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Beyond source and sink
control – toward an integrated
approach to understand the
carbon balance in plants

Summary

A conceptual understanding on how the vegetation’s carbon (C)

balance is determined by source activity and sink demand is

important to predict its C uptake and sequestration potential now

and in the future. We have gathered trajectories of photosynthesis

and growth as a function of environmental conditions described in

the literature and compared them with current concepts of source

and sink control. There is no clear evidence for pure source or sink

control of the C balance, which contradicts recent hypotheses.

Using model scenarios, we show how legacy effects via structural

and functional traits and antecedent environmental conditions can

alter the plant’s carbon balance.We, thus, combined the concept of

short-term source–sink coordination with long-term environmen-

tally driven legacy effects that dynamically acclimate structural and

functional traits over time. These acclimated traits feedback on the

sensitivity of source and sink activity and thus change the plant

physiological responses to environmental conditions. We postulate

a whole plant C-coordination system that is primarily driven by

stomatal optimization of growth to avoid aC source–sinkmismatch.

Therefore, we anticipate that C sequestration of forest ecosystems

under future climate conditions will largely follow optimality

principles that balance water and carbon resources to maximize

growth in the long term.

Introduction

Vegetation is Earth’ largest terrestrial carbon (C) sink and takes up
112–169 Pg C each year from the atmosphere via photosynthesis
(Sha et al., 2022) and the whole C globally stored in trees amounts
to c. 500 Pg (K€orner, 2003). Depending on the prevailing
environmental conditions to which a plant is exposed, there are
several factors that limit primary productivity. Amongst the most
dominant limiting factors are nutrients, temperature as well as light
and water availability (Churkina & Running, 1998; Fisher
et al., 2012). In classical textbooks (e.g. Schulze et al., 2019),
photosynthesis is always the starting point for plant growth, and
gross primary productivity is based on the photosynthetic capacity.

The sum of growth, that is the production of new structural
biomass, and the accumulation of carbon reserves is then depicted
as the remaining photosynthetic assimilates not used for
autotrophic respiration (equaling net primary productivity).While
its balance is absolutely correct (when the whole mycorrhizosphere
biomass is also accounted for (M€akel€a et al., 2022; Hawkins
et al., 2023)), the directionality that is deliberately or unintention-
ally conveyed by this conception gives the impression that just the
leftovers from photosynthesis and respiration determine growth.
Consequently, this view assumes that the plant carbon sinks, for
example growth, are directly andmainly controlled by the C source
through photosynthetic activity (Box 1), which does not necessarily
capture the cause–effect relationships as we show below.

From carbon source to sink control

As a counterpoint to the view of merely photosynthesis- and, thus,
C source-driven growth, there has been put forwardmore andmore
evidence that growth is directly controlled by other external factors
such as temperature (K€orner, 2021) or soil and atmospheric
drought (Etzold et al., 2022) rather than by C availability, and that
in contrary, growth and the overall metabolic activity of sink tissues
may even determine photosynthesis and thus source activity (Box 1;
Fig. 1; Paul & Foyer, 2001; K€orner, 2015; Hagedorn et al., 2016).

Our sensu stricto definition of sink control of the plant C balance
requires feedback to source activity, such as the downregulation of
assimilation as an adjustment to reduced C demand for growth and
respiration (Fig. 1). For example, if growth is temporarily restricted
by unfavorable conditions without causally affecting assimilation,
we consider this to be a shift in sink activity (e.g. from growth to
storage) rather than a sink-induced control of primary production.
If, on the longer term, only measured aboveground growth is
constrained by environmental conditions without negative feed-
back on photosynthetic C uptake, then permanent shifts from one
sink to another sink may have occurred (e.g. from aboveground to
belowground), and we consider that an environmental control that
does not need tree-internal feedbacks to be explained (Box 1).
Cabon et al. (2022) postulated that the low correlation between
eddy flux-derived gross primary productivity and tree ring-based
stem growth and thus a weak multiyear association indicate sink
limitation by tree (stem) growth. We oppose such a conclusion
since the necessary feedback from growth to assimilation ismissing.

K€orner (2015) and Fatichi et al. (2014) showed reasons for the
historical dominance of the C source control concept in plants as
well as providing arguments for sink control generally dominating
the plants’ C balance. There is, however, still a strong controversy
on the mechanisms and on the importance of C source- vs sink-
related processes (e.g. Hartmann et al., 2020) even though some
vegetation models account for some combination of source and
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sink limitations (Schiestl-Aalto et al., 2015; Jones et al., 2020;
Oswald & Aubrey, 2023).

An accurate conceptual understanding on how the vegetation’s
carbon balance is determined by source and sink activity is,

however, important to predict its carbon uptake and sequestration
potential now and in the future. If we, for example, assume that
source control is a dominant factor, increasing CO2 concentrations
should clearly stimulate photosynthesis in C3 plants and subse-
quently increase growth. If, by contrast, sink control is dominating,
it will be rather the change in environmental factors such as the
water vapor pressure deficit that strongly influence sink activity
(Zweifel et al., 2021; Tumajer et al., 2022; Peters et al., 2023a) and
subsequently may determining the C sequestration potential of the
vegetation.

