Editor Dr. Philippe Peylin Dr. Tea Thum
Geophysical Model Development Hans-Knoll-Stralte 10
07745 Jena

Dear Dr. Philippe Peylin,

we are now submitting the new version of the manuscript gmd-2019-49, “A new model of the
coupled carbon, nitrogen, and phosphorus cycles in the terrestrial biosphere (QUINCY v1.0;
revision 1996)” by Thum et al.

In this new version we have taken into account the constructive and helpful comments given by
the three reviewers. We have included a more detailed introduction of the novel concepts of the
model in the model description, providing case studies (S1-S3) to illustrate some of the newly
introduced processes. We also provide more detail on the model-based causes for the
simulated trends across a climatic gradient as a means to test the nutrient responses to different
climates (S6-S8). In addition, we have completely revised the parameter sensitivity section and
revised the model description in the Sl.

We have addressed the open-access problem of the code by removing the requirement for
active collaboration with our group such that we can now make the scientific code of the model
available via a GPLv3 license. However, the software infrastructure remains subject to a
MPI-software license agreement. The code is now available for registered users via a git
repository: https://git.bgc-jena.mpg.de/quincy/quincy-model-releases

To comply with the requirement to make an anonymous code review for the reviewers possible,
we have deposited the code also here:

https://oc.bgc-jena.mpg.de/index.php/s/2QAGC1VI124LdJ4C
Password: QUINCY4GMDreview2019

We hope that you will consider taking this manuscript to publication.

On behalf of the authors,

Tea Thum



Below are the answers to the reviewer comments, followed by the
difflatex-files for the main manuscript and the supplement. Due to

difficulties in producing the difflatex-files, the Table 2 and 3 are not
showing, even though those have been changed completely.

Answer to the Anonymous Reviewer #1

The reviewer comments are in bold, and the replies in regular font.

Thum et al describes a new terrestrial biosphere model, called QUINCHY, and presents
a first evaluation of the carbon, nitrogen and phosphorous cycle against site-level data.
Although the quality of what has been presented is good, I’'m concerned about what has
not been presented in the manuscript and its supplement: (1) the benefit(s) of starting

a new terrestrial biosphere model, (2) the impact of the “consistent model formulation”
(as called by the authors), (3) a clear overview of what makes QUINCHY stands out
among the existing terrestrial biosphere models, (4) an evaluation of the energy and
water balance, and (5) the target/criteria used to decide that the model’s performance

is “acceptable”.

We thank the reviewer for the feedback on the quality of the paper and for pointing out things
that need some improvement in this manuscript.

(1) The authors remind the readers that “Many process-based models of the terres-
trial biosphere have been gradually extended from considering carbon-water interac-
tions to also including nitrogen, and later, phosphorus dynamics.” and state that “This
evolutionary model development has hindered full integration of these biogeochemical
cycles and the feedbacks amongst them”. Although | fully agree with the first part of
their assessment, models like CLM (10.5194/bg-11-1667-2014), CABLE (10.5194/bgd-
6-9891-2009; 10.5194/gmd-2017-265), ORCHIDEE (10.5194/gmd-10-3745-2017) and
JSBACH (10.5194/bg-9-3547-2012) show that the second part of the statement needs

to be toned down unless the authors can provide evidence in support of their claim.
The current presentation contains no elements that demonstrate that the technical
and/or scientific performance of QUINCHY was only possible due to the fact that the
group started their model developments from scratch. Most of the groups that maintain
and develop a terrestrial biosphere model that has a history that goes back to over a
decade are likely to have considered a rewrite of their model at one point. Most of
these groups, however, decided to continue with “evolutionary developments”. If this
evolutionary approach really hinders scientific progress (as the authors seem to claim),
this is an important message but it should be supported by evidence.



We agree with the reviewer that the statement can be read to say that science itself would be
hindered due to evolutionary model development, for which there is likely no citable evidence.
We have therefore clarified this statement in the revised manuscript. In particular, we have
toned down the abstract (p. 1, lines 3-6):

“Here, we present a new terrestrial ecosystem model, QUINCY (QUantifying Interactions
between terrestrial Nutrient CYcles and the climate system), which has been designed from
scratch to allow for a seamless integration of the fully coupled carbon, nitrogen, and phosphorus
cycles with each other and with processes affecting the energy and water balance in terrestrial
ecosystems.”

Without referencing the evolutionary approach at this level. We do not mean to suggest that
evolutionary development of models necessarily results in inconsistent or inferior model results,
but rather to justify our own choice for developing a new model to reduce the caveats of being
prisoner to a structure dictated by the needs of the water and carbon cycle only calculations. In
the introduction, we motivate our approach stating (p. 2, lines 26-30):

“One important obstacle to such an approach is the gradual development of terrestrial biosphere
models, which implies that new features, such as processes describing the dynamics of
the N or P cycle, have been added to existing, carbon-cycle only land surface model
formulations. This evolutionary approach can result in a situation where assumptions that were
made in earlier versions of the model are incompatible with the new assumptions, or that the old
model structure cannot appropriately accommodate new structures, therefore limiting the ability
to take new ecophysiological understanding into account.”

And further in (p. 3, lines 18-23) of the Introduction:

“The QUINCY model contains entirely newly written code, although certain process
representations are adapted from literature and previous models, including but not limited to
OCN (Zaehle and Friend, 2010) and JSBACH3 (Roeckner et al., 2003). This new code
approach allows for an appropriate separation of model infrastructure (e.g. memory allocation
etc.) and scientific code, a better integration of model components, and thereby to include an
internally consistent representation of ecosystem processes and in particular nutrient effects on
plant photosynthesis, growth and soil organic matter turnover through the inclusion of a
common set of underlying hypotheses.”

We would like to point out that adding nutrient dynamics to a model introduces dependencies
between model compartments that are typically less tightly connected in carbon only land
surface type models, e.g. through the dependence of soil organic matter decomposition on
nutrient availability, and therefore directly on plant nutrient uptake and productivity. These
additional dependencies are sometimes in conflict with the pre-existing model structure, such
that including nutrient cycles either requires substantial code restructuring, or scientific
compromises in the extent of nutrient effects represented by the model (e.g. the need to



assume that certain processes have priority over others, because they are calculated
sequentially in the model). It is this complication and limitation that we were referring to when
we wrote that evolutionary model development prevents full integration of nutrient dynamics,
because taking account of all the interactions between nutrient dynamics and carbon and water
cycles suggests that a fresh implementation has advantages and allows for a full and consistent
representation of nutrient effects.

(2) It is mentioned several times that QUINCHY has “a consistent representation of
element cycling in terrestrial ecosystems”. It remained unclear to me what is meant by
this. Towards the end of the manuscript | was under the impression that “consistent” re-
ferred to the fact that all processes in QUINCHY are calculated at the same half-hourly
time step. Although | can appreciate that such an approach makes the code easier to
read and maintain, I’'m less sure this approach can be claimed to be “consistent” be-
cause the time step of the model itself is still arbitrary (1800 seconds) when compared
to the actual time step of the processes. Moreover, the idea to use different time steps
for different processes has been justified by a more efficient use of limited computer
resources. This far most terrestrial biosphere models favored speed above accuracy
for the calculation of the non-linear processes. The QUINCHY group choose to trade
computer time for an expected increase in accuracy. Can you demonstrate that there
was an increase in accuracy? Based on your experience and findings can you rec-
ommend other groups to make the same choice? Will you maintain this “consistency”
in the near future when adding landscape-level processes to the model such as plant
biogeography and disturbances?

We agree that in the previous version of the manuscript, the word “consistent” has been used
too loosely. With consistent representation we were referring to the representation of nutrient
feedbacks with a common set of hypotheses on how plant growth (through the nutrient effects
on photosynthesis or respiration), short to long-term labile carbon and nutrient storage as well
as the interaction between plant N uptake and soil organic matter decomposition are
considered. Such consistency is not necessarily maintained in other models, in which for
instance, nitrogen limitation operates on different timescales to affect soil processes or plant
growth (e.g. Xu-Ri et al. 2008), or in which N affects photosynthesis (e.g. CLM5, which employs
the FUN model, with the intrinsic assumption of constant leaf C:N, while the model actually
simulates flexible C:N). In the revised manuscript we now write (p. 3, lines 21-23):

“to include an internally consistent representation of ecosystem processes and in particular
nutrient effects on plant photosynthesis, growth and soil organic matter turnover through the
inclusion of a common set of underlying hypotheses.”

While we have the same timestep for all model processes, our intention was not to state that
this was the only reason for “consistency”. In fact, some processes respond on different
timescales, through time-averaging of driving variables and therefore their influence on the
ecosystem state is smoothed. We demonstrate the effect of these lagged responses at the



example of the control of nutrient uptake in Figure S2. We do not imply that the half-hourly
timestep is strictly required for this type of biosphere model, but we do expect that there are
benefits from using such an approach, for instance, because it avoids the need for latent pools,
in which carbon and other elements need to be stored temporarily to link processes on
short-time scale (such as photosynthesis and respiration), with that operating at longer-time
scales (vegetation growth and dynamics). This physical consistency of pools and fluxes reduces
the need for numerical fixes to maintain mass balance, which are one key obstacle in biosphere
models operating on different time-steps, and such an approach is strictly necessary for the
accurate calculation of changes in isotopic composition of the biosphere. We expect to maintain
this time-scale consistency also in future model versions, but remain open to simplify model
structure, if we can prove that the simplification does not entail any relevant loss in calculation
accuracy.

Given the modular design of QUINCY, we will be able to test the importance of the detailed
versus lumped representation of processes when scaled to larger scale. This is something that
will hopefully be valuable also to the other groups in the community.

(3) The authors claim that QUINCHY is a new model. Although | have no doubt that

this assessment is correct from a technical point of view, it is less clear whether this is
also true from a scientific point of view. It would be interesting to present the family tree
of QUINCHY as it seems to be strongly inspired by O-CN (10.1029/2009GB003521).
When thinking about weighting models in the IPCC context (10.1038/s41558-018-
0355-y), would you argue that QUINCHY is independent or do you expect similari-

ties with for example ORCHIDEE (10.5194/gmd-10-3745-2017) in which the C and
N-cycle seems to be very similar to the one used in QUINCHY. If | understood the
model legacies correctly, O-CN partly relied on ORCHIDEE and subsequent versions
of ORCHIDEE (10.5194/gmd-10-3745-2017 and 10.5194/gmd-2018-261) relied on O-

CN. Given that QUINCHY adopted many approaches from O-CN is it fair to assume

that both models are likely to have some similar behavior? As a reader it is not clear

at all what makes QUINCHY unique. After reading the current manuscript and its sup-
plement, | expect that prospective model user will still have no idea when they should
choose QUINCHY over CABLE, CLM, ORCHIDEE, JULES, JSBACH,. ..

While it is true that the QUINCY model has some commonality with the O-CN model (e.g. the
photosynthesis scheme), the two models differ in fundamental aspects (e.g. the representation
of labile pool dynamics and the competition of plants and soil organisms for nutrients,
representation of vertical soil profiles, which affect the response of soil processes to
perturbations). We have revised the manuscript’'s model description and the Sl be clearer about
which aspects of QUINCY derive from O-CN, and which are new (see also our response to
reviewer #3). Given these differences, we do expect that the QUINCY model results can be
considered as independent from O-CN. We would like to highlight that there are a number of
important differences between the ORCHIDEE and O-CN models (in terms of the



photosynthesis and allocation schemes and the representation of stand-level vegetation
dynamics), such that these models should also be considered as independent.

We have highlighted in the manuscript the processes that are considered novel. In this
manuscript, we provide a model description and first evaluation to lay the groundwork for future
studies evaluating the novel aspects and features of this model, and only together with these
studies (which as reviewer #3 points out merit a scientific paper on their own) it will be possible
for the wider community to decide as to whether the QUINCY model is an interesting and valid
contribution to the ensemble of terrestrial biosphere models.

(4) Although the Sl presents the formalisms used to simulate the water and energy
budgets, these processes are not at all discussed in the manuscript. The whole point

of having a terrestrial biosphere model (especially when it will be coupled to a general
circulation model which is the case for QUINCHY) is that the terrestrial biosphere model
links carbon, nutrients, water and energy cycles in a quantitative way. In my opinion,
the most telling evaluation targets for a terrestrial biosphere model are those showing
the skill of the model in jointly reproducing two or more cycles. Such analyses has not
been presented.

We agree that it is important to show two or more cycles jointly, which is why we show the
model behaviour with different biogeochemical coupling, ie. the carbon only version alongside
the carbon and nitrogen as well as the carbon, nitrogen and phosphorus versions, and provide
metrics of carbon, nitrogen and phosphorus cycles at selected sites. We choose to not show a
detailed evaluation of the water and energy cycles in this paper, as these processes are not the
main target of the model development, and the representation of these cycles will very likely be
replaced after the coupling with ICON. Nevertheless, to address this concern, we have added
an evaluation of the simulated latent heat fluxes to the FLUXNET analysis already presented in
Figure S5.

