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Springtime bud-break and shoot development induces substantial carbon (C) costs in

trees. Drought stress during shoot development can impede C uptake and translocation.

This is therefore a channel through which water shortage can lead to restricted shoot

expansion and physiological capacity, which in turn may impact annual canopy C uptake.

We studied effects of drought and re-hydration on early season shoot development,

C uptake and partitioning in five individual 10-year old Picea mariana [black spruce]

trees to identify and quantify dynamics of key morphological/physiological processes.

Trees were subjected to one of two treatments: (i) well-watered control or (ii) drought

and rehydration. We monitored changes in morphological [shoot volume, leaf mass area

(LMA)], biochemical [osmolality, non-structural carbohydrates (NSC)] and physiological

[rates of respiration (Rd) and light-saturated photosynthesis (Asat)] processes during

shoot development. Further, to study functional compartmentalization and use of new

assimilates, we 13C-pulse labeled shoots at multiple development stages, and measured

isotopic signatures of leaf respiration, NSC pools and structural biomass. Shoot water

potential dropped to a minimum of −2.5 MPa in shoots on the droughted trees.

Development of the photosynthetic apparatus was delayed, as shoots on well-watered

trees broke-even 14 days prior to shoots from trees exposed to water deficit. Rd

decreased with shoot maturation as growth respiration declined, and was lower in shoots

exposed to drought. We found that shoot development was delayed by drought, and

while rehydration resulted in recovery of Asat to similar levels as shoots on the well-

watered trees, shoot volume remained lower. Water deficit during shoot expansion

resulted in longer, yet more compact (i.e., with greater LMA) shoots with greater

needle osmolality. The 12C:13C isotopic patterns indicated that internal C partitioning

and use was dependent on foliar developmental and hydration status. Shoots on

drought-stressed trees prioritized allocating newly fixed C to respiration over structural
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components. In conclusion, temporary water deficit delayed new shoot development and

resulted in greater LMA in black spruce. Since evergreen species such as black spruce

retain active foliage for multiple years, impacts of early season drought on net primary

productivity could be carried forward into subsequent years.

Keywords: carbon limitation, stable isotope labeling, CO2 efflux, carbon allocation, pulse labeling

INTRODUCTION

Current global climate models not only predict increases in
temperature due to climate change, but also altered precipitation
regimes, potentially with increased frequency, duration and
intensity of drought periods (IPCC, 2013; Spinoni et al., 2018).
The combination of changing temperature and precipitation
patterns will alter net ecosystem carbon assimilation, especially in
the northern boreal ecosystems (Mäkipää et al., 1999; Way et al.,
2013) where warming is expected to be particularly acute (IPCC,
2013). In addition to altered precipitation regimes, temperature-
driven changes in vapor pressure deficit will increase plant water
demand (Ficklin and Novick, 2017; Grossiord et al., 2020), which
could exacerbate reductions in boreal ecosystem productivity
by amplifying drought conditions and enhancing mortality
(Kirschbaum, 2000). Warming has direct consequences for
dormancy, bud break, development of photosynthetic capacity
and growth (Way and Sage, 2008; Dhuli et al., 2014; Lee et al.,
2014; Richardson et al., 2018). Further, the confounding effect
of drought during periods of critical physiological development
such as spring bud break and shoot expansion can affect
seasonal, and for key boreal conifers such as Picea that
retain foliage for several years, multi-annual rates of carbon
assimilation. Since most of the global terrestrial carbon pool is
stored in boreal ecosystems (Dixon et al., 1994), investigating
the effects of climate change on dominant boreal species
is central to understanding the net-carbon balance of these
critical ecosystems.

In boreal forests, annual canopy development is essential for
maintaining plant vigor and competitive status. For evergreen
species in particular, new shoot development is a significant
carbon sink that will provide multiple years of photosynthetic
carbon (C) gain. Development of new shoots early in the
growing season requires substantial investment, altering the
within canopy source-sink relationships, and tapping into
stored C reserves (Turgeon, 1989; Kozłowski, 1992; Kozlowski
and Pallardy, 2002). Expanding leaves or needles begin as
heterotrophic organs that rely on C allocated from other sources
inside the plant (Turgeon, 1989; Sprugel, 2002). The specific C
investment associated with foliar development is dependent on
when the developing shoot becomes self-sufficient [i.e., the sink-
source transition when C assimilation becomes greater than the C
demands of respiration and growth (Turgeon, 1989)]. Therefore,
fast and complete development of an efficient photosynthetic
apparatus is critical for maximizing a plant’s C-economy.

For boreal evergreen conifers, spring and early summer entails
large changes in C allocation within the canopy. Highly mobile
non-structural carbohydrates (NSC) play a central role during

this period of bud break and shoot development. NSCs can be
re-allocated between different sinks, such as storage, defense,
osmoregulation, respiration or growth, and dynamics are highly
variable during springtime (Chapin et al., 1990; Schädel et al.,
2009; Fløistad and Granhus, 2010; Woodruff and Meinzer, 2011;
Martínez-Vilalta et al., 2016; Furze et al., 2018).

Elevated air and soil temperatures initiate de-hardening of
overwintered foliage and photosynthesis in older needle cohorts
(Vegis, 1964; Goodine et al., 2008; Fløistad and Granhus, 2010).
Stored NSCs are remobilized and accumulated in needles and
buds during bud break (Mandre et al., 2002) and are the main
support for early growth of current-year shoots (Fischer and
Höll, 1991). This initial accumulation of NSCs may persist if
bud break and shoot development is restricted for example by
water deficit or low temperatures. NSCs are stored in wood, roots,
and buds, and in evergreen trees also in overwintering foliage
(Richardson et al., 2013; Furze et al., 2018; Schiestl-Aalto et al.,
2019). While some deciduous species have shown significant
decreases in starch reserves at distant locations (i.e., roots and
stems) during bud-break (Bonhomme et al., 2005; Alves et al.,
2007), only small changes of NSC were found in branch sapwood
of Picea abies and Pinus sylvestris (Schädel et al., 2009). This
suggests that stored NSCs in nearby older needles contribute
substantially to the developing shoots, either through export of
newly fixed C or older stored NSCs.

