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Summary

� Vegetation nutrient limitation is essential for understanding ecosystem responses to global

change. In particular, leaf nitrogen (N) is known to be plastic under changed nutrient limita-

tion. However, models can often not capture these observed changes, leading to erroneous

predictions of whole-ecosystem stocks and fluxes.
� We hypothesise that an optimality approach can improve representation of leaf N content

compared to existing empirical approaches. Unlike previous optimality-based approaches,

which adjust foliar N concentrations based on canopy carbon export, we use a maximisation

criterion based on whole-plant growth, and allow for a lagged response of foliar N to this

maximisation criterion to account for the limited plasticity of this plant trait. We test these

model variants at a range of Free-Air CO2 Enrichment and N fertilisation experimental sites.
� We show that a model based solely on canopy carbon export fails to reproduce observed

patterns and predicts decreasing leaf N content with increased N availability. However, an

optimal model which maximises total plant growth can correctly reproduce the observed pat-

terns.
� The optimality model we present here is a whole-plant approach which reproduces biologi-

cally realistic changes in leaf N and can thereby improve ecosystem-level predictions under

transient conditions.

Introduction

The response of plants to changes in environmental conditions
such as climate, atmospheric CO2 concentration or nutrient
inputs is dependent on the plants’ ability to acclimate and adapt
to the new conditions. In particular, there is strong evidence that
plants can respond plastically to changes in nutrient limitation
(Bloom et al., 1985; Chapin et al., 1986), which in turn affects
their response to elevated atmospheric CO2 (Long et al., 2004;
Ainsworth & Long, 2005). However, such processes are lacking
or poorly represented in terrestrial biosphere models (TBMs;
Zaehle et al., 2014; Medlyn et al., 2015; Prentice et al., 2015).
Therefore, in this study we set out to provide a better representa-
tion of plant, and specifically canopy, responses to increasing
nutrient limitation.

One of the main roles of nitrogen (N) in plant physiology is as
a component of proteins and specifically enzymes that form part
of the photosynthetic apparatus (Evans, 1989; Hawkesford et al.,
2012), which is why leaves create the highest growth demand for
N. Therefore, understanding leaf N physiology and its response
to changing environmental drivers is essential for understanding
whole-plant and ecosystem-level response to N limitation.

A decrease in leaf N content has been observed in recent
decades and has been attributed to increasing atmospheric
CO2 (McLauchlan et al., 2010; Jonard et al., 2015). A similar

decrease has also been observed under experimentally elevated
CO2 (Ellsworth et al., 2004). By contrast, increased leaf N
concentration occurs in N addition experiments (Sikstr€om,
2002; Magill et al., 2004; McNulty et al., 2005; Houle &
Moore, 2008) and under high N deposition (McNeil et al.,
2007; Fleischer et al., 2013). There have been a number of
explanations proposed for this observed plasticity, including
both plant N use and changes in the photosynthetic appara-
tus. First, plants increase their leaf N under increased N
availability to make better use of available resources. Under
elevated CO2, plants can achieve the same carbon assimilation
rate with a lower leaf N content (Drake et al., 1997; Stitt &
Krapp, 1999). Additionally, there are other associated changes
in the photosynthetic apparatus under elevated CO2 which
can contribute to the observed changes in leaf N (Rogers &
Humphries, 2000; Ainsworth & Long, 2005). Another pro-
posed mechanism for the observed decline in leaf N content
under elevated CO2 is known as the dilution effect, an accu-
mulation of non-structural carbohydrates in the leaves which
cause an overall lower N concentration, although there is little
experimental evidence for this process playing an important
role (Feng et al., 2015; Wujeska-Klause et al., 2019). Further-
more, the extent to which the leaf N content changes
depends on the initial N limitation status of the plant (Stitt
& Krapp, 1999; Ainsworth & Long, 2005).
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From a modelling perspective, TBMs which include N pro-
cesses represent the leaf N content either as a fixed parameter or
as a flexible value which responds to plant N limitation, generally
following an empirical function (Zaehle & Dalmonech, 2011;
Thomas et al., 2013a,b). Meyerholt & Zaehle (2015) show that
models which include a flexible C : N ratio have better predictive
capability than models with a fixed ratio when compared to
observations from N fertilisation experiments. However, they
also found that models with flexible stoichiometry tend to overes-
timate the increase in foliar N under N fertilisation, thereby
increasing the N costs of new tissue, leading to a lower than
observed growth response. A multimodel comparison at two
Free-Air CO2 Enrichment (FACE) sites has shown that models
with flexible stoichiometry can overestimate the leaf N response
to elevated CO2, in some cases reaching unrealisticaly low values
(Zaehle et al., 2014). These two results together point to a need
for a better representation of dynamic leaf N to capture the N
dynamics of ecosystems under changing environmental condi-
tions.

Optimality principles have long been proposed as a theoretical
way of representing plant plasticity (Givnish, 1988; M€akel€a et al.,
2002). The underlying hypothesis is that plants alter their physi-
ology or morphology to maximise growth over their lifetime.
The concept has been previously applied to individual processes
such as photosynthesis (as the coordination hypothesis: Medlyn,
1996; Maire et al., 2012; Ali et al., 2015; Smith et al., 2019),
stomatal conductance (Cowan & Farquhar, 1977; Medlyn et al.,
2011), biomass allocation (M€akel€a et al., 2008), nutrient content
(Dewar, 1996) and phenology (Caldararu et al., 2014). Optimal-
ity has the potential to improve the representation of vegetation
processes in TBMs by providing a way to include complex
responses that can accurately capture observations without a large
number of additional parameters. A number of studies have built
basic whole-plant models centred around the optimality hypothe-
sis (Franklin, 2007; McMurtrie et al., 2008). More recently, opti-
mality concepts, and specifically leaf-level coordination of
photosynthetic parameters, have started to be incorporated into
full TBMs (Ali et al., 2015; Haverd et al., 2018). However, a
number of questions remain regarding the exact mode of imple-
mentation, including which processes and variables to optimise
and the timescale of this optimisation (Dewar et al., 2009).