The overall goal of this viewpoint is to provide an integrated
understanding of the control of the plant C balance and how it is
coordinated across different timescales including source and sink
activity and environmental control in combination. Our initial
question is whether plant C use and balance are controlled by sink
activity (as postulate by K€orner, 2015 and Fatichi et al., 2014 or
source activity). Or, in other words, does the tail (heterotrophic
sink metabolism) really wag the dog, that is the autotrophic source
metabolism, which makes up the uniqueness of plants? We thus
assessed (1) up to what degree sink or source control alone are
sufficient to explain observations from recent studies. We then
investigated (2) whether more integrative regulatory schemes that
account for temporal dynamics and structural acclimation over
longer time periods (e.g. legacy effects as described by Ogle
et al., 2015; Zweifel& Sterck, 2018) better explain theCbalance of
plants. Finally, we exploredwhether (3) the incorporation of a plant

Fig. 1 Current concepts of source vs sink control of the carbon balance of trees. (a) Under a strict source control, changes in environmental drivers affect
the assimilation (A) and A determines sink metabolic activity including respiration (R) and growth (G) with a temporal delay. (b) Under a strict sink control,
changes in environmental drivers first affect R and G andwith a delayed feedback A. Therefore, the sequence of actions indicated by the numbers 1–3 hints at
possible causalities of processes. In addition to source and sink control as described here, environmental conditions might directly exert the main control on
source and sink activities without the need of other tree-internal feedback. See Box 1 for definitions.

Box 1 Definitions.

The terms carbon source and sink control define the direction of control
over the plant’s C balance. It describes whether the carbon source
(carbon uptake) or the carbon sink (carbon use) mainly dominate the
activity of the other one.

Sink control:We use this termwhen the demand for carbon by growth1,
respiration2 and other metabolic processes (together named sink

activity) directly control the plant carbon source, that is a causal up- or
downregulation of the overall photosynthetic activity.

Source control: We use this term when the photosynthetic activity

mainly determines the sink activity, that is a causal up- or down-
regulation of the sink activity.

Environmental control: This term is used when environmental condi-

tions mainly control physiological activities, that is source and sink
activities aremainly explicablewith changes in environmental conditions
without the need of other tree-internal feedback.

1Growth is definedas theproductionof newstructural biomass including
primary and secondary growth.
2The term respiration includes respiration due to growth and main-
tenance.
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integrating regulatory mechanism such as stomatal optimization of
growth provides added value.

We here mostly focused on trees as long-lived organisms, which
have large storage pools to buffer temporal fluctuations in both,
sink and source activity, and which as major constituents of forest
ecosystems play an important role for global C sequestration.

Evidence for source and sink control in the recent
literature

A prerequisite for disentangling the direction of control is the
occurrence of a dynamic situation with changing environmental
conditions (Fig. 1) in which sequential responses of source and sink
activities can be assessed (cf. Hagedorn et al., 2016). In the
following sections, we focus, thus, on changes in different
environmental drivers related to global change and their effects
on whole plant source–sink relationships.

Changes in water availability

Already in the seventies of the last century, Hsiao (1973)
postulated that reduced water availability strongly impairs cell
growth with strong repercussions on whole plant physiology and
metabolism. Muller et al. (2011) showed in their review paper that
growth declined in response to water deficit before photosynthesis
was affected, thus, leading to an accumulation of carbohydrates
because of lower C demand. They put forward that reduced C
demand is the major driver for the C balance under drought with
negative feedback on photosynthesis (Fig. 1b). In agreement,
Hagedorn et al. (2016) observed during the onset of a summer
drought first an increase in sugars in beech roots (pointing to a
decreased sink demand) and only later some increase in leaf
carbohydrates. We thus assume that there is in fact a direct impact
of reduced water availability on the sink activity that can precede
the effect on photosynthesis. The strict definition of sink control
would, however, require that the reduced C demand of the sink
tissues exerted control over photosynthesis (Fig. 1b); else, we
would rather call that environmental control (Box 1). While it is
clear that feedback inhibition of photosynthesis via accumulated
assimilates can occur in principle (e.g. Fabre et al., 2019), there is,
however, no clear evidence from the literature that this happens
under drought. It is more likely that the continued drought stress
directly leads to reduced stomatal conductance or an impairment
of ribulose biphosphate regeneration and thus reduced photo-
synthesis (Flexas & Medrano, 2002) independent from sink
activity. This assumption is supported by the results of Hagedorn
et al. (2016), who observed a decline in photosynthesis after the
onset of drought weeks before an accumulation of phloem and leaf
carbohydrates occurred that might have exerted feedback
inhibition on the Calvin cycle. Thompson et al. (2023) recently
showed that photosynthesis and growth decreased in parallel as
plant water potential declined. They postulated that growth and
photosynthesis are largely independent processes influenced by
various complex responses of molecular, biophysical and chemical
regulators to drought, rather than being solely attributable to sink
or source control.