(5) The evaluation is sound but routine meaning that no clear effort was made to go be-
yond the typical “acceptable performance” where “acceptable” remains undefined and
“performance” is limited to a RMSE or a correlation. | do realize that this represents

a common modus operandi in the community but the tools and data exist to do better.
Hence, there is no excuse for a leading journal as GMD not to raise the bar by insist-
ing on more ambitious evaluation practices. Could you, for example, set quantitative
targets, i.e., reproducing 95% of the seasonal cycles in addition to 50% of the resid-
uals data structure (i.e. observations minus the seasonal cycle)? Or using a simple
purely climate driven statistical model as the reference to beat? Subsequently, quantify
whether these targets were met or not. The statistical methods for such an approach
are available and have even been proposed for spatially explicit analysis (see Sl of
10.1038/nature02771). Furthermore, the study somewhat overlooks the concerns of

the community who wants to learn about the performance of QUINCHY who presents
itself as “the new kid in town”. From a community point of view it would make sense



to run the model through the ilamb benchmarks (10.1029/2018MS001354) and com-
pare QUINCHY’s performance relative to what is considered state of the art within the
community (in addition to the evaluation shown by the authors).

In this paper our aim is to introduce the model and present its functionality and in the revised
version of the paper we will aim to better illustrate the underlying novel processes so that the
high level model evaluation can be better understood. We agree with the reviewer that the
model evaluation is very important, but we chose to follow eviewers #2 and #3, who requested
more emphasis on illustrating the new model characteristics because this is what is novel in this
study. While this is a more qualitative way to look into the model’s behaviour than rigorous
numerical benchmarking, we believe that this is nonetheless helpful to judge model
performance. We note that many of the suggested benchmarks apply to global evaluation,
which will be important for future studies.

We have added a sentence mentioning the importance of proper benchmarking exercises to be

done in (p. 16, lines 14-15) in the conclusions: “This integration will also allow more
comprehensive and rigorous benchmarking against a wider variety of data products.”

Answer to the Anonymous Referee #2

The reviewer comments are in bold, and the replies in regular font.

This manuscript describes a new model of biogeochemical and biogeophysical cycles.
The motivation for the model is to build (from the bottom-up) a comprehensive model
of these cycles that incorporates the latest ecophysiological understanding, rather than
bolting new processes onto an old/existing TBM. This is an ambitious (and worthwhile)
task, and the new model has some exciting aspects and functionality compared to

the present generation of models. The authors highlight the major/novel advances

in QUINCY as: source/sink dynamics enabled through fast and slow non-structural
carbohydrate pools; including N and P limitation in initial model development; lagged
responses to instantaneous variations in climate; explicitly resolved vertical soil pro-
cesses affecting litter and soil organic matter; and novel diagnostics to enable model
Evaluation.

We thank the reviewer for this assessment and for the recognition of this work’s importance.

After reading the manuscript, | still have some questions about how the model per-
forms, and the results section could better highlight these core processes and devel-
opments and their emergent behaviors in the model. | think the manuscript would
benefit from re-organizing the results around these 5 themes. I’'m sure each of these
could warrant a whole study on their own, so I’'m only suggesting some simple plots to
exhibit the model behavior in these areas. This is already done for the nutrient limita-



tion (although further displaying the process-level results mentioned on Page 11 Lines
13-16 would be informative) and an example using isotopes. It seems to fully document
the model, the other major advances included in QUINCY should be illustrated. For ex-
ample, when does down-regulation of photosynthesis due to sink-limitation occur (Also
as mentioned in the Sl Page 8 Line 9-12: under what conditions are severe C deficit
likely to occur to down-regulate respiration?)? What is the impact of the temperature
acclimation on photosynthesis and respiration (some plots of GPP and Ra vs average
temperature)?

We thank the reviewer for these suggestions that have helped to illustrate the characteristics of
the model better. The re-organizing of the results section along the five mentioned topics seems
challenging, because we do not have evaluation data for all the aspects mentioned by the
reviewer. We therefore prefer to keep it this way, as it is currently organized by evaluation data
source and we find this order logical and easy to follow.

We have followed the suggestion by adding a number of conceptual plots (Figures S1-S4)
illustrating the effect of sink limitation, the effect of lagged responses, and the effect of explicitly
considering vertical soil structure to the description of the model in the Methods Section. We did
not include a presentation of the effect of down-regulation of maintenance respiration under
severe labile C stress, because all of the ecosystems simulated in this study were in climate
zones, where such a deficit did not occur. Specifically, we write in the Methods and Results
sections:

i) sink limitation now shown in Figure S1, as described in p. 5, lines 10-12:

“In addition, photosynthesis can become downregulated due to sink limitation, if nutrient or
water availability or low temperatures limit growth and cause accumulation of photosynthates in
the labile pool (Hartmann et al., 2018, see Fig. S1 for an example).”

ii) Lagged environmental responses, now shown in Figure S2, as described in p. 5, lines 15-18 :

“Rather than relying on instantaneous plant demand, the response of plant nutrient uptake to
plant demand is modelled as a lagged response (of a few days) to balance short-term
fluctuations in photosynthesis and soil nutrient availability and to represent memory effects in
the plant's control of its nutrient uptake (Sl Sect. 1, Fig. S2).”

iii) Effect of vertically layered soil, now shown in Figure S3, as described in p. 7, lines 10-14:

“As an example of the benefit of QUINCY's modular approach, Fig. S3 shows that the explicit
representation of the vertical soil profile, compared to a zero-dimensional, lumped soil
approach, has little effect on the seasonal course of heterotrophic respiration. However, it does
affect the simulated nutrient dynamics because of the explicit separation of a nutrient



immobilisation in the litter dominated layers from the gross-mineralisation dominated soil layers
with a proportionally higher content of soil organic matter.”

iv) The effect of temperature acclimation of Jmax on GPP, now shown in Figure S7, as
described in page 11 lines 15-17:

“While the acclimation of photosynthesis to growth temperature does matter at the diurnal
time-scale particularly on cloudy days (Figure S7), the positive and negative effects cancel each
other out at the long-term annual mean, and therefore plays no role in the simulated GPP-MAT
relationship.”

v) The effect of temperature acclimation of respiration on GPP and Ra, now shown in Figure S8,
as described in page 11, lines 17-19 as:

“‘Despite a notable decline of maintenance respiration in higher temperatures due to the
acclimation of respiration to growth temperature (see Figure S8), the spatial trend in simulated
CUE is predominantly driven by MAT (Fig. S10).”

Also | can see the benefit of the uncertainty analysis but it is hard to put these results
into context when most of the variables or the parameter values shown in Figure 8 are
not otherwise discussed in the text.

We have completely rewritten the text describing the sensitivity analysis to be more focussed on
the relevant of individual processes and parameters, adding a supplementary table S1 giving
details on how specific simulated model quantities respond to parameter variations, as well as
Figure S12, which illustrates the co-variation of simulated model quantities with each other. To
further clarify the presentation of the results, we have added color coding to the variable names
in Table 3, which links them to certain processes and the rank-transformed partial correlation
coefficients to the table.

Specific Comments

Page 4, Line 26: Are the leaf chlorophyll and N concentrations
updated variables in the model?

Yes, these are state variables. This is presented in the Sl section M2.1. We have expanded the
model description in the new version of the manuscript and will also clarify this point in the main
manuscript part, and not only in SI. Now this point is clarified in the main texton p 51 5-8 as:

“Photosynthetic parameters, including chlorophyil content, further are assumed to depend on
leaf N concentration (Friend et al., 1997). As foliar mass and N concentrations both respond to
soil N availability (Vicca et al., 2012; Hyvbnen et al., 2007, Meyerholt and Zaehle, 2015), this



causes canopy photosynthesis to be directly affected by soil N availability in addition to
meteorological variables.”

Page 8, Line 24-25: It’s not clear to me how the short-term uptake is not affected, if the
mid-day GPP values are lower with nutrient limitation? This is also mentioned on Page 11
Lines 16-17.

We have rephrased this sentence to say (p. 9 | 24-27): “In other words, the effect of diurnal and
seasonal variability in soil nutrient availability is buffered through the labile and reserve storage
pools in the vegetation, such that it affects vegetation gross carbon uptake only via slow
processes such as foliar nutrient and allocation changes, but has no effect on variability at the
daily to weekly time-scale.”

And (p. 13 | 35-37)

“However, short-term diurnal or sub-seasonal shortage of soil nitrogen or phosphorus does not
directly and instantaneously affect simulated productivity because of the buffering introduced
through the labile and reserve storage.”

Page 8, Line 25-26: Which experiments do these r'2 values refer to?

The r2 -values here refer to C and CN(P) experiment values (CN and CNP experiments have
identical r2 values) and what improvements took place between these two. We have made this
part of the text clearer.

The modified text reads now (p. 9, 31-33): “There is little overall effect of the nutrient cycles on
the correlation between half-hourly simulated and observed GPP at FI-Hyy (all versions:
r2=0.76), FR-Hes (all versions:r2=0.63), and BR-MaZ2 (all versions:r2=0.67), and only a minor
reduction for AU-Tum (r2=0.70 versus 0.65 for C and CN(P), respectively).”

Page 9, Lines 19-24: It’s interesting that the P cycle is not having an impact on the
tropical sites, as would be expected. What is the reason for this?

We have explained the causes for this in the discussion section, now in p. 14 1. 16-20. The
reasons include efficient recycling of the P in the litter layer, as well as unknown initial soil
concentration of plant available P and uncertainties in the rate of P weathering. As these were
already mentioned in the older version of the manuscript, not in the Results section to where the
reviewer is referencing here, but in the Discussion section, we rather leave it the way it was
earlier in the revised version.

Table 2: This is a lot of information which is difficult for the reader to evaluate what it
means in terms of model performance. I'm not sure it’s all necessary to include here.
Do each of these stocks and fluxes have corresponding representation in Figure 1? It



could be possible to show these results graphically, reproducing Fig. 1 for each site but
to add the observed values when they are available.

Taking into consideration also the comments from Reviewer #3 to this table, we have changed it
so that it shows the observed and modelled values for GPP, TER and leaf C:N -values for these
sites. The reason we showed the whole CNP budgets in the old version of the table was to
highlight that the model is giving realistic and reasonable values for all parts of the nutrient
cycles. However, now with the added plots that were suggested by the reviewers, we believe
that this will be shown through those.

Table 2 has been modified along with its discussion in the Results section in p. 10 | lines 9-16:

“Table 2 summarises the observed and simulated GPP, total ecosystem respiration (TER) and
foliar C:N with the CNP version of the model for these four FLUXNET sites, calculated for the
time period of the flux observations (Table A1). The annual GPP from the CO2 flux observations
is in line with the modelled values for FI-Hyy and FR-Hes, while productivity at BR-MaZ2 is
somewhat overestimated, and strongly underestimated at AU-Tum. The TER is somewhat
overestimated for FI-Hyy and FR-Hes, and strong overestimation occurs at BR-Ma2. At AU-Tum
the TER is underestimated. Simulated foliar C:N was within the observational range reported in
the La Thuille database (NOA, 2007) for all four sites. Observations for nutrient availability and
fluxes are not consistently available across these sites.”

Si

Equation 1: Could you provide examples of where these lag effects occur later in
the set of model equations?

These lag effects take place e.g. in the response of photosynthesis, respiration and nutrient
uptake to their driving variables, but also in labile pool dynamics and phenological processes.
We have explained this better in the Sl text, and added the equations, where these lag effects
occur, to the Table 1.

Equation 6: What is the reason for using Tair to model leaf photosynthesis instead of
leaf or canopy temperature?

At the moment, QUINCY does not calculate leaf or canopy temperature in the model, but only
the bulk surface temperature (as do other land surface model such as ORCHIDEE and
JSBACH). We will separate the canopy and soil energy balance in a future version of the model.

Now we mention this explicitly in the Sl p 4 | 13-14 as: “Note that the current version of QUINCY
does not include a representation of canopy temperature and we are therefore using air
temperature for all aboveground processes. “



Page 4 Line 8: Should this be “excessive soil moisture stress constraints”?
Yes, thank you, this has been corrected.
Equation 46: Is there an equation for S somewhere that | have missed?

We have now clarified that S is updated according to this equation starting from a set initial
value in p. 14 | 23.

Answer to the Anonymous Reviewer #3

The reviewer comments are in bold, and the replies in regular font.

We would like to thank the reviewer for their in-depth and detailed comments. We largely agree
with the suggestions and respond to each in turn below.