The effects of environmental factors such as temperature,
photoperiod length, and CO2 concentration on bud break and
shoot development have been studied extensively in various
Picea species (see for example Slaney et al., 2007; Fløistad and
Granhus, 2010; Karst and Landhäusser, 2014; De Barba et al.,
2016). However, much less is known on the effects of drought
(see references in Way et al., 2013). Here we focus on Picea
mariana (black spruce), which is widely distributed across the
boreal zone in North America and is thought to be sensitive
to future elevated summer temperatures (Dang and Lieffers,
1989; Way and Sage, 2008; Dymond et al., 2019). In addition, P.
mariana has a relatively shallow root system, especially on mesic
and wet sites (Tarroux et al., 2014; Iversen et al., 2018), making
it sensitive even to periods of mild water deficiency (Warren
et al. under review). As in many boreal conifer species, bud and
shoot maturation of P.mariana is relatively slow.We have earlier
shown that new shoot development, including the maturation of
the photosynthetic apparatus, is a prolonged process of several
weeks (Jensen et al., 2015). The combination of a shallow root
system and a long shoot and needle maturation period also
increases the likelihood of a drought occurring while shoots are
developing. Furthermore, as current-year shoots start out as net
C sinks, delayed shoot development due to temperature-, or
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drought-stress, will likely affect net carbon assimilation patterns,
respiration rates, and structural development. On a seasonal
basis, current-year shoots contribute less to overall carbon
assimilation than older needle cohorts (Jensen et al., 2015, 2019).
Thus, it is likely that a restriction in early shoot development
will affect their primary function (carbon assimilation) during
the current and subsequent growing seasons. This is particularly
relevant in light of the fact that P. mariana retains its foliage for
up to 7 years.

While progressive drought as a whole may have lasting
impacts on forest composition, dynamics, and C balance (Smith,
2011; Doughty et al., 2015; Anderegg et al., 2018; Trugman
et al., 2018), the effects are first seen on individual trees.
Drought constrains plant physiology and productivity (Allen
et al., 2010), for example by restricting growth during bud
break, as cells are not able to expand. During periods of
water deficiency plants are often not able to maintain sufficient
cell turgor pressure to allow for optimal cell wall expansion
(Hsiao, 1973). This can lead to tissues with shorter and smaller
cells (see Le Gall et al., 2015). Upon re-hydration, the already
developed secondary cell wall tissue may not be able to further
expand (Lockhart, 1965). Growth reduction can be especially
detrimental during bud break and shoot development for boreal
conifers with determinate growth patterns producing only a
single flush per season, since this is when new photosynthetic
organs develops. By contrast, the impact of early season drought
would be reduced for southern conifers that can have multiple
flushes, making compensation possible. Early season drought can
restrict total annual aboveground growth for conifers (Swidrak
et al., 2013), which has implications for forest development and
seasonal patterns of net primary production at the ecosystem
level. Assessing the impact of drought on shoot development in
P. mariana can therefore give important insights into the future
of boreal forests.

Against this background, the objective of this study was
to quantify the impact of temporary drought followed by re-
hydration on internal carbon dynamics and shoot development
and maturation in P. mariana trees. We hypothesized that
drought during this period would lead to reduced C uptake
and impact shoot morphology. Specifically, we expect that
water deficit would: (i) delay needle and shoot development,
(ii) lower photosynthetic capacity and (iii) increase NSC
content. Finally, (iv) we predict that drought will entail shifts
in allocation and use of newly fixed carbon, prioritizing
osmoregulation. To meet these objectives, we conducted a
controlled experiment where we monitored shoot development,
physiological development (Asat and Rd) and NSC dynamics
from early stages of bud and shoot development, to full
shoot maturation in trees exposed to a springtime drought
period. The drought treatment consisted of a 40-day water
deficit period, where the relative soil water content was kept
at 80%. Further, we 13C-pulse labeled developing individual
branches during different stages of shoot development,
to study functional compartmentalization of newly fixed
photosynthates by tracing respiration 13CO2 efflux, and
13C concentrations in non-structural carbohydrates and in
structural tissues.

We use two main analytical methods to study the effect
of drought on carbon use and partitioning within developing
shoots: Quantifying the natural abundance of tissue δ13C and
pulse labeling with 13CO2. Starting with the former method, the
natural abundance of δ13C is a result of photosynthetic 13C-
discrimination. The degree of 13C-discrimination is dependent
on the ratio of leaf internal to ambient CO2 concentrations
(Ci:Ca), which functions as a proxy for plant water relations and
environmental effects. For example, low Ci:Ca ratios show that
stomata are closed and will result in decreased discrimination
against 13C (Farquhar et al., 1989). The second method, 13C
pulse labeling, is a powerful tool to trace newly assimilated C
through trees. The aim of this could e.g., be to better understand
within-tree circulation, or to analyze plant-plant/plant-microbes
interactions (Epron et al., 2012; Warren et al., 2012) and leverage
enriched 13C, in order to bypass the discrimination process so
that new and old carbon can be separated. This makes the
method especially useful to resolve C investment and use of newly
fixated carbon.

MATERIALS AND METHODS

Plant Material, Growth Conditions, and
Experimental Design
Six 10-year old Picea mariana (Mill.) B.S.P. trees were obtained
from a commercial nursery outside Minneapolis, Minnesota,
USA. The trees were 160–170 cm tall with a stem diameter at
ground level of 7–10 cm. The trees had been grown in full light in
an open field (sandy loam). In December 2012, the dormant trees
were excavated, burlapped and stored for > 30 days outdoors
in the shade until shipped to Oak Ridge National Laboratory,
Oak Ridge, Tennessee, USA. Upon arrival (2-days after shipping)
the trees were put into pots (∼30 L), keeping the root system
as intact as possible using a mixture of sandy loam and peat
moss. The trees were dormant for at least 8 weeks prior to
the current growth chamber experiment. To induce bud break,
the trees were grown the first week under 18/8◦C (day/night)
in a walk-in growth chamber (BDW, Controlled Environments
Ltd., Winnipeg Manitoba Canada). The five trees, were randomly
moved between two growth chambers once a week. For the
duration of the experiment (18 weeks) trees were grown at 14h
days with a 30min ramping up to full light (500 µmol photons
m–2 s–1) at air temperatures and relative humidity of 25/8◦C
and 40/80% (day/night), respectively. Due to growth-chamber
problems half of the trees (of both treatments) experienced 15 h.
with higher temperatures (33/20◦C). Although not desirable in
this growth chamber experiment, temperatures like these are not
uncommon in P. mariana’s natural habitat (Hanson et al., 2015,
see public data in Hanson et al., 2017).

Prior to treatments, the trees were watered to field capacity
every 2–3 days. Six weeks into the experiment, trees were
randomly assigned to either a temporary drought treatment
or a well-watered control treatment. Specifically, three trees
were assigned to the temporary drought treatment (n =

3), and two trees were assigned to the well-watered control
treatment (n = 2). Tree number 1, 2, and 3 were assigned
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the temporary drought treatment and tree number 4 and 6
the watered control treatment (tree number 5 died just after
potting). Thereafter, all trees stayed in their assigned treatment
for the rest of the experiment. Trees in the drought treatment
followed an irrigation regime (watered every 3–5 days) with
a target of 20% reductions in soil water content compared
to the well-watered control treatment (averaging around 13
cm3 water cm3 volume). The drought treatment lasted for
40 days, and thereafter the droughted trees were rehydrated
in a single irrigation event, here after all trees followed the
same irrigation regime. Soil volumetric water content was
measured using 5TM soil moisture sensors (Decagon Devices
Inc., WA, USA).

