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ABSTRACT
In 2023, more than half of olive harvests (Olea europaea) across Spain, Greece, and Türkiye were lost to drought. The same year 
late freeze destroyed 90% of the peach crop (Prunus persica) on the Georgia Piedmont and the apple crop (Malus domestica) in 
central New York, Vermont, and southern Quebec. Climate extremes now rank with the costliest threats to agriculture, but 
their role in forest recovery from diebacks that are happening globally is unknown for lack of tree fecundity estimates in for-
ests. Tolerance of climate extremes could depend on past exposure but constrained by phylogenetic conservatism. We report a 
continental scale analysis of climate extremes and forest fecundity across North America and Europe showing that responses 
to late freeze and drought are happening now. Species differences are not explained by the traits typically included in ecological 
studies and they are weakly associated with phylogeny. Late freeze, that is, freezing temperatures that follow the onset of flower 
development in spring, is shown to be “normal” in North America, but not Europe, potentially explaining failed seed production 
due to delayed onset and the resultant shorter growing period by North American transplants dating back at least to the 18th 
century. Drought has thus far had the greatest impacts in dry forested regions, but here too, species differences are not explained 
by traditional trait values. If responses have been buffered from drought and late freeze by past exposure, acclimation and local 
adaptation prove inadequate as extremes intensify.

© 2026 John Wiley & Sons Ltd.
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Why [do] North American plants carried to Europe … 
flower so late and do not produce ripe fruit before the 
frost overtakes them… Pietr Kalm  (1770) Travels into 
North America (Kalm 1770).

1   |   Introduction

As large-scale diebacks focus the attention of conservationists 
on forest regeneration (Curtis et  al.  2018; Guldin  2018; Holl 
and Brancalion 2020), the implications of failed seed produc-
tion are substantial—unlike agriculture, forest recovery is 
not mitigated by irrigation or replacement cultivars that come 
available through selective breeding (Pechan et  al.  2023). 
[More than 90% of forest regeneration depends on native seed 
production rather than vegetative regrowth, seed addition, or 
transplants (Clark et al. 2016; FAO 2020)]. All evidence sug-
gests that natural forests should be experiencing reproductive 
failures like those in agriculture. Similar climates that support 
temperate mixed forests on both sides of the Atlantic provide 
an opportunity to examine late freeze in different contexts. 
Kalm's unanswered 18th-century query highlights a continu-
ing lack of understanding, while suggesting that continental 
comparisons might shed light on not only worsening drought, 
but also late freeze.

Quantifying the impact of late freeze requires an index that 
captures the three-way interaction between timing, duration, 
and depth of freeze events. [Depth of freeze refers to degrees 

below zero; this is important because previous indices mon-
itor only if subzero temperatures occur, but not their extent]. 
With advancing spring phenology, freeze damage has become 
the leading weather risk for orchard practice, and it is im-
pacting forests (Guillaume et  al.  2018; Hänninen  2006). As 
highlighted by 2023 losses (Lutz and Kann 2023; Ministerio 
de Agricultura 2024; Paddison 2023; Soguel 2023; Soylu 2023; 
Staff 2023) impacts can accumulate from the time of bud ex-
pansion to flowering and early fruit development (Figure 1). 
Ice and freeze tolerance (supercooling) vary between spe-
cies, genotypes, and even branches of the same tree (Charrier 
et al. 2011; Schmitz et al. 2015; Wisniewski et al. 2018). Winter 
dormancy protects sensitive tissues until a chilling require-
ment is satisfied, usually measured as hours or days within a 
low temperature interval (Vitasse et al. 2014). Finding climate 
indices to quantify freeze effects has been difficult because 
the time when chilling stops and heating starts is not observ-
able in the field (Clark et al. 2014; Hänninen 2006; Luedeling 
et al. 2013). Timing is important because the later freeze oc-
curs, the greater the damage. For many species in temperate 
regions, spring budburst follows an accumulation of chilling 
days. This chilling delay (CD) is an avoidance mechanism. 
After a threshold is reached, heating degree days begin to 
accumulate. A species with a large CD value of 50 days (on 
the scale used here) is buffered from all but the latest freeze 
events. Conversely, a species with a low CD value of 10 days 
experiences early freeze events potentially at a vulnerable 
time. The effects of freezing temperatures that occur after a 
species-specific CD are amplified by the heating degree days 

FIGURE 1    |    Structural adaptation to drought and seasonal attrition. The exaggerated Q. ithaburensis cupule (top left) limits moisture loss by 
scattering radiation; contrast the moisture-demanding Q. nigra (top right). Lower panels show species that develop in one (section Quercus) and two 
(section Lobatae) years on 5 May 2024, in Durham NC. Following 2 weeks without rain in June, nearly all Q. alba and many Q. rubra aborted. Aborted 
fruits that have not yet abscised are shown at lower right with a still-viable fruit. [photos JSC].
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that have accumulated to that date and the depth and dura-
tion of the freeze event—short exposures cause less damage 
than long ones (Charrier et al. 2021, 2015). Chilling require-
ments reported from orchard practice, including extension 
services and trade publications, are specific to a location and 
species (or cultivar; Fernandez et al. 2022) and, thus, are hard 
to generalize (Drepper et  al.  2022). Many ecological studies 
focus on phenology of leaves, often using simulation (Chuine 
and Régnière  2017; Hufkens et  al.  2012). However, we are 
unaware of direct estimates from forest fecundity data. Site- 
and species-specific studies are hard to extrapolate due to 
heterogeneous data and methods (Clark et al. 2019; Drepper 
et  al.  2022), and there is limited calibration to known crop 
losses (Kaukoranta et al. 2010; Zohner et al. 2020).

If tolerance of extreme weather depends on past exposure, 
through local adaptation and/or acclimation, then Kalm's 
puzzlement at delayed fruit development in North American 
transplants is relevant for the contemporary rise in extreme cli-
mates. Commissioned at the behest of mentor Carl Linnaeus, 
and a colleague of North American botanist William Bartram 
(Bartram  1791), Kalm was informed by the extensive species 
transplants of the 18th century (Kalm  1770). Severe winters 
could not explain why transplants to Europe fail to develop fruit 
in time; northeastern North American winters were already 
known to be as long and colder than the European planting sites 
(Kalm  1770). If delayed development protects freeze-sensitive 
flowers in North America, then we expect to find differences be-
tween the two continents in climate variables like temperature 
or degree-days.

As with late freeze events, commercial practice offers limited 
insight on the effects of worsening drought. Seed production 
in forests does not benefit from expanding irrigation and crop 
replacements (Brito et al. 2019; Pechan et al. 2023). The associ-
ations between tree fecundity and drought in forests have been 
estimated for few species, each at one to a few sites (Bogdziewicz 
et  al.  2020; Le Roncé et  al.  2021). Drawdown in growing sea-
son moisture can cause premature bud abscission and abortion 
of developing fruit (Espelta et  al.  2008; Gucci et  al.  2009; Liu 
et al. 2013). Although extremes can happen quickly, effects can 
lag. The extended memory of drought is held not only in soil 
moisture deficits that linger from one season to the next, but 
also in tree condition. Fruits of some genera (e.g., Acer, Morus, 
Ulmus, and some Prunus) mature before soils dry in summer. 
For these early developers growing season moisture deficits may 
affect reserves for next year's crop rather than the current one 
(Figure 1). Lag effects may be inevitable for species that require 
two or more years to develop, including many Pinaceae and 
Lobatae (red) oaks (Figure 1). Late-developers that fully exploit 
the growing season for the current year's crop, including many 
moisture-laden fleshy fruits (Asimina, Cornus, Diospyros, Nyssa, 
Olea, Rosaceae) and nuts (Corylus, Fagaceae, Juglandaceae), 
suffer attrition during extended summer moisture deficits 
(Stephenson 1981). For forests, the conflicting interpretations of 
climate effects from site- and species-specific studies are unsur-
prising considering the huge variation between individual trees 
(Clark et al. 2004; Greenberg 2000), including within even-aged 
monocultures of half siblings (LaDeau and Clark 2006), and the 
emerging evidence that local adaptation in trees is widespread 

and occurs fast (Alberto et al. 2013; Hanlon et al. 2019; Scotti 
et al. 2023; Skrøppa et al. 2010).

To evaluate the impacts of climate extremes, this analysis pro-
vides synthetic coverage across species and habitats on two con-
tinents and a new approach to late freeze that accommodates 
the three-way interaction between timing, duration, and depth 
of freeze, translated into the familiar scale of degree days. The 
Masting Inference and Forecasting (MASTIF) network inte-
grates data that can be referenced to seed production by each 
tree-year. Allowing for the dependence between trees and 
within trees over time, the analysis provides full uncertainty 
on seed production that can be propagated to continental seed 
production as predictive distributions (Clark et al. 2021, 2019). 
We quantified the impacts of extreme moisture deficit (MDEF) 
and late-freeze degree days (LFDD) on tree fecundity, and we 
transferred individual responses to biogeographic effects. The 
fecundity response to extremes is estimated here using a dy-
namic model that admits combined effects on individuals from 
a wide habitat range.

We implemented a three-step calibration/prediction approach 
to integrate extreme climate with habitat, species, and tree con-
dition (species, diameter, shade class), and we projected those 
responses across continents: (A) fecundity data synthesis across 
North America and Europe, (B) fitting annual seed production 
to individual condition (size, shading by neighbors) and habitat, 
including climate norms and anomalies, soils, topography, and 
region- and species-specific year effects (e.g., masting variation 
that is not directly tied to climate anomalies; Clark et al. 2019), 
and (C) projection of the fitted model across harmonized na-
tional forest inventories. To evaluate the role of past exposure, 
MDEF and LFDD are included in the analysis both as the norm 
for a tree's location and as annual departures from that norm 
(anomalies).

2   |   Methods

Analysis includes three elements, (A) data synthesis, (B) fe-
cundity modeling, and (C) biogeographic prediction (Figure 2). 
Methods are detailed in an extended Supplement to (Clark 
et al. 2019). Data are of two types, seed traps (ST) from mapped 
inventory plots and crop counts (CC) on trees from both in-
ventory plots and individual trees. These two data types are 
included because both can be referenced to seed production 
by an individual tree each year (many mast studies use indices 
that cannot be referenced to a tree-year). Tree-year reference 
is required because fecundity varies by orders of magnitude 
between trees and within the same tree over years. CC obser-
vations record the number of fruiting structures along with an 
estimate of the crop fraction that is observed. Crop counts that 
are obtained on the same trees year after year constitute a time 
series in the model. These observations contribute to estimates 
of year effects and individual effects (Clark et al.  2019) in the 
model. For opportunistic CC data, which have no individual or 
year effect, this variation is marginalized into the residual error. 
Seed traps are observed on inventory plots with mapped trees 
and traps. Each tree represents a time series linked to seed trap 
observations by a data model that includes seed dispersal and 
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species misidentification. The details for observation error are 
part of the full model description in the Supplement to (Clark 
et al. 2019).

The species included in the analysis are those for which there 
is data coverage sufficient to obtain estimates. The temporal 
and geographic coverage of observations is reviewed in (Clark 
et al. 2021; Journé et al. 2022; Qiu et al. 2022) and summarized 
in Figures 3 and S2. Table S1 lists for each predictor the number 
of species retained in the fitted model and those that were ex-
cluded due to insufficient data distribution.