This paper presents a novel model (named QUINCY) for the coupled cycling of car-
bon, water, N, and P in terrestrial ecosystems. This is a substantial contribution to a
relatively small set of available models with a comparable scope: possible global ap-
plications [although only site-scale simulations are presented here], mechanistic rep-
resentation of processes that determine the response of the terrestrial biosphere to
global environmental change, applicability within a Earth System Modelling framework.
The model is evaluated with respect to GPP and NEE data from FLUXNET, NPP/GPP
ratios from paired FLUXNET and forest inventory data, and foliar d13C - a proxy for
leaf-level water use efficiency.

The main innovation of the present model lies in the coupled representation of N, P,
and C cylces; and in the model’s entirely (?, please clarify) newly written code, that

is designed in a modular way (p. 3, 1.19) and allows for an appropriate design of the
basic model structure to accommodate the new modelling capacities of simulating in-
teractive carbon and N/P cycling as opposed to adding respective processes onto a
“first-generation” C-only model. Parts of the model, however, are process parametrisa-
tions that are implemented as such in other Dynamic Global Vegetation Models (see
also comments below).

The model is entirely newly written code. This is now mentioned in p. 3 | 18-23: “The QUINCY
model contains entirely newly written code, although certain process representations are
adapted from literature and previous models, including but not limited to OCN (Zaehle and
Friend, 2010) and JSBACH3 (Roeckner et al., 2003). This new code approach allows for an
appropriate separation of model infrastructure (e.g. memory allocation etc.) and scientific code,
a better integration of model components, and thereby to include a consistent representation of



ecosystem processes and nutrient feedbacks through the inclusion of a common set of
underlying hypotheses.”

The model is designed in a modular way, with more detailed in the revised version given in the
S| Section M1.2.

We have improved the model description in the main text and the Sl to make more clear where
concepts have been borrowed from other models.

It is highly challenging for a reviewer to assess whether the present model is appro-
priate and accurate in simulating all key processes that determine the coupled C, N,

P, and water cycling. Especially given the immensity of the number of equations and
paremeters implemented in the model (see Sl). Therefore, I’'m trying to evaluate how
far the present paper got me to being convinced that this model works.

In summary, | am convinced that this model is a highly valuable contribution and that
its description should eventually be published in GMD. | am less convinced that the
model works (practically and off-the-shelf) and can be used by the wider community,
since the code is not made fully publicly accessible (“The source code is available
online, but its access is restricted to registered users and the fair-use policy stated

on https://www.bgc-jena.mpg.de/bgi/index.php/Projects/ QUINCYModel. Readers in-
terested in running the model should contact the corresponding authors for a username
and password."). Therefore, | could not apply the model myself and my assessment is
merely based on the descriptions in the text. | am always disappointed to see model
code not being made fully open access along publications in GMD (an open-access
journal!). In that sense, and very strictly speaking, what is the purpose of a publication
in GMD? Shouldn’t such a model description just remain an internal technical docu-
ment then? | leave it to the editors to handle this and will evaluate the further aspects
of the paper assuming that the editors support non-open access code in GMD.

We are grateful for this assessment, and apologise for the lack of code accessibility. We would
like to point out that we have made the code available to editors and reviewers of this
manuscript by sharing access details to a complete tar-ball on the institute’s servers. The
QUINCY model code will be available under a GNU public license (GPL v3) upon publication of
this manuscript. The access to the code will be restricted to registered users, because the
scientific code of QUINCY model relies on technical infrastructure (e.g. memory and tile
handling) provided by software developed by the MPI for Meteorology in Hamburg, which is
subject to acceptance of the institutional MPI-ESM software licence.

Below, I’'m listing a few MAJOR points that | would like to see addressed in a re-
submission, followed by a number of MINOR points that | hope would improve the

manuscript.

1 MAJOR



1. Evaluation. It is a practically impossible task to comprehensively evaluate a
model that simulates virtually every important process that operates in a terres-
trial ecosystem (and is typically represented in comparable models). | also con-
sider that a complete and detailed description of the model itself may be the main
part of a GMD paper, and that the evaluation with data may be secondary and
addressed by further studies. However, as the paper is designed now, the “meat”
is in the Sl (all equations and parameter values), while the main text provides

a rather brief description of basic model concepts and approaches in intuitively
accessible language, and provides a rather brief evaluation against a small set

of observational data and and overview of the model sensitivity. | think this is
generally a good form of presentation.

Thank you for this assessment.

However, the evaluation becomes a central point of the paper and the evaluation
presented here is relatively slim. The key challenge is to identify what we learn from
including N and P cycling and limitation in a vegetation model and to identify key
phenomena that can only be explained with including nutrient cycling (What are the key
phenomena that can only be explained with including nutrient cycling?).

The reviewer is correct that the main purpose of nutrient enabled biosphere models is to
address the key scientific challenge noted above, and it is our intention to study exactly this
challenge using QUINCY in the future. However, in the manuscript we presented the structure
and provided essential background information that any model is required to meet even before
the question of nutrient cycling is addressed. Of course, performing a sequence of dedicated
model experiments is an important task. However, we believe that introducing the model, adding
the necessary assessment of the overall model performance in transient but not manipulation
setting and providing a sensitivity study is already providing a lot of material for a reader to
digest and consequently that that we would overload readers by adding a complete set of
nutrient fertilisation benchmarks, each with their own uncertainty and requirement for detailed
discussion. We have therefore opted to present some key features, so as to provide a
background for a number of in-depth studies evaluating the nutrient cycling effect in QUINCY at
site and global scales.

We have followed the reviewer’s suggestions to add more “meat” to the manuscript by better
introducing the novel concepts of the model in the model description, providing case studies
(new figures S1-S3) to illustrate some of the newly introduced processes, we provide more
detail on the model-based causes for the simulated trends across a climatic gradient as a
means to test the nutrient responses to different climates (new figures S6-8). In addition, we
have completely revised the parameter sensitivity section, providing a better narrative as to why
certain parameters matter (adding a supplementary table), how this relates to variability in the



model output (adding a supplementary figure to illustrate the co-variation between the model
output parameters).

| was intrigued by the evaluation of carbon use efficiency, CUE (Fig. 6¢) but would have
liked to understand more about why the model captures the overall magnitude of
observed values, but does not explain the substantial variability in observations within
vegetation types (e.g. NE forests).

The QUINCY model is driven by meteorology, soil texture and atmospheric deposition of
nutrients, but does not consider other factors that might contribute to within-PFT variability of
CUE, such as site fertility not related to N and P availability, soil pH, site history, and
species-level effects on CUE. Such discrepancies have been previously recorded for other
similar models.

Some of these points have been addressed in the fifth paragraph in the previous version.
However, soil pH was not mentioned there, and we have now added it in p. 15| 12-13: “Finally,
the intra-PFT variation of observed CUE likely depends on other site-specific factors that affect
site fertility, which are currently not adequately represented in the model, such as the effects of
soil pH, site history, and species-level variability.”

| would also have like to see how foliar stoichiometry, C allocation, the root:shoot ratio,
soil respiration, or N fixation change across climatic and N (and P)-deposition gradients
and how it (broadly) compares to observations. These processes have been identified
previously as key mechanisms that determine the coupled C and nutrient cycling (Medlyn
et al., 2015). | was less convinced that the diurnal and seasonal GPP evaluation (Fig. 3)
provides much insight in that respect. | suspect that the model can easily be tuned to
match the magnitude of observed fluxes for each model setup (C, CN, CNP), and it is
stated in the text that nutrient limitations do not affect diurnal and seasonal C dynamics
(p. 11, 1. 16).

While our model has not been tuned to any specific site, we agree with the reviewer that the
evaluation based only on diurnal and seasonal GPP does not provide the necessary
mechanistic insights. However, providing such an evaluation is still an important component of
any biosphere model evaluation, given the challenges involved in coupling several
biogeochemical cycles together.

To respond to the concerns raised, we have included a series of explanatory figures (S5, S6,
S9-11) showing the changes of GPP, NPP, CUE, simulated foliar C:N stoichiometry, and N
fixation across climatic and N/P deposition gradients, which are used to cast light into the
simulated results, in p. 11 | 12-30:

“Underlying these results are the emergent sensitivities of ecosystem processes to the model
drivers. Fig. S5 and S6 show that the large-scale gradients of simulated GPP and NPP are



largely controlled by mean annual temperature (MAT), with an additional clear effect of mean
annual precipitation. For temperate and boreal forests, also N deposition is positively related to
GPP and NPP. While the acclimation of photosynthesis to growth temperature does matter at
the diurnal time-scale particularly on cloudy days (Figure S7), the positive and negative effects
cancel each other out at the long-term annual mean, and therefore plays no role in the
simulated GPP-MAT relationship. Despite a notable decline of maintenance respiration in higher
temperatures due to the acclimation of respiration to growth temperature (see Figure S8), the
spatial trend in simulated CUE is predominantly driven by MAT (Fig. S9). Trends apparent in the
CUE response to MAP and N deposition as small and likely confounded by the MAT response.
However, the general tendency of PFT-specific foliar C:N to decline with increasing N deposition
(Fig. S10), something that is expected to happen based on observational evidence Hyvénen et
al. (2007); Meyerholt and Zaehle (2015), suggest that the linearly increasing maintenance
respiration rates per unit tissue drives whole-plant maintenance respiration up stronger than the
saturating effect of increased leaf N on GPP, therefore reducing CUE with increasing N
availability, counter to expectations (Vicca et al., 2012). The root to shoot ratio did not show
strong dependency to any of these environmental variables (data now shown), probably
contributing to the lack of a decline in CUE with declining N availability. Generally, PFT-wise
foliar stoichiometry appears to be more strongly influenced by N deposition than MAT or MAP.
This result occurs despite a clear dependency of the simulated biological N fixation on
temperature and precipitation (Fig. S12), where the simulated range and response to climate
drivers is consistent with the available evidence suggesting the highest N fixation in hot and
moist environments (Fig. S11 Cleveland et al., 1999, 2013). In addition, in agreement with
recent evidence, enhanced atmospheric N input suppresses simulated N fixation.”

Additionally, we include a series of more conceptual figures (S1-S3, S7, S8) to illustrate the role
of photosynthetic sink limitation as well as the role of temperature acclimation, as suggested by
reviewer #2.

We have furthermore clarified the nutrient limitation like to clarify that long-term N and P
availability does affect the daily and seasonal maximum GPP, but short-term variation in nutrient
availabilities do not affect the shape of the diurnal or seasonal cycles, because of the lagged
effect response of plant growth to nutrient uptake, p. 13 | 35-37:

“However, short-term diurnal or sub-seasonal shortage of soil nitrogen or phosphorus does not
directly and instantaneously affect simulated productivity because of the buffering introduced
through the labile and reserve storage.”

An explicit representation of chlorophyll (Chl) was included in the model in order to
provide a useful diagnostic (with readily available Chl data), but no evaluation was
shown.

We would like to highlight that the explicit representation of chlorophyll was not simply because
it provides an additional observational constraint, but also because it allows for a more realistic



simulation of the photosynthetic light-response, as described by Kull & Kruijt 1998. While some
chlorophyll data are available, largely from remote sensing products but also from site-level
observations, these data are not straightforward to use in model comparison given the scaling
problems involved in comparing model and observations. We will therefore make this a subject
of a separate study which will further explore the assumptions and implications of the canopy
representation within QUINCY.

We have updated the introduction to make clear that the evaluation of chlorophyll is not subject
of this paper, p. 3|1. 33 & p. 4| 1-6:

“..., the leaf chlorophyll content is explicitly modelled from the leaf N to improve the simulated
light response of photosynthesis throughout the canopy (Kull and Kruijt, 1998), but this will allow
for novel ways to compare the simulation results with in situ and remotely sensed observations
in the future.”

2. Sensitivity analysis. | am most interested to learn about which parameters the
modelled variables X are most sensitive to, and not primarily about how much X varies
when several variables are varied at the same time (which is shown now in Fig. 8 if |
understand this correctly). Could the results of the sensitivity analysis be shown
differently? Also, in my interpretation, the sensitivity analysis primarily reflects the
choice of the range over which the model parameters are chosen to vary. Therefore, the
conclusion on p. 10, I. 18 that “the model output (Fig. 8) is well constrained and centred
around the results of the standard parameterisation” is mainly an implication of this
choice. If the range over which the parameter values were sampled was larger, then the
range of simulated variables would be larger (“less well constrained"”). However, | agree
with the authors that non-linear, interactive effects could lead to asymmetric simulated
distribution. Anyway, | think this sensitivity analysis as presented now does not provide
very useful information. Providing information about the sensitivity of modelled variables
w.r.t. A selection of the most important parameters, and to clearly show which variables
are most important in a figure, would be more useful.

