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Elevated CO2 does not improve
seedling performance in a
naturally regenerated oak
woodland exposed to biotic
stressors
Carolina Mayoral1,2*, Susanna Ioni1,2, Estrella Luna1,2,
Liam M. Crowley1,2,3, Scott A. L. Hayward1,2, Jon P. Sadler1,4 and
A. Robert MacKenzie1,4*
1Birmingham Institute of Forest Research, University of Birmingham, Birmingham, United Kingdom,
2School of Biosciences, University of Birmingham, Birmingham, United Kingdom, 3Department of
Biology, University of Oxford, Oxford, United Kingdom, 4School of Geography, Earth and Environmental
Sciences, University of Birmingham, Birmingham, United Kingdom

Introduction: Insect herbivores and biotrophic pathogens are major stressors

influencing natural regeneration in woodlands. Information on the effect of

elevated CO2 (eCO2) on plant-insect-pathogen interactions under natural

conditions is lacking.

Methods: We studied the effects of eCO2 on leaf-out phenology, as well as

on levels of insect herbivory and powdery mildew (PM), i.e., reduction of leaf

photosynthetic material. We then assessed the combined impacts of these

biotic stressors and eCO2 on seedling photosynthesis and growth. A total of 92

naturally recruited and 114 potted seedlings of 5 temperate tree species (Quercus

robur, Acer pseudoplatanus, Corylus avellana, Crataegus monogyna, and Ilex

aquifolium) within a mature oak woodland were studied.

Results: We found that eCO2 advanced leaf-out phenology and was a significant

explanatory variable for growth and physiological performance in potted

seedlings. Potted oak seedlings experienced 11-fold higher tissue loss from insect

herbivory than natural seedlings. The earliest leaf-flushing species, hawthorn,

and the evergreen holly were resistant to insect attack and were not affected

by PM. Oak was defoliated most but showed the highest regeneration capacity.

Hazel was more resistant to PM infection than oak and sycamore. Despite being

highly infected by PM, sycamore was less affected than oak. The more vigorous

sycamore and oak seedlings suffered more severe PM disease.

Conclusion: No evidence emerged that eCO2 enhances natural regeneration

under biotic stress for any of the species studied.
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1. Introduction

Insect herbivores and pathogenic fungi are considered the most
common biotic stress agents in temperate forests (Jactel et al., 2009)
and represent important barriers to seedling establishment. This
combination of stress factors may also have serious consequences
for forest biodiversity and ecosystem functions (Hasegawa et al.,
2018; Pureswaran et al., 2018). Temperate forests are among the
biggest sinks of emitted carbon (Le Quéré et al., 2018) in a world
where anthropogenic activities have led to a 45% increase of
atmospheric CO2 concentration, and consequently a mean 0.85◦C
increase in global temperature since the Industrial Revolution.
Although increasing CO2 (“carbon fertilisation”) might result in an
increase of the forest carbon sink (Ciais et al., 2014), the complex
interplay between biotic stressors and climatic factors, combined
with differing responses across tree species, makes it very difficult
to predict overall consequences of climate change on forest health
and forest carbon assimilation capacity (Jactel et al., 2019).

While investigating the direct impact of rising CO2 on
the ecophysiology and functional response of trees can be
accomplished in controlled environment chambers (e.g., Liu et al.,
2004; Aranda et al., 2020), or in open-top chambers (e.g., Norby
et al., 1995; Vanaja et al., 2006), investigating ecosystem-level
responses requires large-scale forest Free-Air CO2 Enrichment
(FACE) facilities (e.g., Karnosky et al., 2001). FACE facilities
provide the most ecologically realistic environment to date for
evaluating CO2 effects on forest ecosystems. The first-generation
of FACE experiments were established in temperate and young
monocultures (Nowak et al., 2004; DOE, 2020) and substantially
improved our understanding of the capacity of forests to sequester
carbon under elevated CO2 (eCO2) (Nowak et al., 2004; Ainsworth
and Long, 2005; Norby et al., 2005; Norby and Zak, 2011; Medlyn
et al., 2015). Second generation FACE experiments, the Eucalyptus
free air carbon dioxide enrichment experiment facility (EucFACE)
in Australia and the Birmingham Institute of Forest Research
FACE Facility (BIFoR-FACE) in UK, have advanced this endeavour
to include old-growth forests, allowing researchers to investigate
whether eCO2 alters a broader range of forest processes in the
canopy, subcanopy, herb-and-regeneration layer (Gherlenda et al.,
2016a; Jiang et al., 2020; Roberts et al., 2022), and soils (Martins
et al., 2021). EucFACE was established in a eucalyptus forest
(Duursma et al., 2016), whereas BIFoR-FACE, the site of the present
study, is in a more complex and mixed canopy (Hart et al., 2020)
dominated by English oak (Quercus robur L.) in the top canopy,
and co-dominated in the understorey by other deciduous and
evergreen broadleaves such as sycamore (Acer pseudoplatanus L.),
hazel (Corylus avellana L.), hawthorn (Crataegus monogyna Jacq),
and holly (Ilex aquifolium L.).

In temperate deciduous forests, leaf-chewing lepidopteran
larvae are a key feeding guild, such larvae can remove significant
amounts of photosynthetically active material early in the season
(Schowalter et al., 1986). Large outbreaks of insect herbivores
are commonly followed by newly developed leaves, prone to
fungal infection causing diseases such as powdery mildew (PM)
(e.g., Erysiphe spp.) (Field et al., 2019). PM diseases are caused
by a large family of biotrophic fungal pathogens, comprising
ca. A total of 900 species of the phylum Ascomycota growing
superficially on plant surfaces (Takamatsu et al., 2013). During the

growing season, hyphae are produced on both upper and lower
leaf surfaces, diverting plant photosynthates for the benefit of the
fungus (Glawe, 2008). At early stages of PM infection, cells are
not killed and photosynthesis can be stimulated, usually followed
by a fast decline in activity leading to the desiccation of the leaf
and subsequent death (Wang et al., 2014). Several species of PM
infect oak, representing a serious threat to natural oak regeneration
(Woodward et al., 1929; Lanier et al., 1976; Takamatsu et al., 2007).
Other PMs infect sycamore (Talgo et al., 2011), hazel (Arzanlou
et al., 2018), and hawthorn (Khairi and Preece, 1978). This disease is
the most common foliar pathogen on oaks in Europe (Marçais and
Desprez-Loustau, 2014) and represents a substantial biotic pressure
on the species the BIFoR-FACE (Supplementary Figure 1).

