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Abstract
Seasonal life history events are often interdependent, but we know relatively little about how the relationship between different events is influenced by the abiotic and biotic environment. Such knowledge is important for predicting the immediate
and evolutionary phenological response of populations to changing conditions. We manipulated germination timing and
shade in a multi-factorial experiment to investigate the relationship between spring and autumn phenology in seedlings of
the pedunculate oak, Quercus robur, and whether this relationship was mediated by natural colonization of leaves by specialist fungal pathogens (i.e., the oak powdery mildew complex). Each week delay in germination corresponded to about
2 days delay in autumn leaf senescence, and heavily shaded seedlings senesced 5–8 days later than seedlings in light shade
or full sun. Within seedlings, leaves on primary-growth shoots senesced later than those on secondary-growth shoots in
some treatments. Path analyses demonstrated that germination timing and shade affected autumn phenology both directly
and indirectly via pathogen load, though the specific pattern differed among and within seedlings. Pathogen load increased
with later germination and greater shade. Greater pathogen load was in turn associated with later senescence for seedlings,
but with earlier senescence for individual leaves. Our findings show that relationships between seasonal events can be partly
mediated by the biotic environment and suggest that these relationships may differ between the plant and leaf level. The
influence of biotic interactions on phenological correlations across scales has implications for understanding phenotypic
variation in phenology and for predicting how populations will respond to climatic perturbation.
Keywords Autumn phenology · Leaf senescence · Phenological correlations · Powdery mildew · Quercus robur

Introduction
There is growing recognition that phenological events can
be correlated, where the timing or duration of an earlier
event, like germination or budburst, influences the timing
or duration of later events (Sola and Ehrlén 2007; Li et al.
2016; Signarbieux et al. 2017; Ettinger et al. 2018). Such
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correlations have important implications for how populations respond to selection on the timing of life cycle events
(Donohue 2002; Post et al. 2008). Phenological events are
also highly sensitive to the abiotic and biotic environment,
suggesting that the correlation between different events
depends on environmental context (Gougherty and Gougherty 2018). Quantifying phenological correlations across
environmental gradients will, therefore, be critical for understanding the factors that cause variation in phenology among
individuals and for making predictions about how patterns
of phenology will change in response to environmental or
climate change.
In plants, autumn senescence affects the length of the
photosynthetic period (Vitasse et al. 2009) and influences
whether nutrients in the leaf can be resorbed before leaf
tissue becomes inviable, with potential consequences for
both fitness (Chabot and Hicks 2003; Lim et al. 2007) and
ecosystem productivity (Richardson et al. 2010). In addition,
because the process of senescence by definition includes
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changes to the metabolite composition of leaf tissue, its timing might affect higher trophic levels and food web structure. Despite the often large variation in leaf fall phenology
within populations (up to 56 days in some deciduous trees;
Delpierre et al. 2017) and its potential importance to local
communities, most work has focused on explaining phenological variation at a geographic scale (e.g., Fracheboud
et al. 2009; Friedman et al. 2011; Gill et al. 2015; Panchen
et al. 2015; Liu et al. 2016). As a result, we still know little
about the factors that cause variation in the timing of leaf
senescence among individuals within populations (but see
Sinkkonen 2006; Forkner 2014).
Observational and experimental evidence demonstrate
a correlation between measures of spring phenology (e.g.,
germination and leaf out) and autumn senescence phenology
for some species (Crawley and Akhteruzzaman 1988; Fu
et al. 2014; Liu et al. 2016; Delpierre et al. 2017). Although
the timing of leaf senescence is controlled to some extent
by leaf age (Reich et al. 1992; Lim et al. 2007) and is thus
endogenous, environmental factors and biotic interactions
can alter the relationship between spring and autumn phenology in several ways. Individuals with early spring phenology may have greater exposure to frost (Bennie et al.
2010; Hufkens et al. 2012) or insect attack (Wesolowski and
Rowinski 2008; Jepsen et al. 2011), which are both linked
with earlier senescence. Abiotic and biotic factors may also
affect phenological correlations by altering photosynthetic
or carbon assimilation rates, which are known to influence
senescence timing (Zani et al. 2020). For example, the carbon sink hypothesis posits that the finite carbon sink of earlier-flushing plants is sooner filled. Under this hypothesis
we might expect a strong correlation between spring and
autumn phenology when carbon assimilation rates are high
(Fu et al. 2014). However, when photosynthesis is limited
by light availability or by leaf pathogens, trees may keep
their leaves green late in the season to compensate for a low
rate of carbon assimilation regardless of their spring phenology (e.g., Zani et al. 2020). However, to our knowledge no
experiments have simultaneously manipulated spring phenology and environmental factors to isolate their respective
roles in shaping the timing of autumn senescence. Moreover,
the majority of studies to date have focused on leafing out of
adult plants (e.g., Delpierre et al. 2017; Liu et al. 2016); as
a result, we lack insights into the relationship between germination date and autumn phenology in seedlings, a crucial
life history stage in plant demography.
Understanding how abiotic and biotic factors influence
the strength of phenological correlations requires linking
mechanisms of leaf senescence, which are often localized,
with patterns at the individual level. The amount of damage
from herbivory or infection can vary substantially among
leaves within the same plant, and such attacks often induce
a localized rather than systemic response (e.g., Orians and
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Jones 2001). On the other hand, variation in the carbon sink
occurs mainly among plants. Because of this, the effects
of growing season environment are likely to differ between
the leaf and plant level. For example, while heavily attacked
leaves may senesce earlier, plants with higher average damage or infection rates might have relatively late autumn phenology, if they extend the photosynthetic period to compensate for reduced carbon assimilation.
In this study, we manipulated the germination date and
shade level of oak seedlings in the field and measured natural colonization of seedlings by a fungal pathogen to assess
the effects of early-season phenology and environmental factors on the timing of senescence within and among
seedlings. We asked: (1) how do spring germination date
and shade affect patterns of senescence within and among
seedlings? and (2) what is the role of pathogen infection in
mediating the relationship between spring germination date
and senescence within and among seedlings?

