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This scientioc commentary refers to 8Modeling starch dynam-

ics from seasonal variations of photosynthesis, growth and

respiration9 by Oswald and Aubrey (doi: 10.1093/treephys/tpa

d007).

The assimilation of carbon through photosynthesis can vary

considerably throughout the year (Dietze et al. 2014). To

survive, trees must form an energetic bufer in the form of

non-structural carbohydrates (NSCs, i.e., soluble sugars, starch,

lipids, hemicellulose and sugar alcohols; Gibon et al. 2009,

Signori-müller et al. 2021). While the size and seasonal ampli-

tude of this bufer are known to vary considerably among

climates and species, most models of tree NSC dynamics still

use simple allometric scaling ratios (Franklin et al. 2012, Furze

et al. 2019, Fermaniuk et al. 2021). This static treatment of

carbon allocation may explain why most vegetation models

likely underestimate allocation to NSCs (Würth et al. 2005,

Franklin et al. 2012). In this special issue of Tree Physiol-

ogy, Oswald and Aubrey (2023) emphasize the role of non-

structural carbohydrates (NSCs) as a central axis of a tree9s

carbon balance, pointing the way forward for future vegetation

models to incorporate allocation between NSC reserves and

growth as a dynamic process rather than a oxed fraction of

photosynthesis.

Understanding the complex dynamics that drive variation in

NSCs has been a key challenge for plant physiologists for many

years (Körner 2011). The NSCs are known to play a variety

of roles in plant physiological function Chapin et al. 1990,

Dietze et al. 2014, Hartmann and Trumbore 2016), yet a

long-standing issue in NSC dynamics is whether the environ-

ment constrains growth directly (sink limitation) or indirectly

by constraining photosynthesis, thus limiting growth (source

limitation; Körner 2003, Muller et al. 2011). Both scenarios

have clear implications for how NSCs accumulate and contract

and have often been presented as independent processes.

Oswald and Aubrey (2023) suggest that NSC dynamics are

really the product of both sink and source limitations. The

framework for understanding NSC dynamics also includes the

relative importance of passive and active reserve formations of

NSC in plants (Chapin et al. 1990, Kozlowski 1992, Wiley and

Helliker 2012). That is, whether carbon allocated to storage

is primarily the surplus from photosynthetic gain minus the

costs of growth and respiration (passive storage), or whether

the allocation of photosynthesis to storage is prioritized at the

expense of growth (active reserve formation; Wiley and Helliker

2012). More recent research suggests that the non-metabolic

functions of NSCs, particularly for osmoregulation, may be more

important than previously thought (Blumstein et al. 2023). The

interplay among these competing mechanisms is thought to

result in the complex carbon dynamics that are observed in

woody and herbaceous plants (Martínez-Vilalta et al. 2016).

Oswald and Aubrey (2023) cut through these debates by

using a theoretical approach to demonstrate that complex NSC

dynamics can result from a lagged response to the internal feed-

backs caused by relatively simple nuctuations in photosynthesis

and carbon demand for allocation. In their model, NSCs are the
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result of a balance between carbon supply (photosynthesis)

and carbon use (allocation). Mathematically, this tug of war is

a oxed point, or a steady-state solution, that trees may achieve

whenever supply is equal to demand. Yet, the location of this

oxed point is a moving target precisely because the conditions

that drive photosynthesis and allocation change with time (e.g.,

seasonality; see Box 1). Essentially, the attractor represents the

observed diference between photosynthesis and growth (i.e.,

NSC), while the nullcline is the result when photosynthesis

equals growth. The fact that the attractor and the nullcline

are out of sync is what drives NSC accumulation, Oswald and

Aubrey (2023) argue with their model (Box 1). Of course, in

natural environments, a perfect balance between supply and

demand seldom occurs. The result is that NSC storage orbits

the nullcline, generating an attractor that reveals the true path

of steady solutions (Box 1). As Oswald and Aubrey (2023)

show, the dynamics of tree NSC concentrations can be well

approximated using an attractor that lags the nullcline, renecting

some physiological realism in the ways that plants respond to

their environment. With their model, Oswald and Aubrey (2023)

use these drivers to re-create patterns as well as minima and

maxima observed in global assessments (Martínez-Vilalta et al.

