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Inrecent years, budburst, the timing of leaf emergence, has advanced less
than expected despite continued spring warming, suggesting counteracting
ecological forces. One of these forces might be increased and earlier herbivory
onyoung leaves under climate warming. Here using 5 years of satellite radar
data from 27,500 pixels (10 x10 m?) across 60 temperate oak forest sites under
experimental manipulation of insect herbivore loads in Central Europe, we
show that prior-year leaf herbivory delayed budburst by 3 days, cancelling

the phenological advance observed during a decade of warming. This delay
reduced subsequent herbivory by 55%, exceeding the effects of parasitoids or
pathogens, and persisted even during pest outbreaks. Across landscapes, the
delay was strongest where it probably provided the highest benefit, that s,
where a given amount of delay most effectively reduced following herbivory,
which suggests an adaptive tree defence. Ultimately, trees may be trapped
between responding to two opposing consequences of global change:
warming selects for earlier budburst, whereas herbivory selects for delay.
Ourresults underscore the need to consider not only climate, but also
plant-herbivore interactions and adaptive evolution to predict tree
responses to a changing world.

Plant phenology has been studied in relation to numerous factors.
Photoperiod™? forinstance, has been shown to prevent premature bud-
burst (leaf emergence). In addition, the nutritional status of trees’, par-
ticularly internal nutrient reserves accumulated in previous seasons®,
caninfluence phenological development of plants by affecting growth
capacity and metabolic readiness. Plant phenology has probably been
most extensively studied in relation to climate change® 2, with one of
the best-known examples being the earlier budburst of trees under

elevated spring temperatures®°. However, the advance in budburst
under climate change has been slower than expected™*. Budburst
can also be driven by another aspect of climate change: increasing
biotic pressures, notably insect herbivores™" . Small-scale studies
(on-~20individual trees'®'’) have suggested that intense leaf herbivory
onatree in one-year delays budburst in the following year. However,
cases of advanced budburst after intense leaf herbivory have also
been documented™®. It remains unclear which of these patterns
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Fig.1| The effect of leaf herbivory by insects on tree budburst and
subsequent leafherbivory. a, Conceptual framework of our study. Low
herbivoryinyear ¢ (tree 1) does not induce a change in budburst timing in year
t+1,resulting in no between-year change in leaf-caterpillar synchrony (living
caterpillars) and herbivory. In contrast, high herbivory inyear ¢ (tree 2) induces
adelayinbudburstinyear ¢ +1, which disrupts synchrony between herbivores
and leafemergence and reduces herbivory by premature caterpillar death
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(indicated by skulls). b, Landscape-scale mosaic of budburst delay in our study
area. Each picture shows, for a given year, satellite-detected spatial variability in
budburst phenology across pixels (each approximating an individual crown) at
one of our 60 sites (site AHC). The extensive interannual variation in budburst
timing observed for individual pixels aligns with the variability proposed in the
conceptual framework in a. Supplementary Video 1shows three additional sites
from the same experimental block (block A, Extended Data Fig. 1).

onindividual trees scales up to entire landscapes, where budburst
advancement has unexpectedly slowed*'*. The expected budburst
advancement under elevated spring temperatures could be suppressed
by the herbivory-induced budburst delay. Our hypothesis 1is thus that,
evenacross entirelandscapes, intense leaf herbivory in one year delays
budburstin the following year.

In temperate forests, the abundance of herbivorous insects typi-
cally peaks shortly after budburst, when young leaves are available and
highly nutritious”*?2, A substantial portion of the leaf-feeding insect
community, often 60-80%, emerge as caterpillars during this period,
making spring the peak time for herbivory**?*. Therefore, a delay in
budburst would lead to spring herbivores emerging before leaves
are available (Fig. 1a), enabling trees to escape peak leaf herbivory by
disrupting synchrony with their attackers (hypothesis 2). This would
resultinherbivore mortality and areduced overall herbivory'®*'—aform
of enemy escape in time that is rarely considered'®*. However, the
evidence for suchamechanismislacking.

Existing studies have covered only a narrow range of her-
bivory intensities'>'*°, leaving unresolved the question of whether

herbivory-induced budburst delay remains effective during pest out-
breaks, when trees are under the greatest pressure to defend them-
selves. Because outbreak severity is driven largely by transient surges of
herbivore populations across entire landscapes rather than by consist-
entor tree-specific factors® 2%, herbivoryinanoutbreak year s likely to
beapoor predictor of herbivoryrisk forindividual trees in subsequent
years. Under these conditions, we expect that the herbivory-induced
budburst delay may be lower at outbreak sites than at non-outbreak
sites (hypothesis 3). This effect of outbreak may be particularly seen
if trees perceive outbreaks through increased light penetration® or
through chemically mediated signals exchanged among conspecifics®,
mechanisms that enable trees to detect elevated herbivore pressure
beyond their owndirect experience. Moreover, the common assump-
tionis thatsevere herbivore outbreaks overwhelm tree defences? 2%,
such that even trees that delay budburst may still experience severe
defoliation under extreme herbivore densities?-**. High herbivore
densities also increase the likelihood of spillover from neighbouring
trees®, further reducing the effectiveness of delayed budburst. Con-
sequently, we expect that for agiven magnitude of budburst delay, the
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resultingreductionin herbivory may be lower at outbreak sites than at
non-outbreak sites (hypothesis 4).