2.1   |   Fecundity Analysis

Annual fecundity of every tree was estimated with a Bayesian 
hierarchical state-space model to produce species-level coeffi-
cients for the main effects and interactions between variables. 
To summarize the model detailed in (Clark et  al.  2019), the 
data model for ST data describes Poisson counts in traps con-
ditional on dispersal from each tree. The continuous dispersal 
kernel is estimated with individual fecundity and uncertainty 

in species identification of fruits in traps. The data model for 
CC data is beta-binomial for true seeds given counted seeds and 
crop fraction. The maturation status (mature or not) depends 
on tree diameter, also estimated for each species. Conditional 
on maturation, each species has fitted coefficients for main ef-
fects of predictors (including norms and anomalies for MDEF 
and LFDD), interactions, and year effects (Clark et al. 2019). For 
each species, the conditional fecundity model for tree i at loca-
tion j (within eco-region r) in year t is

where xij,t is the design vector holding main effects and inter-
actions, � is the corresponding vector of fitted coefficients �x, 
where x is the name or index of a predictor, �r,t is the year ef-
fect for region r, �i is the random individual effects, and �ij,t is 
random error. There are two sources of zeros in fecundity, i) 
the tree is immature, or ii) conditional fecundity of a mature 
tree  is lower than the number of seeds held in a single fruit-
ing structure. Eco-regions are used for this quasi-synchronous 
masting because they approximate the spatial scales described 
for masting phenomena in the literature. The year effect takes 
up synchronous variation between trees of an ecoregion that 
are not explained by interannual climate anomalies (Clark 
et  al.  2019). We use eco-regions defined by WWF to include 
quasi-distinct biota, climates, and soils. There are 180 and 55 
ecoregions in North America and Europe, respectively (Olson 
et al. 2001).

2.1.1   |   Sensitivity Coefficients

Log fecundity is used in Equation (1) due to large variation in 
seed production between species, individuals, and years. True 
fecundity is a latent variable in the model with two sources of 
zeros, (1) a tree is not mature, or (2) conditional fecundity is below 
the minimum number of seeds contained in a single fruiting 
structure (Clark et al. 2019). Fitted coefficients �x = d log(f )∕dx 
in Figures 4a, S4, and Appendix S1 are in units of log fecundity 
mass per unit x, where x is a predictor variable. This is a propor-
tionate response, the numerator being

 df indicates the differential. For example, a coefficient value of 
�MDEF = − 0.01 (vertical axis in Figure 4a) indicates a 1% decline 
for a mm increase in annual mean monthly deficit.

Predictor variables were selected to have known importance 
for tree condition and to be globally available at all sites over the 
years spanned by data sets (since the 1950s), including lagged 
effects and year effects. Moisture deficit is an interaction be-
tween temperature T and precipitation P, which combine to 
give potential evapotranspiration PET. Predictors include tree 
size, shading by neighbors, temperature norms (linear and 
quadratic terms), moisture deficit (normed monthly PET—P 
and annual anomalies, see below), late freeze (norms and 
annual anomalies), slope, aspect [slope × sin(aspect), slope × 
cos(aspect)], topographic position, isolation from conspecifics 

(1)log fij[r],t = x�ij,t� + � r,t + �i + �ij,t

lim
df→ 0

[

d log(f )
]

→

df

f

FIGURE 2    |    Hypothesized climate-extreme impacts recognize fun-
damental differences between an abiotic stress (late freeze) and re-
source deprivation, like moisture. An exposure → tolerance model 
describes adaptation (including acclimation) to abiotic extremes with 
increased exposure; negative impacts are severe where past exposure 
has been limited. Conversely, an exposure → reaction model recognizes 
impacts that are potentially positive or negative. For a limiting resource 
(e.g., moisture) minimal effect of anomalies is expected for species from 
environments where that resource is not limiting. Where limitation is 
frequent, losses during extremes could be minimized by dynamic cut-
backs in demand, such as crop-size reduction through abortion while 
fruits are still small. Because moisture extremes affect allocation, ex-
tremes could reduce growth and/or defense, while tradeoffs with fecun-
dity (Berdanier and Clark 2016) produces a range of responses.
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(in the event of pollen limitation), and pH (Supplement table). 
Field measurements include tree diameter and the 5-point 
shading index of the NEON/Forest Inventory and Analysis 
(FIA) programs. Soil pH and cation exchange, an index of fer-
tility, are estimated for the upper 30 cm at 250 m resolution 
(ISRIC 2024). Terrain variables (elevation, slope, aspect, posi-
tion on slope) are 30 m resolution (Farr et al. 2007).

Bayesian analysis combines data with prior knowledge. Prior 
distributions for predictor variables were flat or truncated at 
zero. Zero-truncated flat priors have the advantage that they 
incorporate the known sign of an effect (positive or negative) 
while leaving the shape of the posterior distribution otherwise 
dependent on the likelihood (Clark et al. 2013). Predictors with 
known sign include positive linear and negative quadratic terms 
for diameter and temperature (they are convex functions). The 
prior distribution for MDEF is flat, allowing that fecundity may 
either decrease or increase in dry years. Both outcomes are pos-
sible due to potentially many interactions and lag effects that 
apply to a resource (water) that affects carbon and nutrient ac-
quisition and storage. The prior distribution for LFDD is nega-
tive because prior knowledge does not include a path for freeze 
losses to result in more seed in the same crop. LFDD sensitivity 
can be arbitrarily close to zero, but not positive.

Variable selection was done with the deviance information 
criteria (DIC). Predictors were initially screened for each spe-
cies to include only those with sufficient coverage, gauged by 
variable range and standard deviation and variance inflation 
(Table  S1). Quadratic terms were only admitted for predictors 
that were also included as linear effects. The exception is aspect, 
which only exists as an interaction with slope; there is no main 
effect of aspect (Table S1). Variance inflation factors (VIF) were 
evaluated for all variables with sufficient coverage for a spe-
cies. Any predictors exceeding a value of 10 were sequentially 
eliminated until none of the remaining predictors exceeded this 

value. Thus, climate extremes could be omitted for models from 
some species if those extremes are highly correlated with other 
predictors. This starting set of predictors was compared using 
DIC from alternative models that eliminated variables with 95% 
posterior distributions that include zero. The full set of mean 
and standard error estimates of lowest DIC models are given in 
Supplement tables. Additional descriptions for climate extremes 
follow.

2.1.2   |   Moisture Deficit

Extreme drought depends more on duration than daily anomalies. 
Many indices depend on the availability of high-frequency data 
and measurements of contributing variables that are not available 
everywhere, for all years, and measured in the same ways. Our 
MDEF exploits monthly temperature and precipitation data that 
are available globally over the more than half-century spanned by 
our longest tree fecundity data sets. Its simplicity reflects the fact 
that hydrologic information needed to estimate drainage is limited 
for most parts of the globe. Additional predictors discussed above 
(slope, aspect, position on slope) accommodate contributors to 
local drainage (see above) that locally modify the effects of MDEF.

Moisture deficit is taken as an average over the months included 
in year t

where M is the set of months having greatest influence on the 
fruiting period for the species, and m is the cardinality (num-
ber of elements) of M. The monthly range M differs by species 
depending on vulnerable fruit development. Because variation 
in the monthly PETm—Pm is stored through soil moisture with-
drawal and recharge, we included non-growing season months 

MDEFt =
1

m

∑

m∈M

PETt,m − Pt,m

FIGURE 3    |    Distribution of tree-years in NA and EU. The 2,874,955 observations shown here omit other regions used in global analyses (Journé 
et al. 2022; Qiu et al. 2023). Map lines delineate study areas and do not necessarily depict accepted national boundaries.

 13652486, 2026, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.70738 by W

ashington U
niversity School O

f M
edicine, W

iley O
nline L

ibrary on [01/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



6 of 17 Global Change Biology, 2026

(e.g., snowfall and winter rain come available the next growing 
season). We include in M the 12 months of the previous year and 
the development period of the current year, that is, through May 
for spring seed developers (m = 15) or through August (m = 8) for 
others. P and T (used to evaluate PET) combines Terraclimate 
(Qin et al. 2020) at 4 km, which is available for all years, with 
CHELSA (Karger et al. 2017) at 1 km that has partial coverage. 
We combined them with local data using a two-step procedure 
(Clark et  al.  2021). For all locations, we start with regression 
to project CHELSA forward using Terraclimate, aligned with 
proximity-weighted interpolation. For montane sites, we follow 
with calibration to local climate data available from collabora-
tors, LTER, or NEON. This includes the Alps, Appalachians, 
Rockies, Sierra Nevada, and Cascades. Norms for all climate 
data include the period from 1990 to 2010, which broadly over-
laps with fecundity data, and predates rapid increases in global 
temperatures of the last decade. Annual anomalies are depar-
tures from the local norm.

2.1.3   |   Late Freeze

We developed late-freeze degree days (LFDD) to capture the non-
linear effects of late freeze on fruit yield that intensify the more 
developed the crop. Current models can be complex, but they 
focus on dates for events such as budbreak, leaf unfolding, or 
flowering (Chuine and Beaubien 2001; Gauzere et al. 2020). We 
are aware of only a few studies that fit models to fruit yield data, 
and they are focused on one or a few species at one or a few sites 
(Augspurger 2013). There apparently are no studies that incorpo-
rate the timing, duration, and depth of freeze interaction. A simple 
date for the last frost (Wang et al. 2025) or a count of degree days 
before a last frost (Zohner et al. 2020) omits this interaction. For 
example, the method of Wang et al.  (2020) references the differ-
ence between an index of wheat productivity in a frost year and 
the average of “frost-free years”. This approach was not used here, 
because risk is not binary; impact of late freeze is a continuum that 
depends on timing, duration, and intensity. Xu et al. (2024) assign 

FIGURE 4    |    Fecundity responses to extremes differ by region. Coefficients (bars and whiskers) are proportionate fecundity response per unit 
change in the annual anomalies for MDEF (monthly averaged PET—P in mm) and LFDD (late-freeze degree days). Bars (one per species) span 68% 
(box) and 95% (whiskers) of posterior distributions. Gray envelopes fit 95% quantiles across species on each panel. Mapped norms are for years 1990 
to 2010. (a) Responses to moisture deficits increase in magnitude as moisture becomes more limiting. (b) Responses to late-freeze anomalies diverge 
between regions. Three panels separate species by the best-fitting CD value: 10, 30, or 50 days. Western North America (WNA) has many species that 
respond to most anomalies, large and small (CD = 10 days), while Europe (EU) supports species that respond overwhelmingly to the large extremes 
(CD = 50 days). Eastern North America (ENA) is intermediate (mostly CD = 30 days, but also some 50 days). Map lines delineate study areas and do 
not necessarily depict accepted national boundaries.
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7 of 17Global Change Biology, 2026

an ordinal score for severity to a freeze event (mild, moderate, se-
vere) and record the time when it occurs, but not how it interacts 
with duration and depth of freeze. Because we require timing, 
duration, and intensity we use temperature rather than ordinal 
scores and we allow that timing for each species differs and can-
not be defined in advance. The index that follows has the further 
advantage that units are familiar: degree days.

The concept of LFDD is simple: the duration and depth of a 
freeze event amplify the heating degree days that have accu-
mulated since the chilling delay (CD) was satisfied. Our model 
tracks the maximum and minimum daily temperatures reached 
each day. For our index, the CD for a species is met when suffi-
cient chilling days have accumulated. A chilling day has min-
imum daily temperature T−

t,d
 between lower and upper bounds 

(

Tl,Th
)

= (−1, 12)
◦

C (Lin et al. 2022). The accumulated CDs at 
day of the year (DOY) d is

where the indicator function 1(⋅) takes the value of 1 when its 
argument is true and zero otherwise. On day dct , the CDdt

 is equal 
to the CD requirement for the species, CD = CDdct

, and heating 
degree days (HDD) begin to accumulate (Figure  5). We begin 

counting CDs on c0 = December 1 and continue until the re-
quirement is satisfied on DOY dct . Again, this threshold can dif-
fer for each species.

HDDs accumulate after the CD is satisfied on DOY dct ,

Thus far, neither HDD nor CD capture the effects of late freeze 
events (Figure 5), which must account for the increasing impact 
of freeze degrees with accumulated HDD.

We define freeze degrees as the sub-zero temperatures on DOY 
d, FDt,d = − T−

t,d�
× 1

(

T−
t,d�

< 0
)

, and scale it by the heating that 
has accumulated since the chilling requirement was met,

The summation is taken until freezing risk is zero, (d2 = July 
1). It increases with development time, duration, and depth of 
freeze. LFDD has units of degree days.