2016) and show how these can vary with growing season

length across latitudes. Their model also provides insights into

how the plant size afects the diferences in NSC dynamics

among seedlings, saplings and trees (e.g., Hartmann et al.

2018). As the ratio of photosynthetic and respiration rate per

plant mass declines with increasing plant size, this reduces what

they deone as the response rate, efectively increasing the time

lag in the NSC reserve variation in larger trees. For stressed

trees in environments where photosynthesis and growth rates

are lower, the response of NSC to the attractor increases the

lag, reducing the variation over time.

Most Dynamic Vegetation Models (DVMs) are static, deter-

ministic representations of tree dynamics (Fatichi et al. 2014,

Berzaghi et al. 2020). This may contribute to why most models

fail to simulate carbon sink–source feedbacks. Variation in these

feedbacks in time and space can signify physiological acclima-

tion, a missing component in DVMs (Berzaghi et al. 2020). Even

in the absence of acclimation, such feedbacks may represent

early warning signals before tree mortality events (Schefer et al.

2009, Boettiger et al. 2013). Several previous studies have

shown that delayed tree mortality following disturbance is often

related to declines in growth (Ogle et al. 2000, Anderegg et al.

2015, Cailleret et al. 2017, Trugman et al. 2018). The main

result from Oswald and Aubrey (2023) echoes this: if NSCs

cannot accumulate at a rate high enough to support a positive

carbon balance, then tree growth will sufer. This renects what

is known about the role of NSC in tree growth following winter

dormancy (Furze et al. 2019, Amico Roxas et al. 2021) and

disturbance (Trugman et al. 2018). The NSC plays a clear role in

maintaining the metabolic status of trees when photosynthesis

cannot do so. In the language of Oswald and Aubrey (2023),

such a scenario would result in a dampening of the attractor

further away from the nullcline and toward mortality. While the

lack of growth is not in itself a cause of mortality (although tree

radial or one root growth may be necessary for hydraulic recov-

ery from xylem embolism, e.g., Hammond et al. 2019, Hikino

et al. 2022), it is likely an indicator of a carbon balance that is

out of sync with a tree9s environment. Asynchronies between a

tree9s physiological state and its environment may also underlie

the multi-year lags in the growth recovery of Pinus ponderosa

populations following drought cessation (Peltier et al. 2019).

The model presented by Oswald and Aubrey (2023) cou-

ples NSC dynamics to variation in photosynthesis and growth

(Figure 1), suggesting a novel way to incorporate trait nexibility

into predictive models. For instance, Xia et al. (2017) showed

that by allowing an increase in the ratio of aboveground to

belowground allocation, land surface models predict a 16%

increase in carbon sequestration over 35 years. Similarly, Mon-

tané et al. (2017) compared observations of tree structural

growth with predictions of a land surface model, CLM-4.5, using

dynamic allometric parameters that allow allocation fractions

between organs to vary in time. While they explicitly account for

the attractor dynamics revealed by Oswald and Aubrey9s (2023)

model, they ignore the underlying driver (i.e., the nullcline).

Still, Montané et al. (2017) reported large disparities between

model predictions and observations of aboveground biomass

that exceeded 7000 g C m−2. On the other hand, Martínez

Cano et al. (2020) modeled NSC accumulation as the diference

between growth and photosynthesis, which are themselves

functions of the total NSC pool. Unfortunately, this approach

suggests that a tree9s carbon balance is always in steady state

(i.e., there is no time lag). What ties these modeling approaches

together is their reliability on oxed relationships between carbon

use, carbon storage and carbon supply. Oswald and Aubrey

(2023) suggest that the attractor controls the scale of this rela-

tionship and thereby provides a bridge between the approaches

of Montané et al. (2017) and Martinez Cano (2020).