Finally, because existing studies have covered only limited spatial
and temporalscales™'* %, itis stillunclear whether herbivory-induced
budburst delay represents an adaptive response. Such adelay would be
adaptive only if its benefits are high®* . The fitness benefits for trees
probably increase with the effectiveness of budburst delay inreducing
herbivory. Consequently, if budburst delay functions as a selected,
adaptive defence, its magnitude should be greatest in forests where
delaying budburst most reliably increases fitness by lessening herbi-
vore damage (hypothesis 5). Detecting such adaptive coupling requires
alandscape-scale perspective that captures broad spatiotemporal vari-
ability inboth budburst and herbivory across sites and years (Fig. 1b).

Use of satellite-based indices to monitor
landscape-scale variability in budburst and
herbivory

Monitoring landscape-scale variability in budburst and herbivory
requires several observations per week, for several weeks, whichis not
feasible across thousands of treesinalandscape, let alone across dozens
oflandscapes. Inthis study, we overcome these limitations using newly
developed satellite-based (Sentinel-1) indices of canopy development™,
which enable cloud-independent monitoring of budburst and leaf
herbivory (Methods). The day-by-day trajectory of thisindex has been
validated against both optical and terrestrial laser scanning data®.
These indices reliably capture canopy phenology and defoliation at
the 10 x 10 m? pixel scale, where each pixel approximately represents
the size of an average tree crown. We analysed 27,500 pixels across
60 oak-dominated forest sites spanning 2,400 km?in southern Ger-
many (Extended Data Fig. 1). The ecological dynamics of this region,
including seasonally timed herbivore pressure, host-specific interac-
tions and substantial intraspecific variation in spring phenology, are
characteristic of temperate deciduous forests worldwide, as demon-
strated by global syntheses of phenology-climate interactions'®>$,
classical work on temperate forest herbivore-host dynamics'***
and cross-continental analyses of phenological variationindominant
deciduous tree species***!. Datawere sampled during the 5 years (2017-
2021) andyielded 137,500 pixel-based observations.In2019, aspongy
moth (Lymantria dispar) outbreak occurred, when defoliation was
experimentally suppressed in half the sites through aerial insecticide
application?. This created a wide gradient of simultaneous herbivore
pressure, ranging from high levels in outbreak sites to low levels in
treated sites (Methods), against which we compared budburst timing.
Using generalized additive models (GAMs) thataccount for undetected
spatiotemporal variation (such as differences in microclimate), we
addressed three key research questions:

(1) Do trees delay budburst in response to prior-year herbivory (hy-
pothesis1) and is this delay weaker at outbreak sites (hypothesis 3)?

(2) Does such a delay reduce subsequent herbivory (hypothesis 2)
and is this reduction weaker at outbreak sites (hypothesis 4)?

(3) Is the herbivory-driven budburst delay greatest in forests where
it most efficiently reduces herbivory (hypothesis 5)?

Results and discussion

Leaf herbivory delays subsequent budburst

Our satellite-borne radar-based indices of canopy development
revealed considerable spatiotemporal variationinbudburst phenology
of trees (Fig. 1b and Supplementary Video1). This reveals a ‘phenologi-
calmosaic’ across forests—aspatially and temporally structured pattern
inthe timing of bud development among individual trees, conceptually
analogous to the mosaic cycle theory* for the development of entire
trees. While spatial variation in phenology among tree individuals
is well documented, our results suggest that it can organize into a
cyclic spatiotemporal mosaic. These phenological mosaics provide a

framework for investigating the ecological drivers of budburst timing
across tree populations.

Across 5 yearsand 60 forest sites, we tested whether leaf herbivory
inyear t predicted changes in the budburst ranks of pixels from year ¢
to ¢t +1.In support of hypothesis 1, we found that higher herbivory in
year t was related to later budburst in year ¢ +1 (n=110,000, F=596.5,
P<0.001,adjusted R*= 0.102; Fig. 2a). This pixel-level pattern persisted
even after accounting for potential effects of tree growth (Supplemen-
tary Method 1), indicating that the pattern is unlikely to result simply
from herbivory depleting tree resources. To evaluate the robustness
of this pattern and its generality across forest sites, we repeated tests
separately for each combination of forest site and year pair (60 sites x4
two-subsequent-year periods = 240 cases) and extracted the slope of
therelationship (anegative slopeindicates that higher herbivoryinyear
twas associated with alater budburstinyear ¢ +1). Asign test on these
slopes revealed that the pattern was remarkably consistent, with 226
of the 240 slopes being negative (Fig. 2b, sign test: P< 0.001, success
probability >0.942). Thus, our results provide evidence that, across
yearsand forest sites spread over 2,800 km?, leaf herbivory in one year
canresultinadelayed budburstin the subsequentyear. Despite the con-
sistency in direction, the magnitude of this pattern varied widelyamong
forest sites (Fig. 2b), with site-level explained variance (adjusted R?)
ranging from -0.020 to 0.322.