It is expected that eCO2 will stimulate leaf-level photosynthesis
(Norby and Zak, 2011; Ryan, 2013). However, it is not clear whether
this will result in a more attractive food source to flush-feeding
insects or not, since palatability could result altered if the C:N
ratio increases (Du et al., 2019) or if the plant invests more carbon
in defensive compounds (Robinson et al., 2012). Stimulation of
photosynthesis will potentially benefit biotrophic pathogens which
prefer vigorous hosts to physiologically stressed plants (Jactel et al.,
2012; Che-Castaldo et al., 2019; Field et al., 2019). In contrast,
increased levels of biotic stress are associated with poorer status
of leaf physiological parameters such as photosynthetic rates,
fluorescence of chlorophylls, or nitrogen content (Moriondo et al.,
2005; Daud et al., 2012; Watanabe et al., 2014; Madriaza et al.,
2019). Thus, increased insect herbivory may negatively impact
biotrophic pathogens. An additional complicating factor would
be if eCO2 stimulates photosynthesis and the development of
the photosynthetic apparatus faster during the spring, due to
more carbon availability (Linkosalo et al., 2017), thus advancing
leaf-out phenology. This may entail important consequences for
ecosystem structure and function in deciduous forests since leaf-
out phenology defines the photosynthetically active period and
the uptake of resources by deciduous trees (Polgar and Primack,
2011), and determines the duration of the growing season. While
there is broad evidence that warming results in an advance of
spring phenology (Chang et al., 2018; Wang et al., 2020a), little is
known about the effect of eCO2 on leaf-out phenology and leaf
development after leaf flushing. Faster leaf development may also
influence protective functions, for instance defence against insect
herbivory (Damestoy et al., 2021) or late frost tolerance (Mayoral
et al., 2015).

After bud burst, the leaves of deciduous species achieve full
photosynthetic capacity at different times, depending on the species
and the life stage. In temperate species, the lag from bud burst to
full photosynthetic capacity has been found to range from around
2 weeks for Betula pendula (silver birch) up to 70 days for Q. robur
(Morecroft et al., 2008; Linkosalo et al., 2017). A differential effect
of eCO2 on leaf-out phenology of coexisting tree species might,
therefore, alter responses to spring abiotic and biotic stress (Pérez-
Ramos et al., 2020) which in turn results in differential fitness and
niche adaptation across forest tree species.

In this study, we examine the effects of eCO2 on key
aspects of both natural and potted seedlings performance (leaf-
out phenology, growth, leaf photosynthetic parameters) and the
interaction of these parameters with defoliating insects and PM,
during a year with high pressure from these biotic factors.
While natural seedlings emergence occurs under different growing
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conditions (light, substrate, and water availability) following a
random pattern, introducing potted seedlings within the FACE
system allowed us for a more homogeneous growing condition to
assess more accurately differences between species. Our objectives
were to explore whether a higher concentration of CO2 (1) would
impact on leaf-out phenology and would differentially accelerate
spring leaf development of coexisting tree species; (2) would attract
generalist flush-feeding insects equally to tree species with different
spring leaf development; (3) would impact on the defoliation
intensity and the subsequent leaf regeneration capacity of the
species; (4) would stimulate photosynthesis of the studied species
and PM severity; and (5) would influence the growth of the species.

2. Materials and methods

2.1. Study site

Experiments were conducted in the BIFoR-FACE facilities
(Hart et al., 2020), located in Mill Haft, Staffordshire,
United Kingdom (52.8◦N 2.30◦W). The structure of this mature,
temperate, oak dominated woodland is complex, comprising
trees of multiple stature and age. The most representative
understorey species, accompanying the canopy oaks (Q. robur
L.), are sycamore (A. pseudoplatanus L.), hazel (C. avellana
L.), hawthorn (C. monogyna Jacq), and holly (I. aquifolium L.)
(Supplementary Table 1). The woodland is currently unmanaged
although hazel was coppiced until about 30–40 years ago and has
since regrown a dense, multi-stemmed canopy. The herb layer is
dominated by bramble (Rubus fruticosus L.), ivy (Hedera helix L.),
bluebell (Hyacinthoides non-scripta L.; see Crowley et al., 2021),
and fern (Dryopteris sp.), with relatively high variability of the
presence and abundance of each within the forest. Browsing and
seed predation by vertebrates have been controlled since 2016,
with deer excluded by fencing and squirrels numbers reduced
(although not totally eliminated) by trapping (Bradwell et al.,
2022).

Elevated CO2 Fumigation began in April 2017 and will last until
at least 2026. Six roughly cylindrical ring structures, as high as the
tree canopy (c. 25 m) and 30 m wide support pipes that can deliver
CO2 in such a way that the woodland patches inside the array
are immersed in eCO2 to the treatment level from ground to top
canopy, while the rest of the woodland remains largely unaffected
(Hart et al., 2020). Three of these arrays are used to immerse patches
in an atmosphere with CO2 elevated 150 ppm above ambient (i.e.,
in 2019, to ∼555 ppm). The other three arrays receive unaltered
forest air and so remain at ambient (i.e., ∼405 ppm, the global
mean at the start of 2019)1 (Supplementary Figure 1). Three non-
infrastructure, ‘ghost,’ arrays with the same area were set up in order
to assess the effect of the built infrastructure on the woodland.
CO2 fumigation is carried out during daylight hours of the growing
season. Start-up dates for eCO2 were 27th and 29th of March in
2018 and 2019, respectively, and the switch-off was on the 31st of
October in both years.

1 https://www.esrl.noaa.gov/gmd/ccgg/trends/global.html

2.2. Plant material

In June 2018, 121 naturally regenerated seedlings with a
diameter below 1 cm at the root collar were identified across the
experimental patches. We surveyed the entire accessible area at
each array except areas occupied by dense bramble where the
chance of finding tree regeneration was minimal due to low light
levels. The least frequent species found were hazel and oak. The
sample of 121 seedlings included the entire regeneration layer
found in the experimental arrays for hazel and oak (12 and 65
seedlings/ha for hazel and oak, respectively, in 2018). Other species
were more abundant and not all individuals were used for this
study. There were not enough oak individuals in the ambient
arrays and so we used seedlings in the ghost arrays to increase the
sample size under ambient CO2 conditions. In 2019, 86 of these
seedlings were found (24 hawthorn, 5 hazel, 18 holly, 18 oak, and
22 sycamore). Six new oak seedlings were found in 2019 and these
were added to increase sample size. Hazel regeneration was again
limited in 2019 therefore no new seedlings were found. The exact
sample size for different measurements varied throughout the study
and is summarised in Table 1.

In July 2018, 120 (4 seedlings × 5 species × 6 arrays) 1-
year-old, nursery-grown seedlings of the same 5 species (oak,
sycamore, hazel, hawthorn, and holly) were introduced into the
6 infrastructure arrays (4 seedlings per species in each array).
All were from the Midlands region of England (provenance area
403). Potted seedlings were used in order to more closely control
the growing conditions, e.g., water nutrient and light availability.
We used 7-litre (42 cm high) pots to minimise root growth
constraints. All pots were filled with the same fertilised peat
substrate and kept at field water capacity by means of self-irrigated
trays (76 cm × 17 cm × 3.5 cm; length × width × height). The
base tray provided a reservoir of 3.4 litres of water, and each tray
contained 5 potted seedlings, one per species. In contrast to the
naturally-regenerated seedlings, potted seedlings were grouped and
placed at two different locations within each array (two trays per
location with a total of 10 pots) under similar light environment
on raised walkways to avoid competition with the herbaceous layer.
Walkways were installed 30 cm above the ground surface (including
in the “ghost” arrays) to protect the experimental site from footfall
(see Hart et al., 2020). Herbaceous plants growing inside of the pots
were manually removed to avoid competition. One hazel and five
hawthorns died during the experimental period in winter leaving a
total of 114 potted seedlings (Table 1).

