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Changes in plant phenology associated with climate change have
been observed globally. What is poorly known is whether and
how phenological responses to climate warming will differ
from year to year, season to season, habitat to habitat, or species
to species. Here, we present 5 y of phenological responses to
experimental warming for 10 subboreal tree species. Research
took place in the open-air B4WarmED experiment in Minnesota.
The design is a two habitat (understory and open) × three warm-
ing treatments (ambient, +1.7 °C, +3.4 °C) factorial at two sites.
Phenology was measured twice weekly during the growing sea-
sons of 2009 through 2013. We found significant interannual var-
iation in the effect of warming and differences among species in
response to warming that relate to geographic origin and plant
functional group. Moreover, responses to experimental tempera-
ture variation were similar to responses to natural temperature
variation. Warming advanced the date of budburst more in early
compared to late springs, suggesting that to simulate interannual
variability in climate sensitivity of phenology, models should em-
ploy process-based or continuous development approaches. Dif-
ferences among species in timing of budburst were also greater
in early compared to late springs. Our results suggest that climate
change—which will make most springs relatively “early”—could
lead to a future with more variable phenology among years and
among species, with consequences including greater risk of inap-
propriately early leafing and altered interactions among species.
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Changes in phenology have emerged as one of the most con-
sistent signals of organismal response to climate change

(1–3). Understanding the causes, consequences, and variability
of changes in phenology is critical for predicting future pathways
of ecological communities. Studies using long-term records and
remote sensing have shown that in seasonally cold environments,
climate change is causing earlier spring onset and delayed au-
tumn senescence for many species (4–6) and altering the timing
of reproduction (7–9). Studies of the response of spring phe-
nology to experimental warming also show earlier leafing,
emergence, and flowering (10–16) attributed to a variety of
factors including earlier onset of temperatures favorable to
growth and earlier snowmelt (8, 17). Autumn phenology has
been less studied. There is evidence that late season flowering is
less sensitive to warming (18, 19) and senescence is often delayed
by warming (13, 15), but not always (7, 20). Although we have
learned much, there remains considerable uncertainty.
In particular, it remains unclear whether and how climate

forcing will interact with natural interannual temperature vari-
ability to affect phenology (21). For example, will warming alter
phenology to the same degree in a warm, early spring compared
to a cool, late spring? Moreover, questions remain about the
factors that can explain interspecific differences (17, 22) in cli-
mate sensitivity such as species’ geographic origin, leaf habit,

physiology, microclimate, or interactions with nonclimate cues
(e.g., photoperiod). Finally, while experiments are often upheld
as a way to disentangle the multiple factors that could affect
phenology, there have been critiques of the value of inferences
gained from warming experiments compared to other methods
(23, 24).
It is likely that climate warming will interact with natural

temperature variability to alter phenology. There is evidence
from remote sensing that vegetation green-up is slower in early,
warm springs (25) and that there is more differentiation among
species and individuals in such years (26). This differentiation
could be due to a number of factors such as similar degree day
requirements spread over longer or shorter times (26), the al-
teration of key windows of developmental sensitivity (14, 22),
differences in requirements for phenological events to occur, or a
combination of these. Thus, responses to a generally warming
future climate might have different impacts in years with early vs.
late springs (relative to decadal scale variation). For example,
one might expect that warming may not have equal effects during
early versus late springs if increased chilling results in faster rates
of budburst under forcing temperatures (27–29) or photoperiod
constrains response (26, 30). To date, using experimental
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warming to explore the interaction of interannual temperature
variability with climate forcing has been limited due to the short
time span of most warming studies (21).
Warming may affect species and individuals differently due to

the proximate mechanisms that cause phenological responses.
These mechanisms can be environmental (e.g., temperature,
photoperiod, resource availability) or organismal (e.g., sensitivity
to conditions, speed of response to conditions, physiology; ref.
31). Although leafing phenology is cued by a combination of
temperature and daylength in most tree species in seasonally
cold forests (32–37), there is growing evidence that species differ
in the relative importance of each (27–29, 38). Such differences
affect the ability to respond to earlier onset of warm tempera-
tures in spring and the extension of warm temperatures into the
fall. For budburst, some species are most sensitive to spring
warming (i.e., forcing temperatures). Such species may be most
responsive to earlier onset of spring. For other species, rates of
budburst also depend strongly on winter chilling (27–29) or are
constrained by photoperiod (30); such species might be less re-
sponsive to earlier onset of spring. For senescence, much less is
known. A large meta-analysis of trees from seasonally cold for-
ests suggests that October temperatures were the strongest
predictors of leaf senescence followed by cooling degree days
and photoperiod. However, the strength of the relationships vary
with latitude and geographic region (39).
There is growing evidence that suggests interannual spring