The average magnitude of budburst delay was remarkable: on
average, buds on trees exposed to above-median prior-year herbivory
opened 3 days later than those with below-median prior-year herbivory
(Supplementary Methods 2). Long-term studies have shown that ele-
vated spring temperatures advance budburst in temperate trees by
2.5 days per decade® . Hence, our data suggest that a single year of
elevated herbivory can counteract, and even exceed, the phenologi-
cal effect of a decade of climate warming. This antagonism may help
explain a persistent puzzle: budburst advancement often lags behind
the rate of warming'> ™. It should be noted that most phenological
modelsstill project continued advancement of budburst under climate
change®”®'>*, while rarely, if ever, accounting for biotic interactions
suchas herbivory—amajor omission, given our findings and the fact that
insect populations and herbivory seem to be consistently changing** ¢,

We expected aweakened phenological responsein outbreaksites,
assuming that outbreak herbivory would provide aless reliable signal
about risk of future herbivory (hypothesis 3)**% To test this, we ana-
lysed the change in budburst timing from 2019 (the outbreak year) to
2020 asafunction of 2019 herbivory, an outbreak factor (affected ver-
sus unaffected sites) and their interaction. We focused on the interac-
tion to assess whether the relationship between herbivory and delayed
budburst differed between site types. Contrary to our expectation
(hypothesis 3), the response was stronger at outbreak sites (n =27,500,
t=-3.588, P<0.001; Fig. 2c). Trees experiencing outbreak herbivory
even showed somewhat greater delays in budburst than trees from
non-outbreak sites, suggesting that trees may not detect or respond to
landscape-level signals. Instead, their response appears to be primarily
driven by their own herbivory.

Budburst delay reduces leaf herbivory

Using the same 5-year, 60-site dataset, we next tested whether changes
inrelative budburst timing fromyear ¢ to ¢ + 1 of satellite pixels predicted
changesinleafherbivory over the sameinterval.In support of hypothe-
sis 2, herbivory decreased as budburst timing was delayed (n =110,000,
F=1593.2, P<0.001, adjusted R? = 0.149; Fig. 2d). This relationship
remained robust after accounting for potential herbivore control by
natural antagonists such as parasitoids and viruses and abiotic factors
asinferred fromindicator values of ground vegetation (Supplementary
Methods 3). Again, the pattern proved to be consistent, occurringin236
outof240 site-year combinations (Fig. 2e; sign test P < 0.001, success
probability >0.983). Thus, our results provide robust and large-scale
support for the hypothesis that delayed budburst consistently
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Fig.2|Observed relationships between budburst timing and leafherbivory.
Therelationshipillustrates herbivory-driven delays in budburst (top row) and
herbivory reductions by delayed budburst (bottom row). Solid lines are GAM
predictions of the expected mean response and shaded bands show the

95% confidence intervals around these predictions. a, Across all sites and years,
greater leaf herbivory was associated with delayed budburst in the subsequent

year. b, At the site level, this association varied substantially in both slope and
adjusted R?. ¢, The association was somewhat stronger at sites experiencing
spongy moth outbreaks. d, In turn, across all sites and years, delayed budburst
was associated with reduced leaf herbivory. e, Site-level relationships again
showed considerable variation in slope and adjusted R. f, The effect appeared
somewhat stronger at outbreak sites.

reduces leaf herbivory by insects. Despite the consistency in direc-
tion, the magnitude of this pattern also varied substantially among
forest sites (Fig. 2e), with site-level explained variance (adjusted R?)
ranging from -0.015to 0.321.

The average magnitude of herbivory reduction was remarkable.
On average, pixels that delayed budburst profited from a 55% reduc-
tion in herbivory compared with the previous year (Supplementary
Methods 2). Given the broad seasonal window of herbivore activity in
theregion (-60 days; Extended DataFig.2), suchasubstantial reduction
resulting from only a 3-day delay in budburst may seem surprising at
first. However, ashort delay can substantially increase herbivore mor-
tality among thefirst larval instars, which are particularly vulnerable.
This is supported by experimental studies showing that herbivores
hatching just 3 days earlier than budburst exhibited mortality rates
up to 90% (refs. 47,48). By comparison, achieving a 50% reduction in
herbivory viathe chemical defence of trees would require an approxi-
mately six-fold increase in tannin concentration'”*>*°, This highlights
that herbivory-induced budburst delay may represent an effective
defence strategy that equates or even exceeds the benefits ofinduced
chemical defence and of constitutive defences that are produced even
inthe absence of attack®****', It may even be more potent than the effect
of natural antagonists of the spongy moth, given their comparatively
low impact (Supplementary Methods 3).