On the surface, it may appear that Oswald and Aubrey (2023)

simply argue that growth is driven by NSC, but their results also

tell a more complex story. As the NSC usage rate increases,

starch concentrations begin to decline sending usage rate into

a downward spiral until it reaches a minimum. Simultaneously,

ongoing photosynthesis reolls starch stores inversely to the

usage rate, again feeding back onto the usage rate, driving

starch stores up again. Such feedbacks are important to consider

in models of tree physiological processes but are not renected

by current DVMs (Quillet et al. 2010, Franklin et al. 2020).

The dynamical model presented by Oswald and Aubrey

(2023) may be a valuable starting point for representing tree

carbon dynamics in DVMs; however, it is not without its own

limitations. First, the authors only consider starch and do not

specify which sinks are demanding carbon, leaving open the
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question of how other NSC fractions might innuence and interact

in this system. For example, plants may use soluble sugars for a

variety of purposes, including as energetic substrate, transport

and signal molecules, and osmotic adjustment (Galvez et al.

2011, Sanders and Arndt 2012, Sapes et al. 2021, Blumstein

et al. 2023). Less is known about how compounds like lipids

or hemicellulose might feedback into these dynamics, but prior

work clearly implicates their importance in plant carbon use

strategies (Hoch 2007, Fischer et al. 2015, Schoonmaker

et al. 2021). Oswald and Aubrey (2023) also acknowledge

that their approach is simplioed by modeling carbon dynam-

ics with one whole-plant carbon pool rather than consider-

ing NSC dynamics in diferent tissues and organs. Although

the whole-tree perspective is important, there is considerable

evidence that during periods of drought, NSC is not easily nor

equally shared among organs, further complicating Oswald and

Aubrey9s model (Landhäusser and Liefers 2012, Wiley et al.

2017, Hart et al. 2021). Moreover, NSC is comprised of multiple

pools, which are often described as fast and slow (Vargas

et al. 2009, Richardson et al. 2013, Trumbore et al. 2015).

During periods of drought, for instance, trees may rely on slow

pools of old NSC for survival and/or recovery (Vargas et al.

2009), although the precise role of fast and slow pools in

tree recovery from drought is still a subject of debate. It is

currently unclear how the dynamics outlined in Oswald and

Aubrey (2023) might change when these pools are considered.

However, they do point out that expansion of their model to

consider multiple pools would be possible. Finally, environments
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Figure 1. Non-structural carbohydrate dynamics at seasonal and lifetime scales. The model by Oswald and Aubrey (2023) describes an attractor that
lags the nullcline at seasonal scales. Some fraction of NSC remains sequestered in older sapwood at seasonal scales and is considered inaccessible
to the tree; this fraction might increase with tree age. Not described by Oswald and Aubrey9s model (2023), the nullcline may remain either nat or
with negative slope at the scale of a tree9s entire lifetime, suggesting a perfect balance between NSC supply and demand. Yet, nothing is known about
tree NSC dynamics across decadal scales, and thus the amplitude between the nullcline and attractor and the shape of their lines are open questions.

are stochastic and diocult to predict (Lorenz 1963, Sara-

vanan and McWilliams 1997). Our ability to understand dynam-

ics at oner timescales (important for estimates of mortal-

ity) necessitates the incorporation of stochastic processes

into these dynamical models (Melbourne and Hastings 2008,

Sharma et al. 2015).

Although the model presented by Oswald and Aubrey (2023)

is not without its limitations, it uses simple mechanistic rela-

tionships to provide clear and reliable predictions of complex

dynamics. Moreover, their model bypasses the often semantic

debate of whether NSC accumulates passively or actively, and

whether sink or source limitation inhibits tree growth, that

typically treats these innuences as dichotomous. The relation-

ships between carbon demand, carbon supply and carbon

storage tackled by Oswald and Aubrey (2023) as a dynamical

system should be a priority for integration into contempo-

rary DVMs to improve our estimates of vegetation carbon

nuxes. Although there is more progress to be made toward

improving this model, Oswald and Aubrey (2023) provide an

important orst step that can guide future modeling eforts

using truly mechanistic relationships instead of simple allometric

ratios.

