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1  | INTRODUC TION

Plant phenology is a fundamental determinant of seasonal vegetation 
activity in temperate and boreal regions (Cleland et al., 2012; Polgar 
& Primack, 2011; Zohner et al., 2020). Shifts in the phenological 

cycles of trees affect ecosystem carbon, water and nutrient balances, 
and feedback to the climate system by modulating carbon fluxes, 
surface energy budgets and the albedo effect (Keenan et al., 2014; 
Richardson et al., 2013). Climate warming is currently reshaping 
the growing seasons of trees, with each degree increase in spring 
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Abstract
1. Earlier leaf- out and later autumn leaf senescence under climate warming have 

been linked to increases in plant productivity and ecosystem carbon uptake. Yet, 
despite the potential implications of shifting phenology for plant carbon uptake, 
the degree to which phenological changes affect overall plant growth and the 
partitioning between above-  and below- ground biomass remains unclear.

2. Here we use a 3- year experiment to quantify changes in root and shoot growth 
of three woody plant species (two common European tree species, Fagus sylvatica 
and Quercus robur, and one shrub Lonicera xylosteum) under spring and autumn 
warming.

3. In both tree species, the magnitude— and in Quercus even the direction— of the 
effects of growing- season length on growth depends on whether the warming 
happened in spring or in autumn. Each day earlier leaf- out in response to warming 
resulted in total biomass increases of 0.8%– 2.5%, whereas delayed senescence 
led to reductions of 0.2%– 2.1%. Advances in leaf- out also led to increased root- 
to- shoot biomass ratios because root growth was proportionally more stimulated 
than shoot growth. In the shrub species, earlier leaf- out had no effect, while de-
layed senescence led to increases in root, but not shoot, biomass.

4. Synthesis. The strong asymmetry between growth responses to spring versus 
autumn phenology demonstrates that growing- season length per se is a weak 
indicator of individual- level tree productivity. The results further imply that phe-
nological shifts are reshaping the functional balance between above-  and below- 
ground growth, which is critical for quantifying forest carbon dynamics under 
climate change.
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temperature causing an advance in spring leaf- out of 2– 7 days (Fu 
et al., 2015; Zohner et al., 2020; Zohner & Renner, 2014). Similarly, 
autumn warming is delaying senescence dates— by up to 8 days per 
each degree increase in autumn temperature in some species (Fu 
et al., 2018)— although warmer springs and summers strongly coun-
teract these delays (Zani et al., 2020). The relationships between plant 
phenology and growth have been experimentally investigated in arc-
tic and montane ecosystems (Choi et al., 2019; Cleland et al., 2012; 
Livensperger et al., 2016; Natali et al., 2012), but the extent to which 
phenological changes affect growth in temperate woody plants re-
mains largely unknown. If we are to quantify the consequences of 
climate change for plant growth, above-  and below- ground biomass 
allocation and terrestrial carbon balance, quantification of the link be-
tween phenology and growth is critical.

To date, our knowledge about the effects of phenological shifts 
on forest productivity mostly stems from ecosystem- level studies 
based on CO2 flux observations or global carbon cycle models (Chen 
et al., 2016; Keenan et al., 2014; Zohner et al., 2020). While most stud-
ies suggest strong increases in both plant photosynthesis and whole- 
ecosystem carbon uptake as a result of advanced spring leaf- out, there 
is mixed evidence about the effects of delayed autumn phenology on 
photosynthesis and growth. Using a combination of flux tower data and 
phenological observations, Keenan et al. (2014) predicted that each 
day advance in spring leaf- out would increase ecosystem net carbon 
uptake by 45 kg carbon per hectare forest and each day delay in au-
tumn senescence would translate into an increase of 98 kg/ha. In con-
trast, despite longer growing seasons, Piao et al. (2008) found carbon 
losses in autumn across northern ecosystems, offsetting 90% of the 
increased spring CO2 uptake. While the carbon loss might be largely 
driven by increases in soil respiration, there is also evidence from stud-
ies of tree growth that delayed leaf senescence will not necessarily 
translate to elevated plant productivity (Bauerle et al., 2012; Zohner & 
Renner, 2019). In fact, warmer springs and summers can lead to earlier 
growth cessation (Zohner & Renner, 2019; Zohner et al., 2019).

