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Abstract. The allocation of resources to roots and shoots can greatly alter total plant mass. Allocation is thought to be the consequence of uptake
rates, transport rates, and growth rates and the communication between them via signalling mechanisms. Feedbacks that alter resource uptake
and use are induced in nature by changes in the internal pools of carbon and nitrogen, but how these function together to define allocation
remains unclear. We introduce a framework model of internal feedback responses to changes in plant carbon and nitrogen concentrations. We
evaluate how well the model responds to changes in carbon and nitrogen availability by simulating external environmental perturbations that
influence the uptake of carbon and nitrogen. The model reflects experimental results when looking at the effect of atmospheric CO, and soil ni-
trogen concentrations on total plant mass and replicates observed responses to leaf defoliation events. Overall, this shows that a combination of
known signalling mechanisms are sufficient to reproduce experimentally observed responses to external resource availability. Model simulations
highlight key areas of uncertainty where more empirical data are needed. In particular, quantitative data are needed to establish the strengths
and rates at which feedback responses to carbon and nitrogen substrate concentrations alter growth and uptake rates.

KEYWORDS: allocation; carbon; feedback; model; nitrogen; plant growth

1. INTRODUCTION therefore elucidate how resource allocation can be optimized to
enhance plant growth.

Environmental variation alters key processes within the plant
(respiration, photosynthesis, nutrient uptake, etc.) to differing
extents, meaning that different internal processes become more
or less limiting under different environmental conditions. This
imbalance necessitates a balancing of energy producing and uti-
lizing processes which is modulated by molecular regulation
(Paul and Foyer, 2001). In particular, intermediate products
from carbon and nitrogen assimilation such as nitrate, sugars,
and amino acids reflect the carbon:nitrogen status of the plant
and act as signals (or feedbacks) for gene expression to affect
many cellular processes (Fig. 1). This leads to important interac-
tions between the signalling pathways for carbon and nitrogen.
However, thousands of genes respond to changes in sugar con-
centrations (Lastdrager et al., 2014). A simplification of these

Changes in the allocation of resources to different plant tissues
(e.g. leaves, roots, stem, and seeds) greatly impact total biomass
and crop yield and arise when plants react to changes in the
environment. In particular, the responses of biomass allocation
to changes in atmospheric CO, and soil nitrogen (i.e. C and N
source activities) are thought to help balance the uptake of car-
bon and nitrogen. Carbon and nitrogen assimilation and the use
of their products are entirely interdependent (Moorby, 1977;
Paul and Foyer, 2001; Kaschuk et al., 2010). For example, the
energy required for nitrogen assimilation is provided via pho-
tosynthesis (Stitt et al., 2002) and byproducts of nitrogen as-
similation are required for photosynthesis to occur (Zhu et al,,
2008). Gaining a quantitative understanding of how carbon and
nitrogen behave together in plant metabolism and signalling can

© The Author(s) 202S. Published by Oxford University Press on behalf of the Annals of Botany Company.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https: //creativecommons.org/licenses/by/4.0/ ), which permits
unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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Figure 1. Summary of experimentally observed feedback responses to carbon and nitrogen concentrations during vegetative growth, as
incorporated in the modeling framework. Ovals represent the internal processes (uptake and growth) and rectangles represent the products of
internal processes (soluble pools and structural mass). Dashed lines represent the transport of resources between compartments. Blue arrows
are negative feedbacks and green are positive feedbacks. Evidence for each of these is reviewed in the text. 1. High leaf carbon concentrations
decrease carbon uptake rate. 2. High root nitrogen concentrations decrease nitrogen uptake rate. 3. High leaf nitrogen concentrations increase
leaf growth rate. 4. High root carbon concentrations increase root growth rate. 5. High leaf nitrogen concentrations increase carbon uptake

rate. 6. High root carbon concentrations increase nitrogen uptake rate.

processes is therefore needed to understand how they interact
at a whole plant scale. The aim of this paper is to determine
whether the unification of certain carbon and nitrogen feedback
responses can reflect whole plant allocation patterns via mod-
elling. Some key feedback responses on carbon and nitrogen up-
take and growth are discussed in the following subsections along
with routes for simplifying them for inclusion in mathematical
models.

1.1. Influence of carbon and nitrogen pools on carbon
assimilation

Photosynthesis is sensitive to leaf carbon concentrations. Dur-
ing the day, starch and other carbohydrates build up in the leaf
as carbon are assimilated from the atmosphere. Via a number
of mechanisms that sense leaf carbohydrate status, this triggers
an immediate reduction in RuBisCO activity which is an impor-
tant constraint on carbon assimilation (Paul and Foyer, 2001).
Alarge body of evidence (Paul and Foyer, 2001; Smith and Stitt,

2007; Kelly et al., 2013; White et al., 2016) shows that high car-
bon concentrations have a negative feedback on carbon uptake
(Feedback 1, see Fig. 1). For example, sucrose has been shown
to reduce the transcription of photosynthesis related genes in
Arabidopsis, rice, and tomato (Graham, 1996; Koch, 1996; Chan
and Yu, 1998; Sheen et al., 1999; Smith and Stitt, 2007). Fur-
thermore, excess sucrose is sensed by hexokinase which triggers
the closure of stomata, leading to a reduction in photosynthesis
(Kelly et al,, 2013). High nitrogen status in the roots increases
photosynthesis (Feedback S, see Fig. 1). Cytokinins in the root
are very sensitive to nitrogen supply and the transport of this
hormone from roots to leaves promotes the expression of genes
linked to photosynthesis (Paul and Foyer, 2001).