Here, we implement an optimality-based method for repre-
senting changes in leaf N within a newly developed TBM,
QUantifying Interactions between terrestrial Nutrient CYcles
and the climate system (QUINCY; Thum et al., 2019). A TBM,
with its detailed representation of soil and vegetation processes,
allows us to identify the drivers and assess the implications of
changes in leaf stoichiometry given the ecosystem-scale nutrient
balance. In particular, the detailed representation of canopy and
photosynthetic processes allows us to go beyond the basic opti-
mality models used in the past and predict time-variant leaf N
content and not simply at-equilibrium values. Instead of relying
on the assumption that plant properties (here leaf N) are optimal
at any timestep, we rely on a dynamic approach tending towards
equilibrium, in which plants adjust their properties (here leaf N)
at each model timestep towards the optimal value given average

environmental conditions over a predefined period. This
approach reflects the known limitations to plant plasticity and
thereby provides a solution to the timescale of optimisation prob-
lem introduced above. By contrast, the use of optimality theory
allows us to leverage basic processes already existing within the
TBM and therefore represent complex plastic behaviour without
introducing a large number of parameters in addition to those
already present in the model.

In this study, we test the hypothesis that changes in leaf N con-
centrations can be explained by two main drivers: the limitation
to growth by N availability caused by an increase in leaf N con-
tent and the increase in carbon export, and thus growth, through
an increase in leaf N content. The first driver is the one used by
existing models to describe variations in leaf N, while the second
is commonly used in optimality approaches. To explore these
two drivers we use four different model set-ups for representing
leaf N: fixed leaf N content, empirical (which includes only the
N availability criteria), optimal C export (which includes only
the maximum C export criteria) and optimal growth (which
includes both). We test the effect of these different formulations
on plant growth and foliar N responses to changes in CO2 and N
availability using the resulting model at two FACE sites and a
range of N fertilisation sites.

Materials and Methods

Model description

The QUINCY terrestrial biosphere model We implement the
above options in a TBM, QUINCY, described in detail in Thum
et al. (2019). Here we briefly present the processes related to the
representation of dynamic leaf N, followed by a detailed descrip-
tion of the optimality implementation.

QUINCY represents fully coupled carbon (C), N and phos-
phorus (P) as well as water and energy cycles (Fig. 1). The
model employs a multilayer canopy scheme, which includes a
representation of photosynthesis and canopy conductance, for
sunlit and shaded leaves separately within every layer. Total
canopy N is distributed to each layer, with exponentially
decreasing N content towards the bottom of the canopy. Varia-
tions in average leaf N content (described below) are propagated
to each canopy layer. Photosynthesis is represented following
the model of Kull & Kruijt (1998). Leaf N is separated into
structural and photosynthetic (Chl, Rubisco and electron trans-
port) fractions, each of which is directly related to parameters in
our photosynthesis model (Kull & Kruijt, 1998; Zaehle &
Friend, 2010). The structural N fraction is expressed as a linear
function of leaf N content, decreasing with higher leaf N
(Evans, 1989; Friend et al., 1997). The fraction of photosyn-
thetic N allocated to Chl increases with canopy depth, while the
Rubisco and electron transport components are adjusted to give
a constant ratio of the respective photosynthetic parameters
(Vcmax,25 and Jmax,25). Maintenance respiration in the model is
represented as a linear function of specific tissue N. Growth res-
piration is calculated as being proportional to the amount of
new tissue built. Both photosynthesis and maintenance
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respiration acclimate to growth temperature following Friend
(2010) and Atkin et al. (2014).

Nutrient uptake is calculated as a function of fine root
biomass, soil inorganic nutrient content and plant demand for
each specific nutrient, where the demand depends on the ratio of
available to required nutrients for growth.

Photosynthesis and growth processes are separated in
QUINCY by the introduction of two nonstructural pools, the
labile and reserve pool. Carbon assimilated through photosynthe-
sis and nutrients taken up by the roots enter the labile pool, and
are subsequently allocated to new tissue growth, transferred to
the reserve compartment, or in the case of C, used for respiration.
Growth follows a functional balance approach based on an
extended pipe-theory representation, generating size-dependent
allometric relationships between leaf, fine root, coarse root and
sapwood mass. Actual growth is constrained by available nutri-
ents and tissue-specific stoichiometry. Stand-level vegetation
dynamics is represented as density-dependent mortality and
establishment based on the existing seedbed, as the model explic-
itly allocates to a reproductive pool. All pools and fluxes are rep-
resentative of an average individual.

The QUINCY model includes a detailed representation of soil
C and nutrient pools, the details of which can be found in Thum
et al. (2019).

Tissue stoichiometry The N content of leaves and fine roots at
each half-hourly timestep Dt is updated given a direction variable,
DN (unitless), and a parameter representing the maximum rate of
change, dN (d�1), so that:

Nleaf ;t ¼ Nleaf ;t�1 � ð1þ DN � dN � Dt Þ; Eqn 1a

Nfine root;t ¼ Nfine root;t�1 � ð1þ DN � dN � Dt Þ: Eqn 1b

The Nleaf values here refer to canopy average values of leaf N
content. To conserve the mass balance, new tissue is added with a
leaf N equal to that calculated above, while old tissue changes its
N content towards the target C : N by recycling N through the
labile pool at a timescale of 10 d. All values of leaf N content
below refer to this target average leaf N value.

The C : N ratio of fine roots is represented as being directly
proportional to that of leaves (Zaehle & Friend, 2010). We con-
sider the N content of the woody and fruit pools to be constant
(Meyerholt & Zaehle, 2015). Even though the model variants
described below are centred on changes in leaf N, the associated
changes in fine root N need to be taken into account at the whole
plant level and will be calculated throughout. Note that because
specific leaf area (SLA) remains constant in our model, a
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Fig. 1 Schematic representation of the QUINCY baseline model structure. Elipses, biogeochemical pools and other state variables; rectangles,
biogeochemical processes; parallelograms, model input; solid green lines, carbon (C) fluxes; solid dark red lines, nitrogen (N) and phosphorus (P) fluxes;
solid black lines, carbon, nitrogen and phosphorus fluxes; dotted blue lines, effects (Thum et al., 2019).
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fractional change in total leaf N results in an equal fractional
change in C : N ratio and leaf N content per mass and per area.

Below, we describe in detail the four model options for calcu-
lating foliar stoichiometry, which in essence are four options for
calculating the value of DN. The rate of change parameter, dN, is
the same for all variants.

Variant 0: fixed leaf N For the basic model variant, tissue stoi-
chiometry is kept constant and the value of DN is simply set to
zero. Stoichiometry parameters are prescribed, following values
specific to each plant functional type (PFT)-specific values from
the TRY trait database (Kattge et al., 2011).

