for example, Hanley & Sykes
(2009) showed how by varying the numbers of snails,
the intensity of herbivory, coupled with species-specific
variation in seedling growth and anti-herbivore defence,
dictated which species came to dominate the mature com-
munity. In the absence of herbivory, Trifolium pratense
dominated the established community presumably by vir-
tue of its greater competitive ability at the seedling stage.
In the most heavily grazed treatments by contrast, snails
removed the majority of T. pratense seedlings, leaving T.
repens to dominate. In natural plant communities, spatio-
temporal variation in the number and activity of seedling
herbivores likely interacts with seedling growth-defence
trade-offs to dictate recruitment success for different plant
species and in so doing, contribute to the maintenance
of biodiversity and species coexistence (Hanley & Sykes
2014; Liang et al. 2019).

Also important in our understanding of early
ontogenetic plant responses to herbivory is the ability
of seedlings to recover from almost complete early
cotyledon/leaf removal. Despite an assumption that
seedlings are heavily constrained by resource limitation
in their ability to tolerate tissue damage (Haukioja and
Koricheva 2000) experiments demonstrate considerable
species-specific variation in tolerance at the seedling stage
(see Hanley & May 2006; Hanley & Fegan 2007; Barton
2013). The mechanistic explanation for plant tolerance has
traditionally focussed on resource allocation trade-offs and
especially the supposed negative relationship between anti-
herbivore tolerance and resistance (Strauss and Agrawal
1999; Salgado-Luarte et al. 2023; but see Koricheva et al.
2004; Leimu & Koricheva 2006). More recently however,
the process of endoreduplication (Scholes & Paige 2014)
has been proposed as an explanation for growth recovery
from plant damage (although this has yet to be evidenced
for seedlings). While this mechanism has been shown
to facilitate upregulation in both plant chemical defence
(resistance) and plant growth potential (tolerance) in
Arabidopsis (Scholes & Paige 2014; Mesa et al. 2017),
experiments by Mesa & Paige (2023) suggest that
upregulation of anti-herbivore resistance still imposes a
cost in tolerance. Moreover, despite examples of relatively
higher tolerance abilities in younger ontogenetic stages
(Weltzin et al. 1998; Barton 2008), generally speaking,
early tissue loss has long-term impacts on plant size and
reproductive output, even if the plant can recover from
almost complete cotyledon loss (Hanley & May 2006;
Hanley & Fegan 2007; Hanley 2012; Barton 2013).
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Importantly however, studies on seedling (and often
established plants) tolerance have imposed tissue loss on
plants grown in isolation from additional stressors, including
competition with other seedlings (but see Parmesan 2000).
This is an extremely unlikely scenario. In field conditions
germination and recruitment is cued by synchronous seed
release and/or seasonally variable environmental change
(Fenner & Thompson 2005), and consequently, there is
an expectation that intra- and interspecific competition
with high densities of neighbours is almost inevitable for
any individual (Harper 1977; Fenner & Thompson 2005).
The impacts of density-dependent mortality are widely
reported for seedling cohorts from many different plant
species (Harper 1977; White 1985; Watkinson 1997).
Indeed, the competition-density principle is one of the most
long-standing in plant ecology and the ‘self-thinning’ rule
(Reineke 1933) used widely to understand plant population
dynamics and predict agricultural and forestry yields (Harper
1977; Vospernik & Sterba 2015). In addition to conspecifics
(even siblings), most seedlings emerging in natural plant
communities find themselves competing with similar-aged
recruits drawn from many different species. While generally
assumed to be less intense than intraspecific competition
(Adler et al. 2018), the effects of interspecific competition
in natural plant communities are highly unlikely to be
symmetrical between species, even, or perhaps especially,
at the seedling stage (see Kelly & Bowler 2005; Kelly &
Hanley 2005). This presents a complex set of potential
interactions for any individual seedling to surmount, even
in the absence of losing tissue to herbivory.

When taken together, it seems highly probable therefore
that seedling response to early defoliation will be moderated
by how that species copes with simultaneous exposure
to intra- or inter-specific competition. As far as we are
aware however, only one previous study has explored that
interaction at the seedling stage. Parmesan (2000) reported
how Collinsia torreyi plants were surprisingly less affected
by early ontogenetic tissue loss in highly (intra-specific)
competitive environments than conspecifics with little or
no competition. In this study, we examine whether species-
specific differences in defoliation tolerance observed when
seedlings are grown in isolation from potential competitors
are retained, lost, or magnified when they are simultaneously
grown in association with conspecific or sympatric
congeneric neighbours.