The physiological mechanisms linking plant phenology and overall 
growth may differ between spring leaf emergence and autumn senes-
cence. Spring leaf- out coincides with the start of photosynthesis and 
is thus directly related to plant productivity (Polgar & Primack, 2011; 
Richardson et al., 2010, 2013). Autumn senescence and productivity 
are less clearly linked because visible changes do not necessarily re-
flect physiological progression (Zhang et al., 2020), and cessation of 
gross primary productivity and growth can be decoupled from leaf se-
nescence (Dox et al., 2020; Zhang et al., 2020; Zohner & Renner, 2019). 
Warming- induced delays in autumn senescence therefore do not nec-
essarily translate to increased tree growth. In response to declining day 
length, leaves gradually reduce photosynthetic capacity after the sum-
mer solstice, despite retaining their green colour (Bauerle et al., 2012), 
and declining radiation during autumn may further enhance the lim-
itation on autumn photosynthesis (Zhang et al., 2020). In addition, 
plant photosynthesis is not only limited by external environmental 
drivers, such as day length, but feedbacks between sink (growth) 
and source activity (photosynthesis) govern the carbon uptake ca-
pacity of plants (Körner, 2003; Paul & Foyer, 2001; Zani et al., 2020). 

Autumn productivity therefore appears to be limited by plant's carbon 
sink strength (e.g. nutrient limitation), despite warmer conditions (Fu 
et al., 2014, 2019; Keenan & Richardson, 2015; Lim et al., 2007; Woo 
et al., 2019; Zani et al., 2020; Zohner et al., 2019). Because the magni-
tude of these effects on overall autumn growth is not well- understood, 
experimental studies disentangling the relative roles of phenology and 
climate during the growing season are needed.

Another important question is how phenological shifts may alter 
biomass allocation and turnover in different organs. If phenological 
shifts alter the allocation of biomass between above-  and below- 
ground components, this changes resource acquisition and ecosystem 
carbon storage, driving feedbacks between climate and the terres-
trial carbon cycle (Luo, 2007). For example, due to large variations 
in the longevity of different plant tissues, increased below- ground 
growth could lead to faster carbon turnover as a result of increased 
fine root biomass. Ecosystem- wide changes in root biomass alloca-
tion and root turnover rates will thus be important determinants of 
future soil carbon pools (Matamala et al., 2003). To match the de-
mand and supply of resources, plants show considerable plasticity in 
their biomass distribution patterns, and variations thereof are linked 
to the relative availability of nutrients, water, CO2 and light (Bardgett 
et al., 2014; Hermans et al., 2006; Poorter et al., 2012; Reich, 2002; 
Reich et al., 2014). With respect to phenology, one might expect that 
longer growing seasons and associated increases in photosynthesis 
would lead to increased water and nutrient demand, potentially in-
creasing plants’ investment into below- ground resources. Yet, to our 
knowledge, this possibility remains unexplored.

Here, we present the results of a 3- year experiment on two 
broad- ranged European tree species and one shrub, in which we 
tested the direct effects of changes in the timing of spring leaf- out 
and autumn senescence on seasonal biomass increment. To isolate 
the effects of growing- season length, that is, the timing of spring 
leaf- out and autumn senescence, from growing- season temperature, 
plants were exposed to experimental warming in spring, autumn or 
autumn- to- spring, but not during summer (May– August). Because 
photosynthetic activity at the end of the season is constrained by 
light (day length and radiation) and sink capacity (Bauerle et al., 2012; 
Zani et al., 2020; Zhang et al., 2020), we expected that warming- 
driven advances in spring leaf- out would have a proportionally larger 
effect on growth than would warming- driven delays in autumn leaf 
senescence. We also expected that a longer growing season might 
increase the relative allocation of biomass to roots.

2  | MATERIAL S AND METHODS

2.1 | Experimental setup

The experiment was conducted in the Munich Botanical Garden 
(48°09′N, 11°30′E; 501 m a.s.l.) between January 2017 and December 
2019. Three- year old individuals (40 per species) of Fagus sylvatica, 
Quercus robur and Lonicera xylosteum were exposed to warming 
conditions in spring or autumn, and the effects on phenology and 
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growth then followed from spring 2017 until December 2019. Plants 
were obtained from a local nursery in winter 2016/2017, transferred 
to 40- l plastic pots with uniform soil from a nearby patch and kept 
outdoors under uniform conditions until the start of the experiment 
(15 January 2017). Throughout the experiment, pots were watered 
once or twice a week to keep soil moisture constant. Every spring, 
each plant was treated with 50 g NPK fertilizer (DCM ECO- XTRA 1) 
and 0.6 g micronutrients (DCM MICRO- MIX).