Variant 1: empirical leaf N The empirical variation is based on
Zaehle & Friend (2010). The leaf N concentration is modified
based on the relative availabilities of labile carbon (Clabile) and
nitrogen (Nlabile) for growth, given the stoichiometric require-
ment, that is the C : N ratio vCNgrowth. The direction of change vari-
able, DN, is calculated as:

DN¼
e
� kv

leaf
�vCN

leaf

vCN
leaf ;min

þvCN
leaf ;max

� �k
v
leaf

if Clabile�Nlabile�vCNgrowth

� 1�e
� kv

leaf
�vCN

leaf

vCN
leaf ;min

þvCN
leaf ;max

� �k
v
leaf

0
BB@

1
CCA if Clabile[Nlabile�vCNgrowth:

8>>>>>>>><
>>>>>>>>:

Eqn2

In the above, kvleaf and kvleaf are empirical shape parameters, vCNleaf
is the current leaf stoichiometric ratio, and vCNleaf ;min and vCNleaf ;max

are PFT-specific parameters, taken from the TRY database (Kattge
et al., 2011). The C : N ratio of new growth, vCNgrowth, is a variable
calculated at every timestep given fractions allocated to each pool
and current stoichiometry of all pools. Note that unlike the two
optimality schemes described below, here DN can take values
between �1 and 1 but the same notation has been kept for consis-
tency. Although the response function depends solely on the leaf
C : N ratio, in practice for small model timesteps such as the half-
hourly timestep used in this study, the change in leaf C : N ratio is
also driven by the number of times the change condition is met
and therefore by the difference between the C : N ratio of the
labile pool and that of new growth.

Variant 2: optimal C export Our first model assumption is that
plants modify their leaf N to maximise net C assimilation.
Increased leaf N will increase photosynthesis (gross assimilation,
Ag) but also increase tissue maintenance respiration, resulting in a
peaked relationship between net assimilation (An) and leaf N, as
shown in Fig. 2. Due to the nonlinear nature of N distribution in
the canopy and the photosynthesis model used in QUINCY, we
calculate the optimal leaf N for which net carbon export is max-
imised through a numerical approach, as follows.

We calculate the direction in which the leaf N content needs
to be modified by increasing the current leaf N content Nleaf, t�1

by a given amount dN and the fine root N content by the equiva-
lent amount to obtain two new values, Nleaf,d and Nfine_root,d.

We then calculate the net assimilation An,d given the new
Nleaf,d as:

An;d ¼ Ag;d �Nleaf ;d � fresp;air �Nwood;d � fresp;air �Nfine root;d

�fresp;soil �Ncoarse root;d � fresp;soil;

Eqn 3

where fresp,air and fresp,soil are the maintenance respiration rate per
unit N given the temperature of the air and soil, respectively. Ag,d

is the gross canopy assimilation given the new leaf N, calculated
for each canopy layer. As the C : N ratio of wood and coarse roots
is considered to be constant, the difference in An, dAn, resulting
from the change in tissue N, dNleaf, is equal to the change in pho-
tosynthesis with the change in N, minus the change in tissue
maintenance respiration, dRleaf and dRfine_root, with the change in
N content of each specific tissue:

dAn

dNleaf
¼ dAg

dNleaf
� dRleaf

dNleaf
� dRfine root

dNfine root
: Eqn 4

The An values are calculated given the average meteorological
conditions over a given time period, sN (30 d). Note that this
approach means that plants do not reach absolute optimality but
there is a rate of change in the optimal direction, with the param-
eter dN denoting the maximum amount by which the leaf N con-
tent can change in a timestep (Table 1).
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equivalent to the optimal growth variant.
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We then calculate the direction variable DN so that the new
actual leaf N increases for a positive return in An and decreases
for a negative return:

DN ¼ 1; if
dAn

dNleaf
� 0; Eqn 5a

DN ¼ �1; if
dAn

dNleaf
\0: Eqn 5b

The optimal direction resulting from this criterion will vary with
environmental conditions (e.g. temperature, water availability),
atmospheric CO2 concentration (see Fig. 2), as well as light envi-
ronment in the canopy as given by direct and diffuse light levels at
the top of the canopy but also the amount of leaf area (Supporting
Information Fig. S1).

Variant 3: optimal growth In addition to the optimal C export
criterion, here we introduce an additional condition for calculat-
ing the DN direction variable, based on the relationship between
the potential N-limited growth, Ngrowth, and the potential C-lim-
ited growth, Cgrowth. C-limited growth can be calculated as:

Cgrowth ¼ NPP� sgrowth þ Clabile; Eqn 6

where sgrowth is the timescale of plant growth, in this case equal
to 1 yr, and Clabile is the C content of the labile pool, that is the
C available for immediate growth. Note that the net primary pro-
ductivity (NPP) value here is not the same as An in previous
equations as it also takes into account growth respiration and
storage fluxes into the reserve pool. The N-limited growth term
is calculated given the available N and the stoichiometry of new
tissue, vCNgrowth:

Ngrowth ¼ fNup � sgrowth þNlabile þ kNresorb �
Nleaf

sleaf

� �
� vCNgrowth:

Eqn 7

here, fNup refers to the N uptake by the roots, kNresorb is a parame-
ter denoting the rate of nutrient resorption from senescing leaves
and sleaf is the turnover time of the leaves. The term vCNgrowth converts
Ngrowth into C units, to allow comparison with Cgrowth. All parame-
ter values can be found in Table S1. Both C and N availability are
calculated at each timestep and NPP and fNup are averaged over a
time period sN, in a similar manner to environmental drivers. The
first term in each equation represents the uptake capacity for either
C or N given current environmental conditions, while the second
term represents the amount already available to the plant. In addi-
tion to these terms, the N-limited growth, Ngrowth, includes an
additional flux, the nutrients reabsorbed before leaf shedding. All
variables are averaged over a period of sN, as above.

Given the availability of C and N, the direction variable DN is
then calculated as:

DN ¼ �1; if Cgrowth [Ngrowth; Eqn 8a

See Eqn: 5; if Cgrowth �Ngrowth; Eqn 8b

so that the leaf N content decreases if there is not sufficient N
available for growth and defaults to the optimal C export variant
if there is.