temperature variability (STV) influences regional strategies in
phenology (40). Species from areas with high STV have higher
chilling requirements to ward against inappropriate leafing and
subsequent frost damage (40). In addition, research suggests that
regions with warmer, earlier springs house species with greater
extent of photoperiodic control (29). Both high chilling re-
quirements and photoperiodic control will constrain phenologi-
cal shifts in response to climate change. Species with such
constraints might be less able to take advantage of a longer active
season but would likely also be less vulnerable to frost damage.
Strong effects of geographic–climatic history mean that the ef-
fects of climate change on phenology of mixed species commu-
nities will be more difficult to predict.
Overall, a number of knowledge gaps exist because of limita-

tions of prior experimental work. These include (a) short time
frame (most 2 to 3 y) limiting inferences regarding whether re-
sponse to warming depends on weather in any particular year
(e.g., warm versus cold spring); (b) paucity of research on
needle-leaved conifers that dominate northern latitude forests
(but see ref. 15); (c) strong focus on budburst, leaving autumn
phenology poorly characterized; (d) warming of either soil/roots
or foliage, but not both (but see ref. 13); and (e) results that are
inconsistent with long-term observational data (23, 24) raising
questions about the realism of experiments for understanding
climate change effects on phenology.
To address several of these knowledge gaps, we tested the

extent to which experimental warming changed spring and au-
tumn leafing phenology over 5 y in 10 co-occurring tree species
grown in two habitat conditions at two sites in the temperate-
boreal ecotone. The data from this experiment represents an
order of magnitude richer data set (200 habitat–species–year
combinations, each at 3 temperature levels) than any prior
phenology-warming experiment. We hypothesized that species
would differ in the degree that warming advanced budburst in
spring or delayed senescence in autumn. We expected to see a
stronger response in boreal species due to lower sensitivity to
chilling and greater sensitivity to forcing temperatures (29, 37,
41). We had competing hypotheses about interannual variability
on the effect size of warming on budburst: if spring forcing
temperatures were the dominant cue, then there would be no
difference among years in effect size. Alternately, if winter

chilling or photoperiod played a role, then effect size would vary
among years.
Our study is part of a larger project (Boreal Forest Warming

at an Ecotone in Danger; B4WarmED). B4WarmED explores
the potential for projected climate warming to alter tree function
and species composition at the boreal-temperate forest ecotone
through effects on juvenile physiology, growth, and survival (42,
43). Variation in phenological response to warming among co-
occurring tree species could play an important role in de-
termining climate change impacts on forested communities. This
is because phenology impacts tree growth and productivity
(44–48), frost risk, reproductive fitness (49–51), success of in-
vasive species (52, 53), and abundance and health of herbivores
(54). Our work is unique in its use of local genotypes, length, and
large number of functionally diverse species, including broad-
and needle-leaved species and those tolerant and intolerant of
shade. In addition, we use active warming of above and below-
ground plant parts and include both spring and autumn pheno-
phases. Finally, due to the considerable interannual variability in
spring and autumn temperature regimes (SI Appendix, Fig. S1),
multiple years of data increase our ability to make inferences
across a range of seasonal weather conditions (e.g., early versus
late springs). Multiple years of data also allow us to integrate
responses to natural interannual variation in temperature with
response to experimental warming (16, 55).

Results
Budburst Phenology. The average day of year of budburst differed
among years, canopy cover, warming treatments, and species (SI
Appendix, Table S1). Among species, Betula papyrifera generally
broke bud the earliest and Abies balsamea the latest. Experi-
mental warming advanced budburst of all species (F2,75 = 150;
P < 0.0001). Days advanced by species averaged across years
ranged from 2.4 to 7.2 d for the +3.4 °C treatment and 1.8 to
4.6 d for +1.7 °C treatment. However, averaging across years
masks interannual variability in budburst, which varied consid-
erably from year to year (F3,3603 = 4551; P < 0.0001); using the
ambient treatment as a reference, average day of year of

Fig. 1. Average change in budburst of per degree warming (day per degree
Celsius) as a function of average March 15 through May 15 temperature
(TMAM) in the ambient treatment. Each point is the average change in
budburst of 10 species for each year, site, canopy condition, and warming
treatment (y axis; n = 10 per point) and corresponding average TMAM in the
ambient treatment for each year, site, and canopy condition (x axis; n = 93
per point). Filled dots and solid line are from +3.4 °C treatment. Open dots
and dashed line are from +1.7 °C. R2 = 0.21, P < 0.0001.
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budburst varied by 31 d among years. Moreover, the effect of
warming on budburst differed among years (year × warming
interaction; F6,3748 = 11.2; P < 0.0001) and species differed in the
extent of such interannual variation sensitivity (year × warming ×
species interaction; F54,5272 = 2.676; P < 0.0001; SI Appendix, Fig.
S2). Budburst advanced most in spring 2012 with seedlings of
Populus tremuloides breaking bud 13 and 15 d earlier in +1.7 °C
and +3.4 °C, respectively. In contrast, in 2013, several species
(Picea glauca, Acer rubrum, and Pinus strobus) did not advance
budburst in either warming treatment. Finally, canopy cover was
related to budburst for Betula papyrifera, Pinus banksiana, Pinus
strobus, and Quercus macrocarpa. Generally, budburst was
delayed in closed relative to open sites. There was a single in-
teraction involving warming and canopy cover (year × habitat ×
warming; F54,5201 = 2.218, P < 0.0001; SI Appendix, Table S1)
that stemmed from a single year (2010) showing slightly stronger
response to warming in the open compared to closed.
The differences among years in response of budburst to