Materials and methods
Study system
The pedunculate oak, Quercus robur, is common throughout
Europe and a dominant oak species in southern Sweden,
Finland, and Norway, where it reaches its northern range
limit. Fungal pathogens of the genus Erysiphe (which form
a cryptic species complex commonly known as oak powdery
mildew) infect both the upper and lower leaf surfaces of
Q. robur (Desprez-Loustau et al. 2018). Powdery mildew
infection can affect growth and number of shoot flushes in
seedlings (Desprez-Loustau et al. 2014) and cause necrosis, leaf shedding, and reduced carbon acquisition in both
small (e.g., nursery) and mature trees (Marçais and DesprezLoustau 2014; Bert et al. 2016). During the growing season,
powdery mildews reproduce by forming asexual spores (i.e.,
conidia) on infected leaves. Sexual structures (i.e., chasmothecia) are produced in autumn, overwinter, and then release
ascospores—the source of initial infection—in spring.
In Sweden, spring budburst of Q. robur occurs between
mid-April and early June. Autumn leaf senescence (i.e.,
the date at which leaves on a tree have < 50% green coloration remaining) ranges from roughly early October through
November, depending largely on latitude and coastal proximity (Ekholm et al. 2019). Oaks can have multiple distinct
flushes during the growing season, producing secondary or
tertiary shoots in addition to the primary shoot growth initiated at spring budburst (Hilton et al. 1987). Given the difference in the timing of these flushes, leaves on shoots within
the same oak can vary in age.
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Experimental design
To experimentally manipulate spring phenology, we
planted acorns at 3-week intervals (i.e., on 22 April, 13
May, and 3 Jun 2018), resulting in germination dates that
varied over a 6-week period between 15 May and 21 June
2018. This range reflects the timing of natural germination
of acorns in Stockholm, Sweden. Acorns collected from
mother trees in Sweden, France, and the Netherlands were
planted in 7 × 7 × 18 cm pots with potting soil (Krukväxtjord, SW Horto, Hammenhög, Sweden). Acorns were randomly assigned to treatments and a random effect of acorn
origin was dropped from all models during model fitting.
Upon germination, seedlings were dug into the ground
(potted) at our field site. We assigned seedlings to one
of three shade treatment levels: ‘no shade’, ‘light shade’
(under a 45% shade net), and ‘heavy shade’ (under a 65%
shade net). To allow for seedling establishment during
what was an unusually hot and dry summer in Sweden,
we placed seedlings belonging to the ‘no shade’ treatment
under a light shade net until late July, at which point the
shade nets were removed and seedlings were exposed to
full sun. Treatment combinations were repeated in three
spatial blocks. We placed ground sheeting to discourage
competition from weedy plant species and enclosed the
field site with a low-voltage electric fence to exclude large
mammalian herbivores such as deer. Plants were watered
ad libitum to maintain similar soil moisture in all treatments. Experiments were conducted at a field site near
Bergianska botanical garden, Stockholm, Sweden (59° 22′
3.023″ N, 18° 3′ 3.907″ E).
To investigate the influence of spring phenology, shade,
and pathogen infection on the timing of autumn senescence, we measured leaf discoloration and powdery mildew infection on 200 Q. robur seedlings (an average of 13
seedlings for each combination of germination date and
shade treatment; Fig. S1) at multiple dates during autumn
2018. Specifically, we measured leaf discoloration four
times (24–29 Sept, 9–13 Oct, 28 Oct–2 Nov, and 19 Nov)
and powdery mildew twice (24–29 Sept and 9–13 Oct) on
individually marked leaves. Note that we did not record
powdery mildew infection during the final two surveys
of leaf discoloration because many leaves had already
dropped and infection on those leaves could not be measured. For each leaf, we determined the shoot type (i.e.,
primary, secondary, or tertiary growth), then estimated
the proportion of green, yellow, and brown coloration
(totaling one) and percent cover of powdery mildew on
the upper and lower leaf surfaces. For use in analyses,
we calculated a leaf ‘greenness’ score using the formula
(prop. of leaf green + 1∕2(prop. of leaf yellow)) , such
that each leaf was scored on a continuous scale from 0 to
1. Using this index, a fully green leaf received a score of
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1, a leaf that was either half green and half brown or fully
yellow received a score of 0.5, and a leaf that was fully
brown or had dropped from the plant would receive a score
of 0. In total, we tracked 16.5 ± 10.1 leaves per seedling,
of which 7.0 ± 3.9 leaves were on primary-growth shoots.