(2)CDdt
=

d
∑

d� = c0

1
(

Tl ≤ T−
t,d�

< Th

)

HDDt,d =

d
∑

d� =dct

(

T+
t,d�

− Th

)

× 1
(

T+
t,d�

> Th

)

(3)LFDDt =

√

√

√

√

√

d2
∑

d� =dt,c

FDt,d� ×HDDt,d�

FIGURE 5    |    Late-freeze degree days (LFDD), defined in this study, identify peach crop destruction at Warner Robins, GA. (a) Like standard chill-
ing days, the chilling delay (CD) counts cool days until a threshold is passed (Equation (2)): Light blue polygon (bounded above by an upper threshold 
of 12°C and below by daily T(min)) until the chilling requirement is reached (30 days in this example). Heating degree days (HDD) (yellow polygon) 
accumulate thereafter (bounded above by daily T(max)). (b) Freezing temperatures cause damage when they occur late, depending on duration and 
depth of freeze. The LFDD index amplifies sub-zero temperatures (dark blue) by the heating degree days (HDD) that have accumulated to that date. 
Warm days in January allowed HDD to accumulate early. However, subfreezing temperatures (dark blue) did not contribute much to LFDD until the 
March freeze that caused LFDD to soar and destroyed much of the peach crop.
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8 of 17 Global Change Biology, 2026

LFDD requires daily data. Unlike moisture deficit, where ex-
tremes span extended intervals, late freeze operates over days (or 
hours), not weeks to months; daily data come from daymet (NA; 
Thornton et  al.  2021) and the European Climate Assessment 
(EU; Cornes et al. 2019). CD is not readily identified in the model 
(it is not observed), but can be approximated with model selec-
tion (again, lowest DIC). We fit the model with chilling delays 
spanning a range that has effects on LFDD, including 10 days 
(high exposure to extreme freeze), 30 days, and 50 days (low ex-
posure). The low value of 10 days generates high LFDD values 
close to no chilling requirement. The high value of 50 days gen-
erates LFDD close to zero over most of NA and EU.

2.1.4   |   Climate Norms and Anomalies

Norms were evaluated for the period spanning 1990–2010, because 
it predates especially erratic climate years of the past decade and 
covered by substantial data in MASTIF (Figure 3). To highlight 
the current period, mapped norms and trends for the last 15 years 
shown included in Figure S1. Anomalies are calculated as annual 
departures from the norm (i.e., not standardized). While recogniz-
ing that the effects of anomalies may depend on the norm (e.g., dry 
anomalies become more important in dry climates, or vice versa), 
interaction terms between norms and anomalies were omitted 

due to the large size of the model and the fact that the expanded 
data coverage needed to span the full range of combined variables 
would limit the species that could be examined. This option should 
be considered as data accumulate in the future.

2.2   |   Commercial Losses

Due to the large number of countries involved and the need to 
include events more recent than could be extracted from many 
government compilations like USDA's National Agricultural 
Statistics Service (NASS 2014), Figure 6 includes recent events 
that are widely reported in the media. We searched on keywords 
“frost”, “orchard”, “harvest”, “North America”, and “Europe”. 
We have included representative citations for the years and lo-
cations in Figure 6.

2.3   |   Biogeographic Prediction

The fitted model includes predictors that are also available for 
inventory data, including national forest inventories (NFI). 
Fecundity of each tree has a predictive mean and standard 
deviation, both of which are propagated to the plot level. NFI 
plots were obtained from Finland, Poland, Germany, Slovakia, 

FIGURE 6    |    Documented orchard crop losses (red crosses) align with late-freeze degree days (LFDD). Maps (center) show continental contrasts in 
LFDD norms for a chilling delay (CD) of 10 days with example time series from western North America (WNA, green), eastern North America (ENA, 
rust), and Europe (EU, brown). The blue shading on maps saturates at LFDD = 80 degree-days. LFDD time-series plots include CDs of 10 (darkest 
shading), 30, and 50 days (lightest shading). The CD that aligns with crop losses for each location (red crosses) is highlighted with a solid line and 
written after the location name in parentheses. Red crosses indicate freeze events reported in the literature or media outlets, represented by icons for 
peach, sweet and sour cherry, apple, grape, and forest species (Quercus and Fagus shown). Horizontal lines indicate the LFDD norm (1990–2010) for 
the CD value that is highlighted for crop losses. Horizontal scales are all the same, vertical scales differ. Ljubljana data are available to the European 
Climate Assessment only after 1990. Map lines delineate study areas and do not necessarily depict accepted national boundaries.
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9 of 17Global Change Biology, 2026

France, Spain, Italy, Austria, Canada, and the United States 
(Baeten et  al.  2013; Bank  2019–2023; Cienciala et  al.  2016; 
Inventaire Forestier National Français 2015; Canada's National 
Forest Inventory  2024; Bundesministerium für Ernährung 
und Landwirtschaft  2012; Mäkipää and Heikkinen  2003; 
Ratcliffe  2020; Sebeň  2017; Service  2024; Villaescusa and 
Diaz 1998). Additional inventory data come from NEON (USA), 
CzechTerra (Czech Republic), and MASTIF (international). 
All living trees > 12 cm diameter were included in predictions. 
Predictive distributions on a per-area basis were obtained by 
marginalizing over the posterior distribution of parameters 
time likelihood (Clark et al. 2021). This prediction step includes 
10,639,644 trees (8,180,258 NA; 2,459,386 EU) on 358,780 inven-
tory plots (181,866 NA; 176,914 EU).

2.4   |   Trait Analysis and Phylogeny

Traits discussed in (Qiu et  al.  2023) were correlated with re-
sponses to anomalies. Species-level anomaly responses can 
be taken as functional traits, with phylogenetic distances be-
tween species being Euclidean. Phylogeny comes from (Zanne 
et al. 2014) and, for Quercus, (Hipp et al. 2020). Tests for phy-
logenetic signal were obtained with the R package phylosignal 
(Keck et al. 2016).

3   |   Results

The model, fitted to 2,874,955 tree-years from 298 wild spe-
cies (Figure  S2) and translated to 10.6 M trees on inventory 
plots, provides insights in two forms: (i) individual sensitivity 
to extremes and (ii) biogeographic impacts (Methods; Clark 
et  al.  2021, 2019). Sensitivity is a species-level response of fe-
cundity (log mass per tree per year) to a unit change in MDEF 
(mm) and LFDD (degree days). Predictive distributions from the 
fitted model translate tree sensitivity to stand fecundity (kg/ha/
year), accounting for the competitive environments and habitats 
of each tree on forest inventory plots. We begin with the connec-
tions between extremes that are destroying orchard crops and 
the continental contrasts reported in the 18th century, a contrast 
that may explain their responses to different LFDD norms. We 
compare orchard crop losses to annual LFDD anomalies. We 
then show a fundamental difference between responses to late 
freeze and moisture deficit, where the impact of anomalies de-
pends on the norm.

3.1   |   An 18th Century Puzzle Explained

Kalm's 18th century puzzle may be answered by the continental 
contrasts in late-freeze degree days (LFDD; Figure 6). Eastern 
North America (ENA) experiences average LFDDs several-fold 
higher than the highest exposures in EU (maps in Figure 6). The 
delayed spring development to avoid late freeze should cause 
North American trees to lag Europe, where there is low risk 
of starting early. An early start allows full development in ad-
vance of low temperatures in autumn. Delayed onset in North 
America is consistent with acclimation or adaptation to high 
LFDD. Nonetheless, North American tree species that have 
habituated to high LFDD have become naturalized in Europe, 

suggesting the importance of acclimation or local adaptation, a 
point to which we return below. Mean monthly moisture deficits 
(MDEF) broadly overlap on the two continents: the wider range 
in NA (Figures 4a and S3b) includes deserts and thus is less rel-
evant for forest fecundity.

On both continents, change in climate norms is not uniform. 
The recent trends that are most relevant for the bulk of ob-
servations in MASTIF (2010–2024) include increasing MDEF 
in the North American Southwest and southern and eastern 
Europe (trends in Figure S1). Where annual MDEF is decreas-
ing, recent concentration of rainfall into few extreme events 
means lower infiltration and potentially extended intervals 
between events; the net benefits of decreasing deficit can be 
smaller than these trends in annual averages suggest. Annual 
LFDD is increasing in central and eastern Europe, but not in 
southeastern Europe. Late freeze changes in North America 
are heterogeneous and have substantial differences between 
chilling delays.

3.2   |   One Index to Identify Commercial Losses

The importance of recent exposure for responses to extremes is 
consistent with the LFDD values we calculate for crop losses in 
the literature and media. A short chilling delay of CD = 10 means 
that trees suffer damage from late freeze that occurs early, that 
is, after a short chilling delay. Conversely, a long delay of CD = 50 
ensures minimal risk and is the best fit for species that do not re-
spond to freeze, even when late. The lower, dark shading in each 
time series of Figure  6 (CD = 50) describes species that delay, 
and thus avoid, late freeze; this curve does not record many of 
the events that contribute to the upper, light shading (CD = 10). 
One of the rare field studies reporting on multiple species in 
forests documented damage at Trelease Woods during the late 
freeze of 2007 (Augspurger 2009). This was an extreme year for 
trees that require CD = 30 days, but unremarkable for trees that 
require only CD = 10 days and missing entirely at CD = 50 days 
(Figure 6). The short CD = 10 days, which exposes trees to the 
earliest late-freeze anomalies, is shown for sweet cherry (Prunus 
avium) at Redmond OR. The long CD of 50 days at Watkins Glen 
shows that the 2023 loses came with a spike of less than 20 
LFDD; however, this qualifies as extreme against the low norm 
that is typical of these northern latitudes (Figure 6). The cherry 
losses at Redmond OR come at much higher LFDD spikes that 
occur for a species with CD = 10 days against a high norm.

Chilling delays do not reduce the LFDD exposure in central 
Europe as shown by the nearly identical curves for all CD values 
at Leipzig and Ljubljana (Figure 6). Recent freeze events have 
arrived so late (LFDD for all three CD values are increasing in 
central Europe, Figure S1) that long chilling delays do not offer 
protection against these recent extremes.

3.3   |   Extreme Climate Is a Niche Axis

The effects of climate extremes are modulated by terrain, stand 
structure and composition, and all other spatial variables in the 
best-fitting model. Recall that year effects in the model capture 
quasi-synchronicity between individuals at the ecoregion scale 
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10 of 17 Global Change Biology, 2026

that is not captured by annual climate anomalies, that is, masting 
(Equation (1)). For this reason, maps of any one variable are not 
expected to closely align with fecundity, just as extreme weather 
is expected to have patchy effects in nature (Augspurger 2013). 
Annual anomalies in the upper Midwest of North America show 
shifting combinations of MDEF and LFDD10 with Quercus rubra 
fecundity in Figure  7. In addition to being a masting species, 
Quercus rubra fecundity was associated with moist conditions 
and limited late freeze (negative βMDEF and βLDFF). In addition 
to MDEF and LFDD10 temperature (quadratic terms) and pH 
(positive) are part of the best fitting model and vary geograph-
ically. Combining these influences Q. rubra fecundity was low 
throughout the map in 2011 and most of 2012, despite wet con-
ditions and lack of late freeze. These years were non-mast years 
(negative anomalies in the year effects for these ecoregions). The 
year 2012 saw high fecundity in the southwestern portion of the 
map where moist conditions coincided with lack of late freeze. 
In 2022 high fecundity in the central portion of the map mostly 
avoided late freeze that affected the south but included areas of 
low moisture in the Northwest.

Sensitivity coefficients summarized in Figure 4 (see also a spe-
cific example in Figures 7 and S4 for credible intervals) are lim-
ited to species that responded to extremes (Table S1) organized 
by the best-fitting CD (10, 30, 50 days) in Figure 4b. Phylogenetic 
relationships in sensitivity are highlighted in Figure  S9. Crop 
production for extreme years includes examples for individual 
species in Figure 8 and the Supplement.