Our findings support the hypothesis that delayed budburst after
herbivory, a strategy recently described as ‘escaping enemies in
time”®, disrupts the phenological synchrony between host trees and

their herbivores'">?"*, By postponing leaf emergence, trees reduce
the access of early-season herbivores to young, nutrient-rich foliage".
This phenological mismatch can suppress herbivore performance
by delaying development, reducing feeding efficiency and increas-
ing mortality"">**'. Moreover, delayed budburst is often associated
with accelerated leaf maturation'”* so that leaves quickly enhance
structural defences and chemical resistance, which further diminishes
herbivore success. However, the effects of budburst delay may vary
among herbivore communities. In temperate deciduous forests,
herbivore communities are typically dominated by spring-feeding
Lepidopterawhose firstinstars have narrow temporal windows of high
vulnerability”**>52, By contrast, another fraction of the herbivore
community has broader temporal niches, is less constrained by short
delays in budburst and tends to contribute proportionally more to
later-season herbivory”**, Therefore, the among-site variation of the
magnitude to which budburst delay reduces herbivory may reflect
the composition and flexibility of the local herbivore community'*?.

We then assessed whether the relationship between budburst
delay and herbivory reduction weakened in outbreak sites (hypoth-
esis 4). We therefore tested for a negative interaction term between
outbreak (affected versus unaffected sites) and budburst delay affect-
ing the reduction of herbivory from 2018 t0 2019 (the outbreak year).
Contrary to our expectation (hypothesis 4), we found a positive inter-
action term, meaning the relationship was stronger in outbreak sites
(n=27,500,t=5.768, P< 0.001; Fig. 2f) and this relationship remained
robust after accounting for potential herbivore control by natural
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Fig.3| Coupling between the strength of herbivory-driven budburst delay
and the strength of herbivory reduction by budburst delay, analysed across
forestsites. a,b, The strengths of the relationships are interpreted from the
site-level adjusted R? values (a) and slope values (b). Note that relationships are
expected to be positivein aand negative inb. The strength of herbivory-driven
budburst delay increases with the strength of that delay in reducing subsequent
herbivory, suggesting that trees delay budburst more strongly in forest sites
where this strategy is more effective. This pattern helps to explain why herbivory
induces much greater delays in some forests thanin others (Fig. 2b).

antagonists (Supplementary Methods 3). The observation that trees
from outbreak sites with delayed budburst experienced reduced her-
bivory challenges the common assumption that severe herbivore out-
breaks overwhelm tree defences® ***'—ascenario in which even trees
that delay budburst would be expected to suffer severe defoliation
under extreme herbivore densities”"*. A likely explanation for the
persistence of this pattern under outbreak conditions is that spongy
moth populations are particular in that they often decline rapidly asa
result of pathogen epizootics after reaching their peak”**, narrowing
the window of intense feeding pressure. Trees that delay budburst
may therefore avoid the most damaging window of this type of her-
bivore activity. This mechanism would also explain why some forest
sites with very high egg-mass densities, predicting near-complete
canopy loss, actually experience low levels of defoliation in that year.
Together, these findings suggest that phenological asynchrony remains
an ecologically effective defence strategy, even during large-scale
insect outbreaks.

Adaptive coupling of delay and defence
Herbivory-driven budburst delay could be proximately explained
by physiological constraints such as resource depletion***** and

hormonal regulation®**, but these proximate explanations do not
preclude the possibility that a physiologically induced delay is also
an adaptive plastic response ultimately shaped by natural selec-
tion retaining more plastic genotypes within populations. Direct
experimental tests of adaptation would require long-term, whole-tree
manipulations of herbivory until fitness differences translate into
changes of allele frequencies among descendants. This is infeasible.
Instead, we asked whether the strongest herbivory-driven budburst
delays occur in forests where such delays yield the greatest reduc-
tion in herbivory and, thus, the greatest potential fitness advan-
tage. To test this, we used the explained variance (adjusted R?) of
the previously described site-year specific analyses, regressing the
strength of herbivory-driven budburst delay against the strength of
herbivory reduction by budburst delay. Across 240 site-year cases,
these two metrics were positively correlated (d.f. =235, t =16.769,
P <0.001; Fig. 3a), supporting hypothesis 5. When we repeated
the analysis using slopes, an alternative measure of relationship
strength, we again found a strong correlation (d.f. = 235, t = -14.219,
P<0.001; Fig. 3b). Note that, as expected, the slopes are opposite
in sign: trees exhibiting the greatest budburst delay in response to
prior herbivory (negative slopes) occurred in forests where delayed
budburst most effectively reduced subsequent herbivory (positive
slopes). These site-level patterns of adjusted R? remained robust
(inevery case P<0.001, ¢t = 4.513-11.951) even after controlling for
potential effects of tree growth, herbivore regulation by parasitoids
orviruses, or abiotic conditions (as inferred from indicator values of
herbaceous vegetation; Supplementary Methods 3). Furthermore,
the analyses had a higher adjusted R? (0.548) when none of these
confounding factors was included than when one of the possible
confounders was accounted for (0.347 to 0.480). Therefore, the
delay of budburst with herbivory across dozens of tree populations
suggests that budburst delay is not only a physiological response by
individual trees to prior-year herbivory, or of natural enemies, but
anadaptation selected inthose tree populations where such adelay
increases fitness most®>?¢4>36%7,

Overall, inforest sites where herbivore emergenceis tightly timed
to coincide with early budburst, even a modest delay can substan-
tially reduce damage and we may speculate that this increases tree
performance, especially in young trees. The resulting population of
adult trees would show a high proportion of ‘budburst-delayers’ and
a strong relationship between prior herbivory and budburst timing.
Trees appear to choose to adjust their phenology on the basis of recent
herbivory, hence balancing®*~*° the benefits of herbivore escape against
the possible costs associated with a shortened growing season***%,
Because such costs may reduce competitive dominance, trees often
avoid delaying budburst to mitigate these effects. Taken together,
these findings are consistent with a scenario of budburst delay as a
case of adaptive plasticity that evolved under natural selection due to
herbivore pressure.