Optimality approach

For the purpose of the optimal C export and optimal growth
model variants, we apply an optimality criterion which states that
plants aim to maximise the canopy carbon export and growth,
respectively, given moving averages over a period of sN (30 d) of
all environmental drivers as well as relevant model state variables,
such as NPP and N uptake (Eqns 7, 8). The optimality criterion
is applied at every timestep, resulting in continuously changing
values of the direction variable DN and therefore a continuously
changing leaf N value. The sN parameter is meant to buffer sub-
daily and abrupt changes in driving variables. The short timestep
ensures that, although the approach only calculates the direction
of change, the change in leaf N is smooth.

Table 1 Model parameters introduced for each of the four variants representing leaf nitrogen (N) content.

Symbol Description Value BS Value NE Unit Citation

Fixed
vCNleaf Foliar C : N 22.5 39.7 mol Cmol N�1 Kattge et al. (2011)
Empirical
kvleaf Shape parameter in leaf stoichiometry nutrient response 2.0 2.0 – Zaehle & Friend (2010)

kvleaf Shape parameter in leaf stoichiometry nutrient response 8.0 8.0 – Zaehle & Friend (2010)

vCNleaf;min Minimum foliar C : N 14.0 24.0 mol Cmol N�1 Kattge et al. (2011)

vC :N
leaf;max Maximum foliar C : N 38.7 64.9 mol Cmol N�1 Kattge et al. (2011)

dN Maximum rate of change in foliar N content 0.0048 0.0048 d�1 This study
sN Response timescale for changes in foliar N content 30 30 d This study
Optimal C export and growth
dN Maximum rate of change in foliar N content 0.0048 0.0048 d�1 This study
sN Response timescale for changes in foliar N content 30 30 d This study

Parameters which are part of the baseline QUINCY model and are relevant for the processes described here can be found in Supporting Information
Table S1. BS, broadleaf deciduous; NE, needleleaf evergreen.
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We use a numerical approach to solve the optimality problem
for two reasons. The first is that, while using a TBM with an
explicitly layered canopy and complex representation of photo-
synthesis produces more realistic predictions, it also means that
the problem is nonlinear and has no analytical solution. The sec-
ond reason is that one of the central concepts of our approach is
that we are not solving for the leaf N values that gives the actual
maximum C export or growth at any point in time but rather
assume that plants tend towards equilibrium, given physiological
and biochemical constraints to their rate of change.

Site description

We test all model variants at two FACE sites, the Duke Forest
(hereafter Duke) and Oak Ridge National Laboratory (hereafter
ORNL) experimental sites as well as at the Harvard Forest N
addition experiment.

The Duke FACE experiment (McCarthy et al., 2007) was car-
ried out in a loblolly pine (Pinus taeda) plantation (35.9°N,
79.08°W). The experiment began in August 1996 and consisted
of three plots with ambient and three plots with elevated
(+200 ppm) CO2 concentrations, paired according to soil N
availability. The Oak Ridge FACE experiment (Norby et al.,
2002) was set up in a sweetgum (Liquidambar styraciflua L.)
plantation (35.9°N, 84.33°W) and begun in April 1998. It
included five experimental plots, of which three were at ambient
and two at elevated CO2 (average of 547 ppm) concentrations.
For both sites we use annual measurements of leaf N content, leaf
biomass and NPP for model evaluation (Finzi et al., 2007;
Walker et al., 2014; Zaehle et al., 2014). At both sites, NPP is
derived from direct and indirect measurements of leaf, fine root
and wood growth.

The chronic nitrogen addition experiment (Magill et al., 2004)
located at Harvard Forest (42.5°N, 72.16°W) is part of the Har-
vard Forest Long-term Ecological Research (LTER) site. The
experiment consists of four plots each in a red pine (Pinus
resinosa) and a hardwood stand (dominated by black and red oak,
Quercus velutina Lam.; Q. rubra L.). Of the four plots in each
stand, we used the control (no N addition), as well as the low N
addition (5 g Nm�2 yr�1) and high N addition
(15 g Nm�2 yr�1) treatments, excluding the nitrogen and sul-
phur treatment as this was shown to not be significantly different
from the low N treatment and is also outside the scope of this
paper. Nutrient additions started in spring 1988 and were made
in equal doses at 4-wk intervals throughout the growing season,
with the last application taking place in 2004. For model evalua-
tion, we use woody biomass increment from Magill et al. (2004)
and annual leaf N content from the Harvard Forest Data Archive
(Frey & Ollinger, 2018). For the detailed analysis we show only
results from the hardwood stand, as observations for the pine
stand show a decrease in biomass with N addition caused by soil
acidification, as this is a result of processes not relevant to the cur-
rent analysis.

In addition to this detailed analysis, we also run the model at
16 additional N fertilisation sites located in Northern Europe
and North America, including evergreen needleleaf and broadleaf

deciduous forests. A number of these sites include plots with dif-
ferent levels of N addition, resulting in 23 separate experimental
plots. The rate of N addition varies widely (1.7–
15 g Nm�2 yr�1) as does the duration of the experiment (1–
40 yr). We extract all biomass and leaf N response data from the
respective experiment papers where available. See Table S2 for
details for each site. For the purpose of this analysis, we exclude
sites with a pronounced decrease in biomass under fertilisation
caused by increased soil acidity, namely Asa, Norrliden N3 and
Harvard pine.

Model protocol and input data

The QUINCY model requires as input half-hourly meteorologi-
cal drivers (short- and longwave radiation, air temperature, pre-
cipitation (as rain and snowfall), air pressure, humidity and wind
velocity), as well as atmospheric CO2 concentration, and N and
P deposition rates. Additional model inputs are vegetation type,
and soil physical and chemical parameters (texture, bulk density,
rooting and soil depth, as well as inorganic soil P content).
Although the model has the option to include fully coupled N
and P cycles, for the purpose of this paper we have used the CN-
only model, where soil solute inorganic P availability is kept at a
constant, nonlimiting level.

The daily meteorological data for 1901–2015 were extracted
from the CRUNCEP dataset, v.7 (Viovy, 2016), and disaggre-
gated to the half-hourly model timestep using the statistical
weather generator described in Zaehle & Friend (2010). The
annually changing CO2 atmospheric concentration was taken
from Le Qu�er�e et al. (2018), and the time series of N deposition
for each site from Lamarque et al. (2010, 2011). In addition, for
the two FACE sites, the local meteorological data as well as the
CO2 concentrations for the duration of the experiments were
used (Walker et al., 2014).