warming were related to the timing of spring warm-up. Plotting
the effect size of warming versus the average spring temperature
in ambient plots (March 15 to May 15 [TMAM] as an indicator of
warmth and timing of spring) shows a negative relationship, in-
dicating that budburst advances more with warming in early,
warm springs compared to late, cold springs (Fig. 1; R2 = 0.21,
P < 0.0001, no difference between treatments in the relation-
ship). We interpret this evidence as showing, with >99.9% con-
fidence, that warmer temperatures will have a larger effect (size)
in warmer, earlier springs, but that a lot of unexplained variation
remains, some of which may be related to other mechanisms we
did not examine and some which may simply be experimental
"noise." In addition, differences among species in budburst tim-
ing were more pronounced in warm versus cold springs. For
example, in 2011, a late, cold spring, time from average budburst
of the first species to the last was ∼14 d. In contrast, in 2012, an
early, warm spring, the difference between the first and last
species was 32 d. There was a positive relationship between
TMAM and the coefficient of variation of budburst among species
[Fig. 2; R2 = 0.41; CV of budburst = 2.74 + 0.609 TMAM, CV
calculated among species means (n = 10) for each year (5) * site
(2) * habitat (2) * treatment (3) combination, n = 60].

We also found differences in effect size of warming among
plant functional types and in relation to the species range (using
center of geographic range in midcontinent as a proxy). Ever-
green species had a lower effect size than deciduous species
(Fig. 3; F1,1143 = 20.4, P < 0.0001). Within functional groups,
species from more northern, colder climates advanced budburst
more in response to warming (Fig. 3; F1,1143 = 10.4, P < 0.0013);
low sample sizes within functional groups suggest this latter re-
sult should be considered cautiously.
Finally, the advancement of budburst as a result of experi-

mental warming was consistent with the advancement of bud-
burst induced by natural interannual changes in spring
temperatures. For all but the two pine species, experimental
warming and natural interannual changes in climate moves
budburst along a common line (Fig. 4). Overall, we found a
strong relationship between day of year of budburst and TMAM
measured in each treatment (F1,573 = 1,062; P < 0.0001), a small
effect of warming treatment (F1,573 = 3.294, P = 0.04), and no
interaction of warming and TMAM measured in each treatment
(e.g., no difference in slope; F1,573 = 0.1654, P = 0.85). This in-
dicates that phenological responses were similar to warming
temperatures whether they were from experimental warming or
ambient variability.

Growing Degree Days at Time of Budburst. Spring phenology is
often modeled using a measure of thermal time (e.g., growing
degree days, GDD). In this framework, there is often an ex-
pectation that the thermal time at budburst will be the same
across treatments and years if spring warming is the main driver
of budburst. In contrast, we found that growing degree days at
time of budburst differed among years, warming treatments, and
species (SI Appendix, Table S2). Similar to our analyses of date
of budburst, we found significant year × warming (F6,3956 =
8.478, P < 0.0001) and year × warming × species (F54,5201 =
2.218, P < 0.0001) interactions suggesting interannual variation
in the effect size of warming on GDDs accumulated on the date

Fig. 2. Coefficient of variation (CV) among 10 species in budburst date as a
function of average March 15 to May 15 temperature (TMAM) in the ambient
treatment. Each point represents CV of species means (n = 10) for one
site × year × habitat × treatment combination (e.g., CFC, 2009, Closed can-
opy, +3.4 °C, n = 60). Colors indicate year.

Fig. 3. Average change in budburst of per degree warming (days) as a
function of an index of the center of a species latitudinal geographic range
(in midcontinent). Each point represents 1 of our 10 study species. Average ±
SEM were calculated across sites, canopy conditions, and years (2 sites × 2
canopy conditions × 5 y = 20). There were significant differences between
evergreen and deciduous species (F1,1143 = 20.4, P < 0.0001), a significant
negative relationship between geographic range and effect size (F1,1143 =
10.4, P < 0.0013) and no interaction.
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of budburst. Generally, individuals in warming treatments re-
quired more GDDs to break bud compared to those in ambient.
Species differed in GDD at time of budburst, with Betula papy-
rifera and Pinus banksiana requiring least and Abies balsamea the
most among years.