What is the motivation behind choosing our particular
drought treatment? From a plant perspective, the severity of
a given drought depends on factors such as the intensity, i.e.,
how much water that is available to the plant (precipitation and
soil moisture) in relation to the specific plant’s water demand,
the duration of the drought and the phenological timing (i.e.,
which phenological stage the plant is in) (Bréda et al., 2006;
Yan et al., 2016; Banks et al., 2019). The drought we imposed
in our experiment can be characterized as relatively mild in
terms of intensity. Using, for example, the classification from Yan
et al. (2016), where the severity of drought intensities is defined
as relative soil water content between 56–70% (mild), 41–55%
(moderate), and 0–40% (severe), our drought with a relative soil
water content of 80% would perhaps best be categorized as very
mild. In terms of duration and phenological timing, however, our
imposed drought was more severe, lasting 40 days and taking
place during the shoot development.

An important motivation behind choosing a water
deficit treatment that is mild in terms of intensity is that
this is the most common intensity experienced by P.
mariana trees during spring in their natural habitat, as the
spring thaw of ice and snow largely buffers more severe
droughts. In the American boreal-temperate transition zone,
mild to moderate drought occurs most frequently (U.S.
Drought Portal; www.drought.gov/drought/states/minnesota),
although moderate and severe drought intensities do also
occur. While the drought in our experiment was mild
in terms of intensity, it was more severe in terms of the
phenological timing. Since shoot development is the time
when the plant is building up its future photosynthetic
capacity, a drought at that stage poses bigger problems
for the plant than if it occurred, say, mid growth season.
Thus, even though we studied a mild intensity drought,
it nevertheless occurred at a, for the plant, phenologically
critical time.

We measured shoot water potential (Ψ ) and
needle sap osmolality for all trees at 06:00 (pre-
dawn) and 18:00 (pre-sunset), every 2nd to 3rd day
throughout the experiment. Shoot water potential was
measured using a pressure chamber (PMS Instruments,
USA) and needle sap osmolality was determined
using a Vapor Pressure Osmometer 5520 (Wescor,
EliTechGroup, USA). For the experimental time line, see
Supplementary Table 1.

Shoot Phenology
Bud and shoot development were classified as belonging to
one of six stages: (1) dormant buds, (2) swollen buds, (3) bud
break (i.e., separation of scales with visible needles), (4) shoot
elongation without needle separation (5) shoot elongation with
needle separation, and (6) stagnation of shoot elongation and
fully mature needles (Supplementary Figure 1). We monitored
bud and shoot development over time for three to five terminal
first-order shoots on three branches per tree and treatment. To
ensure a similar light environment, branches were selected in the
top of the canopy. Once a week shoot development, growth, and
gas exchange were measured. We measured shoot diameter and
length of the leading bud/shoot every 2nd to 3rd day on the same
upper-canopy branch. Thus, the same bud/shoot was repeatedly
measured throughout the experiment. Diameter and length were
measured using a caliper, and shoot volume calculated (shoot
volume= length ∗ diameter ∗ π). After 19 weeks (stage 6) shoots
were harvested to determine final shoot mass, and projected
needle area (PA). Shoots were defoliated and PA was estimated
using WinRHIZO (Regent Instruments Canada Inc., Canada).
Needles and twigs were dried at 70◦C for drymass determination.

Gas Exchange Measurements
Net assimilation (Asat) and respiration rates (Rd) were measured
at ambient CO2 concentration (400 ppm) at photosynthetic
photon flux density (PPFD) of 700 (day-time) and 0 µmol m–2

s–1 (night-time) during bud and shoot development using a
portable infrared gas analyzer (LI6400XT, LI-COR, NE, USA).
Cuvette humidity and temperatures were set to 25/8◦C and
40/80% (day/night). During early stages of bud development
(stages 1 and 2, bud length 1–5mm), several buds from a
single branch were selected and gas exchange measured using a
mesh bag inserted in a 2 × 3 cm chamber. When these shoots
became bigger Asat and Rd were measured while still attached
to the branch using a 2 × 3 cm (stage 3 and 4, shoot length 5–
40mm) chamber and an Opaque conifer (stage 5 and 6, shoot
length 40–110mm) chamber. In order to isolate the new tissue
within the gas exchange chamber, prior to measurements, older
needles were carefully removed without damaging the twigs.
In addition to the 60 shoots that were measured over time, at
each developmental stage buds and shoots were collected from
adjacent branches to determine: Volume (VShoot), mass (MShoot),
leaf area, and non-structural carbohydrate (NSC) concentration.
Shoot volume was calculated based on shoot length and diameter
assuming a cylindrical shape of the shoot. Rates of CO2 exchange
are expressed on MShoot basis. When MShoot could not be
obtained, VShoot was converted to MShoot using the following
relationships derived from measurements of clipped tissues:
Trees assigned to control treatment, MShoot = 8.87 + 23.44∗

VShoot + (−0.3303)∗ V2
Shoot

(R2 = 0.992) and trees in the drought

treatment, Mshoot = 24.22+ 34.55∗ VShoot + (−0.5038)∗ V2
Shoot,

(R2 = 0.992), see Supplementary Figure 2.

Organic Matter by Compartments
Water-soluble organic matter (WSOM) and non-soluble organic
matter (NSOM) was extracted from needles and twigs of
developing (Y0) and 1-year old (Y1) shoots as follows. First,
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we took samples, each weighing 8–16mg and dried and
homogenized, and added 1.6ml deionized water (dH20) to each
sample. The sample was then steamed at >100◦C for 90min
and centrifuged (15min at 1,3000 rpm) to separate the soluble
fraction (supernatant) from the non-soluble fraction (pellet). We
separated the two factions and evaporated the water at 70◦C and
analyzed the delta δ13C and C content, see above. We assume
that the WSOM faction contains a mixture of sugars, organic
acids and amino acids all with high turnover rates (Brandes et al.,
2006).

Non-structural Carbohydrates
Concentration
We analyzed non-structural carbohydrate content from both
WSOM and NSOM using an enzymatic technique according to
Woodruff and Meinzer (2011). In summary, we added 1.6ml
dH20 to 6–16mg of dry homogenized plant material. Samples
were steamed (>100◦C) for 90min, to extract water soluble
sugars allocated into two factions for determination of sucrose,
fructose, glucose and starch. Sucrose was converted into glucose
and fructose units via invertase, while starch was converted to
glucose units via amyloglucosidase. Subsequently the samples
were reacted with a glucose hexokinase solution based on
a commercial glucose assay reagent (G3293, MilliporeSigma,
St.Louis, MO, USA) and phosphoglucose isomerase resulting in
glucose-6P. Glucose equivalents could be estimated based on
accumulation of the NADH cofactor by analyzing the reaction
products at 340 nm using a spectrophotometer (SpectraMax Plus
384, Molecular Devices, San Jose, CA).