Materials and methods
Plant species collection and cultivation

In July 2022, seeds of two epigeal, dicotyledonous,
herbaceous species (Plantago lanceolata L. and Plantago
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major L.) were collected from a minimum 30 parent
plants each, from a coastal grassland habitat at Wembury,
Devon, England (50°18'58"N, 04°06'17"W). A sympatric,
congeneric pair offers a shared evolutionary history and
so a fundamental physiological similarity, increasing the
likelihood and intensity of competition across their shared
Eurasian native ranges (Sagar and Harper 1964; Kelly and
Hanley 2005). A study of seedling recruitment in grasslands
by van der Toorn and Pons (1988) suggests that P. lanceolata
is the competitive dominant of the two species during early
ontogeny.

In early October 2022, seeds were set to germinate on
dampened filter paper in Petri dishes and placed in a growth
room set at 15°C and a 12-h day/night illumination cycle.
Immediately after germination (emergence of the radicle),
seedlings were transferred into the centre of 70 X 70 X 80 mm
plastic pots filled with John Innes No. 2 compost, such
that there was a total of 324 pots. Fifty-four pots for each
species were then set aside and received no further seedlings
(‘Single’). The remaining pots were planted with either six
seedlings drawn from the same species (‘Conspecific’), or
six from the congener (‘Congeneric’). These seedlings were
planted around the central seedling in a hexagonal array such
that the distance between all seedlings remained constant
(20 mm) (see Hanley & Sykes 2009). The pots were retained
in the controlled growth room at 15°C and the 12-h day/night
illumination cycle. Any seedlings that died during the first
7-d following transplant into experimental pots was replaced
by a seedling of similar age.

Defoliation treatments

When seedlings were 14-d-old, the central individual in
each pot received one of three defoliation treatments, i.e., no
defoliation (‘0%"), half of each cotyledon removed (‘50%),
or most of each cotyledon removed to the nodes (‘95%”).
This yielded 18 replicates in each defoliation/seedling array
treatment group for each species. Although achieved using
scissors, artificial defoliation facilitates consistent replication
(effectively impossible using invertebrate herbivores on such
small seedlings) and thus more precise assessment of plant
tolerance to tissue loss (Tiffin & Inouye 2000).

After defoliation, the pots were randomly arranged on an
unheated glasshouse bench and grown in natural daylight
until the plants were 28-d-old (November), at which time
nine pots from each treatment group were selected at
random. From these, the central individual was carefully
removed from the pot, cleaned of any adhering compost,
separated into roots and shoots before oven-drying at 50°C
for 24 h. The total dry weight biomass (and root:shoot ratio)
attained during the 14-d period after cotyledon damage was
taken as a measure of plant growth (and biomass allocation)
following defoliation of 14-day old individuals. Mean daily

temperatures during this time varied between 12.9 °C +0.3
(min) and 21.8 °C +0.5 (max). The remaining plants were
cultivated in glasshouse conditions [7.9 °C +0.2 (min) and
18.3 °C+0.2 (max)], until they were 100 days old (i.e.,
86 days post-cotyledon damage; January 2023), at which
time the central plant from all pots (n=9 per treatment/
species group) was harvested, processed, and weighed as
described above.

Statistical analysis

Separate ANOVA models were used to explore the
effects of ‘Competition’ (‘Single’, ‘Conspecific’,
‘Congeneric’) and ‘Defoliation’ (0%, 50%, 95%), and the
‘Competition’ X ‘Defoliation’ interaction on the response
variables, total dry biomass, and root:shoot ratio at 28 days
and 100 days old. Model fit was assessed by examining plots
of residuals against fitted values and quantile—quantile plots
to identify deviations from that expected under normality.
Where necessary, square root or log;, transformations
of the response variable were used to improve model fit.
Specifically, log,, transformations were used for most
analyses, with square root transformation only used for
those modelling total and shoot dry mass for P. lanceolata
and P. major at 28 d, and total, shoot and root dry mass
for P. lanceolata at 100 days old. All statistical analyses
were conducted in R statistical software version 4.1.1 (R
core team 2021).