Senescence Phenology. Like budburst, timing of senescence dif-
fered among years, canopy cover, warming treatments, and
species (SI Appendix, Table S3). In general, there was lower
variation among years in the timing of senescence compared to
budburst, and species tended to be the strongest effect. Warming
delayed senescence for deciduous species in all years, and either
had no effect or advanced senescence in needle-leaved, ever-
green conifers depending on year (SI Appendix, Fig. S3). Average
delay of senescence by deciduous species averaged across years
ranged from 1.7 to 11.6 d for the +3.4 °C treatment and 1.7 to
7.8 d for the +1.7 °C treatment. Maximum delays occurred in
autumn 2009: seedlings of Acer saccharum delayed senescence by
17 d in the +3.4 °C treatment and Acer rubrum delayed senes-
cence by 13 d in the +1.7 °C treatment. Minimum delays in se-
nescence for deciduous species occurred in autumn 2012 when
Populus tremuloides began senescence 5 d earlier in the +3.4 °C
treatment compared to ambient and Betula papyrifera began to
senesce 3 d earlier in the +1.7 °C treatment compared to

ambient. Using the ambient treatment as a reference, start of
senescence varied across years by 14 d; 2013 was the earliest year
(average start of senescence was September 16) and 2009 was the
latest (average start of senescence was September 30).
We found species differences in the degree of delay of se-

nescence and in whether responses were linear or nonlinear
(species × warming interaction; F18,4543 = 10; P < 0.001). Acer
saccharum was the most responsive to warming, delaying senes-
cence from 7 to 17 d depending on year. Finally, we found
canopy differences in senescence for Acer saccharum, Acer
rubrum, and Quercus rubra (species × habitat interaction; SI
Appendix, Table S3). Generally, senescence was delayed in
closed relative to open for these species. This was especially
pronounced in Acer spp., which senesced on average 9 d later in
closed canopy treatments. There were also several three-way
interactions that included canopy cover and warming (SI Ap-
pendix, Table S3). These interactions were related to the overall
lack of response of evergreen species to any treatments, whereas
all deciduous species delayed senescence more with warming,
some delayed senescence more in closed canopy treatments, and
for some the magnitude of delay differed among years. For the
latter, there did not appear to be any consistent order among
years across species.

Fig. 4. Relationship between of day of year of budburst versus average temperature March 15 through May 15 temperature (TMAM) in ambient, +1.7 °C, and
+3.4 °C across 5 y (2009 to 2013) for 10 tree species. Each panel represents a species. Each point is average of individuals within sites and canopy condition
and year (y axis; n = 12 per point, 2 individuals * 3 plots) and corresponding average TMAM in each treatment for each year, site, and canopy condition (x axis;
n = 93 per point).
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Growing Season Length. For the deciduous species, growing sea-
son length differed among years, warming treatments, and spe-
cies (SI Appendix, Table S4). Year was the strongest effect
(F4,180 = 366; P < 0.0001). Using the ambient treatment as a
reference, growing season length varied by >30 d among years;
2013 was the shortest (115 d) and 2010 the longest (148 d)
growing season. Given that evergreen species maintain foliage
year-round, estimating growing season length based on leafing
phenology may not be the most appropriate measure. Thus, we
only examined change in growing season length for seasonally
deciduous species.
Warming extended the growing season in all deciduous species

(SI Appendix, Fig. S4). Among years, average extension ranged
from 10 to 17 d for the +3.4 °C treatment and 6 to 11 d for +1.7
°C treatment. Maximum extension occurred was in 2010: seed-
lings of Acer saccharum extended the growing season by 22 d in
+3.4 °C and Acer rubrum by 16 d in +1.7 °C. Minimum extension
occurred in 2013 when Acer rubrum showed a 0- and 3-d change
in growing season length in +1.7 and +3.4 °C, respectively.
In both treatments with elevated temperatures, contribution to

growing season length of early leafing compared to later senes-
cence varied among years (SI Appendix, Table S5; +1.7 °C,
F4,29 = 4.37, P = 0.0082; +3.4 °C, F4,29 = 17.05, P < 0.0001), but
not among species (SI Appendix, Table S5; +1.7 °C, F5,29 = 0.874,
P = 0.513; +3.4 °C, F5,29 = 0.7344, P = 0.605). In 2012, early leaf
out contributed most to growing season length (64% and 81% in
1.7 and 3.4 °C), whereas in 2013 late leaf fall in autumn con-
tributed the most (77% in both warming treatments), with other
years showing more equal contributions of the two (Tukey’s
honestly significant difference, α = 0.05).