1.2. Influence of carbon and nitrogen pools on nitrogen
uptake and assimilation

Nitrogen assimilation is carbon-dependent because energy is re-
quired for the synthesis of glutamate and glutamine and is a key
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stage where carbon metabolism and nitrogen metabolism inter-
act (Hodges, 2002). Plant sugars can induce the genes respon-
sible for nitrate reductase (NR) in the leaves, increasing nitro-
gen uptake rate via the conversion of nitrate into ammonia in
Arabidopsis and maize (Cheng et al,, 1992; Klein et al., 2000;
Iglesias-Bartolomé et al., 2004; Reda, 2015). Furthermore, Reda
(2015) shows increased NR activity following sugar treatments
of 8 hours (Feedback 6, see Fig. 1). The location where nitro-
gen derived signals are sensed can alter the type of feedback
on nitrogen uptake rate. In the leaves, the products of nitro-
gen assimilation (glutamine and glutamate) act as signals for the
expression of genes responsible for the inhibition of NR and
therefore reduce nitrate uptake in barley, soybean, and Arabidop-
sis (Feedback 2, see Fig. 1) (Siddiqi et al., 1990; Clarkson and
Littge, 1991; Muller and Touraine, 1992; King et al., 1993; Rufty
et al,, 1993; Imsande and Touraine, 1994; Reda, 2015). How-
ever, in the roots, glutamine and glutamate induce NR activity in
maize, tobacco, and Arabidopsis (Shaner and Boyer, 1976; Wray,
1993; Gojon et al.,, 1998; Reda, 2015). Nitrate induces genes
responsible for NR within 30 minutes, but this is only when
photosynthesis is active.

1.3. Influence of carbon and nitrogen pools on growth
rates

High concentrations of carbon intermediates have a positive
feedback on root growth (Feedback 4, see Fig. 1). Sucrose
is important in the regulation of plant growth, as it induces
the production and transport of auxin (hormone responsible
for growth), therefore increasing sink activity (Paul and Foyer,
2001; Lilley et al.,, 2012; Sairanen et al., 2012; Stokes et al,,
2013). Xiong et al. (2013) found that root glucose activates
TOR protein kinase, promoting root meristem activity in Ara-
bidopsis. High plant nitrogen content increases shoot:root ratio
in Arabidopsis (Stitt and Krapp, 1999; Nunes-Nesi et al., 2010).
Scheible et al. (1997) show that, in tobacco, the presence of ni-
trogen in the roots increases protein synthesis and root growth
rate but shoot growth rate is higher, leading to a stronger alloca-
tion of growth toward the leaves. This identifies a further feed-
back to increase leaf growth when nitrogen concentrations are

high (Feedback 3, see Fig. 1).

1.4. Modelling feedbacks

Many models simulate the dependence of growth on carbon
and nitrogen supply (i.e. growth is substrate limited) but do not
necessarily include the signalling feedbacks on uptake and use,
which contribute toward allocation (Thornley, 1972; Hunt et al.,
1998; Bartelink, 1998; Agren etal., 2012; Cheeseman, 1993; Sid-
digi and Glass, 1986; Shaw and Cheung, 2018). Table 1 lists a va-
riety of plant growth models and how they simulate resource al-
location. The models which do simulate resource dependencies
of uptake rates or growth are limited by either not considering
above and below ground material (Dunbabin et al., 2002; Agren
et al,, 2012; Pao et al., 2018) or using a functional balance as-
sumption (Bartelink, 1998; Hunt et al., 1998; Shaw and Cheung,
2018). Though some previous models have simulated the depen-
dency of source activity on carbon and nitrogen concentrations,
no previous models have attempted to simultaneously simulate
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feedbacks on source and sink activity by altering carbon and ni-
trogen uptake rates and growth rates with changes in internal
carbon and nitrogen. It is important for crop models to be able to
accurately simulate biomass partitioning in response to environ-
mental change, as it is an essential component in predicting fu-
ture yields. Addressing these limitations by incorporating a more
dynamic representation of source-sink interactions will improve
predictions, particularly as crops experience increasing abiotic
stressors under climate change. It is unknown how the unifica-
tion of multiple feedbacks alters growth allocation individually
and collectively.

This paper explores the mechanisms responsible for allocation
with three objectives. First, to evaluate whether the combina-
tion of known signals is sufficient to reproduce empirically ob-
served responses to imbalances in carbon/nitrogen supply. Sec-
ondly, to formulate a stable, working C and N allocation model
that is capable of reproducing whole-plant signalling and alloca-
tion behaviour in response to variable carbon and nitrogen sup-
plies, and evaluate the extent to which the parameterized model
can reproduce observed behaviors when qualitatively compared
with multiple experimental studies of source-sink manipula-
tions. Thirdly, to sharpen questions about the unknown aspects
of signalling, e.g. rates, thresholds, and the nature of signals. The
model results are compared qualitatively against the results from
experimental papers since the model is not calibrated for one
specific plant species but instead is parameterized generally for
herbaceous plants. This paper shows that the model mostly re-
acts to changes in CO, and nitrogen availability in the same
way as experiments carried out on plants. This model provides
a framework that can be adopted for use in crop and vegetation
simulation models to further investigate the dynamics between
internal feedback mechanisms underpinning allocation.

2. MATERIALS AND METHODS

There are typically two main approaches to simulating allocation
of resources. The first focuses on reconstructing entire metabolic
networks and the flows of energy and materials within them (i.e
flux balance analysis models (Shaw and Cheung, 2018; Moreira
et al,, 2019)) but lacks the feedbacks on metabolism described
above, since the details of the molecular mechanisms are not
fully known. The second takes a much higher level approach,
aiming to reproduce the outcome of the feedbacks in terms of al-
location to roots and shoots, and the rates of carbon and nitrogen
assimilation, in relation to environmental limitation. This sec-
ond class of models is phenomenological or teleonomic (Thorn-
ley and Johnson, 1990; Buckley and Roberts, 2006; Feller et al.,
2015). This approach does not explicitly consider the internal
feedbacks that give rise to the behaviour. The model described
here operates at an intermediate level. Since the detailed molec-
ular mechanisms are not fully known, we approach this prob-
lem by explicitly simulating the behaviour of experimentally ob-
served physiological feedbacks based on their relative trends.
The model operates mechanistically at the physiological scale-
incorporating feedback mechanisms for photosynthesis, nitro-
genuptake, and growth rates—but not at the molecular scale, such
as gene regulation.
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Table 1. Overview of plant growth models and their allocation assumptions during vegetative growth