Possible implications

The dynamic nature of budburst phenology revealed here may help to
stabilize tree populations by mitigating recurrent herbivore damage
and promoting demographicresilience, while also shaping herbivore
community dynamics in forest ecosystems*>®°, In forests where rela-
tivebudburst timing is fixed, early-bursting trees would consistently
face higher herbivory, reducing their fitness, depleting early-bursting
genotypes and eroding phenological diversity within populations.
Phenological mosaics (as seen in Fig. 1b and Supplementary Video 1)
disrupt this asymmetry by introducing a delayed negative feedback:
trees that are heavily defoliated in one year tend to postpone bud-
burst the next year, thereby escaping peak herbivore pressure. This
redistribution of herbivory acrossindividuals and years could buffer
extreme outcomes, prevent localized perennial overexploitation
and maintain within-population variation in phenology between
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currently delayed and non-delayed plastic trees and between plastic
and non-plastictrees. Although this strategy primarily benefits trees,
itmay also sustain herbivore diversity by making host phenologies less
predictable’®®, Delayed budburst can disadvantage herbivores that
are tightly synchronized with predictable host timing""?***2, while
opening temporal niches for generalist species that are less reliant on
synchronous egg hatching®-*. Such spatiotemporal heterogeneity
in resource availability arising from phenological mosaics of trees
could weaken competitive exclusionamong herbivores and promote
coexistence®**>%, Importantly, because these budburst delays are
transient and contingent on prior-year herbivory, they offer little
opportunity for herbivores to adaptively shift their own phenology.
Moreover, herbivore developmental timing is strongly constrained
by climatic cues, which, under ongoing warming, generally favour
earlier rather than later emergence. As aresult, the intermittent and
reversible budburst delays documented here are unlikely to drive
long-term adaptive shifts in herbivore phenology.

Beyond these community-level consequences, our results also
point to a mechanism for delayed density dependence in herbivore
populations. For decades, population cycles in forest Lepidoptera
have been attributed to delayed density-dependent effects mediated
by natural antagonists®*®* (for example, parasitoids and viruses) or,
more hypothetically, by induced plant chemical defences®**, However,
directevidence for the latter has been limited. Our analyses show that
budburst-mediated reductions of herbivory are both consistent and,
instrength, exceed those attributable to natural antagonists (Supple-
mentary Methods 3). This suggests that delayed responses in tree
phenology following herbivory canact as a population-level negative
feedback mechanism. By reducing herbivore success with aone-year
lag, budburst delay may generate the ‘second-order’ dynamics®
long recognized as being central to herbivore population oscilla-
tions. These results demonstrate a phenology-driven pathway to
delayed density dependence, offering a realistic alternative or com-
plement to the classical mechanisms based on natural antagonists
and chemical defences.

Conclusions and outlook

Our findings demonstrate that herbivory-induced delays in budburst
constitute awidespread and effective defence strategy, even during
extreme outbreaks of herbivores. Moreover, our results suggest that
herbivory-induced phenological mosaics enhance forest resilience
by dynamically redistributing herbivore pressure across tree indi-
viduals and years. Although our study is geographically focused on
oak-dominated forestsin southern Germany, the ecological dynamics
underpinning this mechanism, such as seasonally timed herbivore
pressure, host-specific interactions and intraspecific phenological
variation are common across temperate deciduous forests globally.
Assuch, we anticipate that similar time-based escape strategies may
operate in other systems with tightly coupled phenological rela-
tionships. Moreover, our study opens several directions for future
research. Our consistently observed patterns across forest sites, years
and outbreak conditions point to a functional link between delayed
budburst and reduced herbivore damage. To isolate the role of bud-
burst timing from other traits, future studies should adopt manipu-
lative experimentation, such as modulating the phenology of trees
or excluding herbivores. However, such experiments will inevitably
have tobe carried out at asmaller scale and would need to ensure that
herbivore populations are synchronized with their host tree individu-
als before experimentation. Finally, our study highlights that trees
are experiencing opposing selection pressures from climate warming
and herbivory, which may place them at risk of being caught in an
evolutionary trap. Hence, we suggest that it is only possible to fully
understand tree response to abiotic changes—such as why budburst
phenology often lags behind climate warming—by also considering
bioticinteractions.