2.3. Leaf-out phenology and leaf
development

Following to the temporal order of leaf events, we started
monitoring the leaf phenology and leaf development of potted
seedlings in late February to late April 2019 to investigate the
effect of eCO2 on the leaf-out phenology. We only used seedlings
growing under similar conditions (potted seedlings) to avoid the
impact of heterogenous growing conditions on leaf development
of natural seedlings. We used a five-point scale of development:
(I) seedlings with or without buds, buds usually covered by bracts;
(II) seedlings with more developed buds, leaf primordia begin
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TABLE 1 Number of seedlings of each species under ambient (A) and elevated (E) CO2 concentration used to measure each variable (Leaf-out phenology, LLPM, LRC, PM, D, RGR, Gas exchange and Fv/Fm) at each
measurement campaign.

Leaf-out
phenology, LLPM,
LRC, PM, D, RGR

Gas exchange Fv/Fm

Potted Natural Potted Natural Potted Natural

Whole experiment May
24th

July
10th

July
24th

May
24th

July
10th

July
24th

May
24th

July
10th

July
24th

August
29th

May
24th

July
10th

July
24th

August
29th

Hawthorn A 8 13 7 8 8 9 8 10 7 8 8 8 0 8 4 12

Hawthorn E 11 11 10 10 11 8 8 9 10 11 11 10 2 9 8 10

Hazel A 12 0 11 10 9 0 0 0 11 10 9 9 0 0 0 0

Hazel E 11 5 7 8 9 1 3 2 7 8 8 8 2 2 2 1

Holly A 12 7 11 12 10 7 5 5 12 12 12 12 4 6 6 7

Holly E 12 11 10 12 12 9 11 11 12 11 12 12 2 9 10 11

Oak A 12 14 2 3 0 0 6 5 1 4 1 0 1 3 6 5

Oak E 12 10 6 7 2 0 4 1 5 8 4 2 1 1 2 1

Sycamore A 12 10 8 10 6 9 7 8 10 10 10 10 0 5 7 8

Sycamore E 12 11 8 11 10 4 4 5 12 12 12 11 3 4 6 6

N 114 92 80 91 77 47 56 57 87 94 87 82 15 47 51 61

LLPM, loss of leaf photosynthetic material; LRC, leaf regeneration capacity; PM, powdery mildew; D, diameter; RGR, relative growth rate; Fv/Fm , maximum photochemical efficiency of photosystem II; N, total number of seedlings used to measure each variable at each
campaign in 2019; Hawthorn, Crataegus monogyna; Hazel, Corylus avellana; Holly, Ilex aquifolium; Oak, Quercus robur; Sycamore, Acer pseudoplatanus. The bold values represent statistically significant differences.
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to open; (III) seedlings with growing leaves, but not completely
expanded or developed; (IV) seedlings with opened leaves but not
completely developed; and (V) seedlings with fully opened and
developed leaves.

2.4. Loss of leaf photosynthetic material
caused by insect herbivory and powdery
mildew (PM)

In the UK, insect herbivory and PM damage are usually
temporally and spatially separated (Field et al., 2019). The majority
of insect herbivore damage in the UK occurs in late spring while
PM occurs in summer. We visually monitored the loss of leaf
photosynthetic material (LLPM) caused by defoliating insects from
April to May (Spring 2019) and/ or severe PM infection causing
necrosis of foliar tissues from June to August (Summer 2019).
LLPM was recorded by trained observers as a continuous variable
percentage from 0 (no loss of leaf photosynthetic material) to 100%
(complete loss of leaf photosynthetic material).

Secondary bud flushes and subsequent leaf growth caused by
intense insect defoliation resulted in a negative change of LLPM
in early summer with respect to the previous scoring campaign.
This leaf regeneration capacity, LRC (eq. 1), was calculated as
the maximum of minus one times the change in LLPM, or zero:

LRCt = max (LLPMt−1 − LLPMt; 0) (1)

To test for PM impact, we used a four-point ordinal scale
of infection severity based on the % of total leaf surface
showing symptoms of fungal mycelium: (“0”) infection ∼
0%; (“1”) infection <50%; (“2”) 51%–75% infected; (“3”)
76%–100% infected. This scale has previously been used to
score PM by other authors (Bert et al., 2016; Field et al.,
2019).

2.5. Leaf photosynthetic parameters

Leaf gas exchange measurements were taken on both natural
and potted seedlings on 3 campaigns, representative of different
phases of the 2019 spring/summer season: 24th May, intense
defoliation; 10th July, early PM symptoms; and 24th July, late
PM symptoms. Seedlings with leaves not fully developed, that
were highly defoliated, or severely attacked by PM, were not
measured. A portable open gas exchange system (LI-6400XT, LI-
COR, Lincoln, NE, USA) was used to measure net photosynthetic
rates (An) at a saturating light intensity of 700 µmol photons m−2

s−1 (as determined by light response curves of net photosynthetic
rates) and a flow rate of 300 µmol s−1. Reference CO2 was set
at either 550 ppm for eCO2 arrays or 400 ppm for ambient CO2
arrays. Data were logged once stabilised. Maximum photochemical
efficiency of photosystem II (Fv/Fm) was measured using a portable
Pocket PEA chlorophyll fluorimeter (Hansatech Instruments Ltd)
in leaves after 30-min dark-adaptation. We conducted a 4th Fv/Fm
campaign on the 29th of August because more seedlings were
suitable for Fv/Fm measurements at that time, whereas they were
not suitable to measure An.

2.6. Seedling growth

Two perpendicular diameters (D) and shoot length (H) were
measured in three campaigns in 2019 on seedlings previously
marked near the root collar. Campaign 1: 5th of May (natural
seedlings), 14th of May (potted seedlings); campaign 2: 10th of July
(natural and potted seedlings); and campaign 3: 29th of August
(natural and potted seedlings).

Relative growth rates (RGRd, % day−1) were calculated
according to the following equation:

RGRd = 100
1
D
dD
dt
≈ 100

(
logD2−logD1

t2−t1

)
(2)

where, Dn is the average of the two perpendicular diameters (mm)
at times tn (days). The RGRd values were calculated as a single finite
difference over the whole experimental period (RGR98 over 98 days
from May to August 2019).

2.7. Statistical analysis

All analyses were performed using PROC GLIMMIX, PROC
MIXED SAS version 9.4 (SAS Institute Inc, 2016) and the
glmmTMB (v1.1.2.3; Magnusson, 2021) package in R 4.1.2 (R
Core Team, 2022). We used generalized linear mixed models
(GLMMs) and linear mixed effects models (LMM) to investigate the
drivers of leaf-out phenology and leaf development, photosynthetic
parameters and seedling growth. Tukey’s post-hoc tests were used to
assess the significance of differences between pairs of groups.

We used a GLMM to investigate the effect of CO2
concentration and time on the leaf-out phenology of the potted
seedlings. We used a multinomial distribution with cumulative
logit link function to model categorical variables.

We used GLMMs to explore differences between species and
CO2 concentrations in loss of leaf photosynthetic material at two
representative dates (24th of May: maximum defoliation; and 29th

of August: maximum PM infection). To address overdispersion
and/or excess of zeros we used negative binomial response
distribution for potted seedlings (in SAS) and zero inflated negative
binomial response distribution for natural seedlings (in R) in both
cases with log link function. We log transformed seedling height to
include it as a covariate.