Model name Authors Species Scale Resource Feedbacks or dependencies
Nwheat Asseng et al. (2017) Wheat Crop CandN Partitioning is defined as a function of phenological stage.
APSIM Brown et al. (2019) Maize, wheat, chickpea, mungbean, cowpea, Crop CandN Partitioning is defined as a function of phenological stage.
soybean, pigeonpea, fieldpea, stylo, Photosynthesis and growth is dependent upon C and N
navybean, lucerne, peanut, fababean, lupin, availability.
mucuna, canola, sugarcane, sorghum, cotton,
barley
BioCro Lochocki et al. (2022)  Soybean, miscanthus Crop C Allocation is determined by partitioning tables.
Grapevine XL Zhu et al. (2021) Grape Crop Candwater No C or N feedback mechanisms included.
CPlantBox Zhou et al. (2020) - Plant Candwater No C or N feedback mechanisms included.
WACNI Chang et al. (2023) Rice Crop CandN Positive and negative feedbacks on C and N uptake but not
on growth rates.
- Feller et al. (2015) Petunia Plant CandP High C inhibits photosynthesis and promotes C storage. P
inhibits photosynthesis.
QUINCY Thum et al. (2019) - Ecosystem C, N, P, water Photosynthesis is dependent upon N and is downregulated
when water or nutrient availability is low. Growth is
dependent on available C, N and P.
CROPGRO Boote et al. (2021) Soybean, peanut, dry bean, faba bean, velvet Crop CandN Partitioning is defined as a function of phenological stage. N
bean, tomato, canola, carinata, maize, wheat, stress increases root growth.
rice, sorghum, pasture grass, cassava, potato
- Shaw and Cheung Arabidopsis Plant CandN Allocation relies on a functional balance assumption.
(2018)
WOFOST De Wit et al. (2019) Potato, sugar beet, rapeseed sunflower, maize, ~ Crop CandN Allocation is determined by partitioning tables.
wheat, barley
QualiTree-MappleT Pallas et al. (2016) Apple tree Plant C Feedback inhibition of leaf storage carbohydrate on
photosynthesis.
DSSAT Jones et al. (2003) Soybean, peanut, dry bean, faba bean, velvet Crop C, N, water, P Partitioning is defined as a function of phenological stage.
bean, tomato, canola, carinata, maize, wheat,
rice, sorghum, pasture grass, cassava, potato
STICS Brisson et al. (2003) Wheat, barley, maize, soybean, sorghum, Crop C,N,water  Partitioning is defined as a function of phenological stage.
rapeseed, flax, tomato, sunflower, beetroot,
potato, forage grasses, lucerne, lettuce, carrot,
banana, sugar cane, mustard
This work - Plant CandN Positive and negative feedbacks of C and N on

photosynthesis and N uptake. Positive feedbacks of C
and N on leaf and root growth rates. Leaf N is
remobilized to the root when leaf N concentration is
higher than root N. Similarly, root C is remobilized to the
leaf when root C is higher than leaf C.
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Figure 2. Diagram of the Thornley (1972) model with maintenance respiration. The boxes represent intermediate carbon and nitrogen
concentration per unit leaf or root mass and the circles represent total leaf or root mass. Leaf carbon and root nitrogen concentrations increase
via carbon (A¢) and nitrogen (Ay) uptake rates per unit leaf or root mass (green arrows). Leaf carbon and root carbon are depleted via leaf
(R,) and root (R, ) maintenance respiration (blue arrows). The black dashed arrows represent transport of resources and the black solid arrows

represent the use of resources for growth of leaf and root mass.

The model used here is a unification of a widely used and
tested transport resistance model (Thornley, 1972) and a new
framework of feedbacks of internal carbon and nitrogen con-
centrations on C and N uptake and growth rate. The Thornley
(1972) model is used since it is an excellent framework to in-
vestigate source—sink dynamics and has been used for a variety
of different plant species and environmental conditions (Wann
and Raper Jr, 1984; Rastetter and Shaver, 1992; Minchin et al.,
1994; Dewar et al., 1994).

The model is represented by a system of six first-order or-
dinary differential equations (ODEs) (See Methods S2). The
first four equations represent the four pools of substrate: non-
structural carbon (i.e. sugars, starch) and nitrogen (i.e. nitrate,
ammonium, amino acids) in the leaf and root and the final two
equations represent the masses of leaf and root tissue (Fig. 2).
These intermediate products of carbon and nitrogen assimilation
are transported between the leaf and root, may accumulate in tis-
sues, and are utilized by tissue growth processes and increase in
size when the amounts of carbon or nitrogen taken up into the
plant are higher than the amount required for growth. All figures
in this paper are produced via MATLAB and the code is available
through github (Github repository).

The model is based on a combination of the assumptions from
Thornley (1972) and additional assumptions to simulate a plant
which is sensitive to external and internal fluctuations of carbon
and nitrogen.

2.1. Use of substrate and allocation

The rate of use of substrate for growth is derived from bisubstrate
enzyme kinetics (Dixon and Webb, 1964 - taken from Thornley

(1972)). It assumes that the amount of carbon and nitrogen used
for the growth of new plant tissue is determined by the amount
available. This allows the growth of leaves and roots to depend
upon both carbon and nitrogen, such that allocation of growth
to above or below ground biomass is a consequence of changes
in intermediate concentrations. The rates of carbon and nitrogen
use for leaf growth are simulated in the same way to Thornley
(1972), but for simplicity, the number of parameter values is
reduced by one

G N
G(C,N)) = _ 1
(G, N)) "C+ kN, + K (1)
and for root growth
C N

G(C,N,) = v———"— (2)

C,+k N, +k’

where v is the maximum rate of substrate use for growth, k;
and k, are the Michaelis-Menten constants for carbon and ni-
trogen, C; and Nj are leaf carbon and nitrogen concentration,
and C, and N, are root carbon and nitrogen concentration.
These values are parameterized to achieve leaf and root RGR
close to 0.3d~", equivalent to fast growing annual grasses (Gar-
nier, 1992). These values are used throughout this paper (v =
3600(kgmol)~'m*s™! and k;, = k, = 1000kgmolm™=3). Al-
though this means that the maximum possible RGR is unfeasibly
high (using Eq. (S2.11) in Methods S2), with the potential to
reach 21.6d™! (as Cand N — ©0), this value is never reached
due to source limitations and is typically less than 0.3d~". For
simplicity, the Michaelis-Menten constants for carbon and ni-
trogen and v are assumed to be equal in both the leaf and the
root.
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2.2. Continuous growth and respiration