The experiment consisted of four treatments, each with 10 indi-
viduals per species (ambient control treatment and +5°C warming in 
spring, autumn or autumn- to- spring in climate- controlled glasshouse 
chambers with an openable top; Zohner et al., 2019). Each year, 
spring warming was applied from 1 January until 15 May (date when 
all individuals had leafed out). Autumn warming was applied from 1 

September until 31 December, and autumn- to- spring warming was 
applied from 1 September until 15 May (see Figure 1a for details on 
treatment conditions). The glasshouse provided a stable warming 
treatment, and the median of daily warming (Δ temperature treatment 
vs. control) was 4.71°C during spring and 4.67°C during autumn (see 
Figure 1b,c for a comparison of daily temperatures between treat-
ments and the control during the 3 study years). Day length and light 
intensity in the glasshouse did not differ from outdoor conditions (see 
fig S2 in Zohner & Renner, 2019). Individuals were distributed evenly 
between two chambers, that is, five individuals of each treatment and 
species were randomly placed in each chamber. During summer (15 
May– 1 September), all individuals were kept outdoors under the same 
conditions and arranged in a randomized block design; each block con-
sisted of one individual from each of the four treatments.

F I G U R E  1   Temperature regimes and phenological timing during the three study years. (a) Mean daily temperatures from January 
2017 until December 2019 under ambient conditions (black lines) and for the spring (green lines) and autumn warming treatments (orange 
lines). Green and orange areas represent the mean ± SD of leaf- out (green) and senescence dates (orange) for the studied Lonicera (L), 
Quercus (Q) and Fagus (F) individuals respectively. (b) Mean daily temperature deviation of the spring warming (green) or autumn warming 
treatment (orange) from the control. The histogram shows the full distribution across all days, the boxplots and the dashed lines indicate 
the median deviation of 4.72°C for the spring warming treatment and 4.67°C for the autumn warming treatment. (c), Density plot showing 
the temperature deviation of the warming treatments from the control in response to the respective daily temperature of the control. The 
colour gradient represents the number of observations within a particular area, with high observation densities towards dark blue areas; the 
black line indicates the median deviation
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2.2 | Phenological observations

Observations and trait measurements involved all individuals for 
each of the three species. Spring leaf- out was observed twice a 
week, and autumn leaf senescence was observed at weekly in-
tervals. Leaf- out was defined as the day when three branches 
on a plant had leaves pushed out all the way to the petiole 
and unfolded (BBCH code 11). Leaf senescence was defined as 
the day when ~50% of leaves on a plant had turned yellow or 
dropped (BBCH code 94). Growing- season length was defined 
as the period between leaf- out and leaf senescence (Zohner & 
Renner, 2017).

2.3 | Climate data

Accumulated warming required to leaf- out was calculated as the sum 
of daily degree- days from 1 January until the date of leaf- out in the 
respective individual. Degree- days were calculated from mean daily 
temperatures with a base temperature of +5°C.

To characterize the temperatures that the young leaves of each 
individual experienced in spring, we calculated the mean of daily 
temperatures during the 4 weeks after leaf- out (post- leaf- out tem-
perature). Similarly, we calculated pre- senescence temperatures as 
the temperature each individual experienced during the 4 weeks 
before leaf senescence.

Chill days were calculated as days with an average temperature 
below 11°C. Baumgarten et al. (2021) show that for both beech and 
oak, all temperatures between −2°C and +11°C effectively induce 
dormancy release, and we therefore chose 11°C as the threshold 
chilling temperature above which dormancy is not released any-
more. For each year, we then calculated the total number of winter 
chill days in the warming treatments and the control as the chill days 
from 1 October to 1 April.

Vapour pressure deficit was calculated based on hourly mea-
surements of relative air humidity and air temperature, using the 
‘RHtoVPD’ function of the R package plantecophys (Duursma, 2015). 
Air pressure was fixed to 101 kPa. To test for potential effects of 
vapour pressure deficit on daytime stomatal conductance, that 
might ultimately affect transpiration and photosynthesis rates, we 
obtained daytime vapour pressure deficit by calculating the average 
vapour pressure deficit during daytime hours, that is, from sunrise to 
sunset. As a result of slightly decreased air humidity and increased 
temperature in the glasshouse, vapour pressure deficit was higher 
in the spring and autumn warming treatments compared to the con-
trol (Figure S1). However, in the autumn warming treatment, vapour 
pressure deficit was consistently below 0.6 kPa, suggesting that the 
slight increases in vapour pressure deficit did not affect transpira-
tion and photosynthetic rates. For both F. sylvatica and Q. robur, sto-
matal conductance can be expected to decline at vapour pressure 
deficits >0.6 kPa and complete stomatal closure is expected for 
values >3 kPa (Kerstiens, 1995; Morecroft & Roberts, 1999; White 
et al., 2000).