An exposure-tolerance model could describe acclimation and/
or adaptation to abiotic extremes like late freeze, with large im-
pacts where exposure has been limited (Figure 2a). This model 
describes diminishing effects of LFDD that could result from 
frequent exposure (Figure 4b). However, this general rule plays 
out differently in the three regions. If the LFDD difference be-
tween continents (map inserts to Figure 4b) selected for delayed 
development in ENA, then long CDs would shorten the time 
available for fruit development. At the same time, frequent ex-
posure could also select for adaptations that do not suffer the 
growing-season costs of prolonged delays. The intermediate to 
long delays estimated for ENA (58% of species for CD = 30, 50) 
are consistent with high exposure to extremes. A majority of 
western North America (WNA) species CD = 10 (53%) represents 
crops that respond to events both early and late. In other words, 
WNA species are risking the early events, while ENA species 
delay avoiding early events.

Long delays are estimated from EU data (53% for CD = 50 days), 
but here the long CD estimate results from near absence of 
late freeze events in the data (i.e., almost no LFDD). The crop 
losses from recent LFDD extremes would have occurred even 
with longer delays because freeze events came so late (e.g., the 
lack of CD effect on LFDD experienced at Leipzig and Ljubljana 
in Figure 6). The EU flora that is rarely exposed to late freeze 
responds to the worst extremes that occur there (right panel in 
Figure 4b), consistent with widespread orchard losses of the last 
decade, including examples in Figure 6.

FIGURE 7    |    In midwestern North America Quercus rubra shows high fecundity (red) mostly associated with moist intervals (bMDEF = −0.0377 
± 0.00216 mm−1; negative MDEF in green). It is weakly sensitive to late freeze that comes early (CD = 10; bLDFF10 = −0.00178 ± 0.000767 DD−1; blue 
LFDD10). In both cases associations are weakened by other variables that also influence fecundity (Table S1). Fecundity maps are local anomalies 
on a log (proportionate) scale; colors saturate at ±2 SD. Map lines delineate study areas and do not necessarily depict accepted national boundaries.
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11 of 17Global Change Biology, 2026

Large differences in extreme response contribute to niche differ-
ences, with some species succeeding where others suffer. Not all 
commercial crops respond alike, so it is not surprising that wild 
populations range widely in sensitivity (Figures 4 and S4). These 
differential species responses reduce covariation between the 
crops of competing species, focusing competition for disperser 
mutualists and regeneration sites within rather than between 
co-occurring species (Clark 2010).

3.4   |   Drought Stimulates and Suppresses Seed 
Production

Consistent with its role as an essential resource, moisture 
deficit (MDEF) anomalies have impact only for species from 
regions where moisture is limiting, that is, with high MDEF 
norms in Figure 4a. The large responses in dry environments 
are positive for some species and negative for others. Where 
credible intervals include zero MDEF contributes to the vari-
ation in fecundity (it is retained in the best-fitting model), 
but not in a simple way. An exposure-reaction model allows 
impacts that are potentially positive or negative (Figure 2b). 
Positive or negative responses can depend on dynamic alloca-
tion to reproduction relative to other activities affected directly 
and indirectly by moisture and carbon stress at high deficits. 

Where moisture limitation is frequent, losses during extremes 
could be minimized by dynamic cutbacks in demand, such as 
abortion while fruits are small (Figure 1). Because moisture 
effects on allocation can lag, extremes that reduce growth 
and/or defense could trade off with fecundity (Berdanier and 
Clark  2016), producing positive or negative responses in the 
same or future years. The fact that drought-induced mortal-
ity is increasing globally suggests that extremes have already 
reached the point where allocation tradeoffs are often not 
enough to avoid lethal effects.

3.5   |   Trait Differences or Recent Exposure?

Whether by acclimation or adaptive evolution (Merilä and 
Hendry  2014), the extreme responses in this study (Figure  4) 
have developed in ways that could not be inferred from com-
monly measured traits or phylogenetic distance. We examined 
traits that are relevant for tree fecundity (fruit type, dispersal 
and pollination vectors, leaf habit, and dioecy (Qiu et al. 2023)). 
For these commonly measured traits, we might expect that 
large seeds, especially moisture-demanding fleshy fruits and 
nuts, could be particularly prone to extreme drought (Gucci 
et al. 2009). In this study of 298 species, none of these traits are 
associated with responses to extremes (Figure S6).

FIGURE 8    |    Anomalies associated with commercial losses compared with forests. Examples species show losses in late-freeze years (blue LFDD 
in a) and drought years (red, brown MDEF in b). Map colors saturate at ±3 SD of the mean on a log (proportionate) scale. Each dot on fecundi-
ty maps aggregates seed production (log kg/ha) from inventory plots (Methods). Shaded intervals in time series are 95% for annual crop averages 
with respect to the mean for both series. (a) Mapped anomalies for sweetgum (L. styraciflua) fecundity (center) track mapped LFDD anomalies for 
the strongest declines in peach-harvest years. (b) Wild olive (O. europaea sylvestris) maintains productivity in regions where commercial harvests 
were hard-hit by drought, with wild crops still above the norm in 2022. Commercial harvests in 2022/2023 are indicated by ‘+’ (Ministerio de 
Agricultura 2024). Map shading is absent from Greece and Türkiye, which lack inventory data. Photos from three regions of commercial harvest 
failures show productive wild olive crops in 2023. Map lines delineate study areas and do not necessarily depict accepted national boundaries. [pho-
tos JSC].
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12 of 17 Global Change Biology, 2026

Unlike the commonly measured traits in ecological studies, 
which tend to be phylogenetically conserved, responses to ex-
tremes are not (Table S2, Figure S7). Our study could only include 
the 298 species that were sufficiently abundant to allow parame-
ter estimates (Table S1). If much of the adaptation to extremes is 
not observable as measurable traits, then phylogenetic distance 
might still offer insight on divergent extreme responses. If adap-
tations accumulate as populations diverge, then distantly related 
species might show the largest differences in response. Species 
in this study trace their ancestry to high-latitude early Cenozoic 
forests that moved south with cooling climates and progressive 
isolation by the spreading Atlantic Ocean (EU from ENA) and 
aridification in the North American interior (WNA from ENA). 
Many genera remain extant in all three floras even as speciation 
and extinctions changed the composition and diversity of these 
genera. As biotic and abiotic conditions subjected populations 
to novel combinations of extreme climate, adaptations could di-
verge over time. All else being equal, species differences in their 
capacities to tolerate extremes might be associated with related-
ness, suggesting phylogenetic distance as a surrogate for adapta-
tions that are unobserved. Despite the large number of species 
with wide-ranging phylogenetic distances within and between 
continents, there is no association between extreme response 
and relatedness, in aggregate or at the family level; only four of 
12 family-level correlations differ from zero, and two of those 
are negative. There is strong phylogenetic signal in traditional 
traits, but not in sensitivities to climate extremes (Table S3).

4   |   Discussion

As escalating climate anomalies devastate even the commercial 
orchards that benefit from mitigation efforts, the impacts on for-
est fecundity threaten to slow or divert recovery from increasing 
climate-related diebacks. This analysis shows that entire regions 
are responding to late-freeze events that can be linked to their 
differential sensitivities.

The continental contrasts in LFDD effects are larger than ex-
pected from traditional climate metrics like growing degree 
days: much of North American forests are subject to a high 
background of late freeze, while EU is experiencing late freeze 
as novel. Because these recent events are both late and intense, 
chilling delays that would reduce risk in North America may not 
be enough to protect against damage in either continent.

Despite the massive data synthesis, results are limited by cov-
erage of the important environmental gradients and individ-
ual condition. Accurate interpretations rely on the observation 
space in species × size/age × competition × soils × climates. 
Because there is a spatial scale associated with masting, there 
is additional need for geographic coverage. Current data do not 
offer requisite coverage for important variables for many species 
(Table  S1). Fortunately, accumulation of data, which is occur-
ring not only through collaborators but also the iNaturalist proj-
ect MASTIF (Clark 2019), will continue to expand the variable 
space that can be evaluated for more species.

The fact that most EU species are best described by the largest 
CD value (50 days, Figure 4b) could result from the paucity of 
freeze events after spring development begins. For a species to 

respond at a CD level, there must be years when events occur 
after that CD lag and years when they do not. Then there must 
also be a difference between fecundity in those event and non-
event years. Where both happen (events and non-events asso-
ciated with different fecundity levels) the LFDD model can be 
identified. Historically, late freeze has not been a part of spring 
development in EU, and selection between lag values may sim-
ply default to the longest value. As data accumulate now that late 
freeze is increasingly common, the effects in EU may clarify.

Northern hemisphere forests sharing a common ancestry are 
responding to intensifying extremes in different ways. The 
18th century mystery surrounding transplants to Europe may 
be explained by the extremes that have been the norm in North 
America, but rare in Europe. Trees transplanted from North 
America, where late freeze is common, to Europe, where it is 
rare, could be expected to delay development. Acclimation of 
these transplants to the European climate might change timing 
to allow successful fruiting.

Are forests suffering the extreme crop losses documented in or-
chard practice? Commercial harvests report aggregate yields for 
municipalities, often as percent losses. The balanced distribu-
tion of inventory plots allows us to aggregate individual trees to 
area-based responses that are comparable with crop statistics. 
Georgia's 90% peach crop destruction from 2023 late freeze, or 
10% of the norm, is comparable to wild Liquidambar styraciflua 
in the same location and year (Figure 8a). However, the maps 
for L. styraciflua differ from mapped LFDD (Figure 8a), which 
is only one of many influences that affect species in different 
ways (see also Figures 7, S10, and S11). By contrast, the small-
fruited wild olive (Olea europaea sylvestris) crop did not suffer 
to the same degree as the widely publicized commercial olive 
losses from 2021 to 2023 in Andalusia and other parts of the 
Mediterranean (Figure 8b). Despite some fluctuations in these 
years, 2021 was an average year, and 2022 was above average 
for wild olive. Not until 2023 did the wild-crop yield dip below 
average. Future studies can exploit this approach to examine 
commonalities between forest and agricultural impacts.

Wide variation in species responses is not predicted by the trait 
differences that are typically included in ecological studies. There 
are clear adaptations to freezing and moisture deficit (Figure 1), 
many of which are phylogenetically conserved. Despite this, the 
extreme responses observed here are differentiated by region 
(Figure 6) rather than by observable traits (Figure S6) or phylog-
eny (Table S2). The traits that can be observed may not predict 
responses that are subject to strong and localized selection on 
metabolic pathways that respond more rapidly than structural 
traits measured in the field. The evidence for local adaptation in 
common garden experiments is still limited to few sites and pre-
dominantly commercial species, but is broadly consistent with 
the potential for rapid, local adaptation (Alberto et al. 2013). A 
small number of genes can determine cold tolerance, and some 
of the same genes are involved in drought adaptation (Alberto 
et  al.  2013; Thomashow  1999); they are not associated with 
observable traits like those available from ecological studies. 
Although trees are long-lived, remarkably high fecundity vari-
ation between individuals of a species within the same habitat 
(Clark et al. 2004; Greenberg 2000) suggests high genetic varia-
tion and potential for rapid response to selection (Savolainen and 
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Pyhäjärvi 2007; Scotti et al. 2023; Skrøppa et al. 2010), fueled by 
heritable somatic mutations (Hanlon et al. 2019) and low link-
age disequilibrium in trees (Alberto et al. 2013). Naturalization 
of North American transplants to Europe (e.g., Quercus rubra, 
Robinia pseudoacacia, Acer negundo, Tsuga heterophylla, Picea 
sitchensis) further supports acclimation or rapid adaptation.

The implications of extremes for forest recovery are expected to 
amplify over time. Crop loss to one drought or late freeze does 
not in itself represent a threat, because reproductive effort can 
sometimes be transferred to future years. Low-moisture years 
affect reproduction primarily in dry areas, but the limited re-
sponse in mesic areas could be transient as extremes intensify. 
Species adapted to low-moisture can shed buds and developing 
fruit as an avoidance mechanism that spares resources for fu-
ture reproduction (Stephenson 1981). For the species that have 
thus far avoided the effects of intensifying extremes, this avoid-
ance cannot be indefinite. As drying continues, the moisture-
demanding species currently restricted to mesic sites could 
become most vulnerable.