The leaf regeneration capacity from secondary bud flushes was
investigated from the 24th of May to the 20th of June in potted
seedlings, when defoliating insects affected to a greater extent. We
used GLMM to test for differences between species and treatments
by computing all the LRC data together, irrespective of date of
data capture. To address overdispersion and excess of zeros we
used a zero inflated negative binomial response distribution with
log link function.

To test for differences between species and CO2 concentration
in the severity of PM infection throughout the experimental
period we used generalized linear mixed models with a Gaussian
distribution and identity link function.

We fitted LMM in SAS to explore variations in growth (D)
over time, to analyse RGR for the whole experimental period
(i.e., RGR98) and to analyse leaf physiological variables An and
Fv/Fm. Due to the impossibility of measuring immature leaves
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or intensively defoliated leaves, sample sizes were small for some
measurement campaigns, and for this reason An was not analysed
in late August. To avoid computational problems, An and Fv/Fm
were analysed separately at each measurement campaign. Table 1
shows the number of seedlings used for the analysis of physiological
variables at each campaign by treatment.

To simplify interactions between fixed effects, we separately
explored differences between potted or natural seedings and
between species using two-way ANOVAs by means of the models
specified above for each variable.

For each of the models described above, we specified
an array-specific random effect if the corrected Akaike
Information Criterion (AICC) was minimized and used
Tukey’s-Kramer’s adjustment for multiple comparisons between
unequal sample sizes.

Model residuals were visualised to check whether
assumptions were satisfied. We used the package DHARMa
when models were fit by R.

3. Results

Different models were used to explore the effect of eCO2 on
multiple response variables. Table 2 presents information about
the type of model used to fit each response variable, the goodness
of fit, and the statistical significance of the explanatory variables.
Table 2 is complemented by figures representing each studied
variable at each corresponding subsection. The presentation of
results is structure to align with the chronological order of leaf
events observed during our study.

3.1. Leaf-out phenology of introduced
seedlings

The timing of leaf emergence was significantly different
between species (P < 0.0001; Figure 1). Post hoc pairwise
comparison classified hawthorn in the group (A) as the earliest
species to emerge, while oak leaves developed latest (C). Hazel
and sycamore occupied an intermediate position (B). Due to the
characteristics of this variable, we conducted subset analyses for
each species (simple least squares means, Supplementary Table 2),
we found a faster leaf development of oak under eCO2 compared
to ambient CO2 concentration (P = 0.0209), while the rest of
the species did not show differences in leaf development between
treatments.

3.2. LLPM caused by insect herbivory

The two-way ANOVA showed that natural seedlings of oak,
hazel and sycamore had lower total LLPM than potted seedlings
(P < 0.0001; Figure 2).

For natural seedlings, LLPM on the 24th of May 2019,
corresponding with the insect herbivory peak before regrowth
(Figure 2), was significantly different between species (P < 0.0085),
but not between CO2 treatments for any species. Figure 2 also
shows post hoc pairwise comparisons of means between species

represented by capital letters, where oak and sycamore are classified
(in descending order) in a different group (A) to holly (B), while
hawthorn and hazel occupied an overlapping position (AB).

For potted seedlings, LLPM again differed between species
(P < 0.0001), but not CO2 treatments. Post hoc pairwise
comparisons between species, classified oak, hazel and sycamore
in a different group (A), followed by hawthorn (B) and holly (C).
LLPM increased 11-fold in potted oak compared to natural oak,
reaching the maximum under ambient conditions (Table 3). On
this campaign, mean LLPM in natural oak, sycamore and hazel
seedlings ranged from 6.8% to 10% while in potted seedlings it
ranged from 42.6% to 81.4%.

On the 29th of August, corresponding with the powdery
mildew infection maximum, significant differences were
found between species (P = 0.0003), as well as a significant
species × treatment interaction in natural seedlings (P = 0.0136).
Post hoc pairwise comparisons between species, classified natural
oak and sycamore in a different group (A) to holly (B), while hazel
and hawthorn remained in an overlapping position (AB). The
interaction effect was due to a slightly higher LLPM in hawthorn
under ambient CO2 than under eCO2 but it was not significant in
the post hoc pairwise comparisons (Table 3). Although pairwise
comparisons did not show differences between treatments, natural
seedlings, including oak, exhibited the largest LLPM in both May
and August under eCO2.

For potted seedlings, LLPM again differed between species
(P < 0.0001), but not CO2 treatments. On the 29th of August,
potted seedlings demonstrated a similar grouping pattern in
post hoc pairwise comparisons among species to that found on the
24th of May. We found a significant effect of the covariate plant
height (P = 0.002), the more vigorous seedlings showed higher
impact of PM (Supplementary Figure 2).

3.3. Leaf regeneration capacity against
herbivores

We assessed the LRC27 in potted seedlings for two consecutive
scoring periods (between 24th May and 20th June, a total of
27 days). We found differences between species (P < 0.0001)
but no differences between CO2 treatments (Figure 3). Post hoc
comparison between species classified holly in a separate group
(B) from all other species (A), while post hoc comparisons between
species and treatments classified oak under both ambient and eCO2
as the most damage tolerant species in a separated group (Table 3
and Figure 3).

3.4. LLPM caused by PM

We assessed the severity of PM infection on natural and potted
seedlings. Despite the stems of 4 potted hazels and 3 potted
oaks being green, we could not assess the impact of PM due
to complete defoliation through herbivory damage. Thus, fully
defoliated seedlings and holly (this species did not show infection)
were not included in the PM analyses. For naturally regenerated
hazel seedlings, the lack of PM infection, and the small sample size
under ambient conditions, caused convergence problems and so
was also not included into the model fitting.
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TABLE 2 Summary of results of the models.

Response
variable

Date Material Explanatory
variable

DF F or
Z-value

Pr > F or Z Response
distribution

Link
function

Random
effect

Pearson χ2 / DF
(overdispersion)

AICC

Leaf-out
phenology

Repeated Potted Species 3 53.65 <0.0001 Multinomial cumulative Yes – –

Measures Treatment 1 1.48 0.2241* logit

Date 4 57.22 <0.0001

Spp× Treat 3 2.73 0.0437

Array 0.61 0.2712

LLPM (%) 24-May Natural Species 4 37.5 0.0085 Zero inflated log No 0.18 339.7

Treatment 1 0.02 0.4757 Negative

Spp× Treat 3 10.6 0.6124 Binomial

LLPM (%) 24-May Potted Species 4 48.42 <0.0001 Negative log No 0.99 897.5

Treatment 1 0.48 0.491 Binomial

Spp× Treat 4 0.25 0.9077

logH 1 0.84 0.3619

LLPM (%) 29-August Natural Species 4 37.6 0.0003 Zero inflated log No 0.33 486.1

Treatment 1 0.01 0.8952 Negative

Spp× Treat 3 10.7 0.0136 Binomial

LLPM (%) 29-August Potted Species 4 47.27 <0.0001 Negative log No 0.79 892.3

Treatment 1 0.03 0.874 Binomial

Spp× Treat 4 1.51 0.2051

logH (+) 1 9.93 0.0022

Regeneration
capacity

24-May Potted Species 4 33.6 <0.0001 Zero inflated log No 0.08 805.8

LRC To Treatment 1 0.76 0.3819 Negative

20-June Spp× Treat 4 2.75 0.6005 Binomial
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TABLE 2 (Continued)