Discussion
Phenology has emerged as one of the most coherent signals of
organismal response to a changing climate (2, 56). Both histor-
ical records and experimental studies show alteration of phe-
nology linked to altered temperature regimes, especially in
seasonally cold climates (13, 15, 39). Our research extends and
advances prior research by demonstrating strong interannual
variation in the effect of experimental warming on phenology
(Figs. 1 and 2). We found significant differences in the magni-
tude and nature of phenological responses to warming among a
suite of co-occurring species. Responses to warming differed as a
function of leaf habit and geographical range with deciduous
species and boreal species more responsive to warming (Fig. 3).
Moreover, we found a larger spread between when the first and
last species break bud in early springs. We hypothesize that these
differences are related to differences among species in the rel-
ative importance of environmental cues for phenology, the rel-
ative sensitivity of species to cues across the growing season (14),
and in the speed of warming in early versus late springs (25, 26).
Finally, integrating natural with experimental changes in tem-
perature revealed consistent budburst responses to warming
(Fig. 4). This suggests that our experiments were realistic ma-
nipulations of natural climate variation, but also supports using
natural variation as proxies of future warming at least within the
range of temperature examined. Our results are consistent with
other studies that warmed only aboveground suggesting that
studies that only warmed aboveground were not confounded by
incomplete (e.g., lack of belowground warming) warming treat-
ments. Overall, our findings suggest that phenology could be
among the suite of characteristics that affect how co-occurring
species interact under climate change. Changing phenology can
affect plant growth and productivity (44–48), frost risk, re-
productive fitness (49–51), success of invasive species (52, 53),
and abundance and health of herbivores (54). In general,
changing species interactions associated with changing phenol-
ogy would have consequences for community composition
and function.

Effect of Experimental Warming Stronger in Early Springs. One of
our most compelling results showed strong interannual variation
in the strength of treatment effects related to variation in
weather in spring (Fig. 1). In the 5 y reported here, the start of
phenological spring and autumn varied by as much as 30 and 14
d, respectively. To date, little attention has been paid to whether
the effects of climate warming are contingent on whether con-
ditions in spring are average, cooler than average, or warmer
than average. Our data suggest that in the future, early, warm
springs (relative to other years) will show a larger effect size and
greater variance associated with additional warming. These
patterns may result from the changing relative importance of
temperature and photoperiod as spring progresses. For example,
if forcing temperatures dominate in early spring (e.g., late
March) we might expect stronger responses to warming espe-
cially for species that lack photoperiodic sensitivity and have low
chill requirements. In late spring, chilling requirements and
photoperiod thresholds have likely been fulfilled for all species
and the response of all species to forcing is strong and rapid (21,
28). Additional warming in a late spring may not further stimu-
late budburst. This supposition is supported in part by evidence
that long photoperiods can substitute for forcing in some
species (38).

Longer Forestwide Green-Up Period in Early Springs. In addition to
interannual variation in the average effect size of warming, dif-
ferences among species in timing of budburst were also greater in
early compared to late springs. This suggests that climate change
(by advancing spring on average) could increase asynchrony of
leafing in forested communities. For example, in 2012, an early,
warm spring, the number of days between the first species
breaking bud and the last was 32, while in 2011, a cold, late
spring, it was 14. Again, these differences may be related to
species differences in relative importance of cues during spring
development. In early springs, the earliest leafing species may be
those for whom forcing temperatures dominate cues for bud-
burst. Early springs often also involve less chilling hours and
shorter photoperiods when forcing temperatures begin. Species
whose rate of response to forcing temperature increases with
longer chill exposures (27, 28, 57, 58) or require a particular
length of photoperiod to respond to forcing (30) will be slower to
respond, resulting in later leafing.
Another potential explanation for greater phenological dif-

ferentiation is related to the within-season warming speed (59).
There is some evidence that in late springs, individuals reach
their forcing sums closer in time to one another, compressing
spring phenology in ordinal time, reducing differentiation among
individuals and species (26), and inducing more rapid green-up
(25). Our results using experimental warming further extend
these ideas by showing greater differentiation among species and
warming treatments in early, warm springs compared to late,
cool springs. Examining the mechanisms that may underlie these
results such as similar degree day requirements spread over
longer or shorter times; alteration of key windows of de-
velopmental sensitivity; interactions of chilling, photoperiod, and
warming; or some combination can be tested using a modeling
framework, which represents a next step for this work. Such
modeling would employ several approaches. First, process-based
models (60) and a model selection approach (25) allow flexibility
in defining the window for degree day accumulation, base tem-
perature, and role of chilling and photoperiod. Second, contin-
uous developmental models (14, 61) can more fully examine the
potential for changing developmental sensitivity during the
growing season and under experimental warming.
Regardless of the underlying mechanisms that create greater

differentiation among species in early springs, such patterns
would extend the period in which a mixed species forest leafs out
in early springs. This could affect species’ interactions among
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plants and between plants and animals. First, species that leaf
out earlier might gain a greater amount of carbon due to higher
irradiance (less neighbor shading), which could be especially
important for seedlings, saplings, and young trees in understory
conditions where that extra light can help drive a considerable
increase in total annual carbon flux (62). Alternately, it could
increase vulnerability to invasive species due to extended periods
of incomplete canopy closure (48, 51). Second, generalist insect
herbivores that feed on juvenile foliage of multiple species may
have more food resources if young foliage is available longer.
Since finding and capturing prey is easier and less energy in-
tensive early in the season when foliage is small (63), a longer
period between when the budburst of the first and last species
may also increase food accessibility for insect-feeding birds (64).
For mammalian herbivores, extended spring could have positive
consequences by extending the period of high quality forage (54).