2.4 | Measurements of annual growth and 
plant biomass

Plant biomass was measured after the end of the experiment in May 
2020, after air- drying plants for 5 months (December– May) in a 25°C 
room. Plants were cleansed with water before drying to remove all 
soil from the roots. Plants were in full dormancy (inactive) at the 
start of the drying procedure, preventing respiratory carbon losses 
that could otherwise have affected the measurements. For all indi-
viduals, we weighed roots and shoots separately to quantify total 
biomass, shoot biomass, root biomass and the ratio between root 
and shoot biomass (root– shoot ratio).

Each December (from 2016 to 2019), we measured the stem api-
cal diameter, the stem basal diameter at 3 cm from the ground and 
the stem length for each individual of F. sylvatica and Q. robur. In 
addition, diameter and length of the longest branch were measured. 
For the shrub L. xylosteum, we measured diameter and length of the 
three longest branches. All diameter measurements were made with 
a digital caliper (Mitutoyo IP67 ABS, accuracy 0.01 mm), stem length 
was measured with a tape (accuracy 0.1 cm). We calculated the 
volume of the stem assuming a truncated cone shape (Signarbieux 
et al., 2017):

where V is the volume of the stem or branch i, R is the basal diameter 
of the stem, r is the apical diameter of the stem and L is the length of 
the stem.

2.5 | Data analysis

The experiment followed a two- factor full- factorial design with 
repeated measurements, resulting in four treatments: control 
treatment, spring warming, autumn warming and autumn– spring 
warming. The experimental and observational unit was a pot with 
a single individual. To obtain individual- level phenology anomalies, 
for each individual and year, we calculated the deviation in leaf- out 
date, senescence date and growing- season length from the mean of 
all individuals of the respective species and then averaged annual 
anomalies across the last two study years (2018 and 2019; pheno-
logical observations of the year 2017 were not included because 
carry- over effects of preceding phenological stages could not have 
been present during that first spring). A few individuals showed signs 
of disease, and we removed them from the analysis to make sure 
pathogen attacks did not affect our results (final sample sizes per 
treatment and species are shown in Table 1).

To test for the relative effects of spring and autumn warming on 
phenology and growth, we ran multivariate linear models, including 
spring and autumn warming as binary variables of whether the indi-
vidual was warmed in spring or not and autumn or not. We addition-
ally included interaction terms to test if spring warming or autumn 
warming effects depended on the other treatment. We conducted 

Vi =
1

3
× � × L × (R2 + r

2
+ R + r) mm3,
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T- tests to check for significant differences in phenology and growth 
between treatments and the variable mean of the control group. We 
used linear models to study the relative effects of individual- level 
leaf- out dates, senescence dates and growing- season length on bio-
mass, and tested the regression assumptions, such as linearity of the 
data, normality of residuals, homogeneity of residuals variance and 

independence of residuals error terms, by visually inspecting diag-
nostic plots. Additionally, we ran a Shapiro– Wilk test to confirm the 
normality of residuals.

All analyses were performed in R 3.6.2 (R Core Team, 2019).

3  | RESULTS

3.1 | Phenological differences among treatments

In all three species, warmer spring conditions led to earlier leaf- 
out, and warmer autumns led to delayed leaf- out. Specifically, 
spring warming advanced leaf- out dates by, on average, 16, 14 and 
22 days in Quercus, Fagus and Lonicera respectively (Figure 2a,d,g; 
Figure S2). Autumn warming delayed leaf- out by 2, 7 and 4 days. In 
Lonicera, but not the other species, there was a significant interac-
tion between autumn and spring warming, with autumn warming 

TA B L E  1   Sample sizes (number of individuals) per species and 
treatment included in the final analysis