Response
variable

Date Material Explanatory
variable

DF F or
Z-value

Pr > F or Z Response
distribution

Link
function

Random
effect

Pearson χ2 / DF
(overdispersion)

AICC

Powdery
mildew

Repeated Natural Species 2 31.82 <0.0001 Gaussian Identity Yes 0.39 558.1

Measures Treatment 1 1.11 0.2939

Date 3 11.85 <0.0001

Spp× Treat 2 0.75 0.4753

Array 0.35 0.3631

Powdery
mildew

Repeated Potted Species 3 82.48 < 0.0001 Gaussian Identity Yes 0.59 788

Measures Treatment 1 0.27 0.6047

Date 3 43.88 <0.0001

Spp× Treat 3 1.62 0.1858

Array 0.35 0.3631

Diameter
(mm)

Repeated Natural Species 4 31.88 <0.0001 – – No 499.2

Measures Treatment 1 0.69 0.4439

Date 2 16.07 0.0004

Spp× Treat 3 4.35 0.0427

Diameter
(mm)

Repeated Potted Species 4 59.25 <0.0001 – – No 840.5

Measures Treatment 1 29.07 0.0057

Date 2 13.94 0.0013

Spp× Treat 4 4.98 0.0084

RGRd 24-May Natural Species 3 2.17 0.1041 – – No <1019.6

To Treatment 1 1.51 0.2246

29-August Spp× Treat 3 0.66 0.5832

RGRd 24-May Potted Species 4 1.4 0.2397 – – No <956.9

To Treatment 1 5.4 0.0223

29-August Spp× Treat 4 1.21 0.3116
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TABLE 2 (Continued)

Response
variable

Date Material Explanatory
variable

DF F or
Z-value

Pr > F or Z Response
distribution

Link
function

Random
effect

Pearson χ2 / DF
(overdispersion)

AICC

An 24-May Natural Species 3 1.55 0.2168 – – No 189.9

Treatment 1 1.17 0.2853

Spp× Treat 2 7.83 0.0014

An 24-May Potted Species 4 3.41 0.0135 – – Yes 315.2

Treatment 1 0.41 0.5253

Spp× Treat 4 2.09 0.0917

An 10-July Natural Species 4 4.32 0.0047 – – No 216.2

Treatment 1 0.95 0.3344

Spp× Treat 3 0.4 0.752

An 10-July Potted Species 4 2.68 0.0372 – – No 347.1

Treatment 1 17.24 <0.0001

Spp× Treat 4 1.14 0.3418

An 24-July Natural Species 4 0.78 0.546 – – No 155.1

Treatment 1 0.23 0.6311

Spp× Treat 3 0.92 0.4384

An 24-July Potted Species 4 1.19 0.3231 – – Yes 213.5

Treatment 1 0.76 0.3853

Spp× Treat 3 0.57 0.6339

Fv/Fm 24-May Natural Species 3 0.71 0.5641 – – <46.4

Treatment 1 0.14 0.7112

Spp× Treat 2 0.55 0.591

Fv/Fm 24-May Potted Species 4 2.94 0.0253 – – <379.5

Treatment 1 8.51 0.0045

Spp× Treat 4 0.92 0.4555

Fv/Fm 10-July Natural Species 4 2.9 0.0313 – – <243.6

Treatment 1 0.02 0.8841

Spp× Treat 3 0.09 0.9641
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TABLE 2 (Continued)

Response
variable

Date Material Explanatory
variable

DF F or
Z-value

Pr > F or Z Response
distribution

Link
function

Random
effect

Pearson χ2 / DF
(overdispersion)

AICC

Fv/Fm 10-July Potted Species 4 2.94 0.0253 – – <379.5

Treatment 1 8.51 0.0045

Spp× Treat 4 0.92 0.4555

Fv/Fm 24-July Natural Species 4 6.37 0.0003 – – <235.9

Treatment 1 2.13 0.1511

Spp× Treat 3 0.79 0.507

Fv/Fm 24-July Potted Species 4 5.01 0.0012 – – <373.6

Treatment 1 0.21 0.6457

Spp× Treat 4 0.76 0.5529

Fv/Fm 29-August Natural Species 4 10.31 <0.0001 – – <291.6

Treatment 1 2.32 0.1334

Spp× Treat 3 0.74 0.5326

Fv/Fm 29-August Potted Species 4 11.66 <0.0001 – – <415.8

Treatment 1 0.74 0.3914

Spp× Treat 3 0.45 0.7193

The bold values represent statistically significant differences. Underlined Pr > F represents significant differences between treatments. In leaf-out phenology the symbol * represents significant differences between treatments in the simple least square analyse performed
for each species.
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FIGURE 1

Leaf development of potted seedlings under ambient (a) and elevated (e) CO2 concentrations of the 4 deciduous species. Horizontal axes represent
leaf developmental stages: from I -seedlings without developed buds- to V -seedlings with fully developed leaves-. Vertical axes represent number
of seedlings counted in each developmental stage at each date. Capital letters represent differences between species. Symbol * represents
differences between treatments. Hawthorn: Crataegus monogyna; Hazel: Corylus avellana; Holly: Ilex aquifolium; Oak: Quercus robur; Sycamore:
Acer pseudoplatanus.

Natural seedlings exhibited less severe PM infection than potted
seedlings (P < 0.0001). Natural hawthorn and hazel did not exhibit
any visible symptom of PM at any scoring date, while potted
seedlings did (Figure 4).

We found differences between species in PM levels on natural
seedlings (P < 0.0001), but no differences between CO2 treatments
(Figure 4). Post hoc comparisons between species for natural
seedlings classified oak and sycamore as the most infected group
(A) compared to hawthorn (B).

For the potted seedlings, there were no significant differences
in PM between CO2 treatments. Post hoc pairwise comparisons
between species classified each species in a different group (in

descending order of infection) oak (A), sycamore (B), hawthorn
(C), and hazel (D), while significant pair-wise overlaps occurred in
the post hoc comparison between species and treatment (Table 3).

3.5. Photosynthetic performance

We did not find statistical differences between potted and
naturally regenerated seedlings in An or Fv/Fm.