Data and materials accessibility

No data were used in this commentary.

Connicts of interest

No connicts of interest.

Funding

RAT was supported by the NSF Graduate Research Fellowship

Program. HDA was supported by the NSF Division of Integrative

Organismal Systems, Integrative Ecological Physiology Program

(IOS-1755345, IOS-1755346) and the USDA National Insti-

tute of Food and Agriculture (NIFA), McIntire Stennis Project

WNP00009 and Agriculture and Food Research Initiative award

2021-67013-33716.

References

Amico Roxas A, Orozco J, Guzmán-Delgado P, Zwieniecki MA (2021)

Spring phenology is afected by fall non-structural carbohydrate

concentration and winter sugar redistribution in three Mediterranean

nut tree species. Tree Physiol 41:1425–1438.

Tree Physiology Volume 00, 2023



Dynamical systems for plant carbon storage 5

Allometric constraints and competition enable the simulation of size

structure and carbon nuxes in a dynamic vegetation model of tropical

forests (LM3PPA-TV).

Anderegg WRL, Hicke JA, Fisher RA, Allen CD, Aukema J, Bentz B, Hood

S, Lichstein JW, Macalady AK, McDowell N, Pan Y, Rafa K, Sala A,

Shaw JD, Stephenson NL, Tague C, Zeppel M (2015) Tree mortality

from drought, insects, and their interactions in a changing climate.

New Phytologist 208:674-683. Portico.

Berzaghi F, Wright IJ, Kramer K, Oddou-Muratorio S, Bohn FJ, ReyerCP,
Sabaté S, Sanders TGM, Hartig F (2020) Towards a new generation

of trait-nexible vegetation models. Trends Ecol Evol 35:191–205.

Blumstein M, Gersony J, Martínez-Vilalta J, Sala A (2023) Global variation

in nonstructural carbohydrate stores in response to climate. Global

Change Biology 29:1854-1869. Portico.

Boettiger C, Ross N, Hastings A (2013) Early warning signals: the

charted and uncharted territories. Theor Ecol 6:255–264.

Cailleret M, Jansen S, Robert EM et al. (2017) A synthesis of

radial growth patterns preceding tree mortality. Glob Chang Biol

23:1675–1690.

Chapin FS III, Schulze ED, Mooney HA (1990) The ecology and

economics of storage in plants. Annu Rev Ecol Syst 21:423–447.

DietzeMC, Sala A, CarboneMS, Czimczik CI, Mantooth JA, Richardson
AD, Vargas R (2014) Nonstructural carbon in woody plants. Annu Rev

Plant Biol 65:667–687.

Fatichi S, Leuzinger S, KörnerC (2014) Moving beyond photosynthesis:

from carbon source to sink-driven vegetation modeling. New Phytol

201:1086–1095.

Fermaniuk C, Fleurial KG, Wiley E, Landhäusser SM (2021) Large

seasonal nuctuations in whole-tree carbohydrate reserves: Is storage

more dynamic in boreal ecosystems? Ann Bot 128:943–957.

Fischer S, Hanf S, Frosch T, GleixnerG, Popp J, Thrumbore S, Hartmann

H (2015) Pinus sylvestris switches respiration substrates under

shading but not during drought. New Phytol 207:542–550.

Franklin O, Johansson J, Dewar RC, Dieckmann U, McMurtrie RE,

Brannstrom A, Dybzinski R (2012) Modeling carbon allocation in

trees: a search for principles. Tree Physiology 32:648-666.

FranklinO, Harrison SP, Dewar R, Farrior CE, Brännström Å, Dieckmann

U, Pietsch S, Falster D, Cramer W, Loreau M, Wang H (2020)

Organizing principles for vegetation dynamics. Nature plants, 6:444–

453.

Furze ME, Huggett BA, Aubrecht DM, Stolz CD, Carbone MS,
Richardson AD (2019) Whole-tree nonstructural carbohydrate stor-

age and seasonal dynamics in ove temperate species. New Phytol

221:1466–1477.