Statistical analyses
We used two approaches to capture the overall process of
leaf senescence, which occurred over several weeks. First,
we quantified autumn phenology as the area under the curve
describing the relationship between survey date and ‘greenness’ score (hereafter ‘area under the greenness curve’,
sensu Pearse and Karban 2013), where greater area under
the greenness curve indicates later senescence of seedlings
or leaves (Fig. 1). Second, we estimated the day of year at
which seedlings or shoots within seedlings reached a greenness score of 0.5 (i.e., 50% discoloration) by fitting loglogistic functions to our observations of greenness scores
through time (Fig. 2). We assumed an upper limit of 1 and
lower limit of 0 unless the first greenness score was < 0.75
(in which case we assumed a lower limit of 0 and estimated
the upper limit) or the last greenness score was > 0.25 (in
which case we assumed an upper limit of 1 and estimated
the lower limit). This was done to ensure good fit within
the observation period and to avoid extrapolating greenness
scores beyond the observation period. Log-logistic functions
were fit using the ‘drc’ package in R (Ritz et al. 2015). Statistical analyses were performed in R v 4.2.0 (R Core Team
2020) and are outlined in Table S1 (Online Resource 1).
Question 1: effects of spring germination date and shade
on autumn phenology
We first tested for independent and interactive effects of
spring germination date and shade on autumn leaf senescence at the seedling level. Seedling-level greenness scores
for each survey date were calculated by averaging the greenness score of all leaves on a seedling’s primary-growth
shoots. We then modeled seedlings’ area under the greenness curve as a function of spring germination date (week
of year), shade (none, light, or heavy), and the interaction of
germination date and shade in linear mixed models with a
random effect of block. We similarly modeled the estimated
day of year at which a seedling reached a greenness score of
0.5 in a linear mixed model. We included spring germination date, shade, and the interaction of germination date and
shade as predictors and a random effect of block (intercept
only). Mixed models were implemented in the ‘lme4’ package (Bates et al. 2015).
In addition to addressing differences in seedling senescence across several weeks of autumn, we investigated
how germination date and shade affected leaf discoloration
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Fig. 1  a Example of how ‘area under the greenness curve’ is calculated and b comparison of ‘area under the greenness curve’ for two
experimental seedlings. Data points represent greenness scores at
each date for each seedling (see “Materials and methods”). Area
under the greenness curve is calculated by averaging subsequent
measurements of seedling or leaf greenness score (height of each
rectangle), multiplying each average by the time range represented
(width of each rectangle), then adding these areas together. Greater
area under the greenness curve indicates relatively late senescence.
Lines between data points are for illustration only and were not used
in the calculation of area under the greenness curve