The fact that climate extremes destroying commercial har-
vests are having wide-ranging impacts on forest fecundity 
(Figures 4 and S10) is unsurprising given their close relation-
ships with orchard species or wild progenitors that remain 
common in the forests of both continents. Eurasian origins in-
clude plum, pear, apple, citrus, cherry species, apricot, peach, 
persimmon, pomegranate, quince, fig, olive, pistachio, wal-
nut, and almond. North American origins include pecan and 
avocado. Orchard crops have spread and naturalized in sur-
rounding forests (e.g., apple, plum, fig, walnut). Wild and feral 
populations occur alongside orchards of the same species (e.g., 
sweet cherry, pomegranate, olive, walnut). Despite continuing 
introgression from wild genetic pools (Julca et al. 2020), do-
mestic olive is suffering losses that are not yet evident in wild 
populations from the same regions (Figure 8). Large, moisture 
demanding fruit of the domestic crop may explain some of this 
difference (Gucci et al. 2009). Orchard practice raises aware-
ness of the expanding risks, highlighting the need for moni-
toring fecundity in forests.

The climate anomalies experienced by forests in this study 
(Figure  S1) are continuing and the start of intensifying ex-
tremes to come (Wu et  al.  2023). The broad similarities 
between North American and western Eurasian forests, sup-
porting most of the same genera, could foster the expecta-
tion that they would respond similarly to apparently similar 
changes in extremes. This study finds that species responses 
to extremes now are associated with where they live and not 
clearly tied to membership in a phylogenetic group. Whether 
or not rapid local adaptation has buffered fitness against the 
extremes through 2023, the magnitude of these effects sug-
gests local adaptation as a transient solution as extremes 
intensify.

Author Contributions

Davide Ascoli: data curation, writing – review and editing. Raul 
Bonal: data curation. James S. Clark: conceptualization, investi-
gation, funding acquisition, writing – original draft, methodology, 

validation, visualization, writing – review and editing, software, 
formal analysis, project administration, data curation, supervision, 
resources. J. Julio Camarero: data curation, writing – review and 
editing. Bruno Fady: data curation, writing – review and editing. 
Arthur Guignabert: data curation. Kazuhiko Hoshizaki: data 
curation. Arndt Hampe: data curation. Valentin Journe: data cu-
ration. Georges Kunstler: data curation, investigation, funding ac-
quisition, writing – review and editing, supervision, resources. Inés 
Ibáñez: data curation, writing – review and editing. Nesibe Köse: 
data curation. Verónica Loewe-Muñoz: data curation. Jalene M. 
LaMontagne: data curation, writing – review and editing. Aleksi 
Lehtonen: data curation. Anders Mårell: data curation. Thomas 
A. Nagel: data curation, writing – review and editing. Tomasz 
Podgórski: data curation. James A. Lutz: data curation. Francisco 
Rodriguez-Sánchez: data curation, writing – review and editing. 
Tong Qiu: data curation, writing – review and editing, investigation, 
supervision. Barbara Seget: data curation. Magdalena Żywiec: 
data curation. Marie-Claude Venner: data curation. Giorgio 
Vacchiano: data curation.

Affiliations
1Nicholas School of the Environment, Duke University, Durham, 
North Carolina, USA  |  2School of the Environment, Washington 
State University, Pullman, Washington, USA  |  3Department of 
Ecology and Systematics, National and Kapodistrian University of 
Athens, Athens, Greece  |  4Department of Agriculture Forest and 
Food Sciences, University of Torino, Torino, Italy  |  5Université 
du Québec en Abitibi-Témiscamingue and Université du Québec 
à Montréal, Centre D'études Sur la forêt, Montréal, Québec, 
Canada  |  6Forest Biology Center, Institute of Environmental Biology, 
Adam Mickiewicz University, Poznan, Poland  |  7INRAE, Ecologie 
Des Forets Mediterranennes, Avignon, France  |  8Department 
of Biodiversity, Ecology and Evolution, Complutense University 
of Madrid, Madrid, Spain  |  9INRAE, Université de Bordeaux, 
Cestas, France  |  10INRAE, Aix Marseille Univ, Aix-en-Provence, 
France  |  11ICIFOR, Madrid, Spain  |  12Instituto Pirenaico de 
Ecología (IPE-CSIC), Zaragoza, Spain  |  13CREA – Research Centre 
for Forestry and Wood, Arezzo, Italy  |  14IFER – Institute of Forest 
Ecosystem Research, Jilove u Prahy, Czech Republic  |  15INRAE, 
Université Grenoble Alpes, St-Martin-d'Hères, France  |  16INRAE, 
BIOGECO, University Bordeaux, Cestas, France  |  17Department of 
Earth and Environment, Boston University, Boston, Massachusetts, 
USA  |  18CREAF, Cerdanyola del Vallès, Catalonia, Spain  |  19INRAE, 
URFM, Avignon, France  |  20Department of Biology, National and 
Kapodistrian University of Athens, Athens, Greece  |  21Department 
of Environmental Studies, University of California Santa Cruz, 
Santa Cruz, California, USA  |  22Department of Forest- and Soil 
Sciences, BOKU University, Vienna, Austria  |  23INRAE, ISPA, 
Bordeaux Sciences Agro, Villenave d'Ornon, France  |  24Department 
of Geography and Planning, University of Liverpool, Liverpool, 
UK  |  25School of Biological and Marine Sciences, University 
of Plymouth, Plymouth, UK  |  26Centro Nacional de Excelencia 
para la Industria de la Madera (CENAMAD)-ANID BASAL 
FB210015, Pontificia Universidad Católica de Chile, Santiago, 
Chile  |  27Department of Environmental Systems Science, Institute 
for Integrative Biology, ETH Zürich, Zürich, Switzerland  |  28Global 
Change Research Institute of the Czech Academy of Sciences, Brno, 
Czech Republic  |  29Department of Biological Environment, Akita 
Prefectural University, Akita, Japan  |  30School for Environment 
and Sustainability, University of Michigan, Ann Arbor, Michigan, 
USA  |  31Forest Botany Department, Istanbul University-
Cerrahpasa, Istanbul, Turkey  |  32Institute of Arctic Biology, 
University of Alaska Fairbanks, Fairbanks, Alaska, USA  |  33Forest 
Biology Center, Institute of Environmental Biology, Faculty of 
Biology, Adam Mickiewicz University, Poznan, Poland  |  34Health 
and Environmental Sciences Department, Xi'an Jiaotong-Liverpool 
University, Suzhou, Jiangsu, China  |  35Forest Botany Department, 
Istanbul University-Cerrahpaşa, Istanbul, Turkey  |  36Department 
of Biology, University of Missouri – St. Louis, St. Louis, Missouri, 

 13652486, 2026, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.70738 by W

ashington U
niversity School O

f M
edicine, W

iley O
nline L

ibrary on [01/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



14 of 17 Global Change Biology, 2026

USA  |  37Institute of Systematics and Evolution of Animals Polish 
Academy of Sciences, Kraków, Poland  |  38Natural Resources 
Institute Finland, Helsinki, Finland  |  39Chilean Forest Institute, 
Metropolitan Office, Santiago, Chile  |  40Czech University of Life 
Sciences Prague, Prague, Czech Republic  |  41Department of Wildland 
Resources, Utah State University, Logan, Utah, USA  |  42INRAE, 
EFNO, Nogent-sur-Vernisson, France  |  43Life and Environmental 
Sciences Department, University of California Merced, Merced, 
California, USA  |  44Department of Biology, Washington University 
in St. Louis, St. Louis, Missouri, USA  |  45Department of Forest 
Resources, Biotechnical Faculty, University of Ljubljana, Ljubljana, 
Slovenia  |  46Institute of Natural Resources and Agrobiology, 
IRNAS-CSIC, Seville, Spain  |  47W. Szafer Institute of Botany, 
Polish Academy of Sciences, Kraków, Poland  |  48Mammal 
Research Institute Polish Academy of Sciences, Bialowieza, 17-
230, Poland and Czech University of Life Sciences Prague, Prague, 
Czech Republic  |  49Department of Environmental Science, Policy, 
and Management, University of California, Berkeley, California, 
USA  |  50Ecological Restoration Institute, Northern Arizona 
University, Flagstaff, Arizona, USA  |  51Departamento de Biología 
Vegetal y Ecología, Universidad de Sevilla, Sevilla, Spain  |  52National 
Forest Centre, Forest Research Institute, Zvolen, Slovakia  |  53Ecology 
and Evolutionary Biology, Yale University, New Haven, Connecticut, 
USA  |  54Department of Forest Resources Management, University 
of Agriculture in Krakow, Krakow, Poland  |  55Department of 
Biology and Earth System Sciences, Wilkes University, Wilkes-Barre, 
Pennsylvania, USA  |  56Department of Environmental Science and 
Ecology, State University of New York-Brockport, Brockport, New 
York, USA  |  57School of Life Sciences, Keele University, Keele, 
Staffordshire, UK  |  58Department of Agricultural and Environmental 
Sciences, University of Milan, Milano, Italy  |  59Laboratoire de 
Biométrie et Biologie Evolutive, UMR 5558, Université Lyon 1, CNRS, 
Villeurbanne, France  |  60Departamento de Ciencias de la Vida, 
Universidad de Alcalá, FORECO, Alcalá de Henares, Madrid, Spain

Acknowledgments

We thank NEON for field support and, for data collection, William 
Schlesinger (Compstock Point, ME), Dale Brockway (southeastern US), 
and Kristen Legg (Greater Yellowstone Ecosystem Study).

Funding

The National Science Foundation (NSF-DEB-2211764) to JSC, II, 
EM, and MDR, NASA (NASA-22-ECON22-0008) to JSC and TQ, and 
Ministère de l'Enseignement Supérieur de la Recherche et de l'Innova-
tion, France, Make Our Planet Great Again to JSC, BC, and GK, ANID 
BASAL FB210015 (CENAMAD) to VL-M, and European Union ERC, 
ForestFuture, 101039066 to MB.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Code is available in R package MASTIF on CRAN. Data are deposited at 
https://​doi.​org/​10.​7924/​r42v2​t66k.

References

Alberto, F. J., S. N. Aitken, R. Alía, et al. 2013. “Potential for Evolutionary 
Responses to Climate Change – Evidence From Tree Populations.” 
Global Change Biology 19, no. 6: 1645–1661. https://​doi.​org/​10.​1111/​gcb.​
12181​.

Augspurger, C. K. 2009. “Spring 2007 Warmth and Frost: Phenology, 
Damage and Refoliation in a Temperate Deciduous Forest.” Functional 

Ecology 23, no. 6: 1031–1039. https://​doi.​org/​10.​1111/j.​1365-​2435.​2009.​
01587.​x.

Augspurger, C. K. 2013. “Reconstructing Patterns of Temperature, 
Phenology, and Frost Damage Over 124 Years: Spring Damage Risk Is 
Increasing.” Ecology 94, no. 1: 41–50.

Baeten, L., K. Verheyen, C. Wirth, et al. 2013. “A Novel Comparative 
Research Platform Designed to Determine the Functional Significance 
of Tree Species Diversity in European Forests.” Perspectives in Plant 
Ecology, Evolution and Systematics 15, no. 5: 281–291. https://​doi.​org/​
10.​1016/j.​ppees.​2013.​07.​002.

Bank, F. D. 2019–2023. “National Forest Inventory.” https://​www.​bdl.​
lasy.​gov.​pl/​portal/​wisl-​en.

Bartram, W. 1791. Travels Through North and South Carolina, Georgia, 
East and West Florida. James and Johnson.

Berdanier, A. B., and J. S. Clark. 2016. “Divergent Reproductive 
Allocation Trade-Offs With Canopy Exposure Across Tree Species in 
Temperate Forests.” Ecosphere 7, no. 6: e01313. https://​doi.​org/​10.​1002/​
ecs2.​1313.