Galvez DA, Landhäusser SM, Tyree MT (2011) Root carbon reserve

dynamics in aspen seedlings: does simulated drought induce reserve

limitation?. Tree physiology 31:250–257.

Gibon Y, PYL ET, Sulpice R, Lunn JE, Hoehne M, Guenther M, Stitt

M (2009) Adjustment of growth, starch turnover, protein content

and central metabolism to a decrease of the carbon supply when

Arabidopsis is grown in very short photoperiods. Plant Cell Environ

32:859–874.

Hammond WM, Yu K, Wilson LA, Will RE, Anderegg WR, Adams

HD (2019) Dead or dying? Quantifying the point of no return

from hydraulic failure in drought-induced tree mortality. New Phytol

223:1834–1843.

Hart AT, Merlin M, Wiley E, Landhäusser SM (2021) Splitting the dif-

ference: heterogeneous soil moisture availability afects aboveground

and belowground reserve and mass allocation in trembling Aspen.

Front Plant Sci 12. https://doi.org/10.3389/fpls.2021.654159.

Hartmann H, Trumbore S (2016) Understanding the roles of nonstruc-

tural carbohydrates in forest trees–from what we can measure to what

we want to know. New Phytol 211:386–403.

Hartmann H, Adams HD, Hammond WM, Hoch G, Landhäusser SM,

Wiley E, Zaehle S (2018) Identifying diferences in carbohydrate

dynamics of seedlings and mature trees to improve carbon allocation

in models for trees and forests. Environ Exp Bot 152:7–18.

Hikino K, Danzberger J, Riedel VP, Hesse BD, Hafner BD, Gebhardt
T, Rehschuh R, Ruehr NK, Brunn M, Bauerle TL, Landhäusser SM
(2022) Dynamics of initial carbon allocation after drought release in

mature Norway spruce—Increased belowground allocation of current

photoassimilates covers only half of the carbon used for one-root

growth. Global Change Biology 28:6889–6905.

Hoch G (2007) Cell wall hemicelluloses as mobile carbon stores in

non-reproductive plant tissues. Funct Ecol 21:823–834.

Körner, C (2003). Carbon limitation in trees. Journal of Ecology 91:

4–17.

Körner C (2011) The grand challenges in functional plant ecology. Front

Plant Sci 2:1. https://doi.org/10.3389/fpls.2011.00001.

Kozlowski TT (1992) Carbohydrate sources and sinks in woody plants.

Bot Rev 58:107–222.

Landhäusser SM, Liefers VJ (2012) Defoliation increases risk of car-

bon starvation in root systems of mature aspen. Trees 26:653–661.

Lorenz EN (1963) Deterministic nonperiodic now. J Atmos Sci

20:130–141.

Martínez-Vilalta J, Sala A, Asensio D, Galiano L, Hoch G, Palacio S,

Piper FI, Lloret F (2016). Dynamics of non-structural carbohydrates

in terrestrial plants: a global synthesis. Ecological Monographs 86:

495-516. Portico.

Melbourne BA, Hastings A (2008) Extinction risk depends strongly on

factors contributing to stochasticity. Nature 454:100–103.

Montané F, Fox AM, Arellano AF, MacBean N, Alexander MR, Dye
A, Bishop DA, Trouet V, Babst F, Hessl AE, Pederson N (2017)

Evaluating the efect of alternative carbon allocation schemes in a

land surface model (CLM4. 5) on carbon nuxes, pools, and turnover in

temperate forests. Geoscientioc Model Development 10:3499–3517.

Muller B, Pantin F, Génard M, Turc O, Freixes S, Piques M, Gibon Y

(2011) Water deocits uncouple growth from photosynthesis, increase

C content, and modify the relationships between C and growth in sink

organs. Journal of Experimental Botany 62:1715-1729.

Ogle K, Whitham TG, Cobb NS (2000) Tree-ring variation in pinyon

predicts likelihood of death following severe drought. Ecology

81:3237–3243.