during early and late phases of senescence by focusing on
seedling greenness scores during the first autumn survey
(24–29 Sept) and the final autumn survey (19 Nov). For
the early phase, we modeled seedling greenness score as
a function of germination date, shade, and their interaction in a generalized mixed effect model with a logit link
and a random effect of block (intercept only). At the time
of our latest survey, 86% of seedlings were fully senesced
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Fig. 2  Greenness scores of Quercus robur seedlings across autumn,
where a greenness score of 1 indicates that all leaves are fully green
and a greenness score of 0 indicates that all leaves are either fully
brown or have dropped (see “Materials and methods”). Panels indicate the week of year during which the acorns were germinated. Thin
lines show log-logistic functions fitted to greenness scores of individual seedlings; thick lines show log-logistic functions fitted to greenness scores of all seedlings in each combination of germination week
and shade. Log-logistic functions were fit using the ‘drc’ R package

(greenness score = 0). To reflect this in our analyses, we
modeled senescence as a binary response (i.e., greenness
score = 0 or greenness score > 0). We included germination
date, shade, and their interaction as predictors and block
as a random effect (intercept only) in a logit-link GLMM.
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We implemented GLMMs in the package ‘GLMMadaptive’
(Rizopoulos 2019) and used the ‘effectPlotData’ function to
generate marginalized predictions.
To address differences in senescence timing within seedlings, we compared area under the greenness curve and date
at which shoot greenness score reached 0.5 between primary
and secondary-growth shoots using the subset of seedlings
with secondary shoot growth (n = 108 seedlings). Here, we
used separate linear mixed models with tree identity as a
random effect (nested within block, random intercept only).
Each model included the effects of shoot growth type, germination date, shade treatment, and their two-way interactions
as predictors. For all mixed models, we determined best-fit
models by dropping non-significant predictors from the full
model using the method described by Zuur et al. (2009). We
determined significance of categorical predictors using the
‘Anova’ function in the ‘car’ package (or code adapted from
this function).

models. We quantified the pathogen load of a seedling or
leaf as the percentage of total leaf area infected (upper and
lower leaf surfaces) averaged over the two dates surveyed,
and log-transformed seedling and leaf pathogens loads
( ln(x + 1)) to meet model assumptions. We assumed that
most infection occurs during the weeks following leaf-out
(e.g., Desprez-Loustau et al. 2010), such that our autumn
measurements of powdery mildew should be reasonably
representative of season-long infection rates. To facilitate
comparison among standardized coefficients, we modeled
shade as a continuous predictor (i.e., 0, 45, or 65%). In addition to the variables shown in Fig. S2, we included block (for
seedling-level model) and seedling ID nested within block
(for leaf-level model) as random effects. We fitted models
using the ‘piecewiseSEM’ package (Lefcheck 2016).