The soil and vegetation biogeochemical pools are brought to
quasi-equilibrium through a 500 yr model spinup, using forcing
data from the period 1901–1930. We then run the model with
transient climate and CO2 concentrations for the years 1901–2015
for all sites and treatments. Each site is harvested according to the
harvest date available in the literature. After harvest, all biomass is
retained in the system as litter, with the exception of the harvested
fraction of the woody biomass (set to 80%), which is removed. A
side effect of harvesting is that because the four model variants have
different growth rates, the sites can be at slightly different stages of
succession at the start of each experiment.

For the N addition experiments, we perform transient simula-
tions for 1901–2015, following the same protocol as above. We
introduce the additional N to the system to either or both the
NH4 or NO3 soil inorganic pool depending on the chemical form
of the fertiliser, in the quantity and with the timing described for
each respective experiment. Predicted values for current wood
increment (CWI) and leaf N content are calculated for the period
of each experiment for which data are available and presented as
annual (CWI) or annual growing season (leaf N) means.

As well as the above fully transient runs, we run the model to
equilibrium for a range of soil N availabilities, to explore the
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behaviour of all model variants at equilibrium without the added
behaviour of transient runs or experimental additions. For this
purpose, we perform model runs using the meteorology and ini-
tial conditions of the control Harvard hardwood site. We run the
model for 500 yr with a fixed atmospheric CO2 concentration for
a mature forest. We vary the available soil N level by varying the
rate of biological N fixation (BNF). BNF in QUINCY is repre-
sented as an asymbiotic processes with a fixed, temperature-de-
pendent rate given a soil mineral N threshold, so that effectively
varying the rate of BNF results in varying levels of soil mineral N
without affecting other model processes. For the purpose of these
at-equilibrium simulations, we perform two sets of runs, with the
CO2 concentrations set to 380 and 550 ppm, respectively.

Model parameterisation

We use the QUINCY model with its default parameterisation,
without calibrating the parameters to any of the sites used in this
study. Table 1 shows the parameters that differ between each of
the four model variants and their values for the two PFTS used
here, broadleaf deciduous forest and needleleaf evergreen forest.
Table S1 lists other model parameters relevant to the four leaf N
variants. For a full list of parameters see Thum et al. (2019).

Both the optimal C export and optimal growth introduce two
new, PFT-independent parameters, in addition to those present
in the standard QUINCY model, dN and sN. In comparison, the
empirical model requires two PFT-specific parameters for leaf
C : N ratio bounds, two empirical parameters that drive the shape
of the curve and the two parameters it has in common with the
optimal variants (Table 1).

To test the model stability to variations in parameters, we per-
form a parameter sensitivity analysis, as detailed in Methods S1.

Data availability

The FACE experiment data are freely available through the
FACE Data Management System, https://facedata.ornl.gov/. The
Harvard Forest chronic nitrogen addition experiment foliar N
data are freely available from the Harvard Forest Data Archive,
http://harvardforest.fas.harvard.edu:8080/exist/apps/datasets/
showData.html?xml:id=hf008. Compiled literature data on
biomass and leaf N responses at N fertilisation experimental sites
can be found as Dataset S1.

Code availability

The scientific part of the code is available under a GPL v3
licence. The scientific code of QUINCY relies on software infras-
tructure from the MPI-ESM environment, which is subject to
the MPI-M-Software-License-Agreement in its most recent form
(http://www.mpimet.mpg.de/en/science/models/license). The
source code is available online (https://git.bgc-jena.mpg.de/quinc
y/quincy-model-releases), but its access is restricted to registered
users. Readers interested in running the model should request a
username and password from the corresponding authors or via
the git-repository. Model users are strongly encouraged to follow

the fair-use policy stated on https://www.bgc-jena.mpg.de/bgi/
index.php/Projects/QUINCYModel.

Results

Model predictions at equilibrium

Fig. 3 shows model NPP and canopy average foliar N content at
equilibrium under a gradient of soil N availability for all four
model variants, for ambient CO2 (380 ppm, Fig. 3a,b) and the
relative response under elevated CO2 (550 ppm, Fig. 3c,d). This
explores the theoretical response of the model at equilibrium,
without transient climate or CO2 concentrations. This provides a
prediction of a similar type to what previous optimal models have
included, but derived from a fully prognostic carbon–nitrogen
cycle model. It is also a clearer way of explaining the model runs
at experimental sites below and testing the theoretical assump-
tions behind each model variant (Fig. 2). It is worth noting that
all values shown in Fig. 3 are for a mature forest at equilibrium
and therefore differ from values shown below for the transient
simulations which represent younger forests.

Both the empirical and the optimal growth model options pre-
dict an increase in leaf N content with increasing N availability,
as expected, while the optimal C export model predicts a slight
decrease, as it mainly responds to variations in leaf area index
(LAI) rather than plant N status. Generally, under lower N avail-
ability, the model predicts a lower LAI, meaning that there are
no deeper, more shaded, canopy layers which would have higher
respiration values compared to photosynthesis, thereby shifting
the NPP response curve (Fig. S1a,b) and increasing the optimal
leaf N concentration. As there is a slight increase in LAI predicted
by all model variants with an increase in soil N (Fig. 3c), there is
a resulting slight increase in leaf N predicted by the optimal C
export variant with increased N availability. This kind of
response is also observed under increased CO2. At higher soil N
values, when plants are not N-limited, the optimal C export and
optimal growth versions produce similar predictions, as is
expected from the assumptions of these two variants (Fig. 2;
Eqn 8). All models with flexible leaf N show a higher NPP than
the fixed variant at high soil N, although the empirical and opti-
mal C export versions show lower NPP at low N availability. The
optimal C export variant shows a leaf N response that does not
match observations or our process understanding, namely the
decrease in leaf N content with increased N availability (Fig. 3a),
and therefore a lower overall growth (Fig. 3b), demonstrating
that a canopy C export only optimal approach does not produce
physiologically realistic predictions. The optimal growth variant
results in the highest NPP for most of the soil N range, as
expected from the optimal criterion that maximises growth. At
high soil N, however, the optimal C export variant predicts a
slightly higher NPP, as its higher N demand caused by the high
leaf N content can be met by the available soil N.

In terms of predictions under elevated CO2 (Fig. 3d–f), both
the empirical and optimal growth versions show a decrease in leaf
N, strongest at low N availability, while the optimal C export
shows only a very small change. The optimal C export model also
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shows an overall less pronounced response to elevated CO2 than
the empirical and optimal growth versions.