We thank the reviewer for pointing out that the model sensitivity analysis has not been explored
in a satisfactory manner, a point which has also been raised by reviewer #2. Fig. 8 is meant to
illustrate the stability of model state variables, while Table 3 shows parameters ranked in order
of importance. We agree that, as it stood, this table was hard to interpret. The Table has been
revised to clearly show which parameter is linked to each process (e.g. photosynthesis, growth,
soil biogeochemistry) and the implications of the ranking is now better discussed in the text,
which has been completely revised. Instead of adding a large number of plots showing the
correlation of output quantities to parameters, which given the large number of variables and
parameters to consider would be hard to interpret, we have added Table S1, which details the
correlation coefficients for a number of output variables.



We would like to point out that we did not intend to quantify the overall model uncertainty, but to
test the overall stability of the model and its sensitivity to its parameters, given the large number
of sometimes badly constrained parameters and non-linear equations. Defining realistic bounds
for many of these parameters is a challenge, and 10% is large for some, but certainly too
narrow for others. It is correct that a larger variation in parameter values would lead to a larger
variation in model variables. However, we do believe that an assessment of the 10% deviation
already gives a clear indication of whether a parameter is highly important or less, and that by
using latin-hypercube sampling rather than an OAT approach, we can robustly assess model
stability.

3. Model description - several points here:

¢ In the main text should provide an intuitively understandable description of the model, a
characterisation of its behaviour, and a clear identification of the most important
assumptions and choices made for model structure. This is done on p. 3 I. 1-18, however
| would have liked to see this description more comprehensive and better referenced to
the existing literature. In particular, | encourage the authors to make some of the central
assumptions underlying

the model more explicit, e.g. the following - if I'm correct:

— A "sink limitation term” (function of temperature, soil moisture, and nutrient
availability) is included on Vecmax and Jmax, Egs. 7d.

— Using air temperature for photosynthetic rates

— Canopy N determines photosynthetic rates. This implies that photosyn-

thetic capacity (A for saturating light conditions) is strongly controlled by

N availability, and not by climate.

— Biochemical (acting on Vcmax and Jmax) and stomatal limitations by

low soil moisture considered

— Acclimating basal respiration following Atkin et al., 2014

— Resource uptake respiration depending on the form of N uptake (NO3

or NH4)

— Root respiration scales with temperature but not with N or P uptake

Capacity.

Response: This is true, however, as noted in the manuscript, root N uptake costs are explicitly
accounted for.

— Strict space constraint in forest stands by prescribing a maximum foliar
projective cover. Constrains the number and size of individuals.

Response: There is a space constraint, but it is less strict than implied by the reviewer, because
it depends on the actual foliar projective cover, which is a dynamic property depending on the
number and size of individuals, but also their allocation strategy and realised individual leaf area
index per unit crown area (see Sitch et al. 2003).



— SOM turnover is N limited.

Response: Because of the stoichiometric parameterisation, the decomposition of SOM is not N
limited, but the decomposition of litter is N (and P) limited. This is a basic functionality inherited
from the Century model approach

— Labile pool dynamics determined by sources and sinks, sink limitation
on growth by temperature and soil moisture

Response: Sink limitation also occurs because of nutrient limitation.

— P just limits (imposing a “cap") growth (unlike N which also regulates
the photosynthetic capacity)

These are indeed some of the main new assumptions in QUINCY, and we once again thank the
reviewer for the in-depth analysis of the paper. We have followed this suggestions and have
extended the model description to emphasise these points as well as further references where
needed. Please see revised Section 2.1 for details.

* Model structure (and complexity): The model contains a very large number of
parameters and it remains unclear how the parameters can be constrained from
observations, or whether they are relatively well known from independent measurements.
E.g., the fraction of C allocated to fruit production (Eq. 29) seems enormously complex. Is
the complexity chosen here always necessary?

We agree with the reviewer that although we did try to keep the model simple, it does contain a
large number of poorly observable parameters describing scaling or response functions. This
fact was the motivation to include a hierarchical parameter sensitivity study to test whether any
of the poorly unconstrained parameters will have a strong influence on key model predictions.
The fact that it does not, does not imply that these parameters are a sign of superfluous
complexity, as they may well have an impact on particular time-scales or responses to
environmental drivers. For instance, the complexity of the fruit allocation equation results from
the new concept of this model (compared to other dynamic global vegetation models) that fruit
production matters for the re-establishment of new individuals (requiring that there is a minimum
allocation to fruits), in combination with the representation of daily allocation, which prevents the
application of the typical constant allocation to fruits, as this would result in a disproportional
allocation of reserves to fruits at the beginning of the growing season, and therefore a delayed
development of foliage. Another reason for using sometimes complex equations is that we
decided to avoid latent model complexity by for instance not allowing for hidden biogeochemical
pools to buffer short-term flux variability, as commonly done in other models, we were forced to
implement scaling equations to accommodate these short-term flux variations. The structure of
any single equation can be debated, and alternative models might be applied with similar
outcome.



Some of the processes and parameters introduced can potentially be constrained by additional
data (e.g. the labile and reserve dynamics can be constrained in principle by measurements of
non-structural hydrocarbons, and carbon isotope tracer studies), and we plan to use the
QUINCY model to use these additional data sources in future studies. As the reviewer has
pointed out, many of these evaluations require a scientific paper on their own. We agree with
the reviewers concern that not all parameters of this model (or in any other terrestrial biosphere
model) are constrained by observations, which introduces uncertainty in the model outcome.
This fact calls for the need to perform parameter ensemble simulations wherever possible to
ascertain the robustness of the model finding.

Equations are presented mostly without reference to justify the choice of the model
structure. It is unclear whether the structures of equations used to describe the many
processes are adopted from other references, are grounded in fundamental laws that are
sort of standard representations, or whether they are designed here for the first time. If
so, it may require some additional words on the motivation. For example, the
photosynthesis scheme in Sl Sec. 2: Is it adopted from Kull Kruijt (1998) or what parts of
what’s implemented here are new? Reference for N retranslocation upon heartwood
formation (Sec. 3.5)? Many of the parameters are “shape parameters” of the functions
used, and the systems dynamics may not be very sensitive to these.

In the revised version, we have added references where they were missing to explain the usage
of previously published equations. We have furthermore clarified in the introduction of the
supplementary material (p. 1 | 7-8) that:

“Where no explicit reference to other studies is given, the equations have been developed in
this study.”

It is indeed correct that the overall system dynamics in general may not be very sensitive to
many of the shape parameters, however, this is not universally the case, and specific threshold
values for e.g. the onset of sink limitation on photosynthesis, or the downregulation of nutrient
uptake given the labile nutrient constraint, can have important effects on seasonal fluxes, even if
they do not have a major contribution to the overall uncertainty in stoichiometry or productivity.
The parameter sensitivity study demonstrates that the model’s predictions are not strongly
affected by such threshold values. However, it would be wrong to conclude that the shape of the
response functions does not matter for the model predictions. A full analysis of the effect of
these response functions is beyond the scope of this paper, but could be the subject of future
studies focussing on the interactions of specific processes.

It would be useful to identify the most important feedbacks and discuss how these may
shape the system dynamics in response to manipulations of temperature, CO2, N-input,
etc.



It is certainly the purpose of the QUINCY model to provide such an assessment. However, this
discussion is out of scope for this particular manuscript in which we document the model and its
performance against a range of benchmarks. We have added a set of conceptual and
explanatory figures to the Sl to elucidate better the underlying processes and their climate and
N deposition response. We feel that a discussion of the important feedbacks without providing a
substantial evaluation against ecosystem manipulation experiments would be text-book style
and not appropriate for a journal article, and as we have argued in our responses, adding a
sufficiently detailed and sound assessment of the model against manipulation experiments is
beyond the scope of our paper.

* Motivation and description of advantages of this new model:
— Merit of model is described as “decoupling of photosynthesis and growth” (p. 11, I. 6).
This is unclear.

We extended the presentation of this decoupling by more clearly motivating that it is well known
that photosynthesis and growth are independently controlled (Kérner, 2006; Fatichi et al., 2013),
and added a supplementary figure S1 to demonstrate the effect of this decoupling (p. 5 | 10-12):

“In addition, photosynthesis can become downregulated due to sink limitation, if nutrient or
water availability or low temperatures limit growth and cause accumulation of photosynthates in
the labile pool (Fatichi et al., 2013; Hartmann et al., 2018, see Fig. S1 for an example).”

We also write in the discussion section now more clearly (p. 13 | 23-25):

“that there is an explicit decoupling of the growth processes from C-supply due to
photosynthesis by accounting for temperature, moisture and nutrient constraints in the
formation of new tissue, as opposed to the simpler treatment of these dynamics in
Zaehle and Friend (2010),”

The present model structure allows testing whether this de-coupling has important implications
for the simulation of long-term biogeochemical cycling, which we will do in a future study. What
this approach already now allows to simulate is the ability of the model to temporally decouple
carbon from nutrient uptake, and therefore allows for a more realistic simulation of seasonal
cycles without having to rely on the heuristic representation of reserve generation under nutrient
stress as commonly employed in other biogeochemical models.

— The model is described as “modular” (p. 3, I. 19), but then, the model description refers
to specific model representations, not alternative ones within the same model. It remains
unclear, what “modular” means in this sense.

We have clarified the nature of modularity now in the introduction (p. 3 | 30-32):

“We have formulated this model in a modular structure to facilitate the consistent testing of
multiple hypotheses for one particular process, and to reduce the scope of the model (e.qg.



separately simulating canopy dynamics, vegetation dynamics, or soil biogeochemistry) to study
the impact of particular processes (see S/ for details).”

And supplementary material (Section M1.2, p. 3 | 2-14):
“The code structure of QUINCY has been designed in a modular way, with two intentions.

Modularity regarding the scope of the model The model can be run configured as a canopy flux
scheme (simplified representation of LAl dynamics given the phenology subroutines, full
consideration of soil hydrology, surface energy, canopy radiation and photosynthesis), a
stand-alone vegetation model (all of the canopy flux schemes, but with LAl dependent on
vegetation growth and dynamics, however without biogeochemical soil feedbacks), a
stand-alone soil biogeochemical model (driven by pre-calculated soil moisture and temperature
as well as atmospheric and plant litter inputs), a configuration of any of the former without
considering soil moisture constraints, and the fully coupled canopy, vegetation and soil model
as applied here. This approach allows for testing the implications of particular processes at
reduced model complexity.

Modularity regarding the ability to test different hypothesis regarding specific process
representations that the subroutine structure of the model facilitates the testing of alternative
process hypotheses. These include alternative assumptions about temperature acclimation, the
vertical structure of the soil (bulk or one-dimensional with flexible numbers of layers), as well as
submodules to be tested in future studies.”

We did not present the modular structure of QUINCY in the first version of the manuscript in
detail, as it was meant to demonstrate the performance of the standard version of QUINCY,
against which future studies relying on the modularity can be compared. In the revised
manuscript we will take advantage of this structure to showcase for instance the effect of
photosynthetic and respiration acclimation and the vertical soil discretisation.

2 MINOR

We thank the reviewer for the in-depth analysis of our paper and for reading the entire model
description in such detail. We address all the minor comments below.

2.1 Main text
*p. 2,1 3: “induce” instead of “provide"
Thank you, this has been changed.

e p. 3, I. 17 “nutrient uptake” instead of “root uptake"



Thank you, this has been changed.

*p. 4, 1. 16: From what sources were these inputs prescribed? In particular:
What is the source for rooting depth?

The sources of these inputs are described in Section 2.3.1 (we have added a reference to that
section here). The source for the rooting depth was unfortunately missing from these
descriptions, we thank the reviewer for noting this. We obtain the rooting depth from Jackson et
al. (1996). This has been now added to p. 8 | 8.

¢ p. 4, l. 31: Description of plant nutrient uptake
We have broadened this section 2.1.1 on vegetation processes (p. 5| 12-18):

“Plant nutrient uptake is assumed linearly dependent on fine root biomass density for each soil
layer, and follows a Michealis-Menten parameterisation to simulate the effects of soil soluble
NH,, NO,, and PO, concentrations (S| Sect. 4.5, Zaehle and Friend, 2010). As in Zaehle and
Friend (2010), plant internal nutrient demand can up- or downregulate uptake, but rather than
relying on instantaneous plant demand, the response of plant nutrient uptake to plant demand is
modelled as a lagged response (of a few days) to balance short-term fluctuations in
photosynthesis and soil nutrient availability and to represent memory effects in the plant's
control of its nutrient uptake (Fig. S2).”

* p. 4, 1. 22: turnover at two time scales: What is the motivation and the effect
of this fast nutrient turnover and resorption/remobilisation to/from the labile
pool?

The fast nutrient turnover is based on the observation that the Rubisco and other photosynthetic
molecules break-down at a faster rate than the lifetime of a leaf, leading to seasonal variations
in foliar nutrient concentrations, as the reflux of nutrients into the leaf are based on the current
availability of nutrients for leaf growth as discussed in Zaehle & Friend 2010.