When drought continues over prolonged periods, theC demand
for growth in sink tissues will decrease but maintenance, defense
and repair metabolism as well as osmotic control still continuously
require assimilates, while photosynthesis ceases (McDowell
et al., 2011). Under such conditions C starvation might occur
and the functioning of the plant’s sink metabolism gets under
control of the source. However, most experiments were conducted
with seedlings or saplings and did not provide clear evidence of C
starvation (Adams et al., 2017). It is thus even more unlikely that
this will occur in adult trees that have high amounts of reserves
(Hoch et al., 2003) to temporally decouple C demand from
photosynthetic supply (even though not all of these reserves might
be accessible (Hartmann & Trumbore, 2016)).

There is some evidence that after drought release, rootmetabolic
activity of beech increases within a few days. This can lead to
increased belowground allocation of new assimilates. Hagedorn
et al. (2016) concluded that the prolonged need for root repair
metabolism and new root growth, and thus, the higher demand for
assimilates led to the observed increase in source activity. In their
experiment, increased belowground allocation of new 13C labeled
assimilates coincided with a long-term overshoot of photosynthesis
compared with non-drought-exposed trees. Their assumption is
supported by a whole tree 13C labeling experiment with > 100-yr-
old Scots pine (Joseph et al., 2020) in which the authors observed
that release from drought strongly increased rhizosphere metabolic
activity and therefore the allocation of new assimilates to roots and
rhizosphere microbes.

In short, changes in water availability lead to various responses
that can be attributed to sink and source activity. There are more
convincing examples of source control than of clear sink control.
However, there is no conclusive picture that one of these two
control directions alone plays the dominant role in the C budget.

Increase in CO2 concentration and nutrient limitations

Human-induced CO2 increase from fossil fuel emissions and land-
use change also provide information on the control mechanisms of
the C balance of trees, as do free-air CO2 enrichment (FACE)
experiments. Assuming strict sink control (Fig. 1b), increased CO2

concentrations – even though potentially increasing leaf level
photosynthesis rate – should not lead to significant structural
biomass increase. However, it is known that at least part of the
anthropogenic CO2 emission is buffered by an increased uptake by
photosynthesis and via increased C sequestration of the terrestrial
vegetation (IPCC, 2021), which cannot be explained by an increase
in storage of non-structural C compounds (NSC) alone. A recent
synthesis (Walker et al., 2021) shows that a range of evidence
supports a C sink increase related to terrestrial vegetation with
increased CO2 concentration as forest inventories show an increase
in wood biomass production (Brienen et al., 2015; Yu et al., 2019;
Hubau et al., 2020). If true, these global findings were explicable
either with a general CO2 limitation of tree growth or a CO2-
alleviated release of other limitations (Walker et al., 2021). An
example for the latter is the increase in water use efficiency induced
by reduced stomatal conductance observed under increased CO2,
which can reduce water limitations in dry forest ecosystems, thus
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potentially increasing biomass production (Feng, 1999). Increased
leaf level water use efficiency does, however, not necessarily lead to
increased tree growth, neither under mesic nor under xeric
conditions (e.g. Pe~nuelas et al., 2011; L�evesque et al., 2014). Tree
ring studies, that allow to assess both, leaf intrinsic water use
efficiency (from the tree ring C isotope composition) and growth
(from the tree ring increment) largely differ from the above-
mentioned forest inventory studies. A large number of tree ring-
based assessments found little evidence for a biomass increase with
elevated CO2 (Walker et al., 2021). So, there is no clear evidence
from observational studies assessing growth response to CO2 for
neither dominating source nor sink control.

In their review on the effects of increased CO2 concentrations in
FACE experiments with mostly young forest stands, Norby &
Zak (2011) concluded that net primary productivity (NPP) per leaf
area can increase even after canopy closure but that other
environmental factors may constrain this response over time.
Thus, increased photosynthesis did not consistently translate into
increased aboveground growth and depended on species, succes-
sional stage and duration of the experiment (Norby et al., 2002,
2010; K€orner et al., 2005; Handa et al., 2006; McCarthy
et al., 2010). Norby et al. (2010) showed in a 10-yr-old sweetgum
plantation that after an initial increase in NPP and aboveground
wood increment uponCO2 enrichment, nutrient limitation started
to constrain the CO2 fertilization effect later during the
experiment. In an old-growth P-limited eucalypt forest, elevated
CO2 did not increase aboveground productivity at all (Ellsworth
et al., 2017). Most of the studies mentioned above focus on the
impact of increased CO2 concentration on aboveground biomass
increment. Fewer studies assessed the CO2 impact on root
biomass of trees, and they mostly found an increase (Allen
et al., 2000; Pregitzer et al., 2008) that in one study lasted also after
10 yr of treatment (Jackson et al., 2009). Still when, considering
both, above- and belowground growth, there is no fully consistent
picture of the reactions of trees under experimental CO2 increase.
What, however, seems clear is that nutrient limitation can constrain
CO2 fertilization effects, which is well in agreement with Liebig’s
law of the minimum, which states that primary productivity and
growth is determined by the scarcest resource, that is the limiting
factor (von Liebig, 1862). So, one might postulate, that in early
growth phases, source limitation might prevail while in older
stands, nutrient or water limitation (Hayat et al., 2017; Brienen
et al., 2021; Potkay et al., 2021) starts to restrict at least growth.
Thus, forests and trees turn into more sink-controlled systems
with age.