Results

Question 2: role of powdery mildew infection in mediating
the relationship between spring and autumn phenology

Question 1: effects of spring germination date
and shade on autumn phenology

We addressed the role of powdery mildew infection in mediating the effect of germination date on autumn leaf senescence using path analyses. Specifically, we postulated that
powdery mildew infection might act as an indirect pathway
between spring phenology and autumn phenology, i.e., that
germination date affects pathogen load, which in turn affects
area under the greenness curve.
We compared patterns across scales of organization using
structural equation modeling to test for significant pathways
among germination date, shade, pathogen load, and area
under the greenness curve (Fig. S2; Table S1) at the level
of the seedling and at the level of individual leaves. Specifically, we modeled pathogen load and area under the greenness curve as the response variables in a set of linear mixed

Seedlings that germinated earlier in spring generally
senesced earlier in autumn, as indicated by the positive relationship between germination date and area under the greenness curve (β = 1.93, t = 3.66, P < 0.001; Fig. 3). For each
week delay in germination, seedlings reached a 0.5 greenness score an estimated 2.0 ± 0.6 days later during autumn
(t = 3.56, P < 0.001; Fig. S3). Similarly, earlier germinated
seedlings had lower seedling greenness scores on average at
the onset of autumn (β = 0.092, z = 2.14, P = 0.032; Fig. 4a).
We did not detect an effect of germination date on seedling greenness at the end of autumn (β = 0.11, z = 0.803,
P = 0.422).
Senescence timing was also affected by shade, such that
seedlings grown under heavy shade tended to have relatively

Fig. 3  Effects of germination date and shade on Q. robur seedling area under the greenness curve. Lines and shading are model predictions and
SE, respectively, from the ‘predict’ function in the R package ‘lme4’. Solid lines: P < 0.05, dashed lines: P < 0.10
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late autumn senescence phenology. Area under the greenness curve varied among shade treatments (χ2 = 17.11, df = 2,
P < 0.001) and was 25.7 ± 6.6% lower (t = − 3.88, P < 0.001)
for light shade seedlings and 16.9 ± 5.7% lower (t = − 2.96,
P = 0.003) for no shade seedlings compared with heavily
shaded seedlings. Heavily shaded seedlings reached a 0.5
greenness score 8.3 ± 2.3 and 5.3 ± 2.0 days later on average
than seedlings grown under light shade (t = 3.55, P < 0.001)
and no shade (t = 2.63, P = 0.008), respectively (Figs. 2,
S3). We did not detect an effect of shade on seedling greenness during the early phase of leaf senescence (χ2 = 0.98,
df = 2, P = 0.613). However, seedling greenness at the end
of autumn (i.e., proportion of seedlings fully senesced by
19 Nov) tended to differ among shade treatments (χ2 = 5.65,
df = 2, P = 0.059): 22.3% of heavily shaded seedlings were
not yet fully senesced, compared with only 9.3% of seedlings
in the light shade treatment and 9.5% of seedlings in the no
shade treatment (Fig. 4b).
Within seedlings, leaves on primary-growth shoots
tended to senesce later during autumn than leaves on secondary-growth shoots, but this difference was only apparent for seedlings in some treatments (Table 1). Specifically,
primary-growth shoots on heavily shaded seedlings had
18.6 ± 6.8% greater area under the greenness curve (t = 3.46,
P < 0.001) and reached a 0.5 greenness score 3.2 ± 1.6 days
later (t = 1.98, P = 0.048) than secondary-growth shoots, but
we found no effect of shoot type for seedlings grown in other
shade conditions (Fig. S4). The difference in area under
the greenness curve between shoot types also increased by
1.31 ± 0.54 for each week later in germination date (germination date × shoot type: χ2 = 5.77, df = 1, P = 0.016).