On the first campaign (24th May), An did not show
differences between species or CO2 treatments for either natural
or potted seedlings. For this first campaign, the interaction
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FIGURE 2

Temporal variation in loss of leaf photosynthetic material (LLPM) throughout the experimental period under ambient (A) and elevated (E) CO2

concentrations. Vertical solid lines represent standard error of the mean. Vertical dash lines represent key dates at which statistical analyses were
conducted (May 24th: maximum defoliation; and August 29th: maximum powdery mildew infection). Capital letters represent the post hoc grouping
by species in each analysed date. Different letters indicate differences between species for a same scoring campaign. Hawthorn: Crataegus
monogyna; Hazel: Corylus avellana; Holly: Ilex aquifolium; Oak: Quercus robur; Sycamore: Acer pseudoplatanus.

species × treatment in natural seedlings was significant because,
contrary to the other species, sycamore showed higher An under
ambient CO2 (Figure 5). A more sensitive classification by species
and treatments (Post hoc pairwise comparison) is shown in
Supplementary Table 3. On the second campaign (10th July),
natural hawthorn and sycamore (A) showed statistically higher
An than oak (B), while holly remained in an overlapping position
(AB) (Figure 5). In the second campaign, potted hazel (A) showed
significantly higher An than potted oak (B), the other species
remained in an overlapping position (AB). There was a significant
positive CO2 effect on An in potted seedlings on the second
campaign, corresponding to the most favourable measurement
conditions. On the third campaign (29th August) there were no
differences in An between species or treatments for both natural
and potted seedlings. All seedlings showed lower An compared to
the other measurement campaigns. Leaf temperature was higher
on this campaign (c. 0.28◦C) compared to the other campaigns (c.
21◦C). We found a negative correlation between An and T under
both eCO2 and ambient conditions for the small range of leaf
temperatures studied (data not shown).

Regarding photochemical efficiency as a measure of stress
in plants, Figure 5 shows variations in Fv/Fm throughout the
experimental period. On the first campaign, corresponding with
the maximum defoliation intensity, Fv/Fm was below 0.80 in potted
hazel, sycamore and oak as well as in natural hawthorn. Such
values indicate that leaves were not fully developed and/or stressed
(Maxwell and Johnson, 2000; Murchie and Lawson, 2013). Post
hoc pairwise comparisons by species are represented in Figure 5.
Overall, holly and hawthorn showed higher Fv/Fm than sycamore,
oak and hazel in both potted and natural seedlings. A more detailed
analysis by species and treatments is also shown in Supplementary
Table 3.

3.6. Seedling growth performance:
diameter and RGRd

The repeated-measures analyses showed differences in the
natural seedling diameters between campaigns (P = 0.0004),
although there were no statistical differences between July and
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TABLE 3 Mean and standard error of variables calculated by generalized linear mixed models.

Post hoc Species Treat t-ratio Pr > | t| Mean Stde Post
hoc

Species Treat t-value Pr > | t| Mean Stde

LLPM natural seedlings 24-May LLPM potted seedlings 24-May

A Hazel E −1.131 0.2615 10.0 11.1 A Oak A 18.19 <0.0001 81.4 19.7

A Oak E −1.612 0.1109 9.9 7.8 A Oak E 17.94 <0.0001 76.3 18.4

A Sycamore E −2.181 0.032 6.8 5.1 A Hazel E 15.16 <0.0001 46.6 11.8

A Hawthorn A −2.944 0.0042 4.5 3.0 A Sycamore A 15.83 <0.0001 47.5 11.6

A Oak A −3.342 0.0013 3.7 2.5 A Hazel A 15.46 <0.0001 43.2 10.5

A Sycamore A −2.464 0.0158 5.0 3.9 A Sycamore E 15.34 <0.0001 42.6 10.4

A Hawthorn E −3.428 0.001 2.5 1.9 B Hawthorn E 8.24 <0.0001 9.8 2.7

A Holly E −4.818 <0.0001 0.6 0.5 B Hawthorn A 6.41 <0.0001 7.6 2.4

A Holly A −4.031 0.0001 0.1 0.2 C Holly E −1.3 0.1983 0.6 0.3

C Holly A −1.98 0.0504 0.3 0.2

Post hoc Species Treat t-ratio Pr − | t| Mean Stde Post
hoc

Species Treat t-value Pr − | t| Mean Stde

LLPM natural seedlings 29-August LLPM potted seedlings 29-August

A Sycamore E −2.781 0.0067 34.7 18.3 A Oak E 17.28 <0.0001 80.0 20.3

A Oak E −0.172 0.8636 31.8 17.6 AB Oak A 15.22 <0.0001 68.7 19.1

AB Sycamore A −1.574 0.1193 14.5 8.1 AB Sycamore A 16.13 <0.0001 60.6 15.4

AB Hawthorn A −2.781 0.0067 8.8 4.4 AB Sycamore E 14.9 <0.0001 56.9 15.4

AB Oak A −3.092 0.0027 8.0 3.8 AB Hazel A 14.35 <0.0001 51.2 14.0

BC Hawthorn E −5.027 <0.0001 2.0 1.1 AB Hazel E 13.59 <0.0001 44.9 12.6

BC Hazel E −3.943 0.0002 1.3 1.2 BC Hawthorn E 9.88 <0.0001 21.1 6.5

BC Holly A −4.771 <0.0001 0.9 0.7 C Hawthorn A 6.66 <0.0001 8.9 2.9

C Holly E −5.961 <0.0001 0.2 0.2 D Holly A −1.23 0.2202 0.6 0.3

D Holly E −2.6 0.0109 0.2 0.1
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TABLE 3 Continued)

Post
hoc

Species Treat t-ratio Pr > | t| Mean Stde

Leaf regeneration capacity potted seedlings

A Oak A −0.437 0.6628 25.2271 18.9166

A Oak E −0.513 0.6082 24.2084 17.3811

AB Hazel A −1.342 0.1809 13.3333 9.5861

AB Hazel E −1.643 0.1019 10.1819 7.6530

AB Sycamore E −2.308 0.0219 6.6250 4.7776

AB Hawthorn A −2.613 0.0096 3.4375 3.0531

AB Hawthorn E −3.074 0.0024 3.4091 2.5824

BC Sycamore A −3.346 0.0010 3.0833 2.2742

BC Holly E −5.154 <0.0001 0.7083 0.5360

C Holly A −5.999 <0.0001 0.0833 0.0839

Post hoc Species Treat t-ratio Pr − | t| Mean Stde Post
hoc

Species Treat t-value Pr − | t| Mean Stde

Powdery mildew natural seedlings Powdery mildew potted seedlings

A Oak E 6.7 <0.0001 0.74 0.11 A Oak A 16.44 <0.0001 1.98 0.12

A Sycamore E 6.05 <0.0001 0.66 0.11 A Oak E 15.98 <0.0001 1.89 0.12

A Oak A 6.75 <0.0001 0.66 0.10 AB Sycamore E 13.44 <0.0001 1.52 0.11

AB Sycamore A 3.55 0.0005 0.42 0.12 BC Sycamore A 10.66 <0.0001 1.26 0.12

B Hawthorn A <0.13 0.8963 <0.01 0.10 CD Hawthorn A 5.21 <0.0001 0.72 0.14

B Hawthorn E <0.12 0.9044 <0.01 0.11 DE Hawthorn E 4.62 <0.0001 0.54 0.12

DE Hazel A 2.33 0.0203 0.28 0.12

E Hazel E 0.79 0.433 0.10 0.13
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FIGURE 3

Leaf regeneration capacity (LRC27, mean ± standard error) of the
potted seedlings under ambient and elevated CO2 concentrations
computed in two time intervals (24-May to 6-June and 6-June to
20-June). Tukey’s post hoc classes are shown as upper case letters
above each bar; bars whose labels contain the same letter are not
statistically different. Hawthorn: Crataegus monogyna; Hazel:
Corylus avellana; Holly: Ilex aquifolium; Oak: Quercus robur;
Sycamore: Acer pseudoplatanus.