There is no litter production (i.e. tissue turnover) within the
model; the only loss term is maintenance respiration which re-
ducesleafand root carbon pools. Maintenance respiration is sim-
ulated as a linear function of plant mass. As plant mass increases,
maintenance respiration increases, such that R; is leaf respira-
tion (15nmolg_ls_1) and R, is root respiration (10nmolg_15_1)
(Tjoelker etal., 2005 ). Growth respiration is accounted for by an
efficiency constant (Yg = 0.66 (dimensionless) (Kira, 1975)),
assuming that a proportion of carbon and nitrogen resources uti-
lized for growth are lost when constructing new biomass. The
carbon consumed by leaf respiration is subtracted from the in-
termediate pool of leaf carbon and root respiration from root
carbon. The production of leaf and root mass is expressed as ex-
ponential growth and therefore does not reach steady state. This
represents a stage of vegetative growth which will only stop when
relative growth rate (RGR) becomes zero. For this to occur in the
model, carbon or nitrogen pool sizes in the leaves must be zero
and carbon or nitrogen pool sizes in the roots must be zero. The
model represents to an early stage of vegetative growth when re-
source availability is high, and growth is not yet constrained by
nutrient limitations or ontogenic transitions, to ensure that feed-
back effects can be investigated without the influence of intrinsic
plant development.

2.3. Carbon and nitrogen uptake rates

Thornley (1972) assumes that carbon and nitrogen uptake rates
are constant per unit leaf or root volume. Here, this assumption
is modified so that carbon uptake rate is also dependent upon
atmospheric CO, (Eq. 2) and nitrogen uptake rate upon soil
nitrogen concentration (Eq. 3).

Originally a constant rate (Thornley, 1972), carbon uptake
rate (Ac,,,) becomes

chca
AC,em/ - oc, + kc’ (3)
where V, is maximum carbon uptake (40umolm™2s™! (Sage,
1994)), p is the conversion factor of atmospheric to intercellu-
lar carbon (0.7 unitless (Katul et al., 2000)), c, is atmospheric
CO, (umolmol™"), and k. is the concentration of CO, at half of
V. (200umolmol™" (Farquhar et al., 1980)). This simple model
for photosynthesis assumes that the plant is fully light saturated.
Although there are more comprehensive models of photosyn-
thesis (Farquhar et al,, 1980; Von Caemmerer, 2000), which
include factors such as light and temperature, here, a simpler
form is selected that predominantly focuses on carbon flux since
the effects of carbon and nitrogen are the primary focus for this
study. This equation could easily be swapped with another form
to further investigate the effects of light or temperature in future
work.

Nitrogen uptake rate can also be described using the
Michaelis-Menten equation (Youngdahl et al., 1982), such that
it becomes dependent upon soil nitrogen availability, and there-
fore, nitrogen uptake rate (Ay) becomes

V,N

Ay = ,
N7 N+k, (4)

where V,, is maximum nitrogen uptake rate (61umolkg~'s™"
(Youngdahl et al, 1982)), N is soil nitrogen concentration
(uM), and k, is soil nitrogen concentration at half of V,, (103uM
(Youngdahl et al,, 1982)).

2.4. Transport of substrate

The transport of substrate is assumed to follow Miinch mass flow
such that the amount of intermediate carbon or nitrogen trans-
ported between leaves and roots is determined by the difference
in their concentrations in source and sink (Miinch, 1930). This
means that, typically, carbon and nitrogen are transported from
source to sink. However, if the concentration in the sink becomes
higher than in the source, nutrient remobilization can occur. For
example, if leaf nitrogen levels exceed those in the root, nitro-
gen will be transported from the leaf back to the root. Trans-
port resistance is scaled with plant size (Miinch, 1930). As the
plant increases in size, the level of transport resistance increases.
Thornley (1972) assumes that it takes ~1 day for intermedi-
ates to be transported from source to sink. This is reduced to
roughly 3 hours in the modified model to increase RGR. Given
that most angiosperms have an approximate phloem velocity of
1 cmmin™", this is corresponds to a proportional transport re-
sistance of angiosperms up to 180 cm tall (De Schepper et al.,
2013).

2.5. Internal feedback mechanisms

A framework of internal feedback mechanisms (Fig. 1) is applied
to the Thornley (1972) model. Internal feedbacks on growth are
simulated by making key processes of resource uptake and con-
sumption depend on the internal concentrations of metabolic
intermediates which are known to cause such feedbacks. Within
this framework, uptake rates, consumption rates, and allocation
to source and sink tissues are responsive to changes in internal
carbon and nitrogen concentrations (Fig. 1). The types of feed-
back mechanisms were chosen to balance each other symmetri-
cally such that, if a feedback is applied to nitrogen, the same type
of feedback is implemented to carbon. In order to simplify the
system, processes are assumed to be dependent upon local con-
centrations, e.g. carbon uptake rate would be sensitive to changes
in leaf carbon and nitrogen but not root carbon and nitrogen.
Although there is some experimental evidence for the specific re-
source status of a compartment and a remote feedback (e.g. root
nitrogen status and leaf growth rate (White et al., 2016)), trans-
port fluxes in the model mean that leaf and root nutrient status
are closely coupled.

2.6. Developing a framework of feedbacks

The feedbacks (Fig. 1) enable a plant to: increase growth towards
sinks when source strength is high for both carbon and nitro-
gen (Feedbacks 3 and 4); reduce source activity when source
strength is high (Feedbacks 1 and 2, and increase carbon source
activity when nitrogen source strength is high (Feedback S)
and similarly, for high carbon source strength, increase nitrogen
source activity (Feedback 6).