Question 2: role of powdery mildew infection
in mediating the relationship between spring
and autumn phenology
Fig. 4  Seedling greenness scores a at the onset of autumn and b at
the end of autumn. In a, line and shading show marginalized predictions and 95% CI, respectively, from the ‘effectPlotData’ function in
the R package ‘GLMMadaptive’. In b, letters indicate significant contrasts

Pathogen load ranged from 0.9 to 59.6% of the total leaf
area at the seedling level and from 0.0 to 90.0% of the total
leaf area at the level of individual leaves. Our path analyses showed that the direct pathways from germination date
and shade to area under the greenness curve were well

Table 1  Linear mixed effect
model results for the effects of
germination date, shade, and
shoot type (i.e., primary or
secondary growth) on shootlevel area under the greenness
curve and day of year where
shoot greenness score was 0.5
(bold indicates P < 0.05)

Area under the greenness curve

Day of year when greenness
score is 0.5

χ2

df

P value

χ2

df

P value

0.084
18.88
3.15
5.77
12.74
3.47

1
2
1
1
2
2

0.773
< 0.001
0.076
0.016
0.002
0.176

1.92
15.19
0.11
1.82
7.47
5.25

1
2
1
1
2
2

0.166
< 0.001
0.745
0.177
0.024
0.072
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Germination date
Shade
Shoot type
Germination date × shoot type
Shade × shoot type
Germination date × shade
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Fig. 5  Best-supported models for the joint effects of germination
date, shade, and pathogen load on area under the greenness curve
for a seedlings and b leaves within seedlings. Black arrows indicate
positive relationships and red arrows indicate negative relationships.
Arrow thickness is scaled to the magnitude of the standardized path
coefficient, which is shown in bolded text next to each arrow. Note
that these are different than the unstandardized path coefficients,

which are reported in the text. Variables that were experimentally
manipulated (i.e., germination date and shade) are shown in italics.
Boxes containing response variables also include the conditional R2
value associated with the component model. Solid arrows: P < 0.05,
dashed arrows: P < 0.10, PM powdery mildew. Detailed results are
reported in Table S2

supported for both leaves and seedlings (Fig. 5, Table S2).
We also found support for indirect effects of germination
date and shade—mediated by pathogen load—on area
under the greenness curve. Both seedling and leaf pathogen
load increased with later germination (seedling: β = 0.09,
t = 2.23, P = 0.027; leaf: β = 0.10, t = 2.58, P = 0.011) and
with increasing shade (seedling: β = 0.01, t = 2.12, P = 0.036;
leaf: β = 0.01, t = 2.19, P = 0.030). Pathogen load in turn
affected area under the greenness curve, with the strength
and direction of the relationship between pathogen load
and area under the greenness curve differing among versus
within seedlings (cf. Figure 5a, b). Seedlings with greater
overall pathogen load tended to have greater area under
the greenness curve (i.e., relatively late autumn phenology; β = 1.73, t = 1.75, P = 0.081; Fig. 6a). At the leaf level,
there was a negative relationship between pathogen load
and area under the greenness curve (β = − 2.18, t = −11.03,
P < 0.001; Fig. 6b), indicating that highly infected leaves
senesced earlier.