Model response to elevated CO2

We show time series from fully transient model runs at the two
FACE sites, including observed and predicted NPP and leaf N
content (Fig. 4) as well as whole ecosystem responses as a mean
of the first 3 yr and the last 3 yr of each experiment (Fig. 5). In
terms of leaf N content, all model variants are able to predict the
observed ambient values reasonably at both FACE sites, although
the empirical option shows slightly higher values for Duke
(Fig. 4a,b). For the ORNL site, the optimal C export model over-
estimates observed values.

Both the empirical and the optimal growth model variants can
correctly predict the direction of change in leaf N throughout the
experiment under elevated CO2 for both sites (Fig. 4c,d), while
the optimal C export fails to show a significant change in leaf N
concentrations under elevated CO2 (�1.3% and 1.4% for Duke
and ORNL, respectively, at the end of each experiment, Fig. 5c,
d). For the Duke FACE both the empirical and optimal growth
variants predict a decrease in leaf N; the observations also show a
decrease (Fig. 4c), although not so pronounced and increasing
slightly at the end of the experiment. While both model variants

overestimate the magnitude of the change, the optimal growth
does so to a lesser degree (�24.1% empirical and �14.3% opti-
mal growth, Fig. 5c). In the case of the ORNL site, the optimal
growth variant gives the prediction closest to observations (ob-
served �13.6%, empirical �6.1%, optimal growth �15.8%,
Fig. 5d).

All model variants predict similar NPP at ambient CO2, gen-
erally underestimating observed values at both sites (Fig. 4e,f).
The optimal C export variant predicts an even lower NPP at
ORNL, caused by the predicted high leaf N value, which leads to
a higher growth demand for N and therefore a lower resulting
growth.

Observations at both the Duke and ORNL sites show a posi-
tive NPP response to elevated CO2 throughout the experiment
(Fig. 4g,h), although for ORNL this response decreases signifi-
cantly towards the end of the experiment. The first notable fea-
ture is that all model variants are capable of predicting this
positive response at the start of the experiment (Fig. 5a,b),
although this is overestimated for all variants in the case of Duke.
However, by the end of the experiment (Fig. 5c,d), only the
empirical and optimal growth are able to predict the sustained
positive response for the Duke site (observed 30.6%, empirical
19.5%, optimal growth 17.4%). All models predict a lower NPP
response than expected for the entire duration of the ORNL
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Fig. 3 At-equilibrium whole-canopy leaf nitrogen (N) content (a), net primary productivity (NPP) (b) and maximum annual leaf area index (LAI) (c) over a
range of available soil mineral N, as well as the response to elevated CO2 (550 ppm) relative to the predictions at 380 ppm (d–f) for all model variants. Leaf
N values are canopy averages. Leaf N values predicted by the optimal carbon (C) export variant show a very strong positive response to elevated CO2 at
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experiment (observed 12.0%, empirical 4.5%, optimal growth
6.3% at the end of the experiment, Fig. 5d).

All model variants predict a lower response in total canopy C
at both sites (Fig. 5c,d), indicating a missing shift in biomass allo-
cation. While there is an observed positive response in N uptake
at both sites, all model variants predict a lower response, includ-
ing a decrease in uptake in the case of the empirical variant at

Duke and the optimal growth at ORNL at the end of the experi-
ment (Fig. 5c,d). Overall, we find that the optimal C export vari-
ant does not reproduce observed responses to elevated CO2 in
either leaf N content or NPP, while both the empirical and opti-
mal growth variants reproduce the direction of response correctly
throughout the two experiments, but the optimal growth cap-
tures better the magnitude of the observations.
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Model response to N addition

In the case of the Harvard Forest N addition experiment (Fig. 7
and time series in Fig. 6), the observations indicate an increase in
leaf N content with N addition (low N 3.3%, high N 21.0%), as
do the empirical variant (low N 50.9%, high N 64.0%) and opti-
mal growth variant (low N 34.3% and high N 45.4%), even
though they both overestimate this response (Fig. 7c,d). Notably,
the optimal C export variant does not predict an increase in leaf
N (low N �4.4%, high N �4.3% at the end of the experiment),
as it responds to changes in LAI and not N availability, and the
model predicts a small change in LAI and therefore a correspond-
ing small response in leaf N (Fig. 7c,d). This is expected from the
model assumptions (Fig. 2) and discussed for the at-equilibrium
simulations. The peak in the leaf N response of the optimal
growth variant (Fig. 6) is caused by a decrease in the control leaf
N (but not the treatments), which coincides with the 2001–2002
drought; as there is a gap in the data in this period it is difficult
to assess whether this reflects a real plant response.

All model variants with flexible leaf N content predict a posi-
tive CWI at both the start and the end of the experiment (Fig. 6c,
d), although they all overestimate the response in the case of low
N addition at the end of the experiment (observed 11.8%, empir-
ical 31.0%, optimal growth 26.2%, Fig. 7c). However, they show
a better fit for the high N addition (observed 29.9%, empirical
30.9%, optimal growth 26.0%, Fig. 7d). All variants underesti-
mate the magnitude of observed CWI for the control plot
(Fig. 6d).

To test the generality of the findings at the Harvard Forest site,
we run our model for a selection of forest N fertilisation sites
(Fig. 8). The magnitude of the predicted growth response for
both the empirical and the optimal growth model variants is