Bogdziewicz, M., M. Fernández-Martínez, J. M. Espelta, R. Ogaya, and 
J. Penuelas. 2020. “Is Forest Fecundity Resistant to Drought? Results 
From an 18-Yr Rainfall-Reduction Experiment.” New Phytologist 227, 
no. 4: 1073–1080. https://​doi.​org/​10.​1111/​nph.​16597​.

Brito, C., L.-T. Dinis, J. Moutinho-Pereira, and C. M. Correia. 2019. 
“Drought Stress Effects and Olive Tree Acclimation Under a Changing 
Climate.” Plants 8, no. 7: 232.

Bundesministerium für Ernährung und Landwirtschaft. 2012. “Third 
Federal Forest Inventory.” https://​www.​bmel.​de/​DE/​themen/​wald/​
wald-​in-​deuts​chland/​bunde​swald​inven​tur.​html.

Canada's National Forest Inventory. 2024. “Canada's National Forest 
Inventory.” https://​nfi.​nfis.​org/​en/​ground_​plot.

Charrier, G., M. Bonhomme, A. Lacointe, and T. Améglio. 2011. “Are 
Budburst Dates, Dormancy and Cold Acclimation in Walnut Trees 
(Juglans regia L.) Under Mainly Genotypic or Environmental Control?” 
International Journal of Biometeorology 55, no. 6: 763–774. https://​doi.​
org/​10.​1007/​s0048​4-​011-​0470-​1.

Charrier, G., N. Martin-StPaul, C. Damesin, et al. 2021. “Interaction of 
Drought and Frost in Tree Ecophysiology: Rethinking the Timing of 
Risks.” Annals of Forest Science 78, no. 2: 40. https://​doi.​org/​10.​1007/​
s1359​5-​021-​01052​-​5.

Charrier, G., J. Ngao, M. Saudreau, and T. Améglio. 2015. “Effects of 
Environmental Factors and Management Practices on Microclimate, 
Winter Physiology, and Frost Resistance in Trees.” Frontiers in Plant 
Science 6: 259. https://​doi.​org/​10.​3389/​fpls.​2015.​00259​.

Chuine, I., and E. G. Beaubien. 2001. “Phenology Is a Major Determinant 
of Tree Species Range.” Ecology Letters 4, no. 5: 500–510. https://​doi.​org/​
10.​1046/j.​1461-​0248.​2001.​00261.​x.

Chuine, I., and J. Régnière. 2017. “Process-Based Models of Phenology 
for Plants and Animals.” Annual Review of Ecology, Evolution, and 
Systematics 48, no. 1: 159–182. https://​doi.​org/​10.​1146/​annur​ev-​ecols​
ys-​11031​6-​022706.

Cienciala, E., R. Russ, H. Šantrůčková, et  al. 2016. “Discerning 
Environmental Factors Affecting Current Tree Growth in Central 
Europe.” Science of the Total Environment 573: 541–554. https://​doi.​org/​
10.​1016/j.​scito​tenv.​2016.​08.​115.

Clark, J. S. 2010. “Individuals and the Variation Needed for High Species 
Diversity in Forest Trees.” Science 327, no. 5969: 1129–1132. https://​doi.​
org/​10.​1126/​scien​ce.​1183506.

Clark, J. S. 2019. “iNaturalist, Project MASTIF.” https://​www.​inatu​ral-
ist.​org/​proje​cts/​mastif.

 13652486, 2026, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.70738 by W

ashington U
niversity School O

f M
edicine, W

iley O
nline L

ibrary on [01/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.7924/r42v2t66k
https://doi.org/10.1111/gcb.12181
https://doi.org/10.1111/gcb.12181
https://doi.org/10.1111/j.1365-2435.2009.01587.x
https://doi.org/10.1111/j.1365-2435.2009.01587.x
https://doi.org/10.1016/j.ppees.2013.07.002
https://doi.org/10.1016/j.ppees.2013.07.002
https://www.bdl.lasy.gov.pl/portal/wisl-en
https://www.bdl.lasy.gov.pl/portal/wisl-en
https://doi.org/10.1002/ecs2.1313
https://doi.org/10.1002/ecs2.1313
https://doi.org/10.1111/nph.16597
https://www.bmel.de/DE/themen/wald/wald-in-deutschland/bundeswaldinventur.html
https://www.bmel.de/DE/themen/wald/wald-in-deutschland/bundeswaldinventur.html
https://nfi.nfis.org/en/ground_plot
https://doi.org/10.1007/s00484-011-0470-1
https://doi.org/10.1007/s00484-011-0470-1
https://doi.org/10.1007/s13595-021-01052-5
https://doi.org/10.1007/s13595-021-01052-5
https://doi.org/10.3389/fpls.2015.00259
https://doi.org/10.1046/j.1461-0248.2001.00261.x
https://doi.org/10.1046/j.1461-0248.2001.00261.x
https://doi.org/10.1146/annurev-ecolsys-110316-022706
https://doi.org/10.1146/annurev-ecolsys-110316-022706
https://doi.org/10.1016/j.scitotenv.2016.08.115
https://doi.org/10.1016/j.scitotenv.2016.08.115
https://doi.org/10.1126/science.1183506
https://doi.org/10.1126/science.1183506
https://www.inaturalist.org/projects/mastif
https://www.inaturalist.org/projects/mastif


15 of 17Global Change Biology, 2026

Clark, J. S., R. Andrus, M. Aubry-Kientz, et al. 2021. “Continent-Wide Tree 
Fecundity Driven by Indirect Climate Effects.” Nature Communications 
12, no. 1: 1242. https://​doi.​org/​10.​1038/​s4146​7-​020-​20836​-​3.

Clark, J. S., D. M. Bell, M. Kwit, A. Powell, and K. Zhu. 2013. 
“Dynamic Inverse Prediction and Sensitivity Analysis With High-
Dimensional Responses: Application to Climate-Change Vulnerability 
of Biodiversity.” Journal of Agricultural, Biological, and Environmental 
Statistics 18: 376–404.

Clark, J. S., L. Iverson, C. W. Woodall, et  al. 2016. “The Impacts of 
Increasing Drought on Forest Dynamics, Structure, and Biodiversity in 
the United States.” Global Change Biology 22, no. 7: 2329–2352. https://​
doi.​org/​10.​1111/​gcb.​13160​.

Clark, J. S., S. LaDeau, and I. Ibanez. 2004. “Fecundity of Trees and the 
Colonization-Competition Hypothesis.” Ecological Monographs 74, no. 
3: 415–442. https://​doi.​org/​10.​1890/​02-​4093.

Clark, J. S., J. Melillo, J. Mohan, and C. Salk. 2014. “The Seasonal Timing 
of Warming That Controls Onset of the Growing Season.” Global Change 
Biology 20, no. 4: 1136–1145. https://​doi.​org/​10.​1111/​gcb.​12420​.

Clark, J. S., C. Nunez, and B. Tomasek. 2019. “Foodwebs Based 
on Unreliable Foundations: Spatiotemporal Masting Merged With 
Consumer Movement, Storage, and Diet.” Ecological Monographs 89, 
no. 4: e01381. https://​doi.​org/​10.​1002/​ecm.​1381.

Cornes, R. C., G. van der Schrier, and A. A. Squintu. 2019. “A Reappraisal 
of the Thermal Growing Season Length Across Europe.” International 
Journal of Climatology 39, no. 3: 1787–1795. https://​doi.​org/​10.​1002/​
joc.​5913.

Curtis, P. G., C. M. Slay, N. L. Harris, A. Tyukavina, and M. C. Hansen. 
2018. “Classifying Drivers of Global Forest Loss.” Science 361, no. 6407: 
1108–1111. https://​doi.​org/​10.​1126/​scien​ce.​aau3445.

Drepper, B., B. Bamps, A. Gobin, and J. Van Orshoven. 2022. “Strategies 
for Managing Spring Frost Risks in Orchards: Effectiveness and 
Conditionality—A Systematic Review.” Environmental Evidence 11, no. 
1: 29. https://​doi.​org/​10.​1186/​s1375​0-​022-​00281​-​z.

Espelta, J. M., P. Cortés, R. Molowny-Horas, B. Sánchez-Humanes, 
and J. Retana. 2008. “Masting Mediated by Summer Drought Reduces 
Acorn Predation in Mediterranean Oak Forests.” Ecology 89, no. 3: 805–
817. https://​doi.​org/​10.​1890/​07-​0217.​1.

FAO. 2020. Global Forest Resources Assessment 2020 – Key Findings. FAO.

Farr, T. G., P. A. Rosen, E. Caro, et  al. 2007. “The Shuttle Radar 
Topography Mission.” Reviews of Geophysics 45, no. 2: 183. https://​doi.​
org/​10.​1029/​2005R​G000183.

Fernandez, E., H. Mojahid, E. Fadón, et  al. 2022. “Climate Change 
Impacts on Winter Chill in Mediterranean Temperate Fruit Orchards.” 
Regional Environmental Change 23, no. 1: 7. https://​doi.​org/​10.​1007/​
s1011​3-​022-​02006​-​x.

Gauzere, J., B. Teuf, H. Davi, et  al. 2020. “Where Is the Optimum? 
Predicting the Variation of Selection Along Climatic Gradients and 
the Adaptive Value of Plasticity. A Case Study on Tree Phenology.” 
Evolution Letters 4, no. 2: 109–123. https://​doi.​org/​10.​1002/​evl3.​160.

Greenberg, C. H. 2000. “Individual Variation in Acorn Production by Five 
Species of Southern Appalachian Oaks.” Forest Ecology and Management 
132, no. 2: 199–210. https://​doi.​org/​10.​1016/​S0378​-​1127(99)​00226​-​1.

Gucci, R., E. M. Lodolini, and H. F. Rapoport. 2009. “Water Deficit-
Induced Changes in Mesocarp Cellular Processes and the Relationship 
Between Mesocarp and Endocarp During Olive Fruit Development.” 
Tree Physiology 29, no. 12: 1575–1585. https://​doi.​org/​10.​1093/​treep​hys/​
tpp086.

Guillaume, C., C. Isabelle, B. Marc, and A. Thierry. 2018. “Assessing 
Frost Damages Using Dynamic Models in Walnut Trees: Exposure 
Rather Than Vulnerability Controls Frost Risks.” Plant, Cell & 
Environment 41, no. 5: 1008–1021. https://​doi.​org/​10.​1111/​pce.​12935​.

Guldin, J. 2018. “Silvicultural Options in Forests of the Southern United 
States Under Changing Climatic Conditions.” New Forests 50, no. 1: 17. 
https://​doi.​org/​10.​1007/​s1105​6-​018-​9656-​2.

Hanlon, V. C. T., S. P. Otto, and S. N. Aitken. 2019. “Somatic Mutations 
Substantially Increase the Per-Generation Mutation Rate in the Conifer 
Picea sitchensis.” Evolution Letters 3, no. 4: 348–358. https://​doi.​org/​10.​
1002/​evl3.​121.

Hänninen, H. 2006. “Climate Warming and the Risk of Frost Damage to 
Boreal Forest Trees: Identification of Critical Ecophysiological Traits.” 
Tree Physiology 26, no. 7: 889–898. https://​doi.​org/​10.​1093/​treep​hys/​
26.7.​889.

Hipp, A. L., P. S. Manos, M. Hahn, et  al. 2020. “Genomic Landscape 
of the Global Oak Phylogeny.” New Phytologist 226, no. 4: 1198–1212. 
https://​doi.​org/​10.​1111/​nph.​16162​.

Holl, K. D., and P. H. S. Brancalion. 2020. “Tree Planting Is Not a Simple 
Solution.” Science 368, no. 6491: 580–581. https://​doi.​org/​10.​1126/​scien​
ce.​aba8232.

Hufkens, K., M. A. Friedl, T. F. Keenan, et al. 2012. “Ecological Impacts 
of a Widespread Frost Event Following Early Spring Leaf-Out.” Global 
Change Biology 18, no. 7: 2365–2377. https://​doi.​org/​10.​1111/j.​1365-​
2486.​2012.​02712.​x.