13C-Pulse Labeling
To track newly assimilated carbon 13C-pulse labeling of
individual branches was conducted at shoot-developmental
stages 3–6. The first 13C-labeling event was just after the net
assimilation had become positive (Asat > 0), and the last was
when the terminal shoot had matured (Asat stabilized, shoot
developmental stage 6). The targeted branch tip was covered
with a plastic bag (Teflon R© FEP fluorocarbon film, DuPont, DE,
USA), closed up at the base of the branch. Typically, 5–7 terminal
buds or developing shoots were enclosed by the bag. To avoid
labeling older needles, and potential influx of fresh 13C-enriched
assimilates from older needles to the developing buds and shoots,
all older needles were either covered with tinfoil or carefully
clipped from the branch (Supplementary Figure 3). Depending
on stage, the branches were labeled by adding lactic acid in excess
to 12–25mg 13C-enriched (99 atom % 13C) bicarbonate (Sigma-
Aldrich, USA), through the plastic bag using a syringe. The
branches were labeled for 90min with a fan mixing the air inside
the bag. Bag temperatures were 2–4◦C higher than the chamber
air temperature (25◦C). We monitored the [13CO2], [

12CO2],
and δ13CO2 of the growth chambers and labeling bag using a
Picarro G1101-i Isotopic CO2 Analyzer (Picarro Inc., Sunnyvale,
USA). The isotope mass spectrometer was calibrated against CO2

gas standards (Scotty Specialty Gas Calibration Standards, USA).
The δ13C in the growth chamber air and inside the labeling bags
after 90min were −9.18 and 570–4,081‰, respectively. At each
labeling event, two branches—one on a well-watered tree and one

on a branch on a droughted tree—were labeled. This happened at
8 different times: 61, 64, 68, 70, 75, 77, 117, and 119 days into the
experiment. In total, we therefore labeled 16 individual branches.

13C in Respiration CO2 Efflux and Plant
Tissue
We monitored respiration and its 13CO2 efflux at 5, 15, and
30min, then 3, 6, 12, 24, 48 h, and 5-days after each 13C
labeling event on the same terminal developing shoot using a
portable infrared gas analyzer (LI6400XT, LI-COR, NB, USA)
with settings as above. Although CO2 efflux by the shoot
likely contains xylem dissolved CO2 originating from other
organs (Teskey et al., 2008), we were not able to differentiate
between CO2 sources; therefore, we assume that CO2 efflux
measured in this study originate only from the developing shoot’s
respiration. CO2 efflux was collected by attaching a gas sample
bag (Chemware, NC, USA) to the chamber air exhaust outlet
and the [13CO2] measured using a Picarro G1101-i Isotopic
CO2 Analyzer (Picarro Inc., Sunnyvale, CA, USA). Shoot volume
development was recorded and at the final measurement point
(5-days) the shoot was harvested. In addition, current-year
(developing) and 1-year old shoots were collected 5, 30min and
5 days after the labeling event. Plant tissues were separated into
needles and twigs. Ground samples were 13C analyzed using
an Integra CN isotope ratio mass spectrometer (SerCon Ltd,
Crewe, UK). An internal working glucose standard (δ13C =

−10.2‰)was used for isotope analysis. Our glucose standard was
calibrated against reference material from the National Institute
of Standards and Technology (NIST 8542, sucrose).

Data Treatment and Statistical Analyses
We calculated the isotope ratios, expressed as δ13Csample

(‰) using the Pee Dee Belemnite (PDB) standard: δ13C
= (Rsample/Rstandard −1), where R is the molar ration of
13C:12C for the sample and the standard. The excess δ13C was
calculated as δ13CEcxcess = (δ13CSample − δ13CBackground), using

δ13C values for specific LI-COR CO2 cylinders used (from
−30.133 to −22.303‰) and non-labeled developing needles
(−25.140± 0.967‰) as background for respiration 13CO2 efflux
[δ13CO2Rd_Excess (‰)] and plant tissues [δ13CO2Mass_Excess, (‰)],
respectively. Exponential decay models were fitted to individual
leaf respiration isotopic release patterns through time according
to Zang et al. (2014). In contrast to mature tissues, we observed
a 2nd peak around 14:00–18:00 (500–700min) depending on
treatment and shoot developmental stage. Therefore, only points
prior to this 2nd peak was used to fit:

δ
13Ct = δ

13Ct0 × e−kt − δ
13CBackground

where δ13Ct (‰) is the enrichment level at time t, δ13Ct0 (‰)
initial level, and k the estimated decay constant (min–1). This
allowed us to calculate mean residence time (MRT) of the 13C
label by MRT = 1/k. To adjust for different 13C concentrations
in the labeling bags between pulse-labeling events we calculated
the relative δ13C of the efflux from the respiration in relation to
values of respiratory CO2 δ13C immediately after the labeling had
stopped at each given labeling event. Bulk δ13C in sugars and
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biomass were also adjusted using the changes in δ13CO2 efflux
at each individual labeling event.

Treatment effects on soil water, shoot water potential, shoot
osmolality, and natural abundance of δ13C pellet and supernatant
were tested using an ANOVA model. The effects of treatment
and time (day of experiment) were analyzed using a linear mixed
model fitted using maximum likelihood and Satterthwaite’s
method, with random effects for every individual tree. The
dependent variables in the linear mixed models were Asat

(nmol g–1 s–1), Rd (nmol g–1 s–1), shoot volume (cm3), shoot
surface (cm3) and LMA (g m–2), total NSC (mg g–1), starch
(mg g–1), sucrose (mg g–1), fructose and glucose (mg g–1),
natural abundance of δ13C pellet (‰), natural abundance of
δ13C supernatant (‰), the relative δ13C of respiratory CO2

efflux (30min, 12 h and 5 days after the 13C pulse-labeling),
δ13C of soluble sugars [pellet and supernatant (30min, and 5
days after the 13C pulse-labeling)], δ13C of needles and twigs
[(30min, and 5 days after the 13C pulse-labeling)] and MRT (h).
Non-linear regression models were used to analyze relationship
between MRT and Rd, Rd and day of experiment, Asat and day
of experiment. Non-linear regression models were also used for
the relationship between shoot volume and shoot length and dry
mass. All treatment of data and statistical analysis were done in
R 3.0.0.