Discussion
Our field experiment shows that spring phenology and the
abiotic and biotic environment jointly influence the timing
of leaf senescence in autumn. We found a positive relationship between spring and autumn phenology: for each week
delay in germination during spring, seedlings senesced an
average of 2 days later during autumn. We demonstrated that
heavy shade can delay seedling senescence by more than a
week. Furthermore, these relationships were partly mediated by pathogen infection. Later germinated and shaded
seedlings were more heavily infected by powdery mildew;
pathogen load in turn tended to delay autumn phenology for
seedlings but advanced the senescence of individual leaves
within seedlings. Overall, our findings indicate that seedling
germination is correlated with timing of senescence, but also
that environmental factors and biotic interactions influence
this relationship.
Unlike studies of already established trees, where spring
phenology typically refers to the timing of leaf emergence,
our study instead focused on spring phenology as the timing
of seedling germination. Our results suggest that the positive
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Fig. 6  Relationship between pathogen load and area under the greenness curve for a seedlings and b leaves within seedlings. Shown are
residuals for area under the greenness curve, after accounting for the
effects of germination date and shade. Lines and shading are model
predictions and SE, respectively, from the ‘stat_smooth’ function in
the R package ‘ggplot2’. Solid lines: P < 0.05, dashed lines: P < 0.10