These feedbacks are internal responses which occur with fluc-
tuations in carbon and nitrogen concentration and affect the pro-
cesses of uptake and growth. Each feedback can be implemented
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mathematically by making the affected process dependent upon
the carbon or nitrogen concentration responsible for such a feed-
back. Forinstance, feedback 1 alters carbon uptake rate when car-
bon concentration is high and feedback 5 increases carbon up-
take rate with high leaf nitrogen. This means that carbon uptake
rate must become dependent upon leaf carbon and leaf nitro-
gen concentrations. Currently, without any internal feedbacks,
carbon uptake rate is assumed to be solely dependent upon at-
mospheric CO, concentration (Eq. 3). Including the feedbacks,
carbon uptake rate would become

1
+
4(1 4 100000¢~100(N=w))

AC = AC,env (1 ) - c‘Cl' (5)

aC; is a negative linear feedback on carbon uptake rate when leaf

carbon is high (feedback 1), A

4(1+100000¢~100(N;=w))
crease in the carbon uptake rate when shoot nitrogen exceeds a

threshold value w (feedback S). Nitrogen uptake rate is modelled
in the same way, with the same linear function of root nitrogen
(feedback 2: high nitrogen reduces nitrogen uptake rate) and
with a fractional stepwise function of root carbon (feedback 6:
high carbon increases nitrogen uptake rate). Since the magni-
tude of the feedbacks and threshold values are not often known,
an arbitrary value of w = 400nmolmg™" was chosen for shoot
nitrogen and root carbon.

Leaf RGR (G;) is dependent upon carbon and nitrogen con-
centration such that

is fractional in-

G, = G(C,N)) X N,, (6)

where G(C;, N)) is the rate of use of C and N for growth (see
equations S and 6) C;isleaf carbon, N; is leaf nitrogen. This scales
growth rate based on shoot nitrogen to implement a positive
feedback on leaf growth rate when nitrogen is high (feedback 3).
Similarly, for root growth rate, Eq. (6) is multiplied by root car-
bon to simulate a positive feedback on root growth when carbon
concentration is high (feedback 4).

Methods S1 provides a detailed explanation of how these
feedback functions were chosen.

2.7. Parameterization

Parameter values were chosen based on experimental data using
a variety of plant species, primarily taken from studies on multi-
ple grasses (Garnier, 1992; Garnier and Laurent, 1994; Tjoelker
et al,, 2005; He et al,, 2006). They are generally relatively fast
growing herbaceous species and they would be most appropri-
ate for a model plant species or a crop. This model represents not
one particular species but the behaviour of a “generic” plant. See
Methods S4 for the parameter values used. Further information
on model sensitivity can be found in Methods S1, Fig. S1.

2.8. Simulating source-sink manipulations

The model output is compared to patterns observed in experi-
ments using two soil nitrogen and two atmospheric CO, treat-
ments (Coleman et al,, 1993; Farage et al., 1998; Rogers et al,,
1998; Ainsworth etal., 2003; Butterly etal.,, 2015). This allows us
to determine if the simulated plant with imposed internal feed-
back mechanisms of carbon and nitrogen responds to changes
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carbon and nitrogen source availability. The combined high and
low carbon and nitrogen treatments allow the exploration of
combined effects in the model. Plant growth is simulated for
two CO, concentrations: 350 and 700 ppm for a high soil ni-
trogen treatment (4001M) and a low soil nitrogen treatment
(200uM). These concentrations were chosen based on the stud-
ies mentioned above. Growth simulations were run for 40 days to
facilitate comparison with the experimental studies mentioned
above, which were conducted over the same timespan, focusing
primarily on the vegetative growth stage.

Defoliation is simulated to test the model response to a reduc-
tion in source size. To simulate a defoliation experiment, in line
with Rogers et al. (1998), the model was run for 10 days from
the same initial conditions used throughout this paper (I, =
ro = 0.01g, Cjy = 92.8nmolmg™", C,g = 63nmolmg™",Njy =
0.1nmolmg™" and N,y = 7.54nmolmg™") with soil nitrogen of
400uM. At 10 days, total leaf mass was halved, total internal con-
centrations and root mass were used as initial conditions, and the
model was run for another 10 days. This simulation was run for
two levels of atmospheric CO, (350 and 700ppm).

A/c; curves were produced by substituting final leaf carbon
and nitrogen concentrations at t = 40 days for both CO, and ni-
trogen treatments into Eq. (3) to plot carbon uptake rate against
intercellular CO, between 0 and 1000umolmol™!. This aids the
comparison of responses to varied atmospheric CO, and soil N
since A/c; curves are commonly used.

3. RESULTS

3.1. Atmospheric CO, and nitrogen experiment

Elevating atmospheric CO, increased total plant mass in both
soil nitrogen treatments (Fig. 3). Higher soil nitrogen concen-
trations increased both total plant mass and the effect of CO, on
total plant mass by 11%. As a consequence, high CO, increased
plant mass by 30% in high soil nitrogen whilst in low soil nitrogen
the change was 19%.

Naturally, plants growing in higher soil nitrogen have a higher
percentage of nitrogen in the whole plant (Fig. 4). Initially, plant
nitrogen percentage was lower in elevated atmospheric CO, but
became higher than the ambient control treatment as the plant
continued to grow. After 40 days, elevated CO, slightly increased
plant nitrogen percentage from 3.1% to 3.4%. Similarly, soil ni-
trogen treatment had little effect on plant nitrogen percentage.
High soil nitrogen treatment reduced nitrogen percentage for
low (3%) and high (3.4%) CO,. The same behaviour occurred
when comparing nitrogen percentage against total plant mass
(Figs. 4c and Figs. d) and the lower nitrogen treatment produced
a smaller plant. This implies that higher soil nitrogen concentra-
tions increased total plant mass and the weak reduction in ni-
trogen percentage is a dilution effect arising from a greater plant
size.