Nutrient limitation, however, not only affects growth and thus
contributes to C sink control but also impacts photosynthesis and
thus could modulate source control. RubisCO the key enzyme of
the Calvin–Benson cycle is the globally most abundant protein
(Raven, 2013), and canopy nitrogen distribution is known to be
optimized for most efficient C assimilation (Field, 1983; Hirose &
Werger, 1987; Milcu et al., 2014), indicating the important
relationship between N availability and C acquisition. Moreover,
phosphorus limitation is known to inhibit CO2 assimilation
(Raaimakers et al., 1995; Zhu et al., 2014), thus also directly

affecting the source activity. Consequently, the switch fromCO2 to
nutrient limitation with tree or stand development and canopy
closure might not necessarily be interpreted as pure sink limitation
butmight also constrain source activity directly.Weneed, however,
to consider that nutrient demand per leaf area might decrease as
photosynthetic capacities often decline under increased CO2

(Dong et al., 2022). So, the balance between changing leaf area and
changing leaf level photosynthetic activity under increased CO2

defines the whole tree and ecosystem-nutrient demand for
photosynthesis.

In short, these examples show the importance of the time covered
by a particular study and the influence of predispositions in
questions about C balance and its control mechanisms. Here too,
depending on the initial situation, a supposed sink control can
change into the opposite or vice versa.

Temperature limitation and sink control

Temperature limitation of growth has been proposed as an
example of sink control of the C balance in trees by mainly
studying the conditions at the tree line (K€orner, 2003). Along
altitudinal gradients, an increase of NSC in sapwood, needles,
branches and roots toward the tree line was observed (Hoch
et al., 2002; Hoch & K€orner, 2003; K€orner, 2003), lending
support to the hypothesis that sufficient C supply via photo-
synthesis is available that exceeds the demand for growth and
heterotrophic metabolic activities. Moreover, there is evidence
that cell division and, thus, growth is restricted to temperatures
above c. 5°C at which photosynthesis of cold-adapted plants
operate still at c. 50% of their maximum photosynthesis rate
(K€orner, 2013). A tree line FACE experiment showed that
increased CO2 concentrations over 9 yr stimulated leaf level net
photosynthesis in both species tested (Larix decidua and Pinus
uncinata). In contrast to expectations of sink control, above-
ground growth increased in L. decidua (Dawes et al., 2013). Four
years of soil warming, however, which should release the
belowground compartment at least partially from temperature
limitation and increase source C demand, had no effect on
photosynthesis of both species (Streit et al., 2014). Thus, even
though temperature limited alpine tree line, ecosystems show
some features that fit into the picture of sink-controlled systems,
the CO2 fertilization effect and the lack of the soil warming
response on photosynthesis preclude us from drawing clear
conclusions. It might be even more complicated for latitudinal
transects toward the boreal zone. Even though the trees are
growing under comparably low temperatures in boreal regions,
the forests might be co-limited by light availability (Churkina &
Running, 1998).

In short, even in this seemingly prime example of sink control of
the carbon budget, we cannot clearly show that sink control is a
dominant process, nor – due to the sometimes contradictory
results – can we be sure that the concepts of source and sink control
(Fig. 1) are generally applicable. Therefore, we conclude that the
concepts fromFig. 1 need to be linked and extended to bettermatch
the observational and experimental results (Fig. 2).
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Temporal dynamics and structural and functional
acclimation

When analyzing the control of carbon sinks and sources in
response to environmental conditions, changing biomass and
resource distributions must be considered regardless of whether
they were originally initiated by source or sink activity. The
changing structures (including the reserves of C and nutrients)
and the coupled functionality influence not only the balance
between sink and source activity on the one hand but also the
sensitivity to environmental factors on the other hand (Zweifel &
Sterck, 2018; Bose et al., 2022). Consequently, conclusions are
more difficult to draw as a mutual adjustment between

photosynthesis and metabolic activity in heterotrophic tissues
will be achieved independent on the direction of control. This
might be one reason for the inconclusive picture we obtained
above, in which we mainly used the concept in Fig. 1 to assess
the strict control of plant C relations by either the source or the
sink activity. Thus, when evaluating current regulations of
the plant C balance, we also need to consider structural
trajectories and, thus, associated legacy effects (Ogle et al.,
2015; Zweifel & Sterck, 2018). This changes our perspective of
the source and sink control mechanism: Short-term feedbacks
between sink and source will be modified by mid- and long-term
structural and functional trait adjustments and vice versa, leading
to a more subtly regulated system (Fig. 2).