Autumn Leaf Phenology Extended Only in Deciduous Species. Au-
tumn is a time in which temperatures are falling and sun angles
become lower. Although we found approximately equal contri-
bution of delayed senescence in autumn and earlier budbreak in
spring to extended growth season in deciduous species (SI Ap-
pendix, Table S5), the broader consequences of extended autumn
are perhaps less than extended spring. For deciduous species
photosynthetic capacity at this time is generally reduced (65),
thus the positive consequences may be lower. Moreover, autumn
extension could have overall negative impacts. In particular,
while warming has been shown to increase assimilation and
ecosystem respiration (i.e., aggregate leaf, stem, root, and soil
microbe) in both spring and autumn, in autumn respiration ex-
ceeds assimilation (47). Thus, if autumns warm faster than
springs the net impact on carbon balance might be negative (47).
In addition, autumn extension could increase the potential for
frost to affect leaf drop prior to full translocation of nutrients
from leaves.
Autumn leaf senescence was not sensitive to warming in ev-

ergreen, needle-leaved species. For these, senescence represents
loss of the oldest and least functional foliage cohorts. In addi-
tion, given the high cost of construction of needle leaves, a
resource-conservative strategy means that retranslocation of
nutrients may be prioritized over extension of the life of the
needle, constraining any delay in senescence.

Geographical Range Predicts Response to Warming. Across geo-
graphic gradients, some studies of leafing phenology have fo-
cused on ecotypic variation within species (37, 66–69), while
others compared species with different climatic ranges (29, 40,
70, 71). Results of the role of geography provide conflicting or
incomplete stories. For example, there are few comparisons of
whether populations or species from cold versus warm climates
differ in sensitivity to spring warming. Some suggest that there is
little difference in sensitivity (70), while others find that those
from colder regions are more sensitive to spring warming (37).
Recent work suggests that species from geographic regions with
short winters rely on photoperiodism (29). Studies of chilling
requirements suggest strong clinal variation but the direction of
response can differ among species. Some studies found that
northern populations have longer chill requirements than
southern (32, 67), whereas others show the opposite (37, 72).
Differences among studies may be related to local climate con-
ditions. For example, several studies have suggested that mari-
time populations have longer chill requirements to guard against
improper leafing during the warm–cold fluctuations common
near oceans (37, 41). Recently, Zohner and colleagues showed
that species from geographic regions with higher spring tem-
perature variability have higher chill requirements (40). Our
results also point to geographic–climate history as a key factor in
leaf-out strategies. We saw stronger response to spring warming

in more boreal species. For species from northern latitudes, the
selective pressure for chilling and photoperiod may be absent or
lessened given the predictability of onset of forcing tempera-
tures. In this case, forcing dominates the cues for budburst
making these species more responsive to early spring forcing.
This means that these species have enhanced ability to take
advantage of early springs that are predicted under climate
change but also are more at risk for tissue damage due to a late
season frost (15, 73). There is evidence that while onset of spring
temperatures is advancing, the date of last frost is not or less so
(1, 74).

Experimental Warming Matches that Induced by Natural Variation.
Natural interannual variation in spring temperatures across our
study years allowed us to integrate natural changes in spring
temperatures with those induced by our experiment. In the quest
to understand ecosystem responses to climate change, field ob-
servations across climate gradients or through time and experi-
mental manipulations of climate offer complementary approaches,
both with strengths and weaknesses (16, 55). Few studies integrate
both approaches (16). In our study, integrating natural with experi-
mental changes in temperature revealed consistent budburst re-
sponses to warming; i.e., responses were similar to experimental and
natural temperature variation. This suggests that our experiments
were realistic manipulations of natural climate forcing and contrast
with recent critiques of the value of inferences gained from warming
experiments compared to long-term records (23, 24). A meta-analysis
suggested that experiments showed a systematically lower effect size
of warming compared to long-term records (23). Our results do not
support these conclusions. The bivariate relationship of day of year of
budburst versus spring temperature experienced to that point in time
results in a common line along which phenological responses shift
among years and with experimental warming (Fig. 4). The fact that
the slope of the relationship between spring temperature and date of
budburst is constant regardless of warming treatment provides strong
support for our supposition that our experiments do not systemati-
cally underestimate the effect of warming on phenology. Our average
effect sizes were lower than the 5 d/degree warming predicted for
many long-term datasets (23). However, averages of effect size in
short-term experiments may not be the best metric to judge the ef-
ficacy of experiments as they mask patterns of response: we found
that in years with early, warm springs, effect sizes were similar to
historical records.
In summary, projections of future climate change indicate that