August (Figure 6, campaigns 2 and 3). Post hoc pairwise
comparison (Supplementary Table 3) classified natural holly and
sycamore into the largest diametric group A, while natural oak and
hawthorn were classified into the group B. Hazel remained in an
overlapping position (AB).

For potted seedling diameters, we found that species, treatment,
date, and the interaction between species and treatment was highly
significant (P < 0.008; Figure 6). Post hoc pairwise comparisons
(Supplementary Table 3) broadly followed those for the natural
seedlings. Sycamore was classified as the most fast-growing species
with the largest diameter (group A), followed by hazel (B), holly
remained in an intermediate position between sycamore and hazel
(AB), oak was classified into a different group (C), and finally
hawthorn was the most slow-growing species, classified into the
smallest diameter group (D).

The RGR98 was analysed from May to August (Figure 7).
We did not identify any significant CO2 effect for the natural
seedlings, but eCO2 significantly increased growth rate for the
potted seedlings (P = 0.0223), driven to a large extent by the strong
treatment effect on potted hawthorn and oak (Figure 7).

4. Discussion

4.1. Relationship between leaf-out
phenology and herbivores

In contrast to Norby et al. (2003), who did not find a significant
CO2 effect on the leaf-out phenology of 14-year-old saplings in a
deciduous FACE forest, we did find a stimulation by CO2 of the
leaf development of potted oak seedlings. Oak seedlings growing
under eCO2 reached more advanced developmental stages earlier
than those growing under ambient conditions (Figure 1). Whilst
we observed an eCO2 treatment effect on plant phenology, the lack
of an observed difference in herbivory suggests that eCO2 does not
affect palatability at this growth stage. Despite not analysing leaf

stoichiometry in this experiment due to lack of leaf material of some
seedlings, the C:N ratios of adult oaks do not show an eCO2 effect
in the BIFoR-FACE forest (Gardner et al., 2022), supporting our
results on invariability of the palability under eCO2.

Of the four deciduous species, hawthorn exhibited the highest
resistance to herbivory, showing low defoliation intensity in
both natural (3.5%) and potted seedlings (9%) (Figure 2). One
explanation is that the early leaf-out phenology of hawthorn was
advantageous. Hawthorn leaf-out began significantly earlier, in
February, compared to the other species, and leaves were fully
expanded by April 2019 (Figure 1, top row), before the insect
defoliation peak (Figure 2, left-most column). Oak flushing began
significantly later, and even by late April oak leaves were not
completely expanded in any of the experimental plots (Figure 1,
second row and Figure 2, fourth column from left). As leaves age,
they become physically tougher and contain greater concentrations
of unpalatable defence compounds (Feeny, 1970; Polgar and
Primack, 2011). Consequently, many defoliating herbivores feed
primarily on young leaves, which supports the idea that leaf-
out phenology influences the extent of herbivory experienced by
these tree species. Another explanation is that even though the
key defoliating herbivore species across the experimental site are
generalists (a survey of insects took place between 2017 and 2019,
see Crowley et al., 2023) they do not exert a consistent herbivory
pressure on all the tree species (Hittenbeck et al., 2019). We are not
able to discriminate between these possibilities.

4.2. Impact of insect defoliation on
seedlings

We found no significant impact of eCO2 on LLPM through
insect herbivory for each tree species studied (Figure 2 and
Table 2). These results agree with previous findings in Euc-FACE
(Gherlenda et al., 2016b) and are consistent with other herbivory
studies at BIFoR FACE that found no defining pattern of herbivory
change under eCO2 (data not shown). One possible explanation
for this, is that all these studies were conducted during the first
3–4 years of fumigation of the BIFoR-FACE, and so impacts on
herbivory may yet emerge. Our results show that oak potted
seedlings experienced 11-fold higher LLPM due to insect herbivory
than natural seedlings (Figure 2, May 24th data point). Indeed,
within this experiment, the majority of the species growing in
natural conditions were much better able to avoid or to defend
themselves against herbivory. In this context, recent research has
highlighted the role of interactions with root symbionts and other
soil microbes in plants induced resistance against herbivore insects
(e.g., Castaño et al., 2020). This complex soil ecosystem was lacking
for potted seedlings and suggests delving deeper into these intricate
relationships may offer valuable insights into the mechanisms
driving the divergent herbivory responses. In addition, our results
highlight clear differences in herbivory damage across tree species
under all conditions tested, and identifying what factors contribute
to these differences is key to predicting future winners and losers
given that pest damage is expected to increase with global climate
change (Guyot et al., 2016).

In this study, the only evergreen species, holly, did not show
symptoms of herbivory or pathogen attack. Low palatability of
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FIGURE 4

Powdery mildew infection in (A) natural seedlings and (B) potted seedlings under ambient (a, black bars) and elevated (e, grey bars) CO2

concentrations. Horizontal axes represent infection classes: 0 (0% infection), 1 (<50% infected), 2 (51–75% infected), 3 (76–100% infected). Vertical
axes represent the number of seedlings counted in each category. Capital letters represent differences between species. Species with the same
letter are not statistically different. Hawthorn: Crataegus monogyna; Hazel: Corylus avellana; Holly: Ilex aquifolium; Oak: Quercus robur; Sycamore:
Acer pseudoplatanus.

holly to feeding adult insects (Southwood, 1986) is consistent with
the finding of the present study and we did not find literature
supporting PM infection on holly. Leaf-mining larvae, known to
be present in the BIFoR FACE site, are the main cause of LLPM
in holly, however, damage by this feeding guild has been recorded
mainly in more mature plants than those seedlings growing at the
site, which may explain why no damage was recorded in this study.

4.3. Regeneration following insect
defoliation

Species-specific responses such as compensatory growth to
insect herbivory have been found within the BIFoR-FACE forest.
Compensatory growth has often been reported as a tolerance
strategy after defoliation (Massey et al., 2005; Fuenzalida et al., 2019;
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FIGURE 5

Variations in An and Fv/Fm throughout the experimental period
(campaign 1: 24-May; campaign 2: 10-July; campaign 3: 24-July;
campaign 4: 29-August) under ambient CO2 concentration (A) and
elevated CO2 concentration (E). Capital letters inside of the figure
represent differences between species in the same campaign.
Species whose labels contain the same letter in the same campaign
are not statistically different. When the sample size of natural hazel
or oak were too small they were not included in the multiple
comparison tests. Hawthorn: Crataegus monogyna; Hazel: Corylus
avellana; Holly: Ilex aquifolium; Oak: Quercus robur; Sycamore:
Acer pseudoplatanus.

Wang et al., 2020b). Defoliation intensity and recovery time play
a crucial role in compensatory growth capacity. Oak exhibited the
most favourable response to defoliating insects, demonstrating an
increase in leaf production through “lammas” shoots and a robust
recovery of photosynthetic material (Figures 2, 3). We find no
eCO2 effect on compensatory growth (leaf production) for any
species, although longer term assessments are required. Successive
years of intense defoliation may strongly reduce compensation
because of induced morphological changes such as vessel size
or defects in secondary xylem (Anttonen et al., 2002). Previous
studies have found lower survival rate and performance of younger
seedlings subjected to experimental defoliation higher than 50%
(Barton, 2016; Lorca et al., 2019).