Fig. 2 Extended concept of source and sink control including interactions with structural and functional traits. (a) The concept of the short-term control of
source vs sink activity is the same as displayed in Fig. 1. The underlying physiological processes are determined by current structural and functional traits,
which are themselves affected by a legacy of the previous environmental conditions and the thereby induced changes in source or sink activity. (b) Sink
and source activity remain coordinated independent of the direction of control but changes in physiological processes (e.g. growth) result in a change of
structural and functional traits such as the build-up of, for example, reduced leaf mass fraction as an acclimation to continuously reduced water availability.
The time for the adjustments of structural and functional traits depends on the lifetime of organs (e.g. leaves) and reserves (e.g. C pools) (Zweifel &
Sterck, 2018). The longer the lifetimes, the further back the causes of legacy effects reach. The legacy-adjusted traits determine the immediate
physiological responses (A, R, G) to current environmental conditions and thus also the source and sink activity. As a consequence, the immediately elicited
control of the source and sink balance form togetherwith structural and functional trait adjustments a feedback loop that allowa dynamic andmore fine-tuned
coordination (blue arrows).

� 2024 The Authors

New Phytologist� 2024 New Phytologist Foundation

New Phytologist (2024)
www.newphytologist.com

New
Phytologist Viewpoint Forum 5

 14698137, 0, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.19611 by Paul Scherrer Institut PSI, W

iley O
nline L

ibrary on [14/03/2024]. See the T
erm

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

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Predispositions alter the current physiological response

If longer term trajectories and legacies are not included in an
assessment of source or sink control and only a snapshot in time is
analyzed, generalized conclusions can become difficult as the
following example shows. Under prolonged but continuously dry
conditions, trees often show a sparse crown and a reduced leaf area
constraining their whole plant C assimilation compared with
individuals under higher water supply. At the same time, stem
growth is reduced (Bose et al., 2022). In general, leaf area and
stem hydraulic conductance show mutual adjustment since
transpiration demand of the leaves needs to be matched with the
water transport potential in the stem (e.g. Rosas et al., 2019). The
general observation of leaf area and growth reduction – without
considering any longer term dynamics – can lead to two totally
different conclusions concerning source or sink control.On the one
hand, the reduced crown area could be a direct acclimation to
restrict water loss by transpiration, and as a result, the reduced gross
primary production led to less carbon available for growth (source
control). On the other hand, reduced water availability could
directly have led to reduced stem growth (Steppe et al., 2015),
which in turn reduced the C demand leading to reduced primary
productionwith a reduced leaf area, and thus indicates sink control.
To make this scenario even more complicated, we could
additionally assume pure environmental control (Box 1) on growth
and leaf area without internal coordination. To resolve these
apparent contradictions, we need to account for both, sink and
source control as a direct response to environmental drivers
and changing structural and functional traits (e.g. leaf area,
photosynthetic capacity, sap wood conductance and carbon
reserves) over time. This provides an additional setscrew for
adjusting source activity and sink demand also effecting the direct
environmental control on physiological activities. We, thus,
suggest implementing the short-term regulatory mechanisms
depicted in Fig. 1 into a larger conceptual framework of source
and sink control. In such a framework, short-term control
additionally depends on the predisposition of given structural
and functional traits (Fig. 2), which in turn adjust over time by the
prevailing balance of source and sink activity. This long-term
adjustment can be considered an integration of short-term
responses over time.

The adjustment of structural traits and C pools

The physiological processes influenced by the environment and their
subsequent regulation (Fig. 2a) translate into the adjustment of
structural and functional traits (Fig. 2b). The adjusted traits in turn
affect the response of source and sink activities to environmental
factors and thus their short-term coordination. The speed at which
traits change – such as the leaf mass fraction shown in Fig. 2(b) –
depends inter alia on the lifetime (turnover time) of the relevant
structural elements, for example leaves, C pool or sapwood tissue
(Zweifel & Sterck, 2018). Thus, we assume a tree to be in a
permanent balancing act of resource allocation, feedback controls of
source vs sink activities,maintenance and redesign of functional traits
in order to remain acclimated to changing environmental conditions

as good and timely as possible. Accordingly, there is a wide variety of
consequential effects not only depending on the physiological process
assessed, the trait adjustment examined and the temporal resolution
considered but also depending on the extent of environmental legacy
the system is subjected to. Various works have shown that legacy
effects can occur within hours to over years (Ogle et al., 2015; Bose
et al., 2022). As an example, a low fraction of leaf mass relative to the
wholeplant biomassmight cause a higher probability forC limitation
(and thus source control) under drought than a higher proportion of
leaves. On contrary, a high leaf mass fraction and thus a high
transpiration demandmightmore likely cause treewater potentials to
drop, thus restricting directly sink activities such as stem growth
(Steppe et al., 2015; Peters et al., 2021, 2023a).