RESULTS

Effects of Drought on Shoot Development
Reduced water availability delayed photosynthetic
development and general shoot-maturation (Figure 1,
Supplementary Figure 2). Overall mean values of light saturated
photosynthesis (Asat) were significantly negatively affected by
the drought treatment, and became greater as shoots matured
(Table 1, Supplementary Table 3, Figure 1A). The negative
effect of drought was particularly pronounced toward the end
of the drought period. In fact, Asat became positive 14 days
later than it did in well-watered trees (Figure 1A). Typically,
self-sufficiency (Asat > 0 nmol g–1 s–1) occurred after initial
needle elongation but before the needles had reached 5mm
length. The rate of respiration declined exponentially over
time for trees in both treatments as the shoot matured. In
well-watered trees it changed from mean Rd values of 272 to
12 nmol g–1 s–1. In drought-exposed trees it changed from
213 to 13 nmol g–1 s–1 (Figure 1B). Rates of respiration were
significantly negatively affected by the water deficit (Table 1,
Figure 1B). Shoot expansion, expressed here as shoot volume,
followed a sigmoidal growth function (Figure 1C). While
the shape of the growth responses over time were similar
between treatments, overall shoot development was delayed
and restricted in trees assigned to the drought treatment
(Table 1, Figure 1C), resulting in shoots with significantly
smaller (∼32%) volume, and greater LMA after 120 days
(Table 1, Figure 1C, Supplementary Figure 2). For example,
in trees assigned to the drought treatment, shoot development
stagnated in stages three and four during the drought (Figure 1C,
Supplementary Figure 1). By contrast, we found no evidence
of delayed shoot development in the trees assigned to the

FIGURE 1 | Developmental changes in (A) light saturated assimilation rates

(Asat ), (B) respiration rates (Rd), and (C) shoot volume in well-watered (black

symbols) and drought (red symbols) 10-year old P. mariana trees. Variables

were measured at different shoot developmental stages: stage 2 swollen bud

with the scales still covering the new needles (open circles), stage 3 bud

scales diverging but no elongation of the shoot (half-filled circles), stage 4

elongation of twig and needles without needle spreading (left side filled circles),

stage 5 elongation of twig needles and needles spread (3/4 filled circles), and

stage 6 stagnation of shoot elongation and fully mature needles (filled circles).

The gray area indicates the period of water deficiency and the eight vertical

dotted lines the 13C pulse-labeling events. In (B) relationships between day of

experiment (x) and Rd (y) are y = 4* 107 * x−3.183 (R2 = 0.946) and y =

2*106* x−2.486, (R2 = 0.919) for the well-watered and droughted trees,

respectively. (C) Relationships between day of experiment (x) and shoot

volume (y) are y = (44.004 + 1.369)/[1 + exp (78.328–x)/4.52] and y =

(30.351 + 1.225)/[1 + exp(81.612–x)/5.43] for the well-watered and

droughted trees, respectively. Mean ± 1SD, n = 2–3 trees.

well-watered treatment. Further, we also observed that a single
tree, and even a single branch, sometimes experienced more
than one developmental stage at the same time. However, this
variation has not been quantified.
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TABLE 1 | Effects of time and drought on Asat, Rd and shoot deployment.

Asat (nmol g−1 s−1) Rd (nmol g−1 s−1) Shoot volume (cm3) Shoot surface** (cm2) LMA (g m−2)

Treatment* −15.2 −22.8 −7.16 −0.77 23.443

(7.0) (13.1) (2.40) (1.69) (6.386)

[0.032] [0.042] [0.031] [0.669] [0.014]

Day of the experiment 1.7 −2.3 0.55 0.15 –0.276

(0.1) (0.2) (0.03) (0.01) (0.030)

[<2e−16] [<2e−16] [<2e−16] [<2e−16] [3.3e−16]

Intercept −119.5 260.0 −22.43 −5.72 67.297

(11.9) (18.7) (6.19) (1.43) (5.456)

[<2e−16] [<2e−16] [0.006] [0.005] [3.4e−6]

Model summary

rho 0.000 0.020 0.295 0.384 0.360

Observations 149 149 150 150 150

Groups 5 5 5 5 5

The dependent variables in the linear mixed models are Asat (nmol g
–1 s–1 ), Rd (nmol g

–1 s–1 ), shoot volume (cm3 ), shoot surface (cm2 ), and LMA (g m–2 ). Values are model estimates

with one SE (in regular brackets) and p-value (in square brackets). Rho denotes the fraction of the error variance that is due to variation in the unobserved individual factors.

*Reference group: Well-watered control trees.

**Note that surface refers to the shoots’ surface and not the actual needle area, since for most observations, needles have not yet spread or elongated.

Temporary Drought Affects Shoot Water
Potential and Needle Osmolality
During the drought period that lasted 40 days, volumetric soil
water content was ∼20% lower in the drought treatment than in
the well-watered treatment. Soil water generally declined during
the day, as soil dried up, with on average greater values pre-
dawn (at 06:00) (Supplementary Table 2). This was the case
for trees in both treatments. Following rehydration, soil water
content was similar both between treatment, and across time
of day and day of experiment (Supplementary Table 2). Prior
to the drought period, average shoot water potential (Ψ ) in 1-
year old twigs was −0.36 and −0.59 MPa at 06:00 and 18:00,
respectively (similar between treatments, results not shown).
The temporary drought treatment significantly decreased values
of Ψ 2–3-fold (at 06:00) and 2–4-fold (at 18:00) compared
to well-watered trees, with some droughted shoots dropping
below −1.8 MPa by the end of the day (Supplementary Table 2,
Figure 2, Supplementary Figure 4). Re-hydration of droughted
trees returned Ψ to pre-treatment values with no significant
difference between treatments (Supplementary Table 2). Both
during and after the temporary drought treatment,Ψ was greater
at 06:00 than at 18:00. The temporary drought increased the
needle sap osmolality of developing shoots, whereas re-hydration
returned values similar to the shoots on well-watered trees.
Although restricted by a low number of observations, the drought
treatment increased needle sap osmolality of 1-year old shoots
(Supplementary Table 2, Figure 2). Needle sap osmolality in
developing shoots declined as shoot water potential took values
closer to 0 (Figure 2).

Effects of Drought on Non-structural
Carbohydrates
Depending on the type of sugar, its concentrations measured
in developing- and 1-year old shoots varied between treatment,

FIGURE 2 | Relationship between shoot water potential (9) and needle sap

osmolality in needles of well-watered (black symbols) and droughted (red

symbols) P. mariana trees. Individual observations from current year (Y0)

shoots in different development stages: Stage 2 (open circles), stage 3

(half-filled circles), stage 4 (left side filled circles), and stage 6 (filled circles).

Values for 1-year old (Y1) shoots are showed as filled diamonds. Significant

relationships between Ψ (x) and needle sap osmolality (y) for developing shoots

on well-watered trees (black line, y = 537.4–390.7x, R2 = 0.356, p < 0.001)

and droughted trees (red line, y = 697.2–146.6x, R2 = 0.256, p < 0.001).

tissue age and day of experiment (Table 2, Figures 3A,B,D,E).
Most of the soluble sugars were starch, with concentrations
ranging on average between 2.81–8.41mg g–1, and 2.89–10.24mg
g–1 in new developing shoots and fully mature 1-year old shoots,
respectively (Figure 3B). Day of experiment had a significantly
positive effect on total NSC in developing shoots but a negative
effect in 1-year old shoots (Table 2, Supplementary Table 4,
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Figure 3A). End of dormancy, bud break or photosynthetic
resumption generally entailed a reduction in starch and sucrose,
a pattern not observed for fructose and glucose (Figures 3B,D,E).
In current year shoots, starch and sucrose concentration
decreased as the shoot developed, to increase again after full
maturation was achieved (Figures 3B,D). In developing shoots
drought had a significant positive effect on concentrations of total
NSC, starch, fructose, and glucose, whereas the concentrations
of sucrose were unaffected (Table 2, Figures 3A–E). This effect
also persisted after rehydration, when both treatments’ shoots
had reached full maturation. It is possible that the observed large
variation is related to the limited number of trees.