Inventaire Forestier National Français. 2015. “Annual Campaigns 2005 
et Seq.” https://​inven​taire​-​fores​tier.​ign.​fr/​datai​fn/​.

ISRIC. 2024. “World Soil Information. SoilGrids.” https://​doi.​org/​10.​
17027/​​isric​-​wdcso​ils.​20230327.

Journé, V., R. Andrus, M.-C. Aravena, et  al. 2022. “Globally, Tree 
Fecundity Exceeds Productivity Gradients.” Ecology Letters 25, no. 6: 
1471–1482. https://​doi.​org/​10.​1111/​ele.​14012​.

Julca, I., M. Marcet-Houben, F. Cruz, et al. 2020. “Genomic Evidence 
for Recurrent Genetic Admixture During the Domestication of 
Mediterranean Olive Trees (Olea europaea L.).” BMC Biology 18, no. 1: 
148. https://​doi.​org/​10.​1186/​s1291​5-​020-​00881​-​6.

Kalm, P. 1770. Travels Into North America: A Circumstantial Account 
Into Its Plantations and Agriculture in General (F. A. S. J. H. Forster, 
Trans.). William Eyres.

Karger, D. N., O. Conrad, J. Böhner, et al. 2017. “Climatologies at High 
Resolution for the Earth's Land Surface Areas.” Scientific Data 4, no. 1: 
170122. https://​doi.​org/​10.​1038/​sdata.​2017.​122.

Kaukoranta, T., R. Tahvonen, and A. Ylämäki. 2010. “Climatic Potential 
and Risks for Apple Growing by 2040.” Agricultural and Food Science 
19, no. 2: 144–159. https://​doi.​org/​10.​2137/​14596​06107​91542352.

Keck, F., F. Rimet, A. Bouchez, and A. Franc. 2016. “Phylosignal: An R 
Package to Measure, Test, and Explore the Phylogenetic Signal.” Ecology 
and Evolution 6, no. 9: 2774–2780. https://​doi.​org/​10.​1002/​ece3.​2051.

LaDeau, S. L., and J. S. Clark. 2006. “Elevated CO2 and Tree Fecundity: 
The Role of Tree Size, Interannual Variability, and Population 
Heterogeneity.” Global Change Biology 12, no. 5: 822–833. https://​doi.​
org/​10.​1111/j.​1365-​2486.​2006.​01137.​x.

Le Roncé, I., J. Gavinet, J.-M. Ourcival, F. Mouillot, I. Chuine, and J.-M. 
Limousin. 2021. “Holm Oak Fecundity Does Not Acclimate to a Drier 
World.” New Phytologist 231, no. 2: 631–645. https://​doi.​org/​10.​1111/​
nph.​17412​.

Lin, S., H. Wang, Q. Ge, and Z. Hu. 2022. “Effects of Chilling on Heat 
Requirement of Spring Phenology Vary Between Years.” Agricultural 
and Forest Meteorology 312: 108718. https://​doi.​org/​10.​1016/j.​agrfo​rmet.​
2021.​108718.

Liu, Y.-H., C. E. Offler, and Y.-L. Ruan. 2013. “Regulation of Fruit 
and Seed Response to Heat and Drought by Sugars as Nutrients and 
Signals.” Frontiers in Plant Science 4: 282. https://​doi.​org/​10.​3389/​fpls.​
2013.​00282​.

 13652486, 2026, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.70738 by W

ashington U
niversity School O

f M
edicine, W

iley O
nline L

ibrary on [01/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1038/s41467-020-20836-3
https://doi.org/10.1111/gcb.13160
https://doi.org/10.1111/gcb.13160
https://doi.org/10.1890/02-4093
https://doi.org/10.1111/gcb.12420
https://doi.org/10.1002/ecm.1381
https://doi.org/10.1002/joc.5913
https://doi.org/10.1002/joc.5913
https://doi.org/10.1126/science.aau3445
https://doi.org/10.1186/s13750-022-00281-z
https://doi.org/10.1890/07-0217.1
https://doi.org/10.1029/2005RG000183
https://doi.org/10.1029/2005RG000183
https://doi.org/10.1007/s10113-022-02006-x
https://doi.org/10.1007/s10113-022-02006-x
https://doi.org/10.1002/evl3.160
https://doi.org/10.1016/S0378-1127(99)00226-1
https://doi.org/10.1093/treephys/tpp086
https://doi.org/10.1093/treephys/tpp086
https://doi.org/10.1111/pce.12935
https://doi.org/10.1007/s11056-018-9656-2
https://doi.org/10.1002/evl3.121
https://doi.org/10.1002/evl3.121
https://doi.org/10.1093/treephys/26.7.889
https://doi.org/10.1093/treephys/26.7.889
https://doi.org/10.1111/nph.16162
https://doi.org/10.1126/science.aba8232
https://doi.org/10.1126/science.aba8232
https://doi.org/10.1111/j.1365-2486.2012.02712.x
https://doi.org/10.1111/j.1365-2486.2012.02712.x
https://inventaire-forestier.ign.fr/dataifn/
https://doi.org/10.17027/isric-wdcsoils.20230327
https://doi.org/10.17027/isric-wdcsoils.20230327
https://doi.org/10.1111/ele.14012
https://doi.org/10.1186/s12915-020-00881-6
https://doi.org/10.1038/sdata.2017.122
https://doi.org/10.2137/145960610791542352
https://doi.org/10.1002/ece3.2051
https://doi.org/10.1111/j.1365-2486.2006.01137.x
https://doi.org/10.1111/j.1365-2486.2006.01137.x
https://doi.org/10.1111/nph.17412
https://doi.org/10.1111/nph.17412
https://doi.org/10.1016/j.agrformet.2021.108718
https://doi.org/10.1016/j.agrformet.2021.108718
https://doi.org/10.3389/fpls.2013.00282
https://doi.org/10.3389/fpls.2013.00282


16 of 17 Global Change Biology, 2026

Luedeling, E., A. Kunz, and M. M. Blanke. 2013. “Identification 
of Chilling and Heat Requirements of Cherry Trees—A Statistical 
Approach.” International Journal of Biometeorology 57, no. 5: 679–689. 
https://​doi.​org/​10.​1007/​s0048​4-​012-​0594-​y.

Lutz, M., and D. Kann. 2023. “Slim Pickings: Peach Crop Wiped Out 
Across Much of Georgia.” Atlanta Journal-Constitution. https://​www.​
ajc.​com/​news/​georg​ias-​recor​d-​warm-​winte​r-​and-​a-​march​-​freez​e-​ruins​
-​peach​-​season/​IVGQH​3FN4R​ECFB5​VHCDP​INR54U/​.

Mäkipää, R., and J. Heikkinen. 2003. “Large-Scale Changes in 
Abundance of Terricolous Bryophytes and Macrolichens in Finland.” 
Journal of Vegetation Science 14, no. 4: 497–508. https://​doi.​org/​10.​
1111/j.​1654-​1103.​2003.​tb021​76.​x.

Merilä, J., and A. P. Hendry. 2014. “Climate Change, Adaptation, and 
Phenotypic Plasticity: The Problem and the Evidence.” Evolutionary 
Applications 7, no. 1: 1–14. https://​doi.​org/​10.​1111/​eva.​12137​.

Ministerio de Agricultura, P. y. A. 2024. “Gobierno de España (2024) 
Informe Mensual de la Situación de Mercado del Sector del Aceite de 
Oliva y la Aceituna de Mesa, Junio 2024.” https://​www.​mapa.​gob.​es/​es/​
agric​ultura/​temas/​​produ​ccion​es-​agric​olas/​infor​memen​suald​elasi​tuaci​
ondem​ercad​odels​ector​delac​eited​eoliv​aylaa​ceitu​nadem​esa_​junio​2024_​
tcm30​-​690832.​pdf.

Olson, D. M., E. Dinerstein, E. D. Wikramanayake, et  al. 2001. 
“Terrestrial Ecoregions of the World: A New Map of Life on Earth: A 
New Global Map of Terrestrial Ecoregions Provides an Innovative Tool 
for Conserving Biodiversity.” Bioscience 51, no. 11: 933–938. https://​doi.​
org/​10.​1641/​0006-​3568(2001)​051[0933:​Teotwa]​2.0.​Co;​2.

Paddison, L. 2023. Olive Oil Is in Trouble as Extreme Heat and Drought 
Push the Industry Into Crisis. CNN.

Pechan, P. M., H. Bohle, and F. Obster. 2023. “Reducing Vulnerability of 
Fruit Orchards to Climate Change.” Agricultural Systems 210: 103713. 
https://​doi.​org/​10.​1016/j.​agsy.​2023.​103713.

Qin, Y., J. T. Abatzoglou, S. Siebert, et  al. 2020. “Agricultural Risks 
From Changing Snowmelt.” Nature Climate Change 10, no. 5: 459–465. 
https://​doi.​org/​10.​1038/​s4155​8-​020-​0746-​8.

Qiu, T., R. Andrus, M.-C. Aravena, et al. 2022. “Limits to Reproduction 
and Seed Size-Number Trade-Offs That Shape Forest Dominance and 
Future Recovery.” Nature Communications 13, no. 1: 2381. https://​doi.​
org/​10.​1038/​s4146​7-​022-​30037​-​9.

Qiu, T., M.-C. Aravena, D. Ascoli, et al. 2023. “Masting Is Uncommon 
in Trees That Depend on Mutualist Dispersers in the Context of Global 
Climate and Fertility Gradients.” Nature Plants 9, no. 7: 1044–1056. 
https://​doi.​org/​10.​1038/​s4147​7-​023-​01446​-​5.

Ratcliffe, S. 2020. “Forest Inventory Data From Finland and Sweden 
for: Demographic Performance of European Tree Species at Their Hot 
and Cold Climatic Edges, Plus Ancillary Climate Data.” Dryad. 10.5061/
dryad.wm37pvmkw.

Savolainen, O., and T. Pyhäjärvi. 2007. “Genomic Diversity in Forest 
Trees.” Current Opinion in Plant Biology 10, no. 2: 162–167. https://​doi.​
org/​10.​1016/j.​pbi.​2007.​01.​011.

Schmitz, J. D., M. Bonhomme, H. Cochard, et al. 2015. “Are the Effects 
of Winter Temperatures on Spring Budburst Mediated by the Bud Water 
Status or Related to a Whole-Shoot Effect? Insights in the Apple Tree.” 
Trees 29, no. 3: 675–682. https://​doi.​org/​10.​1007/​s0046​8-​014-​1145-​4.

Scotti, I., H. Lalagüe, S. Oddou-Muratorio, et  al. 2023. “Common 
Microgeographical Selection Patterns Revealed in Four European 
Conifers.” Molecular Ecology 32, no. 2: 393–411. https://​doi.​org/​10.​1111/​
mec.​16750​.

Sebeň, V. 2017. “National Indisting and Monitoring of the Forests of 
the Slovak Republic 2015–2016.” https://​sclib.​svkk.​sk/​sck01/​​Record/​
00057​4914.

Service, U. F. 2024. “Design and Analysis Toolkit for Inventory and 
Monitoring (DATIM).” https://​resea​rch.​fs.​usda.​gov/​produ​cts/​dataa​

ndtoo​ls/​tools/​​desig​n-​and-​analy​sis-​toolk​it-​inven​tory-​and-​monit​oring​
-​datim​.

Skrøppa, T., M. M. Tollefsrud, C. Sperisen, and Ø. Johnsen. 2010. “Rapid 
Change in Adaptive Performance From One Generation to the Next 
in Picea abies—Central European Trees in a Nordic Environment.” 
Tree Genetics & Genomes 6, no. 1: 93–99. https://​doi.​org/​10.​1007/​s1129​
5-​009-​0231-​z.