Methods

Study site, herbivore outbreak and manipulation of
herbivore load

The study was conducted across 60 forest sites in Franconia, Bavaria,
Germany (200-500 m a.s.l., centred at 49° 37’ N, 10° 24’ E, spanning
over alandscape of 2,400 km? as shown in Extended Data Fig. 1). Each
forestsite covered anaverage areaof 4.6 ha (s.d. +2.1) and experienced a
temperate climate, with mean annual temperatures ranging from 7.5 °C
t0 9.0 °C and annual precipitation between 600 mm and 1,000 mm.
The forests are dominated by Quercus robur and Quercus petraea,
which have periodically undergone L. disparoutbreaks since the early
1990s*. During our study period (2017-2021), 2019 was identified
as an outbreak year, on the basis of the defoliation risk index (DRI),
calculated from mean L. dispar egg-mass densities at forest sites com-
pared with critical egg-mass density thresholds (detailsinrefs. 27,37).
Although some forest localities experienced high DRI levels due to
outbreak conditions as predicted for 2019, others remained at back-
ground DRI levels; giving us two defoliation risk levels—high (H) and
low (L). Within each defoliation risk level, half the forest localities
were randomly selected for herbivore-load reduction by spray-
ing insecticide (I): tebufenozide aerially sprayed between 3 and
23 May 2019, while the other halfremained unsprayed as a control (C).
This 2 x 2 factorial design resulted in four treatment combinations:
HC, HI, LC and LI. HC sites experienced elevated herbivory than all
other sites (Extended Data Fig. 3); therefore we classified HC sites as
outbreak-affected and remaining sites as non-affected.

Remote sensing of budburst phenology and herbivory impact
Tomonitor budburst phenology and herbivory, we followed the meth-
ods of ref. 37, in applying Sentinel-1 satellite data (10 x 10 m? spatial
resolution per pixel which represents the size of average trees crows) to
quantify the dynamics of insect herbivory in high temporal resolution.
Data of Sentinel-1C-band synthetic aperture radar were acquired from
ESA Scientific Hub for March-September of 2017-2021, using all availa-
blelevel-1ground-range-detected high-resolution products. These10-m
pixel dual-polarization (VV and VH) datawere preprocessed using ESA
SNAP (Sentinel Application Platform) v.7.0 with the Sentinel-1 Toolbox,
including precise orbit correction, thermal noise removal, radiometric
calibration to 8°, radiometric terrain flattening and range-Doppler ter-
rain correction to convert 8° to )°. The log-transformed y° time series
were smoothed using a Gaussian filter implemented in the smoother
packageinRv.4.2.1, withraster data processing and interpolation han-
dledusing the raster and zoo packages, to produce single-day smoothed
series per pixel and polarization. These per-pixel single-day y° values for
VVand VH were used to characterize forest canopy status. The canopy
development index (CDI =)°,, - °,,,) was then computed because
differences between VV and VH temporal profiles effectively identify
deciduous forest phenology®®. To reduce confounding influences such
as species composition or soil conditions, the normalized CDI (NCDI)
was obtained by dividing the CDI time series of each pixel by its mini-
mum leaf-off CDIvalue”. The temporal trajectory of the NCDIrepresents
the amount of foliage present in the canopy over time, allowing us to
identify key phenological transitions (Extended Data Fig. 2). Five major
phenological transitions were conceptualized from NCDI time series
spanning the tree-growing season. Step A marks the onset of budburst
and canopy herbivory, step Bthe midpoint of budburst, step Cthefirst
peak of leafing (greening), step D the end of canopy herbivory and step
Ethe end of the growing season (Extended Data Fig. 2; ref. 37).

By analysing the temporal trajectory of NCDI, we derived two
key metricsrelated to budburst phenology and herbivoreimpact: the
budburstindex (equation (1)) and the herbivory index (equation (2)).
Thebudburstindex represents the NCDI value at the midpoint of leaf
flushing, marked by step B. Because the timing of the phenological win-
dow varied among years (Extended DataFig. 2), we conducted analyses
based onrelative budburst measures. Specifically, within each year, the
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minimumbudburstindex wasrescaled to zero by subtracting the lowest
NCDI value at step B from all individual pixel values in that year. This
procedureyields arelative budburst ranking (for simplicity, we retain
thetermbudburstindex), in which higher valuesindicate earlier bud-
burstrelative to the latest tree within a given year. This normalization
enables direct comparisons across years. We calculated the herbivory
index thatis the extent of defoliation caused by herbivory as the differ-
enceinNCDIvalues between steps Cand D (Extended Data Fig. 2). Using
theseindices, we further assessedinterannual changesinbudburst phe-
nology (equation (3)) and changesin herbivory impact (equation (4)).
Changes in budburst phenology were determined by subtracting the
budburstindex of the previous year from the value for each pixel of the
current year, with positive values indicating an advancement in bud-
burst timing. Similarly, changesin herbivoryimpact were obtained by
subtracting the herbivoryindex of the current year from the previous
years, where positive values signify anincrease in defoliation compared
with the prior year (y below).