We have now added further explanation of this to the text in p. 6 | 9-13:

“Tissue turnover is considered at two time-scales: (i) the rapid breakdown of enzymes (N) and
associated RNA (P) from tissue, and their ensuing replacement from the labile N and P pools
(recycling; at the time scale of days, Zaehle and Friend, 2010), which allows for seasonal
changes in tissue nutrient concentrations; and (ii) the senescence of entire tissues and their
conversion to litter, including the resorption of nutrients from foliage (S| Sect. 3.9).”

* p. 6, 1. 9: ‘Microbes’ or ‘microbial’ is mentioned at several instances, yet a
microbial biomass pool is not explicitly modelled. Please specify how this is



to be understood.

We apologise for the confusion. The text has been revised to avoid using the word microbial or
microbes unless it refers explicitly to the microbial processing of soil organic matter.

*p. 9, l. 3: Table 2 does not provide information about model performance.
Can it be replaced by something that gives insight into performance?

Taking into consideration this comment (also the one below) and comments for Table 2 from
Reviewer #2, we have decided to redo this table, by showing observed and simulated values of
GPP, TER and leaf C:N -values for these four sites.

¢ p. 9, . 5: Should mention modelled value next to observed value in the text.

In this version of the manuscript only the modelled values were in the table. In the new version
we list both modelled and observed value in Table 2, and don’t have their values in the text.

*p. 9, l. 18: Is there no data available to support this statement?

We are here referring to values of normalized standard deviation, that was not unfortunately
clear in this context. The point we here try to make is that the modelled standard deviation was
changing mostly because of model-data differences in the seasonal maximum values of the
fluxes. We don’t really see how we could use data to support this, since this is just a
characteristic of the model behavior.

* p. 10, I. 22-23: How does this statement relate to the results shown in Fig.
8?

The reviewer is referencing to the statement “The model shows, as expected, clear
dependencies between the rates of net N and P mineralisation, GPP, and carbon stock in
vegetation and soil.” We agree that this sentence can be confusing in this context and have
added a new figure to highlight the dependencies between N mineralization and other variables
in the LHS (S12). We have also included in the caption of Fig. 8, that the scalars shown in the
figure were related to the annual means. These were unfortunately missing from the previous
version.

e p. 11, . 5-6: What does “decoupling of photosynthesis and growth” refer to?
This is relating to the implementation of the labile pool and meristem dynamics, which are

described in the methods section and the SI. We have rephrased this now to read (p. 13 |
23-24):



“explicit decoupling of the growth processes from C-supply due to photosynthesis by accounting
for temperature, moisture and nutrient constraints in the formation of new tissue”

e p. 11, 1. 12-13: This is not shown, is it?

The Taylor plots (Figure 4) and the evaluation of the GFDB forest sites (Figure 6) show that
there is no systematic model bias for any single PFT. Because none of the above directly
evaluate the seasonal cycle, it is strictly speaking true that we do not show explicitly that the
seasonal cycle is unbiased for more than just the four sites plotted in Figure 3, for which we do
show the seasonal cycle. We have rephrased this sentence in p. 13 | 31-33, so that it points out
to exactly what we have shown in the results section:

“Despite the lack of any site-specific parameterisation, there is no systematic model bias for any
single PFT for either the FLUXNET (Figs. 3 and 4) or the GFDB (Fig. 6) analyses.”

* p. 11, . 16: This does not seem to be what the figures suggest (substantial
effect by CN and CNP vs. C)

This sentence is maybe a bit unclear. Indeed there is a substantial long-term productivity effect

of CN and CNP compared to the C only version. It is the short term dynamics, which are similar
between these different model versions. This point was also raised by reviewer #2. The text has
now been revised to read (p. 13 | 33-37) :

“Including a coupling of the carbon cycle to representations of the nitrogen and phosphorus
cycle affects long-term average productivity through its effects on photosynthetic capacity
(changed foliar nitrogen concentration) and leaf area (as a result of the changes in root:shoot
allocation). However, short-term diurnal or sub-seasonal shortage of soil nitrogen or phosphorus
does not directly and instantaneously affect simulated productivity because of the buffering
introduced through the labile and reserve storage.”

*p. 12, 1. 12-13: give modelled values here too

In the new version of the manuscript we have both the observed and simulated values in a table
or report the observed and simulated values in the text.

» Table 2: Just showing modelled values, without observational data is not
very informative.

We mentioned now above how we have changed the table.
2.2 Si:

* p. 2, I. 8: Worth noting that layer 1 is the top layer.



We have added this to the text.

* p. 2., . 9: Worth noting that this is the total canopy N content (if that’s
correct?).

We have added this to the text.

* Eq. 7: Why is the CO2 compensation point not subtracted from ci in the
numerator?

This is not done in Eq 7, but Eq. 16a, as already noted in Kull and Kruijt (1998) eqgs. 2 and 14.
* p. 4, .19: Introduce the term Av again.
We’ve done this now.

* Eq. 15: It’s described on p. 3, I. 26 that A is the minimum of two rates

(Ac and Aj). It appears confusing that Ah is introduced here as another
limiting rate. Isn’t it just determining the Aj rate (actually, it may also appear
confusing that Aj is independent of light, as of eq. 7).

Onp. 31. 26 it is said that A is the minimum of the two rates (Ac and Aj) in the light saturated
conditions. The Ah here is the photosynthesis taking place in the light-limited conditions. The
formulation of the Farquhar model by Kull and Kruijt (1998) differs from some other formulations,
as here it is assumed that each leaf layer has potentially both light-saturated and light-limited
region, which is dependent on the leaf N concentration and the incident light environment of that
layer (eq 16).

We have clarified this in the text in p. 4 | 3-8:

“Photosynthesis and stomatal conductance are calculated for the mid-points of each canopy
layer and light-quality class (sunlit and shaded; as defined in Sect. M6.1. For clarity, the
subscript , is omitted in this section. The calculation of leaf-level photosynthesis is based on Kull
and Kruijt (1998), extended for C4 photosynthesis according to Friend et al. (2009). The
Kull-photosynthesis scheme explicitly and dynamically separates each leaf (layer) into a fraction
that is light-saturated, under which photosynthesis is controlled by Farquhar-type co-limitation
model (Farquhar et al., 1982), and the remainder, which is light-harvesting limited, and therefore
strongly depends in the leaf chlorophyll content (see for details Kull and Kruijt (1998)).”

* Eq. 16: should spell out ‘for’ or use appropriate mathematical symbol

We have modified the equation accordingly.



* Eq. 17: Is aerodynamic conductance a fixed parameter?

No, it is not a fixed parameter, it is calculated from the aerodynamic resistance introduced in eq.
110. We have added a reference to this equation in the text.

* p. 8, I. 4: Why “co-limitation” and not (just) limitation?

Here we wanted to point out that both nitrogen and phosphorus can be limiting the growth,
therefore we wrote co-limitation.

* p. 8, I. 4/5: Should mention here that this refers to the turnover rate of the
labile pool and that the labile pool turnover defines this part of the growth
limitation.

This has been done.
* Eq. 28: Should mention the exponent 2 also in the text below.
This has been done.

* Eq. 30: Better write functions as f(N, P, H20) instead of arguments as
subscripts. In general, Eq. 30 needs an explanation/motivation.

We write now (p. 10 | 20-25):

“For both trees and grasses, fine root and leaves are assumed to be in homeostatic balance
between transpiring leaf surface and root mass

C _{leaf} = \itor} \times k_{rtos} \times \frac{k_{latosa}}{sla \times \rho_{wood}}} \times
C f{fine\_root}

where $k_{rtos}$, $sla$, $k {latosa}$, and $\rho_{wood}$ are PFT-specific parameters.
$fMitor}$ is the long-term average ($\taualloc} {mavg}$) of the nutrient and water limitation
scalar, which represents the widely observed phenomenon of increased root allocation with
water or nutrient shortage and is calculated here as the minimum of three functions describing
N, P and water limitation respectively.”

* Eq. 37: What are lambda and k?

Lambda and k are shape parameters, the values are shown in Table M3. We have added
explanation and reference to the table in the text.



* Eq. 39b: k reserve not k store ?

Yes, we have corrected this.

* Eq. 45b, ‘dt’: clarify that this refers to daily.

We have corrected this in the revised version.

e p. 15, I. 5: Is the seed-bed pool and fruit production related?

Yes, the seed-bed pool is related to the fruit pool such that turnover from the fruit pool enters
the seed bed pool, where it is either used for re-establishment of new seedlings, or turns over to
form litter. This has already been described in the description of turnover, and we clarify now in
the description of vegetation dynamics that (p. 16 | 5-7):

“Different to Sitch et al. (2003) and Zaehle and Friend (2010), the establishment flux for a PFT is
dependent on the size of the seed-bed pool, which itself is dependent on the turnover of the fruit
pool, and an average, PFT-specific seed-bed turnover time (T, ..,)."

* p. 16, I. 3/4: But later, C pools of newly established individuals are averaged

with C pools of existing ones, leading to a reduction in the average-individual

C pool, right?

The mass and number of individuals from the newly established individuals are added to the
mass and number of individuals from the existing average-individual population (i.e. this is an
addition, not averaging at the grid-scale level), leading to a reduction of the mass per individual,
just as in the LPJ model (Sitch et al. 2003). We will clarify this in the revised manuscript.

We have clarified this in the new version in p. 17 | 5-7 as:

“...during establishment the total pool size increases, as mass is added to the labile pools, but
the average size of individuals decreases due to the added number of (small) individuals.”

*p. 16, l. 17: ‘met, str, ...’ Introduce these abbreviations at first mention.
We have added this.
* Eq. 65b: What is Ed,decomp?

This is the de-activation energy for decomposition, shown in Table M4. We have added an
explanation now to the text p. 19| 15-17:



“The turnover times (1°°%) of the litter and SOM pools respond to soil temperature (T,
following a peaked Arrhenius function (with parameters for the activation (E, ..., and
de-activation (E, ...n,) Of soil organic matter decomposition, see Tab. M4, and the soil matrix

potential (¥, ) as follows:”

*p. 19, I. 5: ‘increased’ At first | though this should be ‘reduced’? | thought
that the fast and slow SOM pools have a lower C:N ratio than the structural
pool and mass transfer from the structural to fast/slow SOM leads to net
immobilisation. If not, please state upfront which step of mass transfer leads
to immobilisation and relate it to respective pool stoichiometries.

It is correct that the mass transfer from litter to SOM leads to net immobilisation. Shortage of
nutrients causes the rate of the litter pool decomposition to decline so that the inflow of material
into the SOM pools can maintain its stoichiometric ratio, and in consequence the litter turnover
times increases. We have rephrased the model description to clarify this in p. 20 | 11-13:

"In the case that the amount of available nitrogen (¥ ;. x4 ) IS insufficient to ensure that the
newly formed fast SOM has a C:N ratio of Xsop o s the turnover times of the metabolic and
structural litter pool are increased, leading to a reduced decomposition rate of litter and
therefore a reduced immobilisation requirement for litter decomposition (Parton et al. (1993)).”

* Eq. 73a: Point out in the main text that uptake is linear w.r.t. fine root
biomass.

The revised main text says now p. 5| 12-18: “Plant nutrient uptake is assumed linearly
dependent on fine root biomass density for each soil layer, and follows a Michealis-Menten
parameterisation to simulate the effects of soil soluble NH,, NO,, and PO, concentrations (S/
Sect. 4.5, Zaehle and Friend (2010)). As in Zaehle and Friend (2010), plant internal nutrient
demand can up- or downregulate uptake, but rather than relying on instantaneous plant
demand, the response of plant nutrient uptake to plant demand is modelled as a lagged
response (of a few days) to balance short-term fluctuations in photosynthesis and soil nutrient
availability and to represent memory effects in the plant's control of its nutrient uptake (Fig. S2).”

* Eq. 94: Start with stating what the reflection coefficient determines. Maybe
better to start with something “high-level”, like the surface energy budget?
Or just start with equation 97.

We have followed this suggestion and have re-organised this section to start with the general
equation describing light absorption in the canopy to provide context for the following equations.

* Sec. 6.3: Start stating what sort of scheme is applied for soil hydrology, how
many layers, . ..



This section now starts with an introduction (p. 30 | 22 - 27) :

“Surface hydrology is represented in very simple terms in QUINCY, because it is meant to be
replaced by the JSSBACH 4 hydrology in a future version. The model largely follows JSBACH 3
(Roeckner et al. 2003), with some modifications. The model represents surface hydrology for a
number of soil layers (see Section M1) and including a canopy skin layer (hereafter referred to
as skin). It represents interception by and interception loss from the canopy, infiltration and
surface runoff generation at the soil surface, water movement in the soil, as well as deep
drainage.”