We applied the conceptual model of Zweifel & Sterck (2018)
that calculates tree stem growth and links current physiological
responses to historic conditions by taking into account environ-
mental legacy effects on an annual resolution via structural and
functional traits (Fig. 3). By using themodel, we can showhow sink
and source activities are affected by different historic conditions via
changed traits. In this model, at the end of each year, the traits such
as the total leaf area (and thus the potential for C assimilation), the
C pool (and thus the potential to rely on internal reserves) or
the conducting sapwood area (and thus the efficiency to transport
water) are recalculated with a feedback loop based on the
physiological performance of a tree during the current year.
Depending on the lifetime of these structures and pools, a specific
year’s footprint remains shorter or longer active (functional), and
the tree’s physiology becomes more or less influenced by the
environmental conditions of more or less past years (legacy effects).
Introducing lifetimes of structures into amodel provides an elegant
mechanistic coupling of past conditions with current tree
performance and opens the possibility to investigate how
physiological responses change with different predispositions.
Predispositions can mean different environmental conditions or
different trait properties (e.g. lifetime of structures and C pools)
before a specific event (e.g. an extreme event like a drought). In the
following examples, we show how physiological responses strongly
depend on these predispositions (Fig. 3).

The impact of different environmental predispositions become
evident in Fig. 3(a), in which growth and assimilation show
different responses to a severe drought after good or poor years
before the extreme event. Three main findings can be drawn from
the scenarios in Fig. 3(a): first, the severeness of the poor year’s
impact on the physiological performance in the current year
(amplitudes) varies with the environmental conditions of the
preceding year(s) affecting not only assimilation and growth but
also leaf area, C pools, water supply and other physiological
responses (not shown). Good preceding years led to a stronger
(more negative) reaction than poor preceding years. This is mainly
related to the originally high (absolute) physiological activity of the
more vital tree, which allows a stronger downregulation. In
the framework of Fig. 2, this, however, also shows that functional
and structural adjustment in response to prior environmental
conditions feedback on the demand for short-term source or sink
control. Lower impact of an extreme year on both, A and G, will
require less immediate control to coordinate source and sink
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activity (independent if from the source or the sink side). Second,
the extent of the legacy effect (time to get back to the original
conditions before the bad year) also depends on the environmental
predispositions and, thus, also affects the dynamics of source and
sink control over time. And third, even general response patterns
such as increasing or decreasing trends of growth after the extreme
event can be contrary depending on the tree’s predisposition
(Zweifel et al., 2020).

Further, different structural predispositions quantified as life-
times of structures such as leaves, sapwood and carbon pools result
in clearly differing growth and assimilation responses (Fig. 3b). The
strongest direct impact on growth and assimilation is shown for a
tree species with short lifetimes, that is annually shed leaves, short-
lived sap wood and a fast carbon pool turnover. After a second year
with still reduced growth, the tree’s physiology is largely back to
normal in the third year after the extreme event. By contrast, trees
with longer lifetimes (Fig. 3b right) respond less in the year with
poor conditions but keep a negative legacy overmore years (Zweifel
& Sterck, 2018). This might need to be seen in light of the often
observed trade-off between resistance and recovery (Gazol
et al., 2017), which has been linked to life spans and the position
of plants in the fast–slow spectrum of physiological responses to
changed environmental conditions (Song et al., 2022). Moreover,

while growth dropped relatively stronger (and earlier) than
assimilation with short structural lifetimes, the opposite was
observed for trees with longer lifetimes. If we explain the two
scenarios with the framework of Fig. 1, the first scenario with short
lifetimes would be indicative of source and the second of sink
control indicating that it can strongly depend on species and life
form if conditions that might require source or sink control occur.

Even if these simulation patterns are strongly depending on the
chosen model functions for the physiological processes and
the model’s parameterization (Zweifel & Sterck, 2018), the setup
has proven to be able to simulate and explain empirically measured
data of a pine forest with different water availability treatments and
a sudden treatment change (Zweifel et al., 2020). Our model
scenarios (Fig. 3) clearly visualize how easily predispositions of
structures and past environmental conditions turn physiological
responses into the opposite. In addition, our simulations show that
a tree’s carbon dynamics (assimilation and growth) are influenced
by legacies, underscoring our contention that C source and sink
processes can appear in different lights depending on the
perspective, history and temporal scale from which a tree is
studied.We thus propose and intimate linkage between short-term
impact of the environment on physiological processes and the
immediately elicited sink or source controls that affects

Fig. 3 Importance of environmental (a) and structural predispositions (b) for the tree physiological responses to a year with exceptionally poor growing
conditions (Year 0) due to an extreme event, for example a drought. The scenarios were modeled according to Zweifel & Sterck (2018) with differing
lifetimes (in years) of leaves, sapwood and carbon pool as model parameters (stacks right of each simulation) and in response to the environmental conditions.
Black arrows indicate the specifics of the scenarios. The blue line with blue circles indicates the environmental conditions over the years. The conditions
range from �1 poor, over 0 average, to 1 excellent (upper graphs of each panel). The lower graphs of each panel show the physiological responses of
photosynthetic C assimilation (gray line) and stem growth (red line). The relative scale ranges from �1 (poor performance), over 0 (average), to 1 (excellent
performance). Red-shaded areas between the lines depicting assimilation and growth indicate stronger effects on growth than on assimilation, whereas
gray areas show the opposite. (a) Good (left) or poor (right) environmental conditions before the extreme event alter the physiological responses during and
after the event. (b) Different lifetimes of functional structures also do so. Consequently, physiological measurements during the same event can lead to
contradictory conclusions if predispositions are ignored.
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the adjustment of traits and storage C pools. These adjustments in
turn feedback (on timescales determined by their lifetime) on the
direct impact of the environment on physiological process, thus
allowing an iterative adjustment of the source and sink activity to
the prevailing environmental conditions. If, however, short-term
deviations from prevailing conditions occur, strong changes in A or
G might occur (see Fig. 3a in which the relative deviation from
previous conditions is stronger than in Fig. 3b), making strong
immediate source or sink control (Fig. 1) necessary to adjust the
whole plant C balance.