Oswald SW, Aubrey DP (2023) Modeling starch dynamics from sea-

sonal variations of photosynthesis, growth, and respiration. Tree

Physiol tpad007. https://doi.org/10.1093/treephys/tpad007.

Peltier DM, Ogle K (2019) Legacies of more frequent drought in

ponderosa pine across the western United States. Global change

biology 25:3803–3816.

Quillet A, Peng C, GarneauM (2010) Toward dynamic global vegetation

models for simulating vegetation–climate interactions and feedbacks:

recent developments, limitations, and future challenges. Environmental

Reviews 18:333–353.

Richardson AD, Carbone MS, Keenan TF, Czimczik CI, Hollinger DY,
Murakami P, Schaberg PG, Xu X (2013) Seasonal dynamics and age

of stemwood nonstructural carbohydrates in temperate forest trees.

New Phytol 197:850–861.

Sanders GJ, Arndt SK (2012) Osmotic adjustment under drought

conditions. In Plant responses to drought stress: From morphological

to molecular features (pp. 199–229). Berlin, Heidelberg: Springer

Berlin Heidelberg.

Sapes G, Demaree P, Lekberg Y, Sala A (2021) Plant carbohydrate

depletion impairs water relations and spreads via ectomycorrhizal

networks. New Phytologist 229:3172–3183.

Saravanan R, McWilliams JC (1997) Stochasticity and spatial resonance

in interdecadal climate nuctuations. J Clim 10:2299–2320.

Tree Physiology Online at http://www.treephys.oxfordjournals.org



6 Thompson et al.

ScheferM, Bascompte J, BrockWA et al. (2009) Early-warning signals

for critical transitions. Nature 461:53–59.

Schoonmaker AL, Hillabrand RM, Liefers VJ, Chow PS, Landhäusser
SM (2021) Seasonal dynamics of non-structural carbon pools and

their relationship to growth in two boreal conifer tree species. Tree

Physiol 41:1563–1582.

Sharma Y, Abbott KC, Dutta PS, Gupta AK (2015) Stochastic-

ity and bistability in insect outbreak dynamics. Theor Ecol 8:

163–174.

Signori-Müller C, Oliveira RS, Barros FDV et al. (2021) Non-

structural carbohydrates mediate seasonal water stress across

Amazon forests. Nat Commun 12:2310. https://doi.org/10.1038/

s41467-021-22378-8.

Trugman AT, Detto M, Bartlett MK, Medvigy D, Anderegg WRL,
Schwalm C, Schafer B, Pacala SW (2018) Tree carbon alloca-

tion explains forest drought-kill and recovery patterns. Ecol Lett

21:1552–1560.

Trumbore S, Czimczik CI, Sierra CA, Muhr J, Xu X (2015) Non-

structural carbon dynamics and allocation relate to growth rate and

leaf habit in California oaks. Tree Physiol 35:1206–1222.

Vargas R, Trumbore SE, Allen MF (2009) Evidence of old carbon used

to grow new one roots in a tropical forest. New Phytol 182:710–718.

Wiley E, Helliker B (2012) A re-evaluation of carbon storage in trees

lends greater support for carbon limitation to growth. New Phytol

195:285–289.

Wiley E, Hoch G, Landhäusser SM (2017) Dying piece by piece:

carbohydrate dynamics in aspen (Populus tremuloides) seedlings

under severe carbon stress. J Exp Bot 68:5221–5232.

Würth MK, Pelaez-Riedl S, Wright SJ, Körner C (2005) Non-structural

carbohydrate pools in a tropical forest. Oecologia 143:11–24.

Xia Y, Mocko D, Huang M, Li B, Rodell M, Mitchell KE, Cai X, Ek MB
(2017) Comparison and assessment of three advanced land surface

models in simulating terrestrial water storage components over the

United States. Journal of Hydrometeorology 18:625–649.

Tree Physiology Volume 00, 2023


	 Dynamical systems for plant carbon storage: describing complex reserve dynamics from simple fluctuations in photosynthesis and carbon allocation
	Data and materials accessibility
	Conflicts of interest
	Funding