weather will be more variable with greater extremes, springs will
occur earlier and autumns later, last spring frost dates will not
change as rapidly as spring warming, and in northern regions
winter will warm more than other seasons (1, 74). Coupling these
projections with our experimental data suggests a future with
more variable phenology among years and among species,
greater spread among species especially in early springs and
autumns, greater risk of inappropriate leafing (e.g., in January
through March) or frost damage of those species most sensitive
to forcing temperatures and lower response to climate change in
chill sensitive species. Differences among species in phenological
responses could be one mechanism for shifts in the species in-
teractions (e.g., competitive hierarchies, trophic interactions)
that structure current communities. Our research suggests
changing community patterns of growing season length, carbon
gain, and risk. These patterns could affect species interactions,
such as plant–herbivore interactions, and ecosystem processes,
such as carbon and nutrient cycling. Finally, the fact that effect
size of warming differs among years suggests that models that
employ fixed parameters (e.g., base temperature), fail to account
for interacting factors (e.g., chilling) or ignore the potential for
changing windows of developmental sensitivity for phenology
may not adequately represent interannual patterns of phenology.
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Materials and Methods
We established open-air warming systems at two sites, ∼150 km apart, in
forests that span the transition from temperate to boreal biomes in northern
Minnesota. One site was located close to the boreal-temperate ecotone
boundary at the Cloquet Forestry Center (CFC), Cloquet, Minn. (46°40′46″ N,
92°31′12 W, 382 m a.s.l., 4.5 °C mean annual temperature [MAT], 807 mm
mean annual precipitation [MAP]) and a higher latitude site was at the
Hubachek Wilderness Research Center (HWRC) near Ely, Minn., (47°56′ 46″ N,
91°45′29″ W, 415 m a.s.l., 3.0 °C MAT, 722 mm MAP). Both sites had coarse-
textured upland soils and research plots were located in 40 to 60 y old mixed
aspen–birch–fir stands scattered with pine, spruce, and other species. Plots
occur in both closed (∼5% to 10% of full sunlight) and relatively open
(∼40% to 60% of full sunlight) overstory conditions. We included both
closed and open plots, because regeneration in both habitat types is im-
portant in determining boreal forest canopy composition, given the spatial
and temporal patterns of natural and anthropogenic disturbances (75–77).
Each site had six experimental blocks. Blocks designated as open canopy sites
were harvested and stumps cut to less than 30 cm in winter 2006 and 2007 at
CFC and early spring 2008 at HWRC. Blocks were brush cut to remove
existing saplings and shrubs. Plots were established by selecting patches of
level ground at least 1 m from canopy trees or remaining stumps and at least
2 m from one another.

Experimental Design. The experimental design was a 2 (site) × 2 (habitat) × 3
(warming treatment) factorial, with 6 replicates (2 per block) for a total of
72, 7.1-m2 circular plots. Treatments included two target levels of simulta-
neous plant and soil warming (+ 1.7 °C, +3.4 °C) and an ambient control.
Treatment targets were chosen to bracket the anticipated warming ∼75 to
100 y from now (78) and to enable assessment of nonlinear responses
to warming.

Belowground warming was accomplished through buried resistance-type
heating cable systems. Resistance-heating cables (146 m, 240V VAC, GX, Devi
A/B, Denmark) were installed by hand at a depth of 10 and 20 cm apart. For
ambient plots, a PVC tube matching the resistance cable sleeve was buried to
emulate the soil disturbance of the warmed treatments. Aboveground
heating was achieved in open air (i.e., without chambers) following estab-
lished methods with some adaptations to the forested ecosystem and
treatment levels. Ceramic heating elements (Model FTE-1000, 240V, 245 mm
× 60 mm; Mor Electric Heating Assoc.) warm aboveground structures (see
ref. 79 for details of experimental design and performance).

Planting of Seedlings. We planted juveniles of 10 common tree species in the
boreal-temperate ecotone into each experimental plot. Seedlings planted
were obtained from the Minnesota Department of Natural Resources nurs-
ery program. All seeds came from Minnesota sources <80 km from the
Cloquet site. Species included five boreal and five temperate species that
represented a mix of ecological tolerances (SI Appendix, Table S6). Ap-
proximately, 10 2-y-old bare root individuals of each species were planted
into each plot in May 2008 into the existing vegetation at each plot for a
total of 8,712 juveniles planted. In 2012, we initiated a second planting as
we harvested individuals that had grown too large for the treatment plots.
In the open canopy plots, we harvested all but two individuals per species
per plot. In the closed canopy habitat we harvested ∼50% of the individuals
of each species in each plot.

Phenology Measurements. Phenology measurements were made on the 2008
cohort in all years (2009 to 2013). In 2012 and 2013, we supplemented our
samplingwith 2012 cohort trees as necessary to obtain a sufficient sample size
(two individuals/species/plot). In 2012, for both habitats, we measured au-
tumn phenology on both 2008 and 2012 cohorts using ∼50% of individuals of
each. In 2013, in the closed canopy habitat, we sampled spring and autumn
phenology on ∼50% trees from the 2008 cohort and 50% from 2012 cohort
trees, whereas in open canopy we sampled only 2012 cohort trees. As there
were some differences in cohort behavior we included cohort as a random
effect in our statistical models.