Results
Total plant mass

In P. major, cotyledon loss (‘Defoliation’) had consistent
negative effects on the subsequent total dry weight biomass
at both 28-day (F,;,=16.14; P<0.001) and 100-day old
(Fp7,=10.27; P<0.001) (Fig. 1). Similarly, ‘Competition’
also reduced plant size at 28-d (F, ;,=28.99; P<0.001) and
100-d (F,;=16.24; P <0.001), but we found no ‘Defolia-
tion’ X ‘Competition’ interaction for either age group (28-d
- F47,=1.48; P=0.218; 100-d — F,7;,=0.19; P=0.942).
Nonetheless, it was noteworthy that 14 days after damage
was inflicted, individuals subjected to 95% defoliation in
both the mixed assemblages were about half the size of those
subject to the same amount of cotyledon loss but grown in
isolation. This fell to less than one third the relative size at
the final harvest.

The responses of P. lanceolata at 28-day harvest
were broadly similar to those shown by P. major for
‘Defoliation’ (F, 7, =5.30; P=0.007). Interestingly
however, the ‘Competition’ effect (F,;; =3.57;
P =0.033) signalled a relative increase in plant size in
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Fig. 1 The effect of seedling defoliation imposed 14 d after germina-
tion, on the subsequent growth (mean dry biomass + SE) of Plantago
lanceolata and P. major. Summary data are shown for plants grown in
pots without neighbouring seedlings (‘Single’), six conspecific seed-

mixed assemblages. This was especially pronounced in
the conspecific treatment where the mean total biomass
of plants experiencing 95% defoliation was over 150%
larger than plants subject to the same defoliation but
grown without neighbours (Fig. 1). There was however
no ‘Defoliation’ X ‘Competition’ interaction (F, ;; =0.52;
P =0.725). These effects had however, disappeared or
were reversed by 100-d-old; the ‘Defoliation’ (¥, ;,=0.68;
P=0.509) and ‘Defoliation’ X ‘Competition’ (Fy;0=0.51;
P =0.730) effects were no longer significant, while the
‘Competition’ (F, 790=4.36; P=0.018) effect highlighted
a reduction in plant size in mixed assemblages. This
shift was most apparent for 95% defoliated plants where
individuals exposed to cotyledon damage were 76%
(conspecific) and 38% (congeneric) the mass of plants
subject to similar cotyledon loss but grown in isolation.

@ Springer

lings (‘Conspecific’), or six congeneric seedlings (‘Congeneric’) and
compare responses of individuals 14-d (i.e., 28-d-old) or 86-d (i.e.,
100-d-old) after 50% or 95% cotyledon loss with untreated controls
(0%)

Root:Shoot ratios

Relative biomass allocation to roots and shoots was largely
unaffected by defoliation or competition treatments (Fig. 2).
For P. major harvested at 28 day old, there was a ‘Defolia-
tion” effect (F, ;,=4.45; P=0.015), but neither ‘Competition’
(Fy7,=1.22; P=0.302), nor the ‘Defoliation’ X ‘Competi-
tion” interaction (F ;,=2.26; P=0.071) influenced relative
Root:Shoot biomass allocation. The ‘Defoliation’ effect may
have been associated with a marked increase in Root:Shoot
ratios (i.e., higher relative allocation to shoots) for 95% coty-
ledon defoliated plants in ‘Single’ and ‘Congeneric’ treat-
ments, compared to the 50% and undamaged plants in the
same assemblages (although this pattern did not hold in the
‘Conspecific’ assemblage). No variation in Root:Shoot ratios
was evident for the 100-day harvest (‘Defoliation’ F, ;;=0.77;
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Fig.2 The effect of seedling defoliation imposed 14-d after germi-
nation on subsequent biomass allocation to roots and shoots (mean
root:shoot ratio + SE) of Plantago lanceolata and P. major. Summary
data are shown for plants grown in pots without neighbouring seed-
lings (‘Single’), six conspecific seedlings (‘Conspecific’), or six con-

P=0.466; ‘Competition’ F,; =1.17; P=0.317; ‘Defolia-
tion” X ‘Competition’ F; ;;=0.21; P=0.930).