Soguel, D. 2023. In Greece, Iconic Olive Crop Becomes a Climate Change 
Front Line. Christian Science Monitor. https://​www.​csmon​itor.​com/​
World/​​Europe/​2023/​1130/​In-​Greec​e-​iconi​c-​olive​-​crop-​becom​es-​a-​
clima​te-​chang​e-​front​-​line.

Soylu, R. 2023. Turkey: Extreme Weather Threatens Smaller Harvests 
and Higher Prices. Middle East Eye. https://​www.​middl​eeast​eye.​net/​
news/​turke​y-​weath​er-​heatw​ave-​droug​ht-​agric​ultur​e-​harvest.

Staff. 2023. Georgia, the Peach State, Has no Peach Crop This Year. 
Economist. https://​www.​econo​mist.​com/​unite​d-​states/​2023/​06/​08/​
georg​ia-​the-​peach​-​state​-​has-​no-​peach​-​crop-​this-​year.

Stephenson, A. G. 1981. “Flower and Fruit Abortion: Proximate Causes 
and Ultimate Functions.” Annual Review of Ecology, Evolution, and 
Systematics 12, no. 1: 253–279. https://​doi.​org/​10.​1146/​annur​ev.​es.​12.​
110181.​001345.

Thomashow, M. F. 1999. “Plant Cold Acclimation: Freezing Tolerance 
Genes and Regulatory Mechanisms.” Annual Review of Plant Biology 50, 
no. 1: 571–599. https://​doi.​org/​10.​1146/​annur​ev.​arpla​nt.​50.1.​571.

Thornton, P. E., R. Shrestha, M. Thornton, S.-C. Kao, Y. Wei, and B. E. 
Wilson. 2021. “Gridded Daily Weather Data for North America With 
Comprehensive Uncertainty Quantification.” Scientific Data 8, no. 1: 
190. https://​doi.​org/​10.​1038/​s4159​7-​021-​00973​-​0.

USDA – National Agricultural Statistics Service. 2014. “Quick Stats 
Database [On-Line].” https://​quick​stats.​nass.​usda.​gov/​.

Villaescusa, R., and R. Diaz. 1998. “Segundo Inventario Forestal 
Nacional (1986–1996).” https://​www.​miteco.​gob.​es/​es/​biodi​versi​
dad/​servi​cios/​banco​-​datos​-​natur​aleza/​​infor​macio​n-​dispo​nible/​​
ifn2.​html.

Vitasse, Y., A. Lenz, and C. Körner. 2014. “The Interaction Between 
Freezing Tolerance and Phenology in Temperate Deciduous Trees.” 
Frontiers in Plant Science 5: 541. https://​doi.​org/​10.​3389/​fpls.​2014.​00541​.

Wang, J., H. Hua, J. Guo, et  al. 2025. “Late Spring Frost Delays Tree 
Spring Phenology by Reducing Photosynthetic Productivity.” Nature 
Climate Change 15: 201–209. https://​doi.​org/​10.​1038/​s4155​8-​024-​
02205​-​w.

Wang, S., J. Chen, Y. Rao, L. Liu, W. Wang, and Q. Dong. 2020. 
“Response of Winter Wheat to Spring Frost From a Remote Sensing 
Perspective: Damage Estimation and Influential Factors.” ISPRS 
Journal of Photogrammetry and Remote Sensing 168: 221–235. https://​
doi.​org/​10.​1016/j.​isprs​jprs.​2020.​08.​014.

Wisniewski, M., A. Nassuth, and R. Arora. 2018. “Cold Hardiness in 
Trees: A Mini-Review.” Frontiers in Plant Science 9: 1394. https://​doi.​
org/​10.​3389/​fpls.​2018.​01394​.

Wu, H., X. Su, and V. P. Singh. 2023. “Increasing Risks of Future 
Compound Climate Extremes With Warming Over Global Land 
Masses.” Earth's Future 11, no. 9: e2022EF003466. https://​doi.​org/​10.​
1029/​2022E​F003466.

Xu, J., J. Zhang, X. Wei, et al. 2024. “Study on Frost Damage Index and 
Hazard Assessment of Wheat in the Huanghuaihai Region.” Ecological 
Indicators 167: 112679. https://​doi.​org/​10.​1016/j.​ecoli​nd.​2024.​112679.

Zanne, A. E., D. C. Tank, W. K. Cornwell, et al. 2014. “Three Keys to the 
Radiation of Angiosperms Into Freezing Environments.” Nature 506, 
no. 7486: 89–92. https://​doi.​org/​10.​1038/​natur​e12872.

Zohner, C. M., L. Mo, S. S. Renner, et al. 2020. “Late-Spring Frost Risk 
Between 1959 and 2017 Decreased in North America but Increased in 

 13652486, 2026, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.70738 by W

ashington U
niversity School O

f M
edicine, W

iley O
nline L

ibrary on [01/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/s00484-012-0594-y
https://www.ajc.com/news/georgias-record-warm-winter-and-a-march-freeze-ruins-peach-season/IVGQH3FN4RECFB5VHCDPINR54U/
https://www.ajc.com/news/georgias-record-warm-winter-and-a-march-freeze-ruins-peach-season/IVGQH3FN4RECFB5VHCDPINR54U/
https://www.ajc.com/news/georgias-record-warm-winter-and-a-march-freeze-ruins-peach-season/IVGQH3FN4RECFB5VHCDPINR54U/
https://doi.org/10.1111/j.1654-1103.2003.tb02176.x
https://doi.org/10.1111/j.1654-1103.2003.tb02176.x
https://doi.org/10.1111/eva.12137
https://www.mapa.gob.es/es/agricultura/temas/producciones-agricolas/informemensualdelasituaciondemercadodelsectordelaceitedeolivaylaaceitunademesa_junio2024_tcm30-690832.pdf
https://www.mapa.gob.es/es/agricultura/temas/producciones-agricolas/informemensualdelasituaciondemercadodelsectordelaceitedeolivaylaaceitunademesa_junio2024_tcm30-690832.pdf
https://www.mapa.gob.es/es/agricultura/temas/producciones-agricolas/informemensualdelasituaciondemercadodelsectordelaceitedeolivaylaaceitunademesa_junio2024_tcm30-690832.pdf
https://www.mapa.gob.es/es/agricultura/temas/producciones-agricolas/informemensualdelasituaciondemercadodelsectordelaceitedeolivaylaaceitunademesa_junio2024_tcm30-690832.pdf
https://doi.org/10.1641/0006-3568(2001)051%5B0933:Teotwa%5D2.0.Co;2
https://doi.org/10.1641/0006-3568(2001)051%5B0933:Teotwa%5D2.0.Co;2
https://doi.org/10.1016/j.agsy.2023.103713
https://doi.org/10.1038/s41558-020-0746-8
https://doi.org/10.1038/s41467-022-30037-9
https://doi.org/10.1038/s41467-022-30037-9
https://doi.org/10.1038/s41477-023-01446-5
http://10.0.19.197/dryad.wm37pvmkw
http://10.0.19.197/dryad.wm37pvmkw
https://doi.org/10.1016/j.pbi.2007.01.011
https://doi.org/10.1016/j.pbi.2007.01.011
https://doi.org/10.1007/s00468-014-1145-4
https://doi.org/10.1111/mec.16750
https://doi.org/10.1111/mec.16750
https://sclib.svkk.sk/sck01/Record/000574914
https://sclib.svkk.sk/sck01/Record/000574914
https://research.fs.usda.gov/products/dataandtools/tools/design-and-analysis-toolkit-inventory-and-monitoring-datim
https://research.fs.usda.gov/products/dataandtools/tools/design-and-analysis-toolkit-inventory-and-monitoring-datim
https://research.fs.usda.gov/products/dataandtools/tools/design-and-analysis-toolkit-inventory-and-monitoring-datim
https://doi.org/10.1007/s11295-009-0231-z
https://doi.org/10.1007/s11295-009-0231-z
https://www.csmonitor.com/World/Europe/2023/1130/In-Greece-iconic-olive-crop-becomes-a-climate-change-front-line
https://www.csmonitor.com/World/Europe/2023/1130/In-Greece-iconic-olive-crop-becomes-a-climate-change-front-line
https://www.csmonitor.com/World/Europe/2023/1130/In-Greece-iconic-olive-crop-becomes-a-climate-change-front-line
https://www.middleeasteye.net/news/turkey-weather-heatwave-drought-agriculture-harvest
https://www.middleeasteye.net/news/turkey-weather-heatwave-drought-agriculture-harvest
https://www.economist.com/united-states/2023/06/08/georgia-the-peach-state-has-no-peach-crop-this-year
https://www.economist.com/united-states/2023/06/08/georgia-the-peach-state-has-no-peach-crop-this-year
https://doi.org/10.1146/annurev.es.12.110181.001345
https://doi.org/10.1146/annurev.es.12.110181.001345
https://doi.org/10.1146/annurev.arplant.50.1.571
https://doi.org/10.1038/s41597-021-00973-0
https://quickstats.nass.usda.gov/
https://www.miteco.gob.es/es/biodiversidad/servicios/banco-datos-naturaleza/informacion-disponible/ifn2.html
https://www.miteco.gob.es/es/biodiversidad/servicios/banco-datos-naturaleza/informacion-disponible/ifn2.html
https://www.miteco.gob.es/es/biodiversidad/servicios/banco-datos-naturaleza/informacion-disponible/ifn2.html
https://doi.org/10.3389/fpls.2014.00541
https://doi.org/10.1038/s41558-024-02205-w
https://doi.org/10.1038/s41558-024-02205-w
https://doi.org/10.1016/j.isprsjprs.2020.08.014
https://doi.org/10.1016/j.isprsjprs.2020.08.014
https://doi.org/10.3389/fpls.2018.01394
https://doi.org/10.3389/fpls.2018.01394
https://doi.org/10.1029/2022EF003466
https://doi.org/10.1029/2022EF003466
https://doi.org/10.1016/j.ecolind.2024.112679
https://doi.org/10.1038/nature12872


17 of 17Global Change Biology, 2026

Europe and Asia.” Proceedings of the National Academy of Sciences 117, 
no. 22: 12192–12200. https://​doi.​org/​10.​1073/​pnas.​19208​16117​.

Supporting Information
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Supporting Information section. Figure S1: Mapped norms and trends 
in LFDD (degree days) for three chilling delay values and moisture defi-
cit (mm). Figure S2: Species summary by genus and family. Figure S3: 
Broad climate space in North America has especially large coverage at 
high LFDD. Figure S4: Sensitivity of seed production (proportionate 
mass per tree-year) to annual anomalies. Figure S5: Densities taken 
over all species corresponding to coefficients in Figure S4. Figure S6: 
Cross validation shown as prediction for holdouts versus observed for 
Liriodendron tulipifera at 148 locations in Duke Forest. Figure S7: Out-
of-sample prediction errors plotted against the predictive mean. Figure 
S8: Trait correlations with sensitivity to climate anomalies. Figure S9: 
Response to extreme anomalies, shown as barplots, do not show phylo-
genetic structure, including defAnom (MDEF, outer), LFDD50Anom, 
LFDD30Anom, LFDD50Anom. Figure S10: Dry anomalies in ENA 
(brown MDEF) associate with low fecundity (blue) in Acer rubrum and 
A. saccharum (above) and, in EU, with high (red) A. platanoides and A. 
pseudoplatanus (below). Figure S11: Dry or late-freeze anomalies in 
ENA and EU for MDEF and LFDD associate with low fecundity (blue) 
in Fagus grandifolia in ENA and F. sylvatica in EU. MDEF and LFDD 
color maps saturate at ±30 mm and DD, respectively. Table S1: Number 
of species (298 total) with each predictor included in the model and 
those that are different from zero (see Methods). Table S2: Late-freeze 
events at Warner Robins, GA in 2023. Table S3: Phylogenetic signal for 
five indices, with significant values (p< 0.05) in bold font. Table S4: File 
fitlog.csv. Rows are organized by genus and region and then by lowest 
DIC weighted. Table S5: Files parEst.csv and parSE.csv. Posterior mean 
estimates and standard errors. 
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