We measured phenology every 3 to 4 d (twice weekly) in spring and
autumn. From mid June to mid August plants were censused weekly. We
censused two individuals per plot and scored phenological state as a binary
variable (yes, no). We used two phenophases to define the growing season:
budbreak and start of leaf senescence.We defined budbreakwhen bud scales
were parted revealing underlying leaf tissue. Start of leaf senescence marked
the beginning of breakdown of chlorophyll that revealed underlying pig-
ments. Plants were scored "yes" in this category when ∼1/3 of leaves were in
this state (of those that would senescence for conifers).

Observers were trained in phenology monitoring using a 35-page protocol
that included pictures and detailed descriptions of the characteristics of each
phase for each species. New observers worked with staff until they consis-
tently scored phenophases the same as long-term staff and each other.
Observers regularly compared observations for consistency including send-
ing real-time images using smartphones to each other and to long-term staff.

Statistical Analysis. In our analysis, we focus on two phenophases, budbreak
and start of leaf senescence, as key indicators of the start and end of the
growing season for the majority of our species. Using our event-based binary
data, we determined the first day that each individual was in a particular
phenophase (budbreak or start of leaf senescence) for each year. We used
date of budbreak (BB) and date of start of leaf senescence (SLS) to calculate
length of the growing season (GSL) as SLS minus BB. We only examined
change in growing season length for the seasonally deciduous species. The
start and end of the growing season for conifers corresponds to up- and
down-regulation of photosynthesis in evergreen needles. The timing of this
may not correspond to leafing phenology. We used a mixed-effect model to
test the individual effects of year, warming treatment, canopy and species,
and their two- and three-way interactions. Site, block, plot, and seedling
cohort were random effects. Block was nested in site and plot was nested in
block. While we included conifers in analyses of budburst and senescence
phenology, we did not include evergreen conifers in our analysis of growing
season length as their active growing season is decoupled from the timing of
the appearance of new leaves and loss of leaves from the oldest cohort.

If forcing temperatures are the only cue for budburst, then growing
degree days accumulated at time of budburst should not vary across years or
warming treatments. To test this, we calculated the growing degree days at
time of budburst as follows:

If(Tmax + Tmin)=2<Tbasethen  GDD = 0,   else

GDD = (Tmax + Tmin)=2 − Tbase

where T stands for temperature. We assumed Tbase to be 4 °C and used the
minimum and maximum temperature settings from sensors located within
research plots. Our results do not change if a slightly higher or lower Tbase is
used. We summed GDD from January 1 until budburst. We then ran the
same mixed effects models as described above with GDD as the
response variable.

To examine factors contributing to variation in the effect size of warming,
we first calculated the effect size per degree of warming. For each species in
each warming treatment in each block, we calculated the average date of
budburst (10 species × 3 warming treatments × 12 blocks = 360). For each
species, we calculated the difference in budburst between seedlings grown
in ambient versus elevated conditions (deltaBB) by site, canopy, and block
(10 species × 2 sites × 2 canopy × 3 blocks = 120). For each block, we cal-
culated the difference in air temperature between each warming treatment
and the ambient treatment for each day from the date the treatment was
turned on to the average date of budburst for each species (deltaT; 10
species × 12 blocks [2 sites × 2 canopy × 3 blocks] = 120). We used these data
to calculate the change in budburst per degree Celsius warmed by dividing
deltaBB by deltaT for each species × site × canopy combination. We com-
pared the effect size of warming to a measure of spring weather calculated
as the average temperature between March 15 and May 15 temperature
(TMAM) in ambient treatments for each year, site, canopy, and block (n = 12).
In addition, we compared effect size of warming to an index of the center of
the latitudinal range of each species in central North America (42). The
center of the latitudinal range distribution (west of 86 degrees longitude
and east of 98 degrees longitude) was defined as the midpoint between the
northern and southern range limits and obtained for all species from range
maps in the US Forest Service publications, the Silvics of North America,
Volumes 1 and 2 (80). We used a mixed-effect model to test the individual
effects of warming treatment, canopy, and index of latitudinal range and
their two- and three-way interactions. Year, site, and block were random
effects. Block was nested in site. Graphical examination of these data sug-
gested that broad-leaved, deciduous trees had a different response com-
pared to needle-leaved evergreen. We thus ran the prior model but included
plant functional group (evergreen or deciduous) as another predictor variable.

To examinewhether our treatments led to changes in phenology similar to
that induced by natural variation, we calculated the average temperature
March 15 to May 15 temperature (TMAM) for each year, site, canopy condi-
tion, and warming treatment. We calculated the average day of year of
budburst for each year, site, canopy condition, warming treatment, and
species. We then used TMAM and warming treatment as explanatory
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variables to predict day of year of budburst. An overall model included
species as a random effect. We also ran species-specific models. The in-
teraction between TMAM and warming treatment provided a test of whether
our treatment responses matched response to natural variation in springweather.

Data Availability. Data are available at the Environmental Data Initiative,
https://environmentaldatainitiative.org/ (81).
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