Similarly, Root:Shoot ratios of P. lanceolata showed
no variation 28 days (‘Defoliation’ F,,;; =0.93;
P =0.401; ‘Competition’ F,,;; =1.89; P=0.159;
‘Defoliation’ X ‘Competition’ F,;=0.39; P=0.814), or
100 days after cotyledon removal (‘Defoliation’ F, ;,=0.69;
P =0.503; ‘Competition” F,,,=0.20; P=0.818;
‘Defoliation’ X ‘Competition” F, ;0=0.66; P=0.619)
(Fig. 2).

Discussion
For the most part, our results support the predicted and

widely observed negative effect that early ontogenetic
tissue removal has on subsequent plant establishment
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generic seedlings (‘Congeneric’) and compare responses of individu-
als 14 days (i.e., 28-d-old) or 86 days (i.e., 100-d-old) after 50% or
95% cotyledon loss with untreated controls (0%)

and growth (Strauss and Agrawal 1999; Haukioja and
Koricheva 2000; Barton & Koricheva 2010). Plantago
major (28- and 100 days old) and 28-day harvest P.
lanceolata plants subjected to 50 and 95% defoliation
at 14 days old, were consistently smaller (although
the effect was not always statistically significant) than
undamaged controls in the same neighbour environment.
Nonetheless, the response of P. lanceolata at final harvest
also underscores how some plants show a remarkable
ability to tolerate early ontogeny tissue loss (see Thomson
et al. 2003; Hanley & May 2006; Barton 2008, 2013),
even when also exposed to competition from neighbouring
plants (Parmesan 2000). Weltzin et al., (1998) argued that
early ontogenetic tolerance may reflect more effective
physiological performance before cotyledons senesce
with seedling development (see Ampofo et al. 1976), but
since we removed around 95% of the cotyledon tissue,
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this explanation seems implausible for P. lanceolata in
our study.

More likely perhaps, P. lanceolata seedlings were able
to mobilize reserves stored elsewhere, but the lack of any
significant shift in relative Root:Shoot biomass allocation at
both harvest points indicates that any reallocation to shoot
growth was not at the medium/long-term expense of root
biomass. Nonetheless, our data closely corroborate Barton
(2013) who ascribed higher relative damage tolerance in P.
lanceolata to enhanced photosynthetic rates and root/shoot
allocation plasticity compared to P. major. More generally,
seedlings that invested more biomass to roots than shoots
prior to damage had higher tolerance, an observation that
Barton (2013) used to explain why P. lanceolata was able
to better recover from early ontogenetic tissue loss than P.
major, and (although we did not quantify this) which may
also hold for our experiment.

Our primary goal was however, to determine how an
interaction with neighbouring seedlings might affect these
well described patterns of post-damage establishment. There
was remarkably little mortality (only four plants died in total
with no more than one individual from any one treatment
group) and despite ‘Defoliation’ and ‘Competition’
exerting an influence on plant growth when examined
in isolation, there was no instance of any significant
‘Defoliation’ X ‘Competition’ interaction for either species.
The significant ‘Competition’ effect for P. major at 100-d-
old is intuitive given plants were fully established in the
relatively small pots and competitive interactions between
neighbours would seem inevitable. It is noteworthy however,
that for both species, a ‘Competition’ effect was evident for
28-day old plants, showing that the influence of neighbours
was manifest as quickly as 14-d after cotyledon damage to
seedlings.

Even though there was no significant
‘Defoliation’ X ‘Competition’ interaction, for P. major, the
‘Competition’ effect signalled a marked decline in the size
of the most severely defoliated (95%) individuals. More
unexpected however, was the apparent early positive effect
on plant size that association with neighbours seemed to have
for P. lanceolata. Classical theory predicts, and experiments
often demonstrate, that plant size decreases with increased
neighbour density (Harper 1977; Grace 1990; Tracey &
Aarssen 2011), yet 14 days after damage was imposed, P.
lanceolata seedlings, including the most severely damaged,
grew larger when in association with conspecific and
congeneric neighbours than when without any competitors.
This result mirrors closely the Californian field study by
Parmesan (2000), showing how early ontogenetic tissue loss
in Collinsia torreyi had more marked long-term effects on
fecundity (seed set) in adults in relatively competitor-free
sites than those surrounded by high densities of conspecifics.
Interestingly, Parmesan (2000) also observed remarkably
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low mortality following anything less than total seedling
defoliation.