Both treatments had a positive effect on carbon uptake rate.
High atmospheric CO, levels and soil nitrogen increased car-
bon and nitrogen uptake. When soil nitrogen is low (200uM),
atmospheric CO, only marginally altered the shape of the A/c;
curve, while increased soil nitrogen maximized the effect of CO,
on the shape of the A/c; curve. The effect of atmospheric CO,
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(n = 200uM). The model ran for 40 days with initial leaf mass of 0.01g and root mass of 0.01g and initial concentrations

Cip = 92.8nmolmg™", C,q = 63nmolmg™", Ny = 0.1nmolmg™', N,y = 7.54nmolmg™".
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Cio = 92.8nmolmg™", C,y = 63nmolmg™"', N,y = 0.1nmolmg™!, N,y = 7.54nmolmg™".

was stronger with a high soil nitrogen treatment for both car-
bon and nitrogen uptake rate. In the first 15 days, CO, had a
large effect on nitrogen uptake rate. This effect on uptake rate di-
minished with time. For a low nitrogen treatment, the effect of
CO, after 15 days became much smaller than when n = 400uM
(Figs. 5¢).

Root to shoot ratio (R:S) reached close to 0.3 when soil ni-
trogen is high and CO, is low (Fig. 6a). Initially for high nitrogen
conditions, increasing atmospheric CO, had little effect on R:S.
High atmospheric CO, increased the proportion of roots in rela-
tion to leaf mass after S days. Low nitrogen treatments increased
root growth and the effect of CO, treatment emerged sooner
than when soil nitrogen is high. Low nitrogen treatment over-
all increased R:S when compared with a higher nitrogen treat-
ment (Fig. 6b). This reflects the environmental plasticity of the
feedback model since when nitrogen availability was high, less
roots were produced and when it was lower, more roots were

produced. Changes in atmospheric CO, had the same effect on
R:S under both high and low nitrogen conditions.

The relationships between carbon and nitrogen availability
on R:S are a consequence of their relationship with leaf and
root RGRs. When soil nitrogen was high, increased atmospheric
CO, simply increased both leaf and root RGR, slightly shifting
RGRs. Since the effect of CO, is stronger on root RGR than
leaf, it led to an increased R:S (Fig. 6a). When soil nitrogen was
low, atmospheric CO, also increased individual growth rates,
but leaf growth was only slightly increased and root growth was
increased greatly, rectifying the difference in R:S.

The model was run without any of the internal feedbacks to
determine whether it was in fact the feedbacks or the Thornley
(1972) model which is able to respond to changes in environ-
ment (Figs. S2-Figs. S7). The effect of CO, and soil nitrogen
treatments on total plant mass remains (Fig. 3) when running
the experiment on the model without any feedbacks (Figs. S2).
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However, the removal of internal feedbacks increased intermedi-
ate nitrogen concentration and, therefore, nitrogen initially ac-
counted for a much higher proportion of total plant mass than
with feedbacks, reaching an unrealistic maximum percentage of
50%. Along with high percentages, increasing CO, treatment re-
duced nitrogen percentage within the plant. Removing the feed-
backs produced a similar R:S for all combinations of soil nitrogen
and CO, treatments such that R:S was between 0.2 and 0.4. Ini-
tially the lower CO, treatment had a higher R:S but by 40 days,
high CO, increased R:S when compared with alower CO, treat-
ment. Due to the lack of internal feedbacks, carbon and nitrogen
uptake rate remained constant throughout nutrient availability
manipulations (Figs. $4).

3.2. Defoliation and CO, experiment

Defoliation reduced total plant mass but enhanced the effect of
elevated CO, on growth (Fig. 7a). At 20 days, elevated CO, in-
creased total plant mass by 12% without any defoliation (Fig.
3a), whereas plant mass was increased by 15% with defoliation
(Fig. 7a). Therefore, defoliation increased the positive effect of
high CO, by 3%, implying that the model with feedbacks is re-
acting to a halving of the carbon source size (defoliation). Be-
fore defoliation, lower CO, treatment increased R:S compared
with a high atmospheric CO,. After defoliation, both treatments
invested into leaf growth at similar rates (Fig. 7b).

Leaf carbon was reduced and leaf nitrogen increased for both
CO, treatments, 7 days after defoliation (Fig. 7c and Fig. d). For
both CO, treatments, carbon uptake rate increased initially due
to animbalance between nitrogen and carbon use for growth and
respiration and soon reached a plateau (Fig. 8a), and 7 days af-
ter defoliation, carbon uptake rate increased very slightly, with a
difference of 0.3% when CO, was low and 0.2% when CO, was
high. Defoliation had a much stronger effect on nitrogen uptake

rate than for carbon, and 7 days after defoliation, nitrogen up-
take rate decreased by 12% when CO, was low and when CO,
was high (Fig. 8b).

Carbon concentration decreased 7 days after defoliation
when simulating the experiment without any internal feedbacks
on growth and uptake. This also applied for intermediate nitro-
gen concentration such that after 7 days, nitrogen was higher. Re-
moving the feedbacks on intermediate concentration therefore
did not alter the effect of defoliation on concentration. However,
without feedbacks defoliation did not alter carbon and nitro-
gen uptake rates since in the absence of feedbacks, they are only
dependent upon external CO, and nitrogen, respectively (Figs.
SS-Figs. S7).

4. DISCUSSION

The aim of this paper was to determine whether a framework
model of feedback mechanisms sensitive to changes in carbon
and nitrogen responds to changes in source and sink manipu-
lations in a similar way to experimental data (Coleman et al,,
1993; Farage et al., 1998; Rogers et al., 1998; Ainsworth et al,,
2003; Butterly et al,, 2015) and to highlight areas of uncertainty
where more empirical data are needed. This was carried out by
simulating two levels of atmospheric CO, and two soil nitro-
gen treatments in factorial combination and a defoliation exper-
iment where the total above ground biomass was halved after
10 days and growth was simulated for an additional 10 days.
These simulations showed that the model qualitatively repro-
duces the CO, and nitrogen interaction often observed exper-
imentally, whereby the positive effect of atmospheric CO, on
growth is magnified with high nitrogen and diminished by low
nitrogen (Coleman et al., 1993; Demmers-Derks et al., 1998).
Additionally the model reproduces the experimental finding
that defoliation amplifies the positive effect of high CO, on
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growth (Ryle and Powell, 1992; Wand and Midgley, 2004).
Moreover, increased atmospheric CO, leads to a larger simu-
lated root:shoot ratio and increased soil nitrogen leads to a lower
proportion of roots than either ambient CO, and nitrogen treat-
ments, respectively. Imposing defoliation in the model produces
higher leaf nitrogen, lower leaf carbon, and higher carbon up-
take rates as observed experimentally (Von Caemmerer and Far-
quhar, 1984; Rogers et al., 1998; Eyles et al., 2013). Therefore,
a model which simulates internal feedbacks on source and sink
strengths with changes in carbon and nitrogen is able to reflect
key behaviours observed in experiments that manipulate source
strength. This model takes us one step closer towards modelling
the mechanisms responsible for allocation.