*p. 29, . 10: Need to introduce the meaning of “skin” here.

This is now done.

* p. 29, I. 19: I'm confused: field capacity is not part of Egs. 114.

There was indeed a mistake in the equation. The entire section has been revised to be correct
and easier to follow. In general, if the soil water per layer would exceed its field capacity, the
amount of water exceeding the field capacity is moved into surface runoff or drained to the layer

below.

* Eq. 114: Throughfall is not defined. Is sl=1 the topmost layer? In general, |
don’t understand Eq. 114.

Throughfall (Fthrough) is what is left from the precipitation after interception. Yes, sl=1 is the
topmost layer. The description of surface hydrology has been revised (eq 113 - 116) in order to
clarify what is happening in the model.

* Eq. 116: What is Ei? Evaporation of intercepted water? What is ra? aero-
dynamic resistance? Repeat here to clarify. It would be helpful to start with

the high-level water budget.

Yes, Ei is the evaporation of the intercepted water and ra is the aerodynamic resistance. We
have added these to the text. We have re-organized this section as suggested.

* p. 30, I. 5: How is surface temperature calculated? Please add reference to
equation.

The surface temperature is calculated by eq. 107. We have added here a reference to that.

e p. 31, I. 1: This is better put upwards (start with high level description of first
principle (water/energy conservation).



Yes, as already mentioned above, this has been done.
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Abstract. The dynamics of terrestrial ecosystems are shaped by the coupled cycles of carbon, nitrogen, and phosphorus,

and strengly-depend-these cycles are strongly dependent on the availability of water and energy. These interactions shape

future terrestrial biosphere responses to global change. Many

them—HereHere, we present a new terrestrial ecosystem model, QUINCY (QUantlfylng Interactions between terrestrial Nu-

trient CYcles and the climate system), which s

designed from scratch to allow for a seamless integration of the fully coupled carbon, nitrogen, and phosphorus cycles with
each other and also with processes affecting the energy and water balances in terrestrial ecosystems. This new model includes

i) a representation of plant growth which separates source (e.g. photosynthesis) and sink (growth rate of individual tissues,

constrained by nutrients;-temperature-and-water-avatlability-temperature and the availability of water and nutrients) processes;
ii) the acclimation of many ecophysiological processes to meteorological conditions and/or nutrient avaitabilitiesavailability;

has been

iii) an explicit representation of vertical soil processes to separate litter and soil organic matter dynamics; iv) a range of
new diagnostics (leaf chlorophyll content; 13C, 1*C, and '°N isotope tracers) to allow for a more in-depth model evaluation.
We-In this paper, we present the model structure and provide an assessment of its performance against a range of obser-
vations from global-scale ecosystem monitoring networks. We demonstrate that the-framework-QUINCY v1.0 is capable of
consistently-simulating ecosystem dynamics across a farge-gradientin-climate-and-soil-conditionswide climate gradient, as well
as across different plant functional types. MMWMrowde an assessment of the sensitivity of
key model predictions to the model’s sensiti parameterisation. This
work lays the ground for future studies to test individual process hypotheses using the QUINCY v1.0 framework in the
light of ecosystem manipulation observations, as well as global applications to investigate the large-scale consequences of
nutrient-cycle interactions for projections of terrestrial biosphere dynamics.
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Copyright statement. TEXT

1 Introduction

Past, present, and future changes in climatic conditions and atmospheric CO4 concentrations affect terrestrial vegetation and
soils (Hou et al., 2018; De Kauwe et al., 2013; Swann et al., 2016), which in turn previde-induce biogeophysical and bio-
geochemical feedbacks to the atmosphere (Bonan, 2008; Friedlingstein et al., 2014; Zaehle et al., 2010). To predict the likely
trajectories of terrestrial ecosystems under climate change and their climate feedbacks, it is important to develop and test
advanced modelling tools for the terrestrial biosphere (Sitch et al., 2015). Global terrestrial biosphere models (TBMs) have
evolved during the last decades alongside our understanding of soil and vegetation functioning (Bonan and Doney, 2018). Early
vegetation models included only processes related to the carbon (C) and water cycle (e.g. Sitch et al., 2003; Krinner et al.,
2005; Dickinson et al., 2006; Raddatz et al., 2007; Clark et al., 2011). The recognition that nitrogen (N) has a pivotal role in
the future dynamics and C storage of terrestrial ecosystems (Vitousek and Howarth, 1991; Hungate et al., 2003) has led to the
development of a new generation of models that include a comprehensive representation of the N cycle (Thornton et al., 2007,
Zaehle and Friend, 2010; Gerber et al., 2010; Warlind et al., 2014). More recently, phosphorus (P) cycle processes have also
been included in TBMs (Wang et al., 2010; Goll et al., 2017; Yang et al., 2014), as these can be important to understanding
ecosystem response in naturally P limited tropical regions (Yang et al., 2014) or in regions with large atmospheric N deposition
and ensuing increases in P limitation (Pefiuelas et al., 2013; Vitousek et al., 2010).

Fhe-Although the number of element cycles and thereby processes considered in TBMs has increased in an effort to provide
more realistic models (Zaehle and Dalmonech, 2011; Prentice et al., 2015), yet-there is little consensus on how to represent
many of these processes in a realistic, but robust and computationally efficient manner. Often, small-scale soil and vegetation
processes can lead to larger scale feedbacks (e.g. Hararuk et al., 2015; Bradford et al., 2016) and therefore need to be included
in sufficient detail in terrestrial biosphere models. Recent model-data synthesis studies with observations from Free-Air CO4
Enrichment (FACE) experiments have revealed a number of fundamental issues in the way that state-of-the-art models represent
plant growth (De Kauwe et al., 2014), nitrogen dynamics (Zaehle et al., 2014), and water responses (De Kauwe et al., 2013)
to elevated COs. This highlights the need for a modular framework that allows testing multiple hypothesis for uncertain
processes, thereby gaining an understanding on how process information and importance propagates from site to regional and
global scales (Knauer et al., 2016; Peng et al., 2014; Thum et al., 2017).

One important obstacle to such an approach is the gradual development of terrestrial biosphere models, which implies that

new features, such as processes describing the dynamics of the N or P cycle(Gruber-and-Galloway; 2008;-Arneth-et-al5s2010),
have been added to existingmedel-formulations(Benan,2008), carbon-cycle only land surface model formulations. This evo-

lutionary approach can result in a situation where assumptions that were made in earlier versions of the model are incompatible

with the new assumptions, or that the old model structure cannot appropriately accommodate new structures, therefore limiting
the ability to take new ecophysiological understanding into account. To overcome the-issuesef-evotutionary-developmentsuch

issues, we have developed a new terrestrial biosphere model, QUINCY (QUantifying Interactions between terrestrial Nutrient



CYcles and the climate system, Fig. 1), benefiting from advances in the understanding of global ecology. This new model is

formulated based on:

— the recognition that plant growth may be limited by source (e.g. photosynthesis) or sink (growth rate of individual
tissues, constrained by nutrients, temperature, and water availability) processes (Fatichi et al., 2013). We account for this
decoupling by introducing a short-term (’labile’) and a long-term (’reserve’) storage pool for carbon and nutrients, which
allow plants to adjust the carbon partitioning between growth, respiration, and storage according to nutrient availability,

moisture stress and temperature.

— the consideration of gradual changes in nutrient availability over time and their effects on the surface carbon, water,
and energy exchanges. The model represents all biogeochemical and biogeophysical processes in the model at a half-
hourly time-step. Many processes, e.g. the response of photosynthesis, tissue stoichiometry and fine root growth to
nutrient shortage, are assumed to have a process-specific ’'memory’ time scale, causing a lagged response to instantaneous
variations in the environmental conditions. This includes a representation of the acclimation of both photosynthesis and
maintenance respiration to the prevailing growth temperature (June et al., 2004; Atkin et al., 2014; Mercado et al.,
2018). Together with a dynamic representation of photosynthetic capacity based on soil nutrient availability, this feature
reduces the need for regionally defined plant functional types (e.g. boreal versus temperate type) needed to describe the

vegetation in different regions.

— the recognition that biogeochemical processes in the soil (e.g. soil organic matter decomposition, nitrification, deni-

trification, and weathering) vary strongly within the soil profile (Ahrens et al., 2015; Koven et al., 2013). Therefore,

soil physicsand-biogeochem processes—are—exp y—vertically—reselved—and-se—is—the—interaction—between—plan

root-uptakeand-turnover-and-soil-biogeechemical-processes, soil biogeochemical processes and their interaction with
vegetation processes through plant nutrient / water uptake, as well as root turnover are explicitly vertically resolved.

model contains entirely newly written code, although certain process representations are adapted from literature and previous
models, including but not limited to OCN (Zaehle and Friend, 2010) and JSBACH3 (Roeckner et al., 2003). This new code
approach allows for an appropriate separation of model infrastructure (e.g. memory allocation) and scientific code, and a better
integration of model components. This permits us to include an internally consistent representation of ecosystem processes
and in particular nutrient effects on plant photosynthesis, growth and soil organic matter turnover through the inclusion of a
common set of underlying hypotheses.
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The aim of this paper is to present the basic structure and main features of the baseline version of this new model. We provide
an assessment of the model’s performance against a range of observations from global-scale ecosystem monitoring networks
to demonstrate that the framework is capable of consistently-simulating-Cfluxes-simulating ecosystem C fluxes in agreement
with these observations given the simulated N, P, and water availability across a large gradient in climate and soil conditions,
as well as across different plant functional types. To aid this understanding we provide an assessment of the model’s sensitivity
to its parameterisationand-the-asseciated-uneertainty—This-information-,

The information from this paper provides the background for future process-specific studies to test and improve process rep-
resentation. In particular, we have formulated this model in 2 modular structure to facilitate the testing of multiple hypotheses
for one particular process, and to reduce the scope of the model (e.g. separately simulating canopy dynamics, vegetation

dynamics, or soil biogeochemistr we have

to study the impact of particular processes (see SI for details). Additionall
added a number of important diagnostics, that will allow further ways of model evaluation. For instance, the leaf chlorophyll
content is explicitly modelled from the leaf N to improve the simulated light response of photosynthesis throughout the canopy.
(Kull and Kruijt, 1998), but this will also allow for novel ways to compare the simulation results with i siru and remotely.
sensed observations in the future. The model also keeps track of the isotopic composition of C (in terms of *C, and '*C), and
N (*N), which will allow to make use of natural abundance data and isotope tracer studies in the future,

2  Methods
2.1 Model description

The QUINCY model v1.0 (rev. 1772) represents the coupled biogeochemical cycles of carbon (C), nitrogen (N), and phos-
phorus (P) in terrestrial ecosystems, as well as their interaction with the terrestrial water and energy balance (Fig. 1). The
model traces the flow of these elements as well as C and N isotopes (*3C and '*C, and '°N) through vegetation and soil at a
half-hourly time-step. The model considers eight broadly defined plant functional types (PFTs, see Tab. 1), representing differ-
ences in leaf type (herbaceous, broadleaved, coniferous), phenology (evergreen, rain green, and summer green), growth form
(grasses and trees), and photosynthesis-type (C3 versus C4 photosynthesis) with a set of traits describing time-invariant func-
tional differences across types (see SI Tab. 7M7). Different to other TBMs, certain "soft" plant functional type characteristics,
such as the photosynthetic capacity of leaves or the temperature sensitivity of photosynthesis and respiration acclimate to local

environmental conditions, and therefore lead to a smoother transition of ecosystem functioning across eco-climatic gradients.

The number of PFTs is not embedded into the code-structure and therefore new PFTs can be easily added if sufficient data to

arameterise these are available.
A brief overview of the model structure and key processes is given in this section. The detailed mathematical description of

the model processes can be found in the Supplementary Material.
Although conceived to be coupled to the land-surface scheme of an Earth system model, the model is currently applied
stand-alone at the ecosystem scale. The stand-alone version requires half-hourly short- and longwave radiation, air temperature,

precipitation and snowfall, wind velocity, atmospheric CO2, 13COs, 1*CO, mole fractions, as well as rates of NH,, NOy, and
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PO, deposition as time-dependent driving data. In addition, the model requires input describing the geographical coordinates,
vegetation type, and soil physical and chemical parameters (texture, bulk density, rooting and soil depth, as well as inorganic

soil P content).

2.1.1 Vegetation processes

Vegetation-Expanding on the concept employed by LPJ (Sitch et al., 2003) and OCN (Zaehle and Friend, 2010), vegetation

is characterised by an average individual representative of a PFT, composed of three fast-lived structural tissue types (pools:
leaves, fine roots, and fruits), a respiring non-structural pool (labile), as well as a seasonal, non-respiring, and non-structural
storage pool (reserve). In the case of tree vegetation types, three longer-lived structural tissue types (sapwood, heartwood, and
coarse roots) are additionally represented, as are stand characteristics (height, diameter, individuum density).