Plant (over)compensation from herbivory is context
dependent and can be mediated by soil nutrient and water
availability, plant size, and the degree and frequency
of damage (Wise & Abrahamson 2007; Ramula et al
2019). Parmesan’s (2000) explanation for apparent
overcompensation in a field study conducted on very low
nutrient soils, was that at high seedling densities, water-
limitation prevented carbon fixation being as restrictive
for defoliated seedlings as it was in low-competition sites.
This explanation highlights the importance of interacting
environmental factors during early ontogeny but is unlikely
to explain a similar pattern of response to defoliation and
neighbour environment in our greenhouse study. It is
possible that defoliated P. lanceolata seedlings were able
to detect the presence of neighbours and mobilize nutrients
(internally and/or from the relatively nutrient-rich compost)
and use these to achieve rapid, early overcompensation. This
reallocation may have had long-term consequences for plant
growth; at 100 days, the 95% defoliation plants were smaller
than their equivalents in the single plant treatment, but
individual survival had been achieved. As Bonser & Aarssen
(2009) point out, plants vary not only in maximum attainable
size, but also in their minimum reproductive threshold sizes
(MPTS). Thus, many individuals reproduce effectively
even when their maximum growth is compromised due to
factors like competition and herbivory. Although we did
not have the opportunity to assess reproductive fitness, the
surviving plants likely achieved the MPTS for the species
(e.g., they were similar size as flowering individuals in
Hanley & Fegan 2007). Indeed, Hanley & May (2006)
report that while flowering was delayed, the total number of
inflorescences produced by P. lanceolata individuals 100-d
later was unaffected by complete cotyledon removal in 7-d-
old seedlings.

Intuitively (see Hanley & Sykes 2009), we expected
cotyledon loss to lead to different recruitment outcomes
for the two Plantago species depending on their neighbour
environment. As consistently the larger of the two species
(this includes seed mass and dry biomass of 14-day old
seedlings — Hanley unpublished data), P. lanceolata is
the presumed competitive dominant (see also van der
Toorn and Pons 1988), but except for the 95% defoliation
treatment at 100 day harvest, there was limited indication
that the composition of the neighbour environment
affected plant biomass. In this treatment group moreover,
average plant size in the congeneric neighbour assemblage
was about half that of plants in the conspecific group;
presumed competitive dominance over P. major would
suggest the opposite pattern more likely. Similarly, while
P. major exhibited little variation in plant size in different
neighbour environments at 28- or 100 d harvest in the
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undamaged and 95% defoliation treatments, at both harvest
points, the 50% defoliated plants were unexpectedly
larger when grown in association with P. lanceolata.
The reason for these departures from expectation remain
unclear. The presumed dominance of P. lanceolata over
P. major may be unfounded, and/or compromised by
how the seedling recovers from defoliation in different
environments. Our increasing appreciation of the role of
endoreduplication in plant tolerance (Scholes and Paige
2014; Mesa & Paige 2023), may provide the enhanced
mechanistic understanding needed to tease apart the
complex biosynthetic interactions that dictate how and
why plants recover form herbivory.

Our results underscore how the neighbour environment
could be one of many external factors that influence
patterns of early ontogenetic plant tolerance. Ultimately
this is important since spatio-temporal variation in
seedling germination, and the number and activity of
seedling herbivores will likely conspire with seedling
growth-defence trade-offs, including tolerance, to dictate
recruitment success for different plant species (Grubb
1977; Barton & Hanley 2013; Liang et al. 2019). A
large body of research has shown how selective seedling
herbivory by molluscs in particular, interacts with
variation in seedling defence and competitive ability to
dictate patterns of plant generation in temperate grassland
ecosystems (Hanley et al 1995, 1996; Burt-Smith
et al 2003; Hanley 2004; Barlow et al 2013). Naturally
occurring environmental fluctuations that affect any
of these parameters can, consequently, tip the balance
towards or away from recruitment success in different
species, and so contribute to the maintenance of species
diversity in plant communities (Grubb 1977; Hanley
and Sykes 2014). Similarly, anthropogenic disruption of
natural environmental fluctuation, e.g., through climate-
induced shifts in herbivore populations and activity,
and/or the expression of seedling ecophysiological
traits (Parmesan & Hanley 2015), is likely to disrupt
long-established patterns of recruitment, with possible
lasting negative consequences for species persistence and
community pattern and process.
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