relationship between spring and autumn phenology observed
in sapling (Fu et al. 2014) and adult (Delpierre et al. 2017)
Q. robur extends to the seedling life stage, as well. As we
monitored autumn phenology over a single growing season,
we do not know whether the relative influence of spring phenology and shade or the scale-dependent effect of pathogen
infection on leaf senescence we found in seedlings are the
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same during later stages of development, a topic that will
hopefully be addressed in future studies.
We found that the effects of spring phenology on seedling
leaf senescence were strongest at the beginning of autumn,
while the effects of shade were strongest at the end of
autumn. This may reflect differences in the impact of spring
phenology and shade on the timing of onset versus the rate
of senescence, where leaf age at which senescence is initiated is relatively constant (Thomas and Stoddart 1980) but
the rate of senescence depends on environmental conditions
(Lim et al. 2007). Our results thus emphasize the importance
of tracking the phenology of individuals through time rather
than summarizing phenology as a single event (Inouye et al.
2019).
More than half of the 200 oak seedlings that we monitored for autumn phenology had at least secondary leaf
flushes during the growing season. We found that the timing of senescence differed among shoots within seedlings,
such that leaves on primary-growth shoots tended to senesce
later on average than leaves on secondary-growth shoots.
While this result may seem to conflict with among-seedling
patterns (i.e., early-germinated seedlings senesced earlier),
it is consistent with the generally lower quality—including
shorter expected lifespan—of secondary-growth leaves. In
addition, leaves on secondary shoots typically had higher
rates of powdery mildew infection (Fig. S5), which could
have contributed to earlier senescence. Given the prevalence
of trees with multiple flushes and the differences in leaf-out
phenology among shoots within these trees, it is surprising that previous studies have not addressed whether relationships between spring and autumn phenology extend to
within-tree patterns. In addition, because many species in
tree-based food webs respond to small-scale (i.e., withintree) variation in resource quality (Roslin et al. 2006), our
finding of within-tree variation in senescence timing may
have implications for late-season interactions with herbivores and other attackers.
We investigated how biotic factors might influence the
relationship between spring and autumn phenology by measuring natural colonization of leaves by a fungal pathogen,
the oak powdery mildew complex. Our path analyses showed
that autumn pathogen load was greater for late-germinated
seedlings. Disease infection rates are generally sensitive
to the overlap between host susceptibility and infectious
stages of the pathogen, and thus may be affected by host
phenology. In the specific case of oaks and powdery mildew, the relative timing of oak leaf-out and release of fungal ascospores and conidia in spring is known to influence
infection (Desprez-Loustau and Dupuis 1994; Biere and
Honders 1996; Penman and Annis 2005) due to greater susceptibility of young leaves (Edwards and Ayres 1982). In our
experiment, pathogen load increased with later germination,
suggesting that early-season differences in susceptibility
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(where susceptibility should be greater for late-germinated
seedlings) outweigh any effects of how long seedlings were
exposed to fungal inoculum (where duration of exposure
should be greater for earlier germinated seedlings). Shade,
which is often associated with higher humidity and lower
temperature, increased powdery mildew infection in a manner consistent with other studies (Schnathorst 1965; Jarosz
and Burdon 1988; Ekholm et al. 2017).
The way in which pathogen infection affected autumn
phenology differed among and within seedlings. At the leaf
level, we observed an association between high powdery
mildew infection and earlier leaf senescence, while seedlings with higher average rates of infection tended to have
later autumn phenology. As with attack of foliage by other
enemies (e.g., herbivores), infection of leaves by fungal
pathogens can cause localized and systemic changes to plant
physiology and condition. For example, pathogen attack can
activate hormonal pathways associated with induced chemical defenses. Salicylic acid is often produced in response
to infection by biotrophic pathogens (Lim et al. 2007) and
has been shown to accelerate senescence in mechanistic studies on the hormonal regulation of leaf senescence,
particularly in combination with leaf aging (Morris et al.
2000). Conversely, some fungal pathogens are known to
delay senescence by creating “green islands” (Walters et al.
2008). Infection can also reduce photosynthetic rates by
limiting the leaf area available for photosynthesis or can
affect carbon accumulation through direct feeding (Glawe
2008; Marçais and Desprez-Loustau 2014; Bert et al. 2016).
Our results are thus consistent with how these mechanisms
may be expected to operate at different scales, where pathogens can simultaneously induce localized senescence and
delay seedling-level senescence due to the negative effect
of pathogen infection on carbon assimilation (reduced growing season productivity; Zani et al. 2020). While our field
experiment did not directly test the various mechanisms that
have been proposed to explain a positive spring–autumn
phenology correlation, the observed patterns of variation in
senescence both among and within seedlings suggest that
the effect of spring phenology is influenced by both endogenous processes (e.g., leaf lifespan) and the external environment (e.g., exposure or susceptibility to powdery mildew
colonization).
Our path analyses indicated that the positive correlation
between spring and autumn phenology occurred through
both direct and indirect (i.e., pathogen-mediated) pathways. In general, the direct effect of spring phenology on
autumn phenology was much stronger than the indirect
effect. For example, the direct pathway between spring
and autumn phenology of seedlings (standardized path
coefficient = 0.24) was 12.5 times greater than the indirect
pathway (found by multiplying the standardized path coefficients, 0.16 × 0.12 = 0.019). The relative magnitude of the
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direct effect suggests that the positive spring–autumn phenological correlation at the seedling level is strengthened
by, but does not depend on, the powdery mildew pathway.
Many aspects of plant phenology are known or expected
to have a genetic component, including the timing of leafout (Rousi and Pusenius 2005) and flowering (Franks et al.
2007; Volis 2007), as well as interphase duration (i.e., length
of time between successive phenological events; Ettinger
et al. 2018). In this study, we experimentally manipulated the
timing of acorn germination, thereby disrupting any genetic
control of germination timing. However, seedling genotype
may still have influenced leaf lifespan or downstream phenological events (e.g., leaf senescence) in our experiment,
and genetic variation in these may help to explain some of
the unexplained variance in among-seedling autumn phenology. Future studies focusing on the phenological responses
of genetically related individuals across the growing season
are needed to shed light on the interplay between genotype
and environment in shaping phenological correlations.

Conclusions
Correlations between different phenological events might
constrain ecological and evolutionary responses to changes
in the environment. Understanding how endogenous processes and environmental factors determine the strength
and direction of phenological correlations is, therefore,
critical for developing more realistic predictions of shortand long-term responses to climate perturbations. We used a
multi-factorial experiment across the full growing season to
identify pathways by which endogenous processes and environmental factors shape the relationship between sequential
phenological events. Our findings suggest that the strength
of phenological correlations can be sensitive to factors such
as pathogen infection that vary both among and within individuals. Localized biotic interactions may, therefore, play an
important role in determining how populations will respond
to environmental change and to selection on specific phenological events.
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