The model accurately replicates a general result from CO, and
nitrogen experiments, such that both nitrogen and CO, avail-
ability have a positive relationship with plant growth and there
is an interaction between CO, and nitrogen treatments (Cole-
man et al,, 1993; Curtis and Wang, 1998; Demmers-Derks et al.,
1998; De Graff et al., 2006). This arises because low soil nitrogen

imposes a limit on how much biomass can be produced (i.e.
sink limitation); however, this does not feed back onto pho-
tosynthetic rate (Figs. Sa and Figs. b). The model simulates a
slight raising of the A/c; curve in elevated compared with am-
bient CO, in high N, contradicting experimental observations
(Coleman et al., 1993; Ainsworth et al., 2003). However, this
is something that is theoretically predicted at high CO, (Sage,
1994; Woodrow, 1994). The increased availability of CO, in-
creases nitrogen uptake rate (via feedback S) and consequently
nitrogen availability. Since carbon and nitrogen concentrations
drive leaf and root RGR, the immediately available concentra-
tions of carbon and nitrogen are used for new tissue production.
Therefore, the other feedback mechanisms have acted in place
of feedback 1 (high carbon reduces carbon uptake rate) and the
intermediate carbon pool has not been able to accumulate high
enough to trigger a reduction in carbon uptake rate.

The model simulations in this paper show that high levels
of atmospheric CO, promote an increase in root:shoot ratio,
while increasing soil nitrogen reduces root:shoot ratio. This is to
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be expected within the model as high levels of carbon increase
root growth and conversely high levels of nitrogen increase leaf
growth via the internal feedback mechanisms. Individual studies
have shown increases (Lacointe, 2000) and decreases (Butterly
et al,, 2015) in root:shoot ratio with elevated CO,. However,
a meta-analysis by Ainsworth et al. (2002) found no change in
root:shoot ratio. Butterly et al. (2015) also found that increasing
nitrogen availability increases root:shoot ratio, whilst Vicente
et al. (2015) and Dybzinski et al. (2011) found that increas-
ing nitrogen reduces root:shoot ratio. Therefore, empirical evi-
dence conflicts on whether root:shoot ratios should increase or
decrease from changes in CO, and soil nitrogen availability. An
emergent property of the model s the decline in root:shoot ratio
with age and is seen commonly in plants (Poorter et al., 1988;
Negrini et al., 2020). Another emergent property of the model
is that low N availability produces small plants with reasonable
intermediate concentrations of carbon and nitrogen (Wu et al,,
2007) rather than the alternative of producing larger plants with
a diluted nitrogen concentration and associated costs for func-
tioning (Vos et al., 2005). Reducing the ratio of nitrogen to car-
bon atoms that make up plant tissue (1) in the model should
allow this alternative growth strategy to occur.

Defoliation enhances the positive effect of high atmospheric
CO, within the model. Removing half of the total leaf mass after
10 days makes the plant source limited, reducing carbon source
strength via a reduction in photosynthesis whilst also reducing
leaf nitrogen. Although nitrogen remobilization is considered in
the model, this only occurs when leaf nitrogen is higher than
root nitrogen. This consequently leads to an increase in leaf ni-
trogen concentration due to higher availability and a reduction
in leaf carbon. The high levels of leaf nitrogen triggers the feed-
backs of high N to increase carbon uptake rate whilst reducing
nitrogen uptake rate and an increase in leaf growth rate. These
responses entirely match experimental observations (Ryle and
Powell, 1992; Wand and Midgley, 2004; Von Caemmerer and

Farquhar, 1984; Rogers et al., 1998; Eyles et al., 2013). Further-
more, the framework model is able to respond to defoliation in
arobust way. In the case of senescing leaves, nitrogen is typically
retranslocated to other plant organs prior to defoliation (Gor-
don and Jackson, 2000). Although this is not simulated in our
model, this could be implemented by adding a proportion of the
mass lost into the nitrogen pools when enforcing a defoliation
event. This is unlikely to alter the estimated responses to defolia-
tion but perhaps slightly the magnitude of the response. In addi-
tion to senescence, extending the model to include reproductive
growth will provide valuable insights into how carbon and nitro-
gen status influences overall yield. For example, carbon:nitrogen
status has been shown to impact reproduction. Specifically, ear-
lier flowering time is promoted by high carbon status and carbon
derived signals such as sucrose and T6P regulate flowering times
and grain filling (Cho etal., 2018; Tsai and Chang, 2022). The re-
mobilization of nitrogen from senescing leaves is important for
grain filling (Masclaux-Daubresse et al., 2008). This presents ad-
ditional carbon and nitrogen feedbacks which could be added
in conjunction with senescence and seed production in a future
model.

A number of assumptions were made in order to simulate
source—sink interactions, highlighting areas of focus for further
experimental testing. Firstly, the rate of tissue growth is assumed
to depend on carbon and nitrogen concentration in the model;
however, this may not necessarily be the case. Additional data are
required on the rate of carbon and nitrogen use for growing plant
tissue and how this changes over a growing period. Secondly,
the form of each feedback function used in the model were de-
termined mathematically based on (Holland, 2019). However,
the way in which carbon or nitrogen concentrations trigger feed-
backs on growth and resource acquisition is largely unknown.
In many cases, part of the mechanism has been elucidated, but
the complete sequence of events needed to simulate the genetic
interactions is unknown. Even when mechanisms are known,
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further data would be needed to parameterize model functions.
Most published work on the mechanisms compare gene expres-
sion and/or changes in enzyme activity for a plant with and with-
out sugar or amino acid treatments. Some acknowledge the time
it takes for a gene to be expressed (within 30 minutes (Reda,
2015)) or the time taken for resources to accumulate (Paul and
Foyer, 2001) and most acknowledge a time length of the treat-
ment (Reda, 2015). Some work does provide a timescale. For
example, Xiong et al. (2013) show that meristem activation oc-
curs within 24 hours of treating seedlings with glucose. There is
a clear lack of knowledge on the time it takes from when con-
centrations are sensed, to gene expression for the induction of
enzymes for a reaction, to the change in shoot:root ratio. With-
out this information, it is not possible to compare the rates at
which the various feedbacks operate in a parameterized model.
This raises questions such as: (1) How fast is the feedback? (2)
Is this a feedback that is turned on or off or does it happen incre-
mentally? (3) Ifit does work like a switch, what threshold values
cause this feedback?