Phetesynthesis-Building on Zaehle and Friend (2010), photosynthesis is calculated for sunlit and shaded leaves separately,

explicitly taking the vertical canopy gradient of light, foliar chlorophyll and photosynthetic N into account (Kull and Kruijt,

1998), with extensions for C4 photosynthesis (Friend et al., 2009), and the temperature response as in Bernacchi-et-al(2004-SHSeet-2)Bern

Different to OCN, temperature acclimation of photosynthesis is modelled to acclimate to air temperature according to Friend (2010).
Photosynthetic parameters, including chlorophyll content, further are assumed to depend on leaf N concentration (Friend et al., 1997).

As foliar mass and N concentrations both respond to soil N availability (Vicca et al., 2012; Hyvonen et al., 2007; Meyerholt and Zaehle, 20
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this causes cano hotosynthesis to be directly affected by soil N availability in addition to meteorological variables. The

stomatal conductance is coupled to the calculation of photosynthesis according to the Ball-Berry formulation (Ball et al., 1987;
Knauer et al., 2015). Maintenanece Different to Zaehle and Friend (2010), QUINCY v1.0 accounts for stomatal and biochemical

limitations by soil moisture (Egea et al., 2011, SI E

limitation, when nutrient or water availability or low temperatures limit growth and cause accumulation of photosynthates in the
labile pool (Fatichi et al., 2013; Hartmann et al., 2018, see Fig. S1 for an example). Plant nutrient uptake is assumed linearl
dependent on fine root biomass density for each soil layer, and follows a Michaelis-Menten parameterisation to simulate the

. 18). In addition, photosynthesis can become downregulated due to sink

effects of soil soluble NH,4, NO3, and PO, concentrations (Zaehle and Friend, 2010, SI Sect. 4.5). As in Zaehle and Friend (2010)

plant internal nutrient demand can up- or downregulate uptake, but rather than relying on instantaneous plant demand, the
response of plant nutrient uptake to plant demand is modelled as a lagged response (of a few days) to balance short-term
fluctuations in photosynthesis and soil nutrient availability and to represent memory effects in the plant’s control of its nutrient

Asin LPJ and OCN, maintenance respiration is calculated for each tissue type as a function of its N content and tissue temper-
ature (SI Sect. M3.3, Lloyd and Taylor, 1994).

However, a novel feature of QUINCY v1.0 is that it does account for the observed acclimation of basal respiration rates to

growth temperature a

A second new feature is that the costs for actual nutrient transformation, which are dependent on the rate of uptake and source of
nitrogen (SI Eq. 24, Zerihun et al., 1998

are included in the root maintenance respiration term. While maintenance respiration
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takes priority over growth, under severe C deficit after the downregulation of photosynthesis, the maintenance respiration and

nutrient uptake respiration can become downregulated by the meristem acticity.
Different to earlier model approaches that included a labile pool (Zaehle and Friend, 2010), plant growth is modelled as the

balance of source processes (photosynthesis, autrient-nitrogen and phosphorus uptake) and the capacity of the plant to create
sinks (production of new biomass tissue, respiration, and storage; SI Sect. 3.3). The capacity of the plant to generate sinks is
dependent on (i) the activity of the plant’s meristem controlling the usage of the labile pool for growth, which is reduced at
low air temperature and/or soil moisture (Fatichi et al., 2013); (ii) the partitioning of its labile resource to new tissue growth
and the availability of nutrients-nitrogen and phosphorus to create these tissues (Zaehle and Friend, 2010); (iii) the need for
longer-term storage production (Fisher et al., 2010); and (iv) respiration for maintenance, which is given priority over growth of
new tissue. Short-term fluctuations in the balance between carbon acquisition through photosynthesis and nutrient acquisition
by roots are balanced by the time-scale of the labile pool turnover. Seasonal and longer-term fluctuations are balanced to
some extend by the build-up and use of the reserve pool. The flow of compounds between the labile and reserve pools (SI
Sect. 3-6M3.6) is described by a set of pull (from the reserve pool) and push (to the reserve pool) mechanisms attempting to
simulate the signalling related to the beginning of the growing season (phenological pull), the need for maintenance and growth
(maintenance pull), as well as to provide resources for the next growing season or resilience against interannual variability
(reserve push).

Tissue growth follows a set of allometric equations (Shinozaki et al., 1964; Sitch et al., 2003; Zaehle and Friend, 2010),
describing size-dependent relationships of foliar, fine root, coarse root, sapwood and fruit biomass (SI Sect. 3:4M3.4). The
allometric relationship between leaves and fine roots responds to N, P and water limitation and therefore increases uptake
capacity under nutrient limitation. The C:N and N:P ratios of the leaves and fine roots are flexible within empirical bounds
and respond dynamically to an imbalance between C and N, or N and P availability, respectively (SI Sect. 3:5M3.5). The
allometric equations and the N and P content of each tissue give the stoichiometric constraint of plant growth. Phetesynthesis

TFuarnover-Tissue turnover is considered at two time-scales: (i) the rapid breakdown of enzymes (N) and associated RNA

(P) from tissue, and their ensuing replacement from the labile N and P pools (recycling; at the time scale of days, Zaehle and
Friend, 2010), which allows for seasonal changes in tissue nutrient concentrations; and (ii) the senescence of entire tissues
and their conversion to litter, including the resorption of nutrients from foliage (SI Sect. 3.9). Fissue-The tissue senescence is
calculated given a fixed turnover time for each tissue, with the exception of the leaves, where turnover is determined by the

PFT-specific phenological timing (SI Sect. 3-8M3.8).
Stand-level vegetation dynamics are represented through density-dependent-mertality-the establishment and mortality of an

average representative individual of the entire tree populations, following largely Sitch et al. (2003) and Zaehle and Friend (2010, ,see SI Sc

Mortality is simulated as density-dependent, constraining the number and size of individuals, as well as a dynamic back-
ground mortality related to the overall growth efficiency of the plant(Siteh-et-al5-2003:Zachle-and-Friend; 2040;-51-Seet-3-10)-

Re-establishment/Reeruitmentis-explieithytaking-. (Re-)establishment and recruitment is dependent on meteorological and
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space constraints, but a new aspect of the re-establishment representation is that the model explicitly takes account of the
available seed pool at the forest / grassland floor, thereby-depending-amongst-others-which depends on the vegetation’s ability
to grow and produce fruit.

2.1.2 Soil biogeochemical processes

The verti

Fhe-turnover and formation of SOM follows, with some modifications, the CENTURY approach (Parten-et-al;1+993-StSeet—4)(Parton et

the turnover of litter and SOM pools are all calculated using first-order kinetics with temperature and moisture dependence.
The litter stoichiometry is determined by the stoichiometry of senescent plant tissue and tissue-specific allocation fractions.

The stoichiometry of the fast SOM pool adjusts to available inorganic nutrients, whereas the slow SOM pool is assumed to have

fixed C:N:P stoichiometry. As a result, the decomposition of litter may become N and P limited, leading to the accumulation

of an organic litter layer, and reducing the rate of N and P cycling in the ecosystem.
The soluble inorganic NHy, NO3 and POy are assumed to be available for plant and-mierobial-uptakeuptake and microbial

immobilisation, as concluded by White (2006) and many others. Plants-and-soilmierobes-Plant uptake and SOM decomposition
compete for these nutrients based on their respective demand and uptake capacity, which varies-vary in time and with soil depth.
In the aerobic part of the soil, NH, is oxidised to NO3 through nitrification and in the anaerobic part of the soil NOj is reduced
to Ny through denitrification (Zaehle et al., 2011). Both processes produce NO,, and N, O as by-products (SI Sect. 4-7M4.7).
The representation of soil inorganic P dynamics (SI Sect. 4:8M4.8) follows the concept from Yang et al. (2014) and Wang
et al. (2010). The available soluable PO, is exchanged via ad-/desorption with the mineral surface, leached with soil water,
and replenished by atmospheric deposition, weathering, and biomineralisation of P that is bound in the slow SOM pool. The
adsorbed P is further absorbed into the soil matrix and gradually becomes an inactive form of P (occluded P, Walker and Syers,
1976).

Different to the original CENTURY-style models, the vertical soil profile of biogeochemical pools and processes is explicitly
represented, with exponentially increasing layer thickness with increasing soil depth. For each of these layers, the model
represents different organic pools (metabolic, structural, and woody litter, as well as fast and slow overturning soil organic
matter (SOM)), as well as inorganic pools of N and P (soluble inorganic NH4, NO3, as well as NOy, N2O, and Ny, soluble
inorganic POy, adsorbed POy, occluded PO, and primary PO,). For each soil layer, temperature and moisture are calculated
based on soil physical characteristics, and the transport and atmospheric exchange of energy and water (SI Sect. M6.3). As an

example of the benefit of QUINCY’s modular approach, Fig. S3 shows that the explicit representation of the vertical soil profile

compared to a zero-dimensional, lumped soil approach, has little effect on the seasonal course of heterotrophic respiration.
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However, it does affect the simulated nutrient dynamics because of the explicit separation of a nutrient immobilisation in the
litter dominated layers from the gross-mineralisation dominated soil layers with a proportionally higher content of soil organic

matter.
2.2 Data for model evaluation

We evaluate simulated diurnal and seasonal patterns of gross primary production and net ecosystem carbon exchange (GPP and
NEE, respectively) at a subset of FLUXNET sites (see Table A1) available from the FLUXNET La Thuile Synthesis Dataset
(NOA, 2007). The half-hourly CO4 fluxes have been measured and processed using standard procedures (Papale et al., 2006) as
well as gap-filling and partitioning algorithms (Reichstein et al., 2005). We further evaluate the mean annual estimates of gross
and net primary production (GPP and NPP, respectively) and their ratio, the carbon-use efficiency (CUE = NPP / GPP) from
a global forest database (GFDB, Vicca et al., 2012; Campioli et al., 2015). We further evaluate the simulated growing-season
plant water-use efficiency, i.e. the ratio of plant water loss to carbon uptake, by comparing a proxy, foliar isotope discrimination

of 13C (Medlyn et al., 2017), against data reported by (Cornwel-et-al;20+8ab)Cornwell et al. (2018a, b). Fig. 2 provides an

overview of the sites used for evaluation.
2.3 Model setup
2.3.1 Boundary conditions and meteorological forcing

The QUINCY model is applied at site scale for the dominant plant functional type (PFT) at each site. For the simulations
at the FLUXNET sites, the site-specific observed meteorological data were used (NOA, 2007). For the GFDB sites, where
site-level meteorology is not readily available, daily meteorological data for 1901 to 2015 was taken from CRUNCEDP, ver-
sion 7, (Viovy, 2016), and disaggregated to the model time-step using the statistical weather generator as in Zaehle and
Friend (2010). The annually changing CO, mole fraction was obtained from Le Quéré et al. (2018), and the time series
of B¢, 1C are-were obtained from Graven et al. (2017). The time series of N deposition for each site +s-was taken from
Lamarque et al. (2010) and Lamarque et al. (2011). For the P deposition model, estimates of nutrient and dust fluxes from
Brahney-et-al(2015);-Chien-et-al(2616)-Brahney et al. (2015) and Chien et al. (2016) were used.

Soil physical properties (volumetric heat capacity and conductivity, water content at saturation, field capacity, and wilting
points, as well as parameters describing the soil water retention curve are derived from soil texture according to Saxton and
Rawls (2006). Where available, texture data are taken from site observations. Alternatively, they are obtained from the nearest
gridcell of the SoilGrids dataset (Hengl et al., 2017). The rooting depth has been obtained from Jackson et al. (1996).

The vegetation is initialised as bare ground with a small amount of seed-bed mass to start vegetation growth. The soil organic
matter profile is initialised with a default SOM content for each pool, 60% of which is allocated to the uppermost layer, and
the remaining 40% is allocated to other soil layers in proportion to the assumed rooting profile. Previous tests have shown that
the model is not very sensitive to the choice of the SOM initial eenditienconditions. The soil inorganic P pools of the first 50

cm are initialised using the soil P dataset by Yang et al. (2013), extrapolated to the whole soil profile assuming i) a constant
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total soil inorganic P density (mol P kg™" soil), and ii) an increasing fraction of primary P and decreasing fraction of labile P

with increasing soil depth.
2.3.2 Spinup and model protocol

The QUINCY model is spun-up with repeated meteorological forcing for each site to obtain an near-equilibrium soil and
vegetation state. For the GFBD sites, meteorology and other atmospheric forcing (atmospheric COa, its isotopes, as well as
N and P deposition), are taken by randomly drawing years from the period 1901 to 1930. The same procedure is applied for
FLUXNET sites, with the exception that meteorological forcing is only available for more recent years, and data from those
years are used in random sequence. The P cycle is activated during the model spinup, but the more stable soil inorganic P pools,
i.e. the primary, sorbed, occluded pools, are kept constant to ensure that the simulation initialises at the P status of Yang et al.
(2013)’s dataset.