4.4. Impact of powdery mildew on
seedlings

Within the BIFoR-FACE site, oak showed the most severe
PM infection, followed by sycamore. This result is in agreement
with the classical theory of the host density effect where higher
abundance of a particular tree species is related to higher infection
levels (Burdon and Chilvers, 1982). Our results are also consistent
with Hantsch et al. (2013), who found a strong species identity effect

FIGURE 6

Stem diameter of natural and potted seedlings under ambient CO2

concentration (A) and elevated CO2 concentration (E). Campaign 1:
5th of May in natural seedlings and 24th of May in potted seedlings;
campaign 2: 10th of July; Campaign 3: on the 29th of August.
Capital letters represent differences between species in the same
campaign. Species whose labels contain the same letter in the same
campaign are not statistically different. Hawthorn: Crataegus
monogyna; Hazel: Corylus avellana; Holly: Ilex aquifolium; Oak:
Quercus robur; Sycamore: Acer pseudoplatanus.

FIGURE 7

Relative growth rates (RGRd, % day−1) for potted and natural
seedlings, calculated as a single finite difference over the whole
experimental period (97 days from May to August) under ambient (a)
and elevated (e) CO2 concentrations. Plotted are medians
(horizontal line), means (black dots), interquartile range (box), upper
and lower 5% Ilex (whiskers) and outliers (circles). Hawthorn:
Crataegus monogyna; Hazel: Corylus avellana; Holly: Ilex
aquifolium; Oak: Quercus robur; Sycamore: Acer pseudoplatanus.

in Quercus spp. in relation to specialized foliar biotrophic fungi
in temperate forests, specifically that the presence of particular
disease-prone species explained higher pathogen loads. Unlike
other species, mature oak trees show PM infection every year, thus
producing a dense pool of spores in the deciduous leaves at ground
level to infect seedlings as they emerge the following spring.

The existing studies conducted to investigate the effect of
elevated CO2 on the severity of PM are contrasting. For instance,
Sanchez-Lucas et al. (2023) found a significant CO2 effect on the
severity of PM infection in oak seedlings grown at very high CO2
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concentration (1000 ppm) in controlled environment conditions.
Whereas Watanabe et al. (2014), who studied photosynthetic traits
in a FACE coppice forest of Japanese oak infected by PM, did find
lower infection level under eCO2. We did not find a CO2 effect
on the severity of PM, however, we found that the more vigorous
sycamore and oak seedlings suffered more severe disease (see slopes
of these 2 species; Supplementary Figure 2), suggesting that the
species in BIFoR FACE traded-off photosynthate between growth
and defence differently.

4.5. Effect of herbivory and PM infection
on photosynthetic parameters and
growth

The lowest net photosynthetic rates (An) measured during
our study were found in late July (Figure 5), at the same time
as the maximum mildew infection. This pattern was observed
in all species; therefore, we cannot differentiate whether the
decreased An was due to PM or some environmental factor.
The combination of decreased photosynthetic activity and loss of
photosynthetic material may have critical consequences, especially
for oak regeneration. Oak trees produce a part of their annual
ring before budburst; therefore, a limited photosynthetic ability
can compromise the reserve of carbohydrates required in the next
spring (Marçais and Desprez-Loustau, 2014).

Photochemical efficiency (Fv/Fm) is an indicator of the
state of the photosynthetic machinery, and a reliable diagnostic
indicator of responses to stress (e.g., Maxwell and Johnson, 2000;
Molina-Montenegro et al., 2013). Some authors have found a
correlation between compensatory photosynthesis in response
to leaf damage, for instance Madriaza et al. (2019) found an
interesting compensation of Fv/Fm and relative growth rates after
defoliation and propose the use of Fv/Fm as an indicator of
tolerance to herbivory. In contrast, Amagai and Kudo (2019) found
compensation of Fv/Fm after defoliation, but this effect did not
influence shoot growth. Our results of Fv/Fm highlighted damage
caused by biotic stress in oak, sycamore and hazel, which exhibited
low Fv/Fm values throughout the experiment (Figure 5), while
the most resistant species, holly and hawthorn, showed higher
values of Fv/Fm. Therefore, our experiment did not reveal any
indications of compensatory changes in Fv/Fm values. Nevertheless,
it is important to note that this effect might have been mitigated
by the influence of powdery mildew infection, a factor previously
associated with decreased Fv/Fm values (Wang et al., 2014).

In contrast to sycamore, which exhibited the largest diameter
of the 5 species, oak and hawthorn showed the smallest diameters
at the beginning of the experiment and were characterised as the
slowest-growing species. However, hawthorn, one of the species less
affected by PM, grew in diameter throughout the experiment, while
oak practically did not grow during the PM infection (from July to
August) under both natural and potted conditions, likely a direct
consequence of nutrient uptake by the biotrophic fungus (Desprez-
Loustau et al., 2014; Figure 5). In summary, when considering
all the species examined in our study, our results for potted
seedlings are consistent with those reported by Watanabe et al.
(2014), confirming an increase in An on the second measurement
campaign (10th of July), enhance diameter growth and higher

RGR98 under elevated eCO2 conditions, regardless of the presence
of PM infection (Table 2).

5. Conclusion

The impacts of the interaction of pathogens and pests on
complex forest communities have been previously investigated, e.g.,
under drought-stress situations (Jactel et al., 2012) or different
combinations of tree species and increasing diversity (Field et al.,
2019). Very few studies have assessed how CO2 enrichment might
alter this interaction under natural conditions in a natural forest
(Gherlenda et al., 2016a,b), and no studies to date have investigated
how it might impact regeneration of a temperate deciduous mixed
woodland. Our results showed that the relationship between biotic
stressors and seedlings was mainly driven by tree species and
whether they were naturally established or potted. We did not find
a CO2 treatment effect on the defoliation intensity nor PM severity
even when there was a positive eCO2 effect on foliar growth, as in
potted oak seedlings.

The main cause of reduction of leaf photosynthetic material
in natural seedlings was PM, representing a leaf loss c. 34% in
natural oak and sycamore (Figure 2), and up to 80% in potted oak
(Figure 2). Several factors we cannot distinguish between might
explain the lower defoliation in naturally regenerated seedlings:
epigenetic factors; or the greater distances between seedlings,
i.e., “dilution” in the wider environment cf. the potted seedlings
(Stastny and Agrawal, 2014).

The earliest leaf flushing species, hawthorn, and the evergreen
holly showed fewer symptoms of PM infection and defoliation
by insects, therefore their regeneration capacity remains mostly
unknown because they were not defoliated. Hazel (potted and
natural) showed both good regeneration capacity after intense
defoliation close to that of oak, and more resistance to PM infection
than oak and sycamore. In the context and with respect to the
pressures we have studied, these traits place the regeneration
of hazel in a better position compared to oak. Sycamore was
more resistant to defoliation and PM than oak. The same high
regeneration capacity that confers oak the highest tolerance against
insects (“lammas” shoots), also makes this species most vulnerable
to PM, since the pathogen benefits from younger tissues (Field
et al., 2019). We find no evidence that the regeneration of oak, the
dominating species, will be improved under eCO2.
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