linked to the average ambient temperature of the site, with a
stronger response at colder sites (Fig. 8a,b). This is because the
soil N availability, and therefore plant N limitation status, is
strongly dependent on temperature. The temperature depen-
dency of plant response to N addition is present in reality,
although this relationship between observations and temperature
is less evident than in the case of the model. This is caused by
other confounding factors that drive local N availability in reality
at each site, such as soil type and N deposition rates. While these
factors are present in the model, the values are grid-level and can
differ from site-level values, as both soil conditions and N deposi-
tion are very spatially heterogeneous. The empirical variant
largely reproduces observed biomass responses for warmer sites
but over-estimates responses for the colder sites (Fig. 8a). On the
other hand, the optimal growth variant has a tendency to under-
estimate the biomass response, especially for the higher observed
responses (Fig. 8a). Note that the site with a very high observed
biomass response (127%) is one of the very northern sites, with
very low annual average temperatures. Both variants show a bet-
ter fit for the biomass response for broadleaved deciduous forests
(normalised root mean squared error, NRMSE = 0.49 empirical
and 0.55 optimal growth) than for the needleleaved evergreen
forests (NRMSE = 1.88 empirical and 1.82 optimal growth). For
the leaf N content observations (Fig. 8c,d), both model variants
perform similarly, with the empirical one tending to predict a
higher leaf N response. Unlike the biomass response there is no
relationship between ambient temperature and leaf N in either
the model or the data. The optimal growth variant shows a better
fit for the broadleaved site leaf N response than the empirical
variant, although it is worth noting that the only deciduous site
with leaf N measurements is Harvard Forest (discussed in detail
above) so it is difficult to generalise this finding. For the
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evergreen forest sites, both the empirical and the optimal growth
variants perform similarly (NRMSE of 0.95 and 1.10, respec-
tively). The two data points with very high leaf N response,
which cannot be reproduced by either variant, are both the same

site with different N addition levels and as McNulty et al. (2005)
note, the observed values are unusually high.

A complete uncertainty analysis is beyond the scope of this
paper, but we have included a parameter sensitivity study for two
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of the sites used in this study, Duke FACE and Harvard hard-
wood high N, for the empirical and optimal growth variants (Figs
S2, S3), which shows that model predictions are stable and
robust. Model uncertainty in absolute values of leaf N content,
NPP and biomass production is similar for both variants. The
uncertainty in the response under elevated CO2 is largely reduced
for the optimal growth variant, although for the N addition site
both variants show a high uncertainty.

Discussion

Model performance

In the current paper, we test the hypothesis that changes in leaf N
content can be represented in a TBM using the optimality princi-
ple, by assuming that leaf N changes dynamically in order to
maximise plant growth, from the perspective of both net canopy
C export and whole plant nutrient status. We show that an opti-
mal scheme which focuses solely on the plant C balance cannot
represent plant responses at the two FACE and one N fertilisa-
tion site we used. Additionally, the empirical formulation, while
performing better than the optimal C export variant under both
elevated CO2 and N fertilisation, overestimates the magnitude of
changes in leaf N (Figs 4, 6).

All four model variants underestimate total biomass growth, as
either NPP for the two FACE sites (Fig. 4) or CWI for the Har-
vard forest site (Fig. 6). The predicted absolute biomass values
are strongly dependent on initial conditions and model spinup,
specifically on the soil nutrient status. These factors will affect the
growth rate after harvest for young plantations such as Duke and
ORNL, and therefore the degree of canopy closure. In the cur-
rent paper we use the default QUINCY soil model and we have
not attempted to improve its representation, so the present model
biases are intrinsic to its structure, but common to all leaf N
model variants. The soil initial condition and process representa-
tion is also why the model, although representing the direction of
change in leaf N under N addition, largely fails to represent the
temporal trend (Fig. 6b,c).

It is important to note that the model has not been calibrated
to any of the sites used in this study. In fact, one of the advan-
tages of the optimality approach is that the property considered
to be optimal, in our case leaf N content, becomes an emergent
property of the model. This means that optimal models are more
general and portable across sites and ecosystems.

Implications of the optimality approach

The majority of previous studies implement optimality as an at-
equilibrium process, meaning that plants have the capacity to
reach the optimum at any given time. This is done either in a
model that only predicts steady-state vegetation processes or,
when incorporated into a TBM (Ali et al., 2015), the plant prop-
erty being optimised is set to its optimum value at each time step.
In the current study, we choose a ‘towards equilibrium’ approach,
in that the optimality criterion only gives the direction of change
and the magnitude of the actual change is limited to a given

amount, meant to mirror physiological and ecological limitations
to plant plasticity (Valladares et al., 2007). Therefore, this opti-
mality approach can be used to simulate transient plant acclima-
tion under variable environmental conditions at the timescale
that a TBM is usually run, whilst at the same time maintaining
biologically realistic change rates of leaf N concentrations.

Another novel aspect of the optimality scheme we present here
is the inclusion of a whole-plant optimality criterion, in contrast
to existing studies which have focused on canopy C assimilation
or export (Dewar, 1996; Ali et al., 2015; Smith et al., 2019). We
show that a carbon only optimality criterion cannot represent
observed plant responses at the three main experimental sites we
used. As shown in Fig. 3, the optimal C export variant varies the
leaf N content in response to changes in LAI and environmental
conditions that drive variation in photosynthesis, rather than
directly changes in N availability. In particular, it predicts an
increase or no change in leaf N under elevated CO2, as the pho-
tosynthesis rate per unit N increases, but respiration remains con-
stant, a behaviour we see both in theory (Fig. 2) and in at-
equilibrium and transient simulations. This has implications for
productivity estimates and therefore for predictions under future
conditions, as seen at both FACE sites (Fig. 4) in this study,
where the optimal C export variant cannot predict the positive
response of NPP over the duration of the experiment as well as at
the N addition site (Fig. 6), where it predicts a to growth
response that is too high. Our results highlight the importance of
including whole-plant responses in order to correctly represent
growth, especially when taking into account nutrient limitation.

A previous model inter-comparison at FACE sites (Zaehle
et al., 2014) has shown that models that include an empirical
variation in leaf N content tend to overestimate the decrease in
leaf N, something which this study also shows, specifically at the
Duke site (Fig. 4c). The optimal growth model also predicts an
overly strong response in leaf N, both at the Duke FACE and the
Harvard N addition sites but to a lesser extent. From the theoreti-
cal, at-equilibrium results shown in Fig. 3 we can see that the dif-
ferences in response to elevated CO2 between the empirical and
the optimal growth vary with soil N availability so that it is possi-
ble that the mismatch between the observations and the optimal
growth scheme is caused by the wrong initial soil conditions, as is
also indicated by the too low predicted NPP and wood growth at
both the FACE and the Harvard sites. It is important to note that
the empirical functional form used here includes upper and lower
bounds to leaf N variation derived from observations, while the
optimal formulation emerges from the processes and interactions
already included in the model. This means that the optimal
approach has less empirical, PFT-specific parameters and relies
only on our understanding of plant physiological processes. The
optimal growth variant allows for plastic short-term responses to
environmental conditions, without the need for a change in PFT
and is therefore a method more generally applicable in space and
time.

