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Key message Understanding the role of stored non-structural carbohydrates (NSC) in trees has been a long-term 
goal in tree physiology research. A study published in this issue strengthens the possible role of NSC storage as key 
to mitigate drought effects.

Understanding the patterns of storage and use of non-struc-
tural carbohydrates (NSCs) has been a long-term goal of 
tree physiology (Kozlovski and Keller 1966). NSCs account 
for ~ 10% of the total tree dry biomass (Martínez-Vilalta 
et al. 2016), but why do trees need so much of their carbon 
stored as NSCs remains unresolved (Resco de Dios et al. 
2020).

The traditional debate focused on whether storage is 
an active process, where plants diverge NSCs from other 
processes into storage, or a passive one, where only excess 
NSCs not used for growth and maintenance are stored 
(Chapin et al. 1990). If storage is active, it then follows 
that NSCs act like an insurance providing resilience against 
future stresses or disturbances (Wiley and Helliker 2012). 
That is, NSCs would provide the building blocks for recov-
ery following fire or drought, for example, and it would be 
consequently adaptive to prioritize C allocation to storage 
over growth and other processes, as a bet hedging strategy 
to face uncertainty (Galiano et al. 2017). However, a passive 
storage has sometimes been interpreted as indicative of a 

surplus of C, where plant growth would only seldom be lim-
ited by C (Palacio et al. 2014). Why such disproportionate 
amounts of resources are invested to NSC storage if they are 
simply the leftover of other processes could consequently be 
maladaptive or, at best, the residual byproduct of a process 
not fully optimized.

Plant C allocation changes under stress (e.g., Joseph 
et al. 2020) and consequently different pools show different 
responses in their concentrations of stored NSCs. Recent 
observations of drought-induced mortality have catalyzed a 
renewed interest towards better understanding the function 
and pattern of variation in NSCs across different organs. It 
was postulated that one of the mechanisms underlying plant-
induced mortality was C starvation (McDowell et al. 2008). 
That is, a lack of stored NSCs for sustaining respiration and 
other essential functions. However, actual observations of 
C starvation in nature are rare, and often restricted to condi-
tions when the plant is putatively C-limited by its environ-
ment, such as situations of deep shade (Duan et al. 2013; 
Korner 2003). In fact, increases in NSC concentrations with 
drought are not uncommon, although responses vary with 
species, even closely related ones (Piper 2011).

An increase in NSC concentrations during drought can 
occur if the decline in source activity (leaf photosynthesis) 
is larger than the decline in NSC consumption by C sinks 
(growth, respiration, etc.), a response that has been associ-
ated with drought resistance (Palacio et al. 2014). That is, 
growth is often the most sensitive process to environmental 
stress and it is inhibited before photosynthesis or other pro-
cesses are affected by drought (Hsiao et al. 1976). The dis-
cussion of sink vs. source controls has often been dominated 
by a C-centric perspective, meaning that C metabolism (i.e., 
photosynthesis vs. growth and respiration) has often been 
viewed as the major control of NSC dynamics (Aspinwall 
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et al. 2018). However, NSCs are also important regulators of 
the plant’s water balance as they provide the osmotic protect-
ants necessary to maintain turgor (Sapes et al. 2020; Sevanto 
et al. 2014).

A new study from Santos et al. (2021) in this issue sheds 
new light on the roles of sink and source activities, and 
contrary to expectation, they show that NSC concentra-
tion increases in both, sink (leaves) and source (roots) tis-
sues, with drought. Through careful wording, the authors 
avoided the heated debate on whether allocation to storage 
is an active or passive process. This does not diminish the 
value of the study as they provided novel information on 
the function of stored NSCs by examining the short-term 
dynamics of NSC concentrations across different pools as 
drought intensity increased.

The relevance of sink vs. source processes in control-
ling the plant’s C balance can be partitioned by examin-
ing the temporal patterns of metabolic activity and of NSC 
concentrations across source (leaves) and sink (roots) tis-
sues (Gessler and Grossiord 2019; Hagedorn et al. 2016). 
According to this model, drought responses under source 
control (Fig. 1a) should lead first to a decrease in the meta-
bolic activity of source tissues (i.e., leaf photosynthesis) 
that would decline assimilate availability in the leaves, and 
over the long term, also in the roots (sinks). However, under 
sink control (Fig. 1b), a drought-mediated decline in root 
metabolic activity should initially lead to an increase in the 
concentrations of root NSC. This increase in turn causes 
reduced phloem transport from source tissues (Hagedorn 
et al. 2016) and subsequently, to an acclimative downregula-
tion of photosynthetic activity (Gavito et al. 2019).