Budburstindex = NCDlyepp @
Herbivory index = NCDlepc — NCDlgtepp (¥)]

Changes in budburst = Budburstindexy — Budburstindex,-, (3)

=n+1

Changes in herbivory = Herbivoryindexy= - Herbivoryindexy=n+l 4)

n

Satellite-derived measurements of budburst phenology and
herbivory offer broad spatial and temporal coverage but inevitably
involve estimation and added noise compared with direct field obser-
vations. Others® developed both 12-day composite and single-day
smoothed NCDItime series and the single-day measures derived from
several stages of the temporal trajectory were validated against optical
(Sentinel-2) and terrestrial laser scanning data (Fig. 2 of ref. 37), sup-
porting confidence in our single-day budburst index. In that study”,
Sentinel-2 data were aggregated at the forest site scale (4.6 ha), while
terrestrial laser scanning data were aggregated over 0.5 ha at site cen-
tres. Moreover, our herbivory index was validated at the level of forest
sites (4.6 ha), using intensive caterpillar sampling from canopy fogging
(Fig. 3 and Supplementary Fig. 7 of ref. 37). In the present study, we
added a finer, pixel-level evaluation, again confirming the reliability
of the herbivory index. For this purpose, we studied pixels from the
outbreak year (2019) that had high herbivore densities as inferred
from high numbers of egg masses measured in the field. We tested
whether, independent of site identity, the pixels that were treated by
aerial insecticide application had lower herbivory index values than
pixels that had not been treated. We confirmed that this was the case
(Extended DataFig. 3; linear mixed-effects model z=18.422, P< 0.001).
Furthermore, inthe preceding years when noinsecticide was applied,
the same two groups of pixels did not differ (z=-0.336 and -0.486,
both P=1). Note that Sentinel-1is cloud independent, little prone to
saturation contrary toboth Sentinel-2 and Planetscope and corrected
for effects of canopy structure, background reflectance and atmos-
pheric conditions®®’. Nonetheless, it may still contain errors that
are not systematic biases capable of generating patterns, but rather
random noise that can obscure true patterns. Despite this noise, the
emergence of patterns consistent with ecological hypotheses strength-
ensour confidencein their relevance.

Statistical analyses

To test whether herbivore attacks lead to budburst delay (question1),
we fitted GAMs optimized for large datasets using the bam function
in the mgcv package®® in R v.4.5.1%. Across 60 sites and 5 years, we
modelled year-to-year ‘changes in budburst’ (defined as changes in
the budburst rank of an individual pixel relative to other pixels) as a

function of prior-year ‘herbivory index’. Spatiotemporal variation
was accounted for by including longitude and latitude as penalized
regression spline smoothers and study year and experimental block
(Extended DataFig.1) asrandom-effect smoothers. To test robustness
and consistency across sites, we also fitted site-year-specific models
and conducted a sign test on resulting slopes. To assess whether the
relationship persisted during outbreak-level herbivory, we extended
the model to focus on 2019 (outbreak year), testing whether her-
bivory indices of 2019 predicted changes in budburst between 2019
and 2020 and included an outbreak factor (outbreak-affected versus
non-affected sites) and its interaction with herbivory indices of 2019.

Similarly, to test whether budburst delay reduces herbivory (ques-
tion2), we again used GAMs. Here ‘changesin herbivory’ were modelled
as a function of changes in budburst. Spatiotemporal variation was
controlled as above and robustness and consistency were assessed
using site-year-specific models and a sign test. To evaluate outbreak
effects, we focused on 2018-2019 transitions, including an outbreak
factor (high or low DRI) and its interaction with ‘changes in budburst’.

Finally, to test whether budburst delay was stronger in forest sites
where it more effectively reduced herbivory (question 3), we regressed
the explained variance (adjusted R?) of site-year-specific models for
question 1against those for question 2, with study year as a covariate
and forest site as arandom factor.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data are available via Zenodo at https://doi.org/10.5281/zenodo.
17285429 (ref. 70). Source data are provided with this paper.

Code availability
The code is available via Zenodo at https://doi.org/10.5281/zenodo.
17285429 (ref. 70).
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Extended Data Fig.1| Map of the study area. The map shows 60 forest sites details) comprised high defoliation risk unsprayed control sites (HC), high
distributed across 12 experimental blocks. Experimental blocks are indicated defoliation risk insecticide-treated sites (HI), low defoliation risk unsprayed
by ellipses labelled with capital letters (A, B,D,F, G, H,J,M,N, O, S, T). Within controlsites (LC), and low defoliation risk insecticide-treated sites (LI). In
eachblock, aminimum of four sites were established, differing in experimental addition, blocks B, D, and F contain extra HC sites, here denoted as H2C.

herbivory treatments. The four treatment combinations (see Methods for
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Extended Data Fig. 2| Exemplary illustration of the use of the normalized inthe x-axis are representative for the years 2017 and 2019, and the growing
canopy development index (NCDI) as ameasure of budburst phenology and season was relatively earlyin 2018 and 2020 and relatively late in 2021. To account
herbivory impact. The diagram is adapted from Bae et al.”, and represents the for such interannual variations, analyses were conducted with relative measures
temporal trajectory of NCDI values at single-day level. Note that the DOY values of budburst timing (see Methods for details).
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Extended Data Fig. 3| Distribution of herbivory index across years and was quantified for each pixel from satellite data. During the outbreak year 2019,
treatment conditions. The four treatment combinations (see Methods for herbivory was only elevated in HC sites (that is, sites with high egg mass densities
details) comprised high defoliation risk unsprayed control sites (HC), high but not treated with insecticides). Despite the generally higher population
defoliationrisk insecticide-treated sites (HI), low defoliation risk unsprayed levelsin HC sites in 2019 (the outbreak year), there was substantial variationin

controlsites (LC), and low defoliation risk insecticide-treated sites (LI). Herbivory ~ herbivory amongtrees.
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Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|X| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