Including stomatal optimization of growth into the
carbon source–sink coordination of trees

A novel concept of stomatal regulation that optimizes for growth
(G) rather than assimilation (A) may provide an additional missing
piece of the puzzle to fine-tune the physiology across the entire
plant, particularly in light of short-term changes in environmental
conditions and thus carbon availability and demand. In classical
stomatal optimization models, a fixed supply of water is usually
assumed to be used most efficiently, that is exchanged for the most
carbon uptake, when themarginal carbon gain fromwater (@A/@E)
is constant over time (Cowan & Farquhar, 1977). This is true for
short time periods only. Without assuming instantaneous
behavior, the optimal marginal carbon gain changes with time,
becoming larger as soils dry (overmultiple days toweeks) (Manzoni
et al., 2013).More recently, Potkay&Feng (2023a,b)modified the
original stomatal optimization model by replacing photosynthesis
with growth as the process to be optimized. The new model
synthesizes the effects of gas exchange, water balance, carbohydrate
storage, respiration and growth, thus balancing the two main
factors regulating growth via stomatal regulation:On the one hand,
stomata influence the water potential and turgor of the tree via the
regulation of transpiration, which is central to cell division and
elongation. On the other hand, photosynthesis is directly down-
regulated by closing stomata. Both factors (water potentials and
carbon availability) are influenced by the dynamics of NSC
compounds and in turn influence them (Buckley, 2023). That
Potkay–Feng model offers a smart explanation for the overall plant
coordination of source and sink activity via stomatal responses by
targeting growth optimization on the mid- and long term rather
than primary production in the short term.

Peters et al. (2023b) underscored this argument by showing that
stomatal regulation is not only driven by attempts to avoid
embolism in the water supply system but is additionally or even
primarily regulated tomaintain daytime dehydration at amoderate
level. Only then, a tree can be replenished during the night, and
thus, thewater potential comes into a range that allows stem growth
(Zweifel et al., 2021).

Two contrasting examples of NSC availability and water potential
(affecting cell turgor) can illustrate the control principle. In the first
case, NSC availability is assumed to be low, and the Potkay–Feng
model causes the Lagrange modifier g (the optimal target value for
marginal NSC use efficiency) to be high because NSC has a high
value for the organism. This leads to stomata opening even when
current soil or atmospheric water conditions are not optimal (Potkay

&Feng, 2023b). Such a control fits to the observations in the drought
release experiment ofHagedorn et al. (2016) inwhich photosynthesis
in trees, which were rewatered after drought, increased above the
levels of the untreated controls. In a second case, in which NSC
concentrations are high but turgor pressure is low, a low g leads to
stomatal closure, possibly explaining the reduction in A before direct
inhibition by NSC accumulation occurs, as observed by Hagedorn
et al. (2016). In contrast to the original sink control concept
presented inFig. 1, such amechanismwould act before growth ceases
and the sink demand reduces A, for example via reduced phloem
loading and sugar feedbackmechanisms. It would simultaneously act
on growth (via reduced water potentials) and on A, and thus, there is
no need for growth to control source activity. Overall, the Potkay–
Feng model ascribes the stomata, thus, a central role in balancing
source and sink activity to avoid a disbalance between sink and source
activity.

When combining the stomatal optimization of growth with the
concept in Fig. 2, we gain a more detailed picture of how different
feedback loops subtly control the source and sink activity of a tree
over time (Fig. 4). The primary driving forces for all physiological
processes are the environmental conditions in air and soil (black
horizontal arrows in Fig. 4). Our virtual tree does not consist of a
static structures that respond always in the same way to the same
environmental conditions. Rather, physiological processes depend
on the structural and functional traits of the tree. And these traits are
constantly modified by the physiological performance, which in
turn is driven by several feedback loops.

The first loop acts through carbon source limitation (arrows
containing green color in Fig. 4), the second loop acts through sink
limitation (arrows containing violet color in Fig. 4), the third loop
acts through stomatal regulation to optimize growth (arrows
containing yellow color in Fig. 4; note that almost all arrows
contain yellow and are thus included in the optimization). Large
parts of the different feedback loops overlap (as indicated by two
color arrows in Fig. 4). However, some are also complementary.
Non-structural C compounds availability feeds back directly on A
in the sink control loop (violet arrow), whereas the feedback is
rather on gs in the stomatal source–sink coordination loop and not
by inhibition of photoassimilates (e.g. Fabre et al., 2019). The
fourth loop modifies the dynamics of the first three loops through
adjusted traits (blue arrows in Fig. 4). Fig. 4 lists some of these
structural and functional traits, but the list is not exclusive and
could be extended to include many more highly relevant
structures.