After spinup, the model is run for the period 1901-2015 using the annual values for atmospheric CO5, 3*CO4 and *COs,
as well as N and P deposition, and the meteorology of the respective year. For the comparison to GFDB data, forest stands
are clear-cut in the year provided by the database. Upon harvest, vegetation biomass is transferred to the litter pools, with the
exception of the wood pool, of which a given fraction, f{2°°¢ . is removed from the site. In the case of FLUXNET sites, we
retain the model output for the years covered by the available data at each individual site (Tab. Al). For the GFDB sites, we
average over the period 1995-2004 to remove the effects of interannual climate variability and to have modelled forest age
close to the actual forest age of each site, as the precise year of measurement is not recorded in the database for all sites.

To test the effect of the simulated N and P availability, we applied the model for the FLUXNET sites with three different
setups. Next to the full CNP version of the model described above (referred to hereafter as ’CNP’), we performed a simulation
("CN’) in which the P concentration of the soil was kept at concentrations not limiting mierebial-or-plantuptake-plant uptake or
SOM decomposition, effectively removing the impact of the inorganic P sorption and weathering dynamics, and maintaining
N:P stoichiometry at default values. We also added a version ("C’), in which in addition, biological N fixation in soil (asymbiotic
fixation) and in vegetation (symbiotic fixation) was calculated so as to avoid any N limitation of soil turnover and vegetation

growth while keeping the C:N stoichiometry at default values.
2.4 Model sensitivity to its parameterisation

We further test the sensitivity of the model to its parameterisation using a hierarchical latin hypercube design (LHS, Saltelli
et al., 2000; Zaehle et al., 2005) to assess the stability of the model with respect to changing parameter values. As many
parameters have unknown value ranges and distributions, we simply vary each parameter between 90% to 110% of its default
value given in the Supplementary Material (Tables M1-M7), drawn with LHS sampling from a uniform distribution. We first
generate LHS samples for each module (corresponding to one Section in the SI, results not shown), and evaluate the model
output from these simulations in terms of long-term mean modelled GPP, leaf C:N:P, net N and P mineralisation, as well as total
vegetation and ecosystem carbon storage. Based on these simulations we select parameters (n=45), which have a strong effect

on the model outcome to form a new set of 1000 LHS samples, which are used for the model sensitivity and-uneertainty-analysis
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presented in this paper. We measure parameter importance as the rank-transformed partial correlation coefficient (RPCC) to
take account of potential non-linearities in the relationship between parameters and model output (Saltelli et al., 2000; Zaehle
et al., 2005).

3 Results
3.1 Simulated diurnal to seasonal time-scale carbon dioxide fluxes at selected FLUXNET sites

We first compare the simulated mean monthly diurnal, as well as the mean seasonal cycle of gross primary production (GPP)
at four forest sites, representing the major tree plant functional types, with in situ observations (Fig. 3, see Fig. S4 for a
comparable evaluation of the latent heat flux). The model simulations agree reasonably well with the observations in that the
general-diurnal and seasonal timing and overall magnitude of fluxes are generally consistent. Importantly, while the N and P
cycles dampen the overall magnitude of the fluxes at the beech forest site (temperate broad-leaved deciduous; FR-Hes) and

the eucalyptus forest site (temperate broad-leaved evergreen; AU-Tum), they do not affect the shape of either the diurnal or

seasonal cycles. In other words, the effect of diurnal and seasonal ehanges-in-nutrient-avatability-only-affect-the tong-term;
but-not-the-short-term-variability in soil nutrient availability is buffered through the labile and reserve storage pools in the
vegetation, such that it affects vegetation gross carbon uptake —only via slow processes such as foliar nutrient and allocation
changes, but has no effect on variability at the daily to weekly time-scale. This is also demonstrated in the LAI values, that are
influenced by the long-term dynamics. For instance, at FR-Hes and AU-Tum the LALs lower at the nitrogen and phosphorus
dynamics enabled version than with the C only version (6.0 compared to 6.2 m*m~? at FR-Hes, 3.7 compared to 5.9 m*m™?
at AU-Tum), whereas it does not have a notable effect for the needle-leaved evergreen site of (FI-Hyy).

There is little overall effect of the nutrient cycles on the correlation between half-hourly simulated and observed GPP at FI-
Hyy (all versions: - r2=0.76), FR-Hes (@Ll&gé&g&ﬁ:&&), and BR-Ma?2 (all versions: r2=0.67), and only a minor reduction
for AU-Tum (r2 0.70 versus 0.65 for C and CN(P), respectively). The largest decrease of the model’s root mean square error
(RMSE) took place at FR-Hes, where introducing N and P cycling reduced the RMSE by nearly 20% to 5.17 pmolm—2s~!.
For FI-Hyy the RMSE and the improvement were 2.42 and 0.11 pmolm~2s~!. For AU-Tum the RMSE and worsening of
RMSE were 5.44 and 0.36 umolm~2s~!. At BR-Ma2 the RMSE and the improvement were 7.78 and 0.09 umolm~2s~1. At
the tropical evergreen forest site BR-Ma2 (Fig. 3d, f) the different versions performed similarly. The lower GPP in the daily
observation-based estimate between day of year 150 and 200, which are not replicated by the model, are largely caused by
lower observation-based GPP at the start of the time-series during this time of year in 2003. There was no obvious cause for
this behaviour visible in the meteorological drivers. The latent heat fluxes were generally well simulated at these four sites,

with the exception of large summertime overestimation (73 %) at FR-Hes (Fig. S4).

Table ?? summarises the key-C;-N-and-P-stocks-and-fluxessimulated-observed and simulated GPP, total ecosystem respiration
TER) and foliar C:N with the CNP version of the model for these four FLUXNET sites, calculated for the time period

of the flux observations (Table Al). The annual GPP from the CO5 flux observations is in line with the modelled values

for FI-Hyy (ebserved10+6)-and FR-Hestobserved1874—), while productivity at BR-Ma2 (ebserved:—2557)-is somewhat
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overestimated, and strongly underestimated at AU-Tum¢ebserved——._The TER is somewhat overestimated for FI-Hyy and

FR-Hes, and strong overestimation occurs at BR-Ma2. However, the unusually large discrepancy between observed GPP and

TER fluxes at BR-Ma2 suggests that these estimates should be considered with caution. At AU-Tum +2+5+-the TER is
underestimated. Simulated foliar C:N was within the observational range reported in the La Thuille database (NOA, 2007) for

all four sites ient, Observations
for nutrient availability and fluxes are not consistently available for-across these sites.

The Taylor plots of the half-hourly simulated and observation-based time-series of GPP and NEE (Fig. 4) demonstrate that
the overall model performance noted in Fig. 3 holds across a wider set of sites, spanning a larger climatic gradient and also
including grassland sites. The Taylor plot reports results obtained with the CNP version of the model; the plots for the C and
CN version were very similar in terms of their correlation and moderately different in terms of the ratio of standard deviations.
The simulated GPP shows slightly better performance over the different sites than NEE. Considering that i) the model has not
been parameterised specifically for each site and ii) eddy-covariance observations at this time-scale are subject to considerable
fluctuations, the model performance is acceptable in terms of the correlation. While there is a wide spread in the ratio of the
simulated to observation-based standard deviation, mostly associated with site-based differences in the seasonal maximum of
the flux, there is no systematic model bias for any PFT.

The inclusion of the N cycle (difference between C and CN model versions) reduces the root mean squared error (RMSE)
between simulated and observation-based estimates of GPP for all PFTs apart from the tropical broad-leaved evergreen PFT
(Fig. 5). The largest reductions of the RMSE between the different versions occurs for TeBE (34.0 %) and TeH (41.6 %). There
is no strong effect of including the P cycle on simulated GPP, and in consequence there is no difference in the RMSE values of
the CN and CNP versions, even for the tropical broad-leaved evergreen forest sites, which are in regions typically associated

with P-limitation of biomass production.
3.2 Cross-site analysis of long-term mean GPP and NPP

Simulated GPP across all the GFDB sites (n=434), covering a range of tree PFTs, agrees reasonably well with data (r? = 0.55,
RMSE=560 gCm~2yr~!) (Fig. 6a), despite an underestimation of GPP for some sites, both in tropical forest ecosystems and
needle-leaved evergreen forests. The data shown are restricted to forests older than 20 years, to avoid ambiguities in the model-
data comparison as the exact method of forest regeneration after disturbance is not known and the model does not describe
stand-level dynamics of very early succession forests that often have very high observed productivity. The model is also able to
replicate the observations from low to modest NPP values albeit with a higher relative RMSE (Fig. 6b) (r? = 0.35, RMSE=305
gCm~2yr~1). While there is no systematic over- or underestimation of NPP with PFT or magnitude of NPP, it is noteworthy
that the highest NPP value simulated for this dataset was only 1441 gCm~2yr~!, whereas for a few sites, observation-based
estimates reached nearly 2000 gCm~2yr—!. The model correctly predicts the range of carbon-use efficiency (CUE), i.e. the
ratio of net to gross primary production, where the observed CUE values ranged between 0.21 and 0.76 g g~!, while the

simulated values were between 0.19 and 0.61 g g—'. The model also predicts correctly a lower CUE in tropical compared to
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temperate/boreal ecosystems. However, the model is not able to explain the within PFT-variability of the observed CUE values

in the dataset (Fig. 6¢).

Fhe-diserimination-of teaf_Underlying these results are the emergent sensitivities of ecosystem processes to the model
drivers. Fig. S5 and S6 show that the large-scale gradients of simulated GPP and NPP are largely controlled by mean annual
temperature (MAT), with an additional clear effect of mean annual precipitation. For temperate and boreal forests, also N.
deposition is positively related to GPP and NPP. While the acclimation of photosynthesis to growth temperature does matter
at the diurnal time-scale particularly on cloudy days (Figure S7), the positive and negative effects cancel each other out at
the long-term annual mean, and therefore plays no role in the simulated GPP-MAT relationship. Despite a notable decline of
maintenance respiration in higher temperatures due to the acclimation of respiration to growth temperature (see Figure S8),
the spatial trend in simulated CUE is predominantly driven by MAT (Fig. S9). Trends apparent in the CUE response to MAP.
and N deposition are small and likely confounded by the MAT response. However, the general tendency of PET-specific foliar
. S10), something that is expected to happen based on observational evidence
Hyvonen et al. (2007); Meyerholt and Zaehle (2015), suggest that the linearly increasing maintenance respiration rates per unit
tissue drives whole-plant maintenance respiration up stronger than the saturating effect of increased leaf N on GPP, therefore

N availability, counter to expectations (Vicca et al., 2012). The root to shoot ratio did not show

C:N to decline with increasing N deposition (Fi

reducing CUE with increasin

strong dependency to any of these environmental variables (data now shown), probably contributing to the lack of a decline
in CUE with declining N availability. Generally, PFT-wise foliar stoichiometry appears to be more strongly influenced b
N deposition than MAT or MAP. This result occurs despite a clear dependency of the simulated biological N fixation on

. S12), where the simulated range and response to climate drivers is consistent with the

temperature and precipitation (Fi

The comparison of leaf A13C
based on observations (Cornwell et al., 2018b) and the GFDB simulations are-shown-inFig-7(Fig. 7) provide another look into

the underlying processes of GPP evaluation, as they are documenting the simulated and observed trends in water-use efficienc
with water availability. Both observations and model showed less discrimination of A'3C in drier conditions, indicating an

effect of seasonal water availability in overall drought stress on photosynthesis. Comparing PFT-wise mean values, constrained
to estimates of ET/PET > 0.25 to remove the effect of modelled outliers under high water-limitation, the average for broadleaf
deciduous forest (BS) was 20.88 %o for the observations and 20.67 %o for the modelled values. For the needle-leaved deciduous
(NS) PFT the average values were very similar (observations 20.29 %o and simulations 20.12 %o). Somewhat larger discrepan-
cies occurred for the needle-leaved evergreen PFT, where the average of the observations was 20.00 %o and the average of the
simulation results was 19.59 %o. For the broadleaf evergreen forests there was a large deviation between the observed (22.68
%o) and modelled values (20.55 %o), but also the sample sizes were very different (n=1617 for observations and n=54 for simu-
lations). For the modelled values the difference between needle-leaved deciduous and evergreen forests was more pronounced

than in the observations, but the sample size of modelled NS sites was very small (n=6).
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3.3 Model sensitivity and-uneertainty-analysis

The parameter sensitivity study reveals that the-from the many parameters introduced in this model (see SI), the model output