Santos et al. (2021) showed a more complex response 
(Fig. 1c). They followed the dynamics in gas exchange and 

NSC concentrations after withholding water for two weeks, 
until the point of stomatal closure in Cenostigma pyrami-
dale, a woody legume native to the Brazilian Caatinga. 
They observed that the decline in photosynthesis was the 
first response to water shortage, occurring after 9–11 days of 
withholding water. However, changes in NSC concentrations 
lagged behind those in photosynthesis and increased only 
after stomatal closure had been reached, 13–15 days after 
treatment implementation. They report that NSC concentra-
tions in both, roots and leaves, increased particularly because 
of soluble sugars, which were 2–3 times more common in 
this species than starch.

Why did NSC concentrations increase in both, leaves and 
roots? C. pyramidale is deciduous: it will eventually shed its 
leaves under very intense water scarcity, and before reaching 
that point, nutrients and stores will presumably be used or 
mobilized to other tissues. The increase in leaf NSC reported 
by Santos et al. (2021) is thus likely a transient response 
(Chuste et al. 2019) and it could lead to a better resistance 
to water stress as NSCs are involved in osmotic adjustment 
and provide precursors for various other osmoprotectants.

The increase in root NSC has been more commonly 
reported and it could be related to the provisioning of 
reserves for stress recovery after the drought or for leaf 
sprouting in subsequent seasons. Ouyang et  al. (2021) 
observed such an increase in root NSC (and especially in 
sugars) after long-term drought as well as a reduction of 
NSC concentration after rewetting in downy oak, the lat-
ter most likely due to the use of root NSC for the produc-
tion of new tissues. Overall, Santos et al. (2021) reported 
an increase in NSC in roots and leaves, which are the plant 
organs that are usually most susceptible to drought. That is, 
stems are often more resistant to drought-induced cavitation 

Fig. 1  Under drought stress, we might expect (a)  source limitation, 
(b) sink limitation or (c) sink-source co-limitation. Under source 
limitation (a), photosynthesis stops first in response to the drought, 
which then leads to declines in leaf NSC and also to lagged declines 
in sink tissues. Under sink limitation (b), drought affects root meta-
bolic activity (respiration, growth) first, leading to increased NSC 
accumulation in roots because photosynthesis continues unchanged 
but root metabolic demand has declined. Feedback processes lead to a 
decline photosynthesis later on. Santos et al. (2021) report a different 

response (c) as photosynthesis stops first in response to drought, and 
there is a lagged increase in root and leaf NSC concentration. Root 
metabolic activity was not measured but it is likely to have declined 
at the same time as in leaves, leading to the co-limitation and explain-
ing the increase in root NSC. The increase in leaf NSC after a decline 
in photosynthesis is more difficult to explain and it may result from 
decreased metabolic demand and enhanced need for osmoticants. 
Panels a and b have been modified from Hagedorn et al. (2016)



1753Trees (2021) 35:1751–1754 

1 3

and the dynamic pattern of NSC with drought could conse-
quently be viewed as an active effort, or a passive response, 
to diminish drought effects on the most vulnerable organs.

A limitation in the study was that the authors did not 
measure root metabolic activity, and consequently, we can-
not know at which point it started to decline. It is, how-
ever, likely that the decline in root metabolic activity pre-
ceded (and led to) the increase in root NSC concentrations 
(Fig. 1c). While the lack of data on root respiration means 
that we cannot conclusively know whether the response was 
driven by sink or by source processes, it is likely that sink 
and source limitations arose concomitantly (Fig. 1c). Despite 
this, the study of Santos et al. (2021) provides an important 
contribution in its own right and it also leaves unresolved 
issues for future studies. Some of these include: why do 
NSC concentrations in source organs increase after photo-
synthesis decreases?; to which degree are leaf hydraulics 
and NSC linked (Blackman et al. 2016)?; why, even under 
conditions of extreme drought, having higher larger stored 
NSC concentrations does not necessary lead to enhanced 
survival (Gattmann et al. 2021)?; or why are NSC stores 
only seldom depleted under extreme drought (Duan et al. 
2013), if they provide the sources for osmotic protectants?. 
Solving these questions will yield sweet results, that will 
enhance our understanding of trees structure and function.
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