OOX OO0 00 XO 01 ol

|X| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Microsoft® Excel for Mac Version 16.102.3
Sentinel-1 Toolbox of Sentinel Application Platform (SNAP) Version 7.0

Data analysis R Version 4.5.1and 4.2.1
RStudio Version 2025.09.1+401

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The data are publicly available on Zenodo: https://doi.org/10.5281/zenodo.17285429
The R code is publicly available on Zenodo: https://doi.org/10.5281/zenodo.17285429
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Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Use the terms sex (biological attribute) and gender (shaped by social and cultural circumstances) carefully in order to avoid
confusing both terms. Indicate if findings apply to only one sex or gender; describe whether sex and gender were considered in
study design; whether sex and/or gender was determined based on self-reporting or assigned and methods used.

Provide in the source data disaggregated sex and gender data, where this information has been collected, and if consent has
been obtained for sharing of individual-level data; provide overall numbers in this Reporting Summary. Please state if this
information has not been collected.

Report sex- and gender-based analyses where performed, justify reasons for lack of sex- and gender-based analysis.

Reporting on race, ethnicity, or | Please specify the socially constructed or socially relevant categorization variable(s) used in your manuscript and explain why
other socially relevant they were used. Please note that such variables should not be used as proxies for other socially constructed/relevant variables
groupings (for example, race or ethnicity should not be used as a proxy for socioeconomic status).
Provide clear definitions of the relevant terms used, how they were provided (by the participants/respondents, the
researchers, or third parties), and the method(s) used to classify people into the different categories (e.g. self-report, census or
administrative data, social media data, etc.)
Please provide details about how you controlled for confounding variables in your analyses.
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Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study
design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|:| Life sciences |:| Behavioural & social sciences |X| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description Monitoring the budburst phenology and leaf herbivory of 27,500 satellite-detected pixels (each approximately corresponding to an
individual tree crown) across 60 forest sites and for 5 years.

Research sample 10 x 10 m pixels, each primarily corresponding to an individual tree crown.
Sampling strategy High-resolution satellite radar data.
Data collection Soyeon Bae obtained Sentinel-1 C-band SAR data covering our study area from the ESA Scientific Hub (https://

scihub.copernicus.eu/). All available level-1 groundrange-detected high-resolution (GRDH) products acquired by the interferometric
wide-swath mode were selected, including from both ascending (relative orbits of 117 and 15) and descending (relative orbits of 168
and 66) satellite passes. These were pre-processed using the Sentinel Application Platforms (SNAP) Sentinel-1 Toolbox software and
then Normalized Canopy Development Indices were calculated (full details in DOI: 10.1111/2041-210X.13726). These indices were
used to calculate budburst phenology and leaf herbivory as described in the Methods.

Timing and spatial scale  Timing: from 2017 to 2021 (March to September every year)
Spatial scale: 60 forest sites spanning over 2400 km? in Franconia, Bavaria, Germany (as shown in Extended Data Fig. 1).

Data exclusions No data were excluded from the study.

Reproducibility The conclusions are drawn from patterns observed over 5 years and across 27,500 trees spreading over 60 forest sites spanning
approximately 2400 km?2.

Randomization No randomization is required as we monitored ALL the 'trees' (i.e. satellite-detected pixels) from our 60 forest sites.

Blinding No blinding is required as we monitored ALL the 'trees' (i.e. satellite-detected pixels) from our 60 forest sites.




Did the study involve field work? X ves []No

Field work, collection and transport

Field conditions The study area has a temperate climate, with mean annual temperatures ranging from 7.5°C to 9.0°C and annual precipitation
between 600 mm and 1000 mm.

Location 60 forest sites spanning over 2400 km? in Franconia, Bavaria, Germany (200-500 m a.s.l., centered at N 49°37', E 10°24', as shown in
Extended Data Fig. 1).

Access & import/export  The fieldwork did not involve import/export of samples. In 2019, the outbreak year, we arialy applied insecticide in half of the forest
sites (as described in the Methods).

Disturbance No disturbance caused.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies |:| ChIP-seq
Eukaryotic cell lines |:| Flow cytometry

Palaeontology and archaeology g |:| MRI-based neuroimaging
Animals and other organisms
Clinical data

Dual use research of concern
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Plants

Plants

Seed stocks No seed stock used. We monitored trees in forests using satellite remote sensing.

Novel plant genotypes  No plant genotype information is available. We monitored trees in forests using satellite remote sensing.

Authentication Authentication not required as no seed stock was used.
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