Beyond the choice of optimal model there is of course also the
choice of empirical formulation. Here, we use the formulation of
Zaehle & Friend (2010), as implemented in QUINCY (Thum
et al., 2019). It aims to constrain leaf N values within observed
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ranges and responds to whole-plant nutrient limitation. Other
TBMs use similar response functions, making it easier to com-
pare existing representations of leaf N vs optimal representations.

Extending the optimality approach to other model
processes

The optimality approach we present here focuses solely on the
representation of dynamic leaf N content, while keeping the base-
line model structure of QUINCY as described in Thum et al.
(2019). Dynamic variation in leaf N content clearly plays a key
role in model predictions of ecosystem productivity, as shown
here, and a number of other key canopy processes do so also, as
discussed below. Optimality concepts have been proposed as a
way to represent many of these processes and future development
of our model can incorporate such representations.

Changes in atmospheric CO2 have been shown to lead to
changes in the photosynthetic apparatus, a process which is often
represented mathematically as a shift in the allocation of photo-
synthetic N between the different components to maximise C
assimilation at the leaf level, a representation sometimes referred
to as the coordination hypothesis (Medlyn, 1996; Ali et al., 2015;
Smith et al., 2019). The inclusion of this hypothesis within our
optimal leaf N model would modify the shape of the NPP
response to leaf N content (Fig. 2) thereby changing the optimal

leaf N under given conditions, especially for the optimal C export
model variant potentially leading to a more pronounced response
under elevated CO2.

Here, we assume that carbon export and plant nutrient status
are the only drivers of changes in leaf N. While we can consider
this assumption to hold at longer than annual timescales, at sea-
sonal scales two more processes come into play: leaf ageing and N
distribution with depth in the canopy. The QUINCY model
assumes a constant C : N ratio throughout a leaf’s lifetime, but in
reality leaf N decreases with leaf age (Reich et al., 1991; Kitajima
et al., 1997). This process is particularly important in evergreen
species, and has been shown to lead to changes in ecosystem pro-
ductivity in tropical forests (Caldararu et al., 2012; Wu et al.,
2016). Combining an age-based decline in leaf N with our opti-
mality model would provide further constraints on the flexibility
of leaf N values, potentially reducing the overly large response
currently predicted for both elevated CO2 and N addition
(Figs 5, 7).

We represent the distribution of N in the canopy as an expo-
nentially decreasing function with depth (and therefore light
level), with parameters based on observations (Zaehle & Friend,
2010), which is consistent with numerous observational studies
(Kull & Niinemets, 1998; Meir et al., 2002). However, this dis-
tribution is time invariant, although we would expect it to vary
with changes in the light environment in time and space (Meir
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Fig. 8 Biomass (a, b) and leaf nitrogen (N) (c, d) response for a set of forest N addition sites as predicted by the empirical (left) and optimal growth (right)
model variants, grouped by plant functional type (PFT) (BS, broadleaved seasonal, open symbols; NE, needleleaved evergreen, closed symbols) and
average annual temperature (mean annual temperature < 5°C, blue circles and mean annual temperature > 5°C, red triangles).
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et al., 2002). Previous studies (Dewar et al., 2012) have used the
optimality approach to also predict the within-canopy N distri-
bution albeit at steady state and it should therefore be possible in
future versions of our model to include this further flexible pro-
cess.

Leaf N content is known to co-vary with SLA (Wright
et al., 2004), a process which we have not included in the cur-
rent version of QUINCY. While the co-variation is an estab-
lished fact, the actual causes of variation in SLA are complex,
including structural and biochemical drivers (Poorter et al.,
2009). In addition, under elevated CO2, SLA has been shown
to decrease (Ainsworth & Long, 2005), leading to a different
response of LAI and leaf biomass. This process is not captured
by existing models (Medlyn et al., 2015) and is not included
in QUINCY. This omission can have implications for both
optimal variants as they depend on canopy C export, which is
strongly affected by LAI. Evans & Poorter (2001) present an
optimality-based model which explores the trade-offs between
N allocation and changes in leaf structure and SLA, which
can be a way forward for a flexible and realistic way of repre-
senting variations in SLA. A flexible SLA value in QUINCY
would affect the response of the C export variant as this
depends strongly on LAI (Fig. 3), which will vary strongly
with changes in SLA.

Our results highlight a number of key discrepancies in
model predictions. All model variants fail to represent the
observed increase in both nitrogen uptake and leaf biomass at
the two FACE sites (Fig. 5), pointing to a need for dynamic
biomass allocation. Plant flexible biomass allocation in
response to nutrient and water availability is a well-docu-
mented process (Poorter & Nagel, 2000; Hermans et al.,
2006) and one that has previously been shown to impact
models’ predictive capability under elevated CO2 (De Kauwe
et al., 2014). In the current study, for clarity and to avoid
complex model feedbacks, we have chosen to keep biomass
allocation as a purely allometric process, independent of plant
nutrient demand. The current model version has the option
to include an empirical dynamic biomass allocation, following
Zaehle & Friend (2010), but more process-based ways of rep-
resenting this are also available including a scheme for optimal
allocation (Franklin, 2007; M€akel€a et al., 2008). Such
approaches would represent an increase in below-ground allo-
cation in response to nutrient and water limitation. A repre-
sentation of dynamic allocation would lead to more N being
available to plants, through an increase in overall N uptake,
which would lead to a less pronounced decrease in leaf N as
predicted by both the empirical and the optimal growth vari-
ants, specifically at the Duke FACE site, and therefore a more
accurate prediction. Similarly, under N addition, a flexible
allocation scheme would reduce the fraction of biomass allo-
cated to roots and therefore reduce N uptake, leading to a less
pronounced increase in leaf N content, which is too high for
both the empirical and the optimal growth variants. This in
turn would lead to lower C assimilation rates and therefore a
reduction in the growth response, which is currently too high
for all model variants (Figs 5, 7).

Concluding remarks

We show that a whole plant optimality approach incorporated into
a TBM can reproduce observed NPP and leaf N content responses
for both elevated CO2 and N addition experiments and that an
optimal approach which considers carbon export only cannot
reproduce these responses. While both an empirical and a whole-
plant optimality approach capture observations, with their own
particular biases, we argue for the use of the optimality approach as
being more rooted in physiological and ecological concepts. Our
study shows how optimality concepts can be implemented in
TBMs, making use of existing variables and parameters, to repro-
duce plant plastic responses in a biologically realistic manner.
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