Quercus 
robur

Fagus 
sylvatica

Lonicera 
xylosteum

Control 9 10 9

Spring warming 8 9 10

Autumn warming 10 9 8

Autumn– spring 
warming

10 9 9

F I G U R E  2   Phenological responses 
of Quercus robur (a– c), Fagus sylvatica 
(d– f) and Lonicera xylosteum (g– i) to +5°C 
warming in spring or autumn across 
2 years (2018– 2019) as inferred from 
multivariate linear regression models. 
Bars show the mean ± SE effect (in days) 
of spring warming, autumn warming 
and the interaction between spring and 
autumn warming on spring leaf- out (a, d, 
g), autumn senescence (b, e, h) and overall 
growing- season length (c, f, i). Positive 
effect sizes represent a lengthening of 
the growing season, that is, advances in 
leaf- out (left panels), delays in senescence 
(middle panels) or increases in overall 
growing- season length (right panels). 
*p < 0.1, **p < 0.05

**

*

**

**

**

*

**

**

**

**

**

** *

**

**
**

**

Leaf-out Senescence Growing-season length

Q
uercus

Fagus
Lonicera

Spr
ing

Aut
um

n

Spr
ing

:A
ut

um
n

−10

0

10

20

−10

0

10

20

−10

0

10

20

E
ff

ec
t s

iz
e 

(d
a

ys
)

Spr
ing

Aut
um

n

Spr
ing

:A
ut

um
n

Spr
ing

Aut
um

n

Spr
ing

:A
ut

um
n

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)



2722  |    Journal of Ecology ZOHNER Et al.

reducing the effect of spring warming by 9 days (Figure 2g). Across 
all species and years, warming (degree- day) requirements to leaf- 
out were highest in the autumn– spring warming treatment, fol-
lowed by the spring warming and autumn warming treatments, 
and lowest in the ambient control (Figure S3). Winter chilling was 
slightly reduced in the warming treatments compared with the con-
trol, with an average reduction in chill days in the spring warming 
treatment of 10% across all years, a reduction of 13% in the autumn 
warming treatment and a reduction of 23% in the autumn– spring 
warming treatment.

Autumn warming generally delayed senescence by, on average, 
14, 23 and 8 days in Quercus, Fagus and Lonicera respectively. By 
contrast, warmer springs consistently led to advances in autumn se-
nescence of 11, 3 and 5 days (Figure 2b,e,h).

In combination, these effects led to variable implications for total 
growing- season length. In Quercus and Fagus, spring warming led to 
a growing season extension of 6 and 10 days and autumn warming 
to an extension of 12 and 16 days (Figure 2c,f). In Lonicera, spring 
warming had the largest effect on growing- season length, with an 
extension of 17 days, while autumn warming led to a growing season 
extension of only 4 days (Figure 2i).

3.2 | Post- leaf- out and pre- senescence 
temperatures

To test whether acclimation of individual leaves to warming 
conditions in spring or autumn could have affected the overall 
growth responses, we determined the temperatures that individ-
ual trees experienced during the 4 weeks after leaf- out (post- leaf- 
out temperature) and before leaf senescence (pre- senescence 
temperature) respectively. Leaves of individuals in the spring- 
only warming treatment, on average, experienced 1.9, 1.9 and 
0.7°C warmer ‘post- leaf- out’ conditions relative to the control for 
Quercus, Fagus and Lonicera respectively (Figure S4). The leaves 
of individuals in the autumn- only warming treatment, on average, 
experienced 2.3 and 1.9°C warmer ‘pre- senescence’ conditions 
relative to the control for Lonicera and Quercus or 0.5°C colder 
conditions for Fagus.

3.3 | Growth differences among treatments

In Quercus and Fagus, spring warming had a strong positive effect 
on tree growth, leading to an increase in total plant biomass of 
36% and 21% respectively (Figures 3 and 4a,e). In both species, 
spring warming had a greater effect on root growth than shoot 
growth (52% and 35% vs. 17% and 10% respectively), result-
ing in an increase of root– shoot biomass ratios by 27% and 23% 
(Figure 4d,h).

Autumn warming reduced total tree growth in Quercus by 41% 
and slightly increased growth in Fagus (+11%). The autumn effect 
was of similar magnitude for root and shoot growth, resulting in no 
significant change in root– shoot ratios. In Fagus, there was a signifi-
cant interaction between autumn and spring warming, with autumn- 
to- spring warming exhibiting an even smaller effect on growth than 
autumn- only warming (Figure 4g; Figure S5).

In Lonicera, autumn warming led to increases in root biomass of 
16% but had no effect on shoot biomass, resulting in an increased 
root– shoot ratio of 21%. Although spring warming had no significant 
effects on root and shoot growth, there was a tendency for an in-
creased root– shoot ratio (+14%, p = 0.14).

3.4 | Direct link between phenology and growth

The relationship between growing- season length and total plant 
growth also varied among species. In Quercus and Fagus, earlier 
spring leaf- out had a positive effect on growth, with each day ad-
vance in leaf- out resulting in a total biomass increase of 2.5% and 
0.8% respectively (Figure 5a,d). In Lonicera, earlier spring leaf- out 
barely affected growth (Figure 5g). In the two tree species, the ef-
fect of spring phenology differed between above-  and below- ground 
growth: While shoot biomass only increased by 1.8% and 0.4%, root 
biomass increased by 3.0% and 1.2% for each day advance in leaf- out 
respectively (Figure 5a,d). In Lonicera there was hardly any difference 
in allocation (Figure 5g).

Delays in autumn senescence negatively affected total (root 
and shoot) growth in Quercus (−2.1% per day delay in senescence; 
Figure 5b), led to slightly reduced root growth in Fagus (−0.5% per 

F I G U R E  3   Above- ground growth 
responses of Quercus robur  (a), Fagus 
sylvatica (b) and Lonicera xylosteum (c) 
to 3- year (2017– 2019) exposure to 
+5°C warming in spring (green), autumn 
(orange), autumn- to- spring (red) and 
ambient temperatures (black). Points show 
the mean (±SE) stem volume measured 
each December for all studied individuals 
(see Section 2)
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day−1, Figure 5e), and increased root growth in Lonicera (+0.9% day−1; 
Figure 5h). Overall, increased growing- season length had a negative 
effect on root and shoot growth in Quercus, with a total biomass 
decrease of 1.3% per each day increase in growing- season length 
(Fig. 5c), a slightly positive effect on growth in Fagus (+0.3% day−1, 
Figure 5f), and no effect in Lonicera (Figure 5i).

4  | DISCUSSION

The experiment we report here allowed us to directly test the 
relationship between warming- induced phenological changes 
and growth in temperate woody plants. We expected that spring 
phenological changes would have a larger impact on growth  
than would changes in autumn because day length and sink limi-
tation impose strong constraints on photosynthesis in autumn, 
but not in spring (Bauerle et al., 2012; Zani et al., 2020; Zohner 
et al., 2016). In addition, we expected that growing- season ex-
tensions might lead to proportionally larger increases in root 
than shoot biomass because below- ground resources (water and 
 nutrients) might become limiting. Both expectations were par-
tially met.

4.1 | Asymmetric effects of spring and autumn 
phenology on tree growth

In both tree species, earlier leaf- out in response to 5°C warming in 
spring led to an increase in total biomass (36% in Quercus and 21% 
in Fagus; Figure 4a,e). This strong control of net primary produc-
tivity by leaf- out timing underscores the importance of phenologi-
cal forecasts for future projections of terrestrial carbon balances 
(Zohner et al., 2020). In contrast, warmer autumns and delays in leaf 
senescence had a much smaller effect on growth for Fagus or even 
led to decreased growth in Quercus. The lack of a positive associa-
tion between autumn warming and plant growth at the tree level 
is in agreement with recent studies suggesting that light and sink 
limitation represent important constraints on autumn productivity 
(Bauerle et al., 2012; Zani et al., 2020; Zhang et al., 2020).

Photosynthesis declines predictably with shortening day length and 
decreasing radiation after the summer solstice, even if leaf chlorophyll 
content remains at constant levels until autumn (Bauerle et al., 2012). 
Warming- driven senescence delays might therefore increase the vege-
tation period without increasing photosynthesis levels. This might even 
cause decreases in tree net carbon uptake if the respiration/photosyn-
thesis ratio increases during autumn (Piao et al., 2008).

F I G U R E  4   Changes in biomass of 
Quercus robur (a– d), Fagus sylvatica (e– h) 
and Lonicera xylosteum (i– l) in response 
to 3- year (2017– 2019) exposure to +5°C 
warming in spring or autumn as inferred 
from multivariate linear regression 
models. Bars show the mean ± SE effect 
(in percent) of spring warming, autumn 
warming and the interaction between 
spring and autumn warming on total 
biomass (a, e, i), shoot biomass (b, f, j), root 
biomass (c, g, k) and root– shoot biomass 
ratio (d, h, l). *p < 0.1, **p < 0.05
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Apart from day- length effects, physiological constraints result-
ing from sink limitation also lead to a downregulation of photosyn-
thesis in autumn (Kumar et al., 2019). Because the seasonal sink 
capacity of plants is limited, for instance by nutrient supply (Y. H. 
Fu et al., 2019), sink strength is gradually decreasing towards au-
tumn as the demand for growth is declining (Kuptz et al., 2011). 
The limiting effect of sink capacity on autumn productivity and 
phenology has recently been demonstrated by experimental and 
observational work, showing that increasing spring and sum-
mer productivity advance autumn growth cessation and senes-
cence (Fu et al., 2014; Lim et al., 2007; Zani et al., 2020; Zohner & 
Renner, 2019; Zohner et al., 2019).

While delays in autumn senescence had no significant effect on 
overall biomass increase in Fagus (−0.2% ± 0.4% [mean ± SE] biomass 
per each day delay in autumn senescence, Figure 5e), delayed leaf 
fall led to reduced growth in Quercus (−2.1% ± 0.5% biomass per 
day, Figure 5b). Interestingly, spring warming had a much stronger 
negative (advancing) effect on autumn senescence in Quercus than 
in Fagus (Figure 2b,e), indicating differences in the extent of sink lim-
itation between the two species, which might be driven by species- 
level variations in shade tolerance and/or nutrient demand.

In contrast to the tree species, autumn warming had a positive 
effect on growth in the shrub species, especially on root growth 
(Figure 4k), while there was no increase in growth in response to 
elevated spring temperature. Understorey shrubs apparently can 
make use of the increased light after the canopy trees have shed 
their leaves (Fridley, 2012), increasing their potential for carbon gain 
under delayed senescence (Figure 5h).

In addition to the effects of day length and sink limitation, differ-
ent acclimation of individual leaves to warming conditions in spring 
or autumn might have affected the overall growth responses we ob-
served. Yet, compared to the controls, the leaves in the spring- only 
warming treatment experienced only slightly elevated temperatures 
(0.7– 1.9°C) during the 4 weeks after leaf- out (Figure S4). The leaves 
in the autumn- only warming treatment experienced 0.5°C colder, 
or 1.9°C and 2.3°C warmer temperatures during the 4 weeks pre-
ceding senescence for Fagus, Lonicera and Quercus respectively. 
Furthermore, all trees were only kept in the glasshouse until late 
spring (May 15), and thus, while the leaves of the early leafing 
Lonicera might have adapted to some extent to climate chamber con-
ditions, Fagus and Quercus individuals were moved outside quickly 
after leaves had unfolded (Figure 1a), preventing any adaptation to 

F I G U R E  5   Changes in biomass of Quercus robur (a– c), Fagus sylvatica (d– f) and Lonicera xylosteum individuals (g– i) in response to leaf- out 
timing, senescence timing and overall growing- season length. Lines show the linear effect (in percent biomass increase per day ±SE) of spring 
leaf- out (a, d, g), autumn senescence (b, e, h) and growing- season length (c, f, i) on plant biomass (orange line = total biomass, yellow = shoot 
biomass, red = root biomass) across 3 years (2017– 2019). Growth and phenology are shown as anomalies, that is, shown as deviation from the 
mean biomass or phenology observed across all individuals of the respective species. Positive phenology values represent the lengthening 
of the growing season, that is, advances in leaf- out, delays in senescence or increases in overall growing- season length. *p < 0.1, **p < 0.05. 
[Correction added on 6 June 2021, after first online publication: Figure 5 has been corrected to remove the lower part.]
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glasshouse conditions. We therefore conclude that metabolic leaf- 
level adaptation to temperature is unlikely to explain the contrasting 
effects of spring and autumn phenology on growth.

4.2 | Asymmetric effects of phenology on 
above-  and below- ground biomass production

In all three species, we observed shifts in biomass partitioning 
between above-  and below- ground organs, with stronger incre-
ments in root growth compared to shoot growth in response to 
the warming treatments (Figure 4). In accordance with the finding 
that spring warming had a larger effect on overall growth than did 
autumn warming in the trees, while autumn warming had a larger 
effect in the shrub, root– shoot biomass ratios were most strongly 
affected by spring warming in the former and by autumn warming 
in the latter. In general, root growth in trees peaks in early spring 
before full leaf- out (McCormack et al., 2015; Radville et al., 2016), 
whereas root production in shrubs tends to peak in late summer 
when above- ground production already dropped significantly 
(Steinaker et al., 2010).

Ultimately, such changes may reflect a plants’ strategy to main-
tain functional equilibrium between below-  and above- ground or-
gans. Many studies point to the important interrelationship between 
temperature, CO2, light, nutrients and water in driving these plastic 
responses (Poorter et al., 2012; Reich et al., 2014; Way & Oren, 2010). 
Low- light conditions are expected to cause increased investment 
into above- ground organs, especially leaves, to compensate for the 
loss of leaf- level photosynthetic activity. In contrast, water and nu-
trient limitation should favour biomass allocation to root organs to 
alleviate limitation of resources acquired below- ground.

Root- to- shoot biomass ratios tend to increase towards colder 
regions, an effect that is likely driven by decreased soil nutrient 
availability in cold environments (Reich et al., 2014). Under climate 
change, nutrient limitation might thus become less pronounced once 
growing seasons become warmer. Yet, longer growing seasons will 
also allow for more light capture and photosynthesis, potentially 
increasing water and nutrient needs. Thus, when controlling for 
growing- season temperature and nutrient supply— as done in this 
study— extended growing seasons per se might lead to increased 
below- ground investment as below- ground resources (water and 
nutrients) could become proportionally more limited. In all three 
studied species, this expectation was met, demonstrating, to our 
knowledge for the first time, that phenological changes can substan-
tially alter biomass distribution patterns within plants.

One caveat that merits consideration is whether increased root- 
to- shoot biomass ratios under experimental warming reflect true 
shifts in partitioning or are the result of differences in plant size and 
thus reflect ontogenetic changes. Above- ground- to- below- ground 
biomass ratios of plants change during their development (ontoge-
netic drift), and it has been suggested that differences in biomass 
distributions among treatments at any one point are not necessarily 
adaptive and may instead arise from divergent growth rates among 

plants (Reich, 2002). The differences in biomass distribution among 
treatments detected here might thus be a consequence of acceler-
ated ontogenetic development in response to longer growing sea-
sons. However, other work shows that Fagus and Quercus normally 
have declining root– shoot ratios as trees grow bigger until a constant 
ratio of ~0.2 is reached (Genet et al., 2009), which suggests that the 
observed increasing root– shoot ratios under enhanced growth are, 
at least to some degree, an adaptive response to altered resource 
supply under longer growing seasons.

5  | CONCLUSIONS

Our experimental manipulation of spring leaf- out and autumn se-
nescence timing— eliminating confounding factors, such as CO2 lev-
els, air temperature and soil water availability during the growing 
season— allowed us to directly assess the direction and magnitude 
of the relationship between phenology and individual plant growth. 
While the environmental drivers of woody plant phenology have 
been studied through observational, experimental and modelling 
approaches, studies of the link between plant phenology and plant 
growth are surprisingly scarce. The experiment we report here was 
conducted on young individuals, and thus its conclusions are espe-
cially important with respect to forest recruitment and establish-
ment under continued anthropogenic climate change. Changes in 
the relative biomass distribution within young plants will have cas-
cading effects on the proportional biomass allocation and turnover 
rates in adult trees. On the other hand, young individuals might re-
spond more opportunistically than older individuals because in tem-
perate deciduous trees ontogenetic progression is associated with 
reduced temperature sensitivity (Vitasse, 2013). Nevertheless, the 
decoupling between shoot and root growth in response to early and 
late- season warming demonstrates the critical role of below- ground 
phenology and growth in determining overall plant productivity, em-
phasizing the importance of whole- plant assessments to quantify 
the temperature effects on biomass allocation and turnover, nutri-
ent cycling and ecosystem fluxes. In addition, the strong asymmetry 
in the growth responses to changes in spring and autumn phenology 
is directly relevant for projections of plant productivity and changes 
in the terrestrial carbon cycle.

Future efforts should be directed towards assessing the ex-
tent to which the short- term (3- year) growth responses we ob-
served may be counteracted by long- term acclimation of trees to 
newly emerging climate conditions. Furthermore, the absence of 
a growth stimulation in response to longer growing seasons ob-
served at the individual tree level cannot be expected to hold at 
the ecosystem level on larger (decadal to centennial) time- scales 
as species may be replaced by other intraspecific or interspecific 
genotypes that occupy phenological niches more efficiently. To 
better understand the roles of day length, stress and sink limita-
tion in mediating the phenology– growth relationship, it will be key 
to further examine a variety of species from different climatic and 
phylogenetic backgrounds.
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