Drought had a significantly positive effect on the natural
abundance of δ13C in the pellet (a proxy for starch), whereas
drought had a significant negative effect on δ13C in the
supernatant (a proxy for sucrose, fructose and glucose) (Table 2,
Figures 3C,F). As the shoots matured, δ13C of the pellet
significantly increased but not δ13C of the supernatant (Table 2,
Figures 3C,F). At the end of the experiment [when trees were
rehydrated and the shoots where fully matured (stage 6)]
the natural abundance of δ13C in the pellet where similar
between treatments, whereas natural abundance of δ13C in the
supernatant were still significantly lower in the droughted trees
(ANOVA: F = 5.2, p = 0.042). In non-stressed trees with fully
mature needles, leaf-level isotopic discrimination resulted in
greater values of natural abundance δ13C in the supernatant than
the pellet. The reverse pattern was observed when trees were
exposed to drought stress (Supplementary Figure 5).

Tracing the 13C Label Through Functional
Compartments
When we 13C-pulse-labeled the developing shoots, the 13C
followed a classical decay function in the CO2 efflux. Relative
δ13C from respiration was significantly greater in the droughted
trees than in the well-watered trees 30min and 12 h, however not
5 days, after the labeling event (Table 3, Figure 4A). Note that
in Figure 4A, points above the 1:1 line indicate that the plant
prioritized C allocation toward respiration. Shoot maturation
(i.e., time), on the other hand, significantly positively influenced
the relative δ13C in the efflux 30min after labeling. However,
there was no effect at either 12 h or 5 days after labeling
(Table 3). MRT was negatively nonlinearly related to the rate
of respiration, with significantly greater values of shoot MRT in
drought-stressed trees than in well-watered trees [(Mixed model
(estimate (SE), p-value): ln (MRT) = ln (Rd) (−0.85 (0.11)),
1.25e–5, treatment (0.75 (0.18), 0.002), intercept (3.72 (0.12),
5.57e–12)), number of observations 16 in four groups], Figure 5.
For both treatments MRT, declined over time as trees were re-
watered and shoots matured. The temporary drought had no
significant short- or long-term effect on the δ13C of the soluble
sugars. However, shoot maturation significantly increased δ13C
both in the supernatant [a proxy for easily soluble sugars (i.e.,
sucrose, fructose and glucose)] and in the pellet [a proxy for
less soluble sugars (i.e., starch), Table 3, Figure 4B]. The label
was detected in both needles and twigs 30 mins and 5 days
after the 13C label stopped. Carbon-13 in needle and twigs
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FIGURE 3 | (A,B,D,E) Non-structural carbohydrate concentrations and (C–F) their natural abundance of 13C, in black spruce for current-year (Y0) and 1-year old

shoots (Y1) when trees are well-watered (black symbols) or exposed to a temporary drought period (red symbols). Developmental stages: 1 (stars), 2 (open circles), 3

(half-filled circles), and 6 (filled circles). One-year old shoots were all classified as stage 6 (filled diamonds). For the non-structural sugars, the pellet is a proxy for starch

whereas the supernatant contains highly soluble sugars as sucrose, fructose, and glucose. The blue color indicates the 40-day long drought period. Mean ± 1SD, n

= 2–3 trees.

samples was significantly negatively affected by the temporary
drought (so in terms of Figure 4C, these points are below the
1:1 line). However, it was positively affected by day of the
experiment (Table 3, Figure 4C), likely as a result of greater CO2

assimilation capacity (Table 1, Figure 1A). Across developmental
stages values of δ13C were somewhat greater in needles than
in the twigs (Table 3, Supplementary Table 5, Figure 4C). In
summary, results suggest that drought-stressed trees prioritized
C allocation into respiratory metabolism over new structural
matter, while NSC pools remain unaffected.

DISCUSSION

When 10-year old P. mariana trees were exposed to a temporary
water deficit during the critical developmental stages of bud
break and shoot development, we observed morphological,
physiological, and biochemical responses that affect both
short-, and potentially, long-term carbon assimilation, use,
and partitioning.

Effects of Temporary Drought on Shoot
Development
We found that drought significantly decreasedAsat and Rd during
shoot development. After rehydration, and upon full maturation,
values became similar to those observed in well-watered trees.
The reduction in Asat, and the fact that the shoot became self-
sufficient 14 days later in the drought treatment than in the
well-watered treatment, may be a result of reduced translocation
and loading during drought (Sevanto, 2018). Even though
photosynthesis is not one of the first processes to be affected
by water deficit, the maturation process of the photosynthetic
apparatus in the shoot may slow down as the import of sugars
from older organs slows down or stops, see review by McDowell
(2011). At the same time, the tissue is in one of its most active

growth stages, with high rates of respiration, which means that
the shoot is a strong sink organ for the plant. In mature leaves,
drought can initially decrease respiration, as a consequence of
inhibition of growth and cellular maintenance (see Flexas et al.,
2005 and references herein), thus the reduction in respiration
rate observed here is likely a good indicator of both reduced
maturation and growth in droughted shoots. After rehydration,
the rate of C-assimilation was similar between treatments,
implying a fast recovery of the photosynthetic apparatus and
maturation processes.

What are the implications of this drought-induced delay in
carbon uptake? In the current experiment we only observed a
temporary effect on Asat and Rd during the drought treatment.
Since the delay in photosynthetic maturation, and the reduction
in C-uptake are likely small compared to the shoot’s annual C-
uptake upon full maturation, the overall consequences for the
plant in terms of short-term C-uptake may be limited, although
importantly, the significant reduction in photosynthetic area
may amplify the impact of the drought. This is underscored
by the fact that the current-year shoot of P. mariana typically
contributes relatively little to the plant’s total carbon uptake,
which is dominated by uptake from older cohorts of needles
(Jensen et al., 2019).

While temporary drought during the shoot development
does not necessarily indicate negative effects on the current
year’s carbon uptake at the tree level, there may be longer-
term effects. Even after 47 days of recovery, shoots on trees that
had experienced drought had significantly smaller shoot volume
and greater LMA, and therefore low light interception and C-
uptake. This suggests that the developing shoot may not have
been able to maintain sufficient turgor—despite clear evidence
that both osmoregulation and a build-up of NSC occurred—
resulting in fewer and smaller cells than the cells of developing
shoots from well-watered trees. Therefore, the observed greater
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TABLE 3 | Summary of linear mixed models, quantifying effects of drought, and day of experiment of δ13C of respiratory CO2, soluble sugars (pellet and supernatant), needles, and twigs from current year developing

shoots of black spruce.