Within this tree model, stomatal regulation (via gs) plays a
central role, directly affecting all physiological loops and indirectly
affecting the fourth loop with structural features. gs not only
determines A but also balances NSC availability and turgor to
optimize growth. Ideally, this central coordination does not lead to
strong imbalances between source and sink activity, and if this is
the case, assessment of NSC availability relative to Ψ should allow
adjustment via changes in gs. Our assumption that stomatal
optimization allows for balancing between source and sink is
supported by modeling and experimental results of H€oltt€a
et al. (2017) and Dewar et al. (2022). Stomatal optimization in
their model (using photosynthesis rather than growth as the
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optimization target) was able to describe stomatal responses to
above- and belowground environmental conditions, including the
effects of source–sink interactions. However, their model uses the
accumulation of foliar NSCs for inhibiting photosynthesis, which
has not been proven experimentally to occur under drought.

There are also environmental conditions or inappropriate
predispositions of structural or functional traits in which stomatal
optimization is not sufficient to balance source and sink
activity. Especially, if they are altered by processes other than
stomatal regulation, for example under conditions in which

Fig. 4 Newconceptualmodel of an integrated carbon source–sink coordination in trees that accounts for changing structural and functional traits and stomatal
coordination. (a) Tree physiological processes such as respiration (R) and growth (G) are predisposed by the tree’s functionality defined by their traits. In this
concept, the stomatal optimization of growth is the central control (yellow box), whereas in the original concept, the source–sink control was central (violet-
green box). Together, however, they provide a subtly feedback-regulated network of physiological processes. The processes are driven by environmental
conditions (black horizontal arrows), predisposedby traits (blue arrows), regulatedbybalanced carbon source (green arrows) and sink (violet arrows) processes
and central optimization by stomatal regulation. The stomatal coordination (yellow arrows) balances photosynthesis (A) and transpiration (T) to avoid
damagingdehydration and tooptimize growth (G). All theseprocesses are closely coupledandeven rely partly on the samephysiological pathwaysas indicated
by the two-colored arrows. (b) The resultingphysiological performance adjusts the tree’s traits (examples listed) and feeds back over shorter and longer periods
on the physiological processes.On short periods, thismay happen via depleted reserves or changed epigenetic settings,whereas on longer periods, thismay be
manifested via a changed tree architecture including many functional and structural traits.
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photoprotection reduces A (Adams et al., 2002), either with
photoprotective pigments or changes in the conformation of the
photosynthetic apparatus (Ensminger et al., 2006). Under such
conditions, A is not exclusively subject to stomatal control, so
stomatal optimization may not be the sole means of balancing
source and sink.We can also assume that centralized gs controlmay
be temporarily out of balance when either source or sink activity is
intensely affected by extreme conditions (e.g. a heat wave) so that
adjusted stomatal responses may not be effective or fast enough to
balance sink demand with source activity. Assililation A may even
decrease to zero, and none of the described physiological control
processes are effective anymore. In such cases, trees activate their
emergency processes of early leaf senescence and leaf and branch
shedding to survive. This is another example of the fourth loop, in
which structural and functional traits are adapted in sometimes
very short time.Needless to say, such structural adjustment leads to
a completely altered physiological response if environmental
conditions should subsequently improve and the tree survives the
event.

Conclusions

Overall, we suggest a whole plant carbon source and sink
coordination driven by stomatal optimization of growth combined
with structural acclimation over time (Fig. 4). Such a system
dynamically adjusts source and sink activities. The initial question
of whether the ‘tail wags the dog’ is, thus, a rather academic one that
may have merit only in very specific situations. Accounting for
processes at different timescales and multiple parallel feedback
loops, explains why most of the observations analyzed in this work
do not show consistent patterns of either sink or source control of
the plant C balance. We propose that carbon sink- and source-
related processes in a tree are always driven by direct environmental
factors acting on short timescales and altered by mid- and long-
term legacies imprinted in structural and functional traits. While
central coordination via stomatal optimization allows subtle
short-term balancing of source and sink activities that leads to
adjustment of various traits at different timescales, in certain cases
and within a given time window, source or sink activitymay appear
dominant in controlling the overall C balance of the plant. Under
most conditions and over time, our integrated approach (Fig. 4)
provides a feedback system in which neither source nor sink
control dominates, and in which the two originally discussed
control directions are in fact part of other feedback loops that
subtly balance carbon relationships and ultimately overall tree
physiology.We here propose a framework inwhichC sequestration
in forest ecosystems under future climate conditions will largely
follow optimality principles that balance water and carbon
resources to maximize growth in the long term rather than
optimizing carbon assimilation in the short term.
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