Nunes et al. (2013) show that when imposing sink limita-
tion by reducing temperature or low nitrogen and supplying Ara-
bidopsis with sucrose, T6P accumulates which increases the use
of carbon for growth. T6P inhibits the expression of SnRK1 in
order to increase growth processes. These authors present a star-
vation threshold for sucrose of 3umolg™" (fresh weight) and T6P
0f 0.3 —0.5nmolT6Pg " (fresh weight). This paper determines a
threshold value that sugar must surpass in order for the rate of use
of carbon for growth to be promoted. To better understand these
mechanisms, not only do threshold values need to be obtained
experimentally, but also the rates at which these feedbacks occur.
It is unclear whether these threshold values represent a triggered
switch-like behaviour or whether the response is more gradual
and continuous. Furthermore, the strength of the feedback re-
sponses on growth processes is also unknown and is simulated
to be dependent upon carbon or nitrogen concentration within
the model.

This model can be extended to include other known feedback
mechanisms. For instance, sugars have been shown to negatively
influence the loading of sugars, altering the rate of transport
of substrate between leaves and roots (Chiou and Bush, 1998;
Vaughn et al., 2002; Ainsworth and Ort, 2010). The feedbacks
chosen here only simulate responses to growth and uptake rates
with high levels of carbon and nitrogen, whereas other known
behaviours are in response to low concentrations. For instance,
when sugars are scarce meristem growth stops (Lastdrager etal,
2014). SnRK1 protein kinase is present when sugars are low
and this is responsible for suppressing growth (Baena-Gonzalez
et al., 2007; Polge and Thomas, 2007; Halford and Hey, 2009;
Baena-Gonzalez, 2010; Ghillebert et al., 2011), but sucrose can
also stimulate SnRK1 (Baena-Gonzélez, 2010). Low sugars can
also stop the transcription of NR (Stitt and Krapp, 1999; Klein
et al,, 2000; Kaiser et al,, 2002; Reda, 2015). Additionally, leaf
nitrogen concentration sets a limit to the maximum capacity of
carbon assimilation through a relationship with carboxylation
rate (Walker et al., 2014). These known mechanisms represent
other feedbacks which could be incorporated in the model. Fur-
ther detailed analysis is needed on which feedbacks are likely
to contribute the most towards allocation responses and will be
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essential for adding in more feedbacks into the model in future.
For example, what is the smallest number of feedbacks required
to simulate reasonable responses to changes in environment?
Are additional feedbacks required to make the model’s results
align more closely with the experimentally observed responses?
To better understand the mechanisms governing allocation, it is
necessary to incorporate a complex network of feedback mecha-
nisms into a model. However, since this may not be the primary
goal of certain crop models, a balance must be struck between
complexity and usability. As our understanding of allocation
mechanisms improves, this knowledge can help refine crop mod-
els in a way that captures essential dynamics without requiring
overly intricate feedback networks and over parameterization. In
this modelling framework, we demonstrate that incorporating a
limited set of carbon and nitrogen dependencies—such as CO,
uptake, nitrogen uptake, and shoot and root growth rates—can
still enable a dynamic partitioning response.

The model was parameterized using multiple herbaceous
species to create a flexible framework that can be adapted for
a wide range of species or integrated into crop models for im-
proved partitioning responses. To apply the model to a particu-
lar species, species-specific parameters related to photosynthesis
rate, nitrogen uptake rate, and maximum RGR are required. This
model can be a useful tool to compare how different species’ al-
location responses function, provided that data are collected for
the questions highlighted in this discussion. The model simulates
the physiological responses to carbon and nitrogen derived feed-
backs by altering the pools of leaf and root carbon and nitrogen.
With additional experimental data, the model could be adapted
to test the effect of gene regulatory mechanisms on biomass par-
titioning. An extension of this work could involve combining
the model with a metabolic model to link feedbacks to precise
metabolites involved. The work of Kannan et al. (2019) is an
example of integrating gene regulation into a metabolic model.

5. CONCLUSION

Opverall, the results of this paper show that the model with feed-
back mechanisms based on internal carbon and nitrogen con-
centrations is able to qualitatively reproduce most of the be-
haviours seen in experiments varying carbon and nitrogen avail-
ability. It reproduces more of the observed behaviours than a
model without feedbacks and is critically able to regulate inter-
nal concentrations of carbon and nitrogen. The framework pre-
sented here extends the work of other models which have simu-
lated dependency of source or sink activity on carbon and nitro-
gen (Bartelink, 1998; Hunt et al., 1998; Dunbabin et al., 2002;
Agren et al, 2012; Pao et al,, 2018; Shaw and Cheung, 2018)
by including more types of feedbacks which alter both source
and sink activity. By incorporating more of the observed feed-
backs, this work provides a closer representation of allocation
processes. This model is a tool for investigating the dynamics of
internal feedback mechanisms that control biomass allocation
and can be adapted to a range of species by substituting a few
species-specific parameters. We argue that this model provides
an improved method for allocation which can be implemented
into crop models to give process-based mechanistic feedbacks
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between carbon and nitrogen resource availability. Furthermore,
this paper sharpens questions about the physiological mecha-
nisms underpinning resource allocation and highlights new re-
search directions. Understanding the mechanisms behind allo-
cation can provide new areas of focus to manipulate the net
primary productivity of plants.
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