CO2 efflux δ
13C,

30min after 13C

pulse-labeling

(‰/‰)

CO2 efflux δ
13C,

12h after 13C

pulse-labeling

(‰/‰)

CO2 efflux δ
13C,

5 days after 13C

pulse-labeling

(‰/‰)

Pellet δ
13C,

30min after 13C

pulse-labeling

(‰)

Pellet δ
13C, 5

days after 13C

pulse-labeling

(‰)

Supernatant

δ
13C, 30min after

13C

pulse-labeling

(‰)

Supernatant

δ
13C, 5 days after

13C

pulse-labeling

(‰)4

Needles δ
13C,

30min after 13C

pulse-labeling

(‰)

Needles δ
13C, 5

days after 13C

pulse-labeling

(‰)

Twigs δ
13C,

30min after 13C

pulse-labeling

(‰)

Twigs δ
13C, 5

days after 13C

pulse-labeling

(‰)

Treatment* 0.21 1.70 0.02 −0.63 2.08 −0.63 −1.59 −5.43 −2.75 −1.28 −0.72

(0.09) (0.66) (0.04) (2.04) (1.95) (2.20) (0.57) (1.76) (0.58) (0.65) (0.29)

[0.030] [0.042] [0.462] [0.761] [0.301] [0.777] [0.053] [0.007] [6.1e−9 ] [0.064] [0.023]

Day of

experiment

0.01 0.01 (−0.001) 0.39 0.17 0.24 0.11 0.37 0.15 0.22 0.08

(0.01) (0.01) (0.001) (0.05) (0.05) (0.05) (0.01) (0.04) (0.01) (0.01) (0.01)

[0.006] [0.773] [0.573] [3.2e−7 ] [0.002] [2.6e−4 ] [1.8e−7 ] [8.9e−8 ] [2.2e−4 ] [7.7e−11 ] [2.1e−9 ]

Intercept −0.01 1.12 0.10 −19.59 −7.87 −3.63 −5.49 −16.57 −8.35 −13.29 −5.18

(0.18) (1.08) (0.08) (4.10) (4.12) (4.40) (1.20) (3.53) (1.23) (1.29) (0.61)

[0.954] [0.316] [0.215] [2.0e−4 ] [0.074] [0.421] [3.2e−4 ] [2.5e−4 ] [4.2e−6 ] [1.8e−8 ] [2.5e−7 ]

Model summary

Rho 0.000 0.132 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Observations 16 16 16 16 16 16 16 16 16 16 16

Groups 4 4 4 4 4 4 4 4 4 4 4

Measurements were done 30min, 12 h, and 5 days after the 13C pulse-labeling at different developmental stages in droughted and well-watered trees. Values of CO2 efflux δ13C are relative to values of respiratory CO2 δ
13C immediately

after the labeling had stopped and values of soluble sugar and biomass δ
13C are adjusted so that 13C concentration during the labeling were similar between labeling events. Values are model estimates with one SE (in regular brackets)

and p-value (in square brackets). Rho denotes the fraction of the error variance that is due to variation in the unobserved individual factors.

*Reference group: Well-watered trees.
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shoot density may be a function of more cell wall per area than if
the trees had not been water-stressed. If this is the case, it would
have implications for the within-needle CO2-diffusion pathway,
decreasing mesophyll conductance and possibly increasing CO2

re-assimilation (see for example Tan et al., 1992; Stewart et al.,
1995; Eckert et al., 2020). On the other hand, having needles with
greater LMA may be an advantage during summer droughts, a
trade-off between drought avoidance and desiccation recovery
observed in arid species (Fallon and Cavender-Bares, 2018).

The effects of temporary drought on shoot density is key to
understanding why the long-term consequences on C-uptake
may be quite substantial. Even though the drought-damaged
current-year shoot limitation on C-uptake may not be a major
problem for the plant in the first year, it may have greater
implications for subsequent years, when the current year’s shoots
would normally contribute more to C uptake (Jensen et al., 2019).
Needles in black spruce are retained for up to 7 years. Therefore,
the accumulated negative long-term consequences for the tree’s
overall C-uptake could be quite substantial.

Lastly, it is important to note that the drought in our
experiment had a long duration. Even though the intensity of
the drought was mild, the treatment lasted for a fairly long
time (40 days). With such a long treatment, there is enough
time for the cell size to set. Had the duration of the drought
been shorter, it is possible that the LMA effect would have been
smaller, or even that the rehydration could result in a complete
re-expansion of the cells. With this long duration, however, the
effects are likely irreversible. Much emphasis has previously been
given to the intensity of water deficits and in particular droughts
with a severe intensity (see for example McDowell, 2011). Our
results illustrated that even a relatively mild intensity drought
(even with relatively few trees in the experiment) can have
substantial implications for the needle and canopy morphology if
the duration is substantial, or the drought occurs at critical stages
of shoot development.

Effects of Drought on Non-structural
Carbohydrates
The dynamics of NSC concentration over time are driven by the
growth and maturation process in developing shoots, whereas
for the overwintering 1-year old shoots, the reduction in NSC
is likely due to energy- and C-requiring processes of deharding,
such as photosynthetic resumption (Bergh and Linder, 1999;
Bigras and Bertrand, 2006; Wallin et al., 2013). In addition,
members of Picea have been shown to store NSC in their
needles, especially starch, over the winter (Schädel et al., 2009;
Dhuli et al., 2014). Thus, the observed drop in total NSC and
starch in older needles may also be a result of stored carbon
from older foliage being reallocated to other sink organs such
as new and developing needles/shoots. The greater values of
total NSC, starch, fructose, and glucose in developing shoots on
trees exposed to drought, may be a result of osmoregulation. In
mature organs exposed to water stress, growth declines before
photosynthesis, resulting in an NSC surplus (Kozlowski and
Pallardy, 2002; Hummel et al., 2010). However, in our study
on juvenile foliage, photosynthetic rates were low (often below

the breakeven point), thus making such a drought-driven NSC
build-up unlikely. Carbon translocation is often disrupted by
severe drought (McDowell, 2011; Sevanto, 2018). In our study,
however, the drought treatment did not affect δ13C of the soluble
sugars after the 13C pulse-labeling events. This implies that the
carbon used for osmoregulation was most likely reallocated old
carbon from other organs. Although the shoots exposed to water
deficit were able to osmoregulate, tissue density increased, which
suggests that there was not a complete disruption but rather a
restriction in C-translocation.

Our experiment confirmed that in both treatments, bud break
and shoot maturation resulted in a reduction in total NSC, driven
by a reduction in starch concentration. A similar reduction in
total NSC and starch was observed in 1-year old shoots, as shoots
broke dormancy. Both these results are in line with previous
research (see for example Schädel et al., 2009). Water deficit
further increased the concentrations of total NSC. This has also
been found in some previous studies (see references in Hartmann
and Trumbore, 2016), but typically in mature tissues.

Effects of Drought on Carbon Partitioning
While the primary aim of the paper was to understand
the impact of temporary drought and re-hydration on shoot
development and carbon investment in P. mariana, we also
analyzed the underlying mechanisms. Pulse-13C labeling, showed
that developing shoots exposed to water deficit prioritized newly
assimilated C toward respiration over structural tissues.

In spite of having relatively few experimental trees, we
also found that MRT decreased with increasing rates of dark
respiration and that the MRT was greater in the shoots that
experienced drought. To the best of our knowledge, these are
novel results. Lower respiration rates and water-stress induced
reduction in growth likely slowed C use by the droughted
shoot, which was reflected by the increase in MRT of labeled
C. In addition, the shifts in recent photosynthate partitioning
suggest that temporary periods of water deficiency reduce
C translocation from older organs and that the imported
C is used for osmoregulation. Often, under non-stressed
conditions, the older organs feed key cellular processes such
as mitochondrial respiration. Although water deficit lowers
mitochondrial respiration with on average 23 nmol g–1 s–1, the
rates are still relatively high (∼150–210 nmol g–1 s–1) compared
to values in mature non-expanding black spruce needles (Jensen
et al., 2015, 2019). Rates of respiration, measured here as CO2

efflux, were high for shoots in stages 2–4. Although this was
expected considering their active metabolic stage, some of the
CO2 could also originate from older organs being transported
in the expanding bud/shoot (a strong sink) (Turgeon, 1989;
Kozłowski, 1992; Kozlowski and Pallardy, 2002; Teskey et al.,
2008). Thus, results from the 13C pulse-labeling suggest that
newly fixed carbon is allocated to respiration and away from
structural components, whereas soluble sugars used as osmolites
likely are imported.

A likely implication of this redirection of newly fixed C in
drought-stressed trees is delayed shoot maturation. This can
occur through two mechanisms: (i) limited shoot capacity to
osmoregulate, which will confine shoot ability to reach the
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FIGURE 4 | Relationship between δ13C in well-watered and droughted P. mariana trees in (A) CO2 efflux from the respiration, (B) non-structural-carbohydrates and

(C) needles and twigs, 30min (blue squares), 12 h (purple stars), and 5 days (green diamonds) after 13C-pulse labeling. In panel a, values are relative to values of

respiratory CO2 δ13C immediately after the labeling had stopped. In (B,C) values of δ13C are adjusted according to labeling strength. Values are individual branches [in

(B,C) error bars indicate the variation (SD) from 3 to 4 shoots on that particular branch] from different 13C-pulse labeling events, thus in different developmental

stages. The black line is the one-to-one relationship.

optimal/potential capacity for cell turgor and thus cell size and
(ii) less shoot investment of newly fixed C in structural tissues.
This implies higher LMA and smaller needles, and potentially a
lower area based photosynthetic capacity (potentially restricting
net annual C- uptake for several years).

Effects of Drought on Natural Abundance
of δ

13C
Results from natural abundance of δ13C measurements showed
that drought affected 13C discrimination. Specifically, we
observed a positive drought effect on the natural abundance
of δ13C in the pellet but a negative effect in the supernatant.
It should be noted that the δ13C of the growth chamber air
was similar to outside air. This result partly agrees with earlier
observations of black spruce tree ring δ13C, where the aggregated
13C signal in wood xylem declined (i.e., the natural abundance of
13C became more abundant) with increasing moisture limitation
due to reduced stomata conductance (see Walker et al., 2015).
For example, (Warren et al. under review) compared multiple
conifers and found a negative relationship betweenΨ and δ13C in
stem wood. However, of relevance for this paper, they also point
out that the relationship was weak during spring, i.e., at budbreak,
likely due to mixing of old and new C. This may, together with
our new empirical results, suggest that the positive relationship
between drought and δ13C is much less general than what was
previously thought. This would be worthwhile testing in the field
at a larger scale.

One possible explanation for our mixed relationships between
droughts and δ13C is the following. Short periods of water deficit
often induce reductions of the stomatal conductance simply
because the mature needles close their stomata. However, during
development, stomata are most likely not fully developed (and
references herein Casson and Gray, 2008) and thus not fully
functional. Thus, when the drought occurs during development
stages, the relationship between drought and δ13C shifts. Another
possible explanation for the negative drought effect found in our
study is that we analyzed a different level of aggregation than
what has typically been the case. We focused on soluble sugars,
i.e., water-soluble organic matter at the shoot level, whereas other

FIGURE 5 | Relationship between rates of mean residence time (MRT) of the
13C label in respiratory CO2 efflux and respiration (Rd) in well-watered (black

symbols) and droughted (red symbols) trees. Regression lines between Rd (x)

and MRT (y) are y = 55.24 x−1.01, adj. R2 = 0.971, p < 0.001, for the

well-watered trees (full black line) and y = 25.94 x−0.69, adj. R2 = 0.916, p <

0.001 (red broken line). One observation is a individual shoot from an individual

tree at a specific 13C pulse-labeling event. Please note that due to the

destructive nature of the sampling, individual shoots was only studied once, so

different shoots were studied at different 13C pulse-labeling events.

studies, such as Walker et al. (2015) aggregate at organ level
without pool separation.

Ecosystem Implications
If co-existing species react differently to drought, this likely
shapes species composition and may therefore strongly influence
ecosystem function (Beck et al., 2011; Peng et al., 2011). Our
finding that even a mild intensity drought has substantial
negative effects on shoot size, and thus canopy development
may for the individual tree entail a reduced net annual carbon
uptake, potentially lasting for several years. For evergreen conifer
species like P. mariana this may result in loss of competition
capacity compared to deciduous conifer or broadleaved trees that
do not retain a drought-reduced canopy for several years after a
particular drought. If spring droughts becomemore frequent in a
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future warmer climate, the difference between functional groups
may become even greater. Whether or not this will shift species
composition and ecosystem function at the stand level is unclear
as other members of the community will have been negatively
affected by the drought as well. At a large landscape scale study
in interior Alaska, Sullivan et al. (2017) found that radial growth
in P. mariana trees was sensitive to even mild reductions in
moisture availability. However, they did not observe the expected
reduction in growth, suggesting that the rising temperature may
offset the negative impact of water deficit.

To summarize, our study shows that drought events during
early development of P. mariana shoots affect the current
year’s carbon partitioning and shoot morphology, with potential
long-term effects on whole plant carbon uptake. We found
that developing shoots experiencing drought allocated carbon
away from structural components and toward respiratory
and osmoregulation processes. While rates of photosynthesis
recovered after the drought was terminated, shoot volume
remained low, an effect that could potentially impact P.
mariana productivity in the following years. Thus, if extensive
spring drought occurs during budbreak, there are significant
implications for net ecosystem exchange and climate feedbacks
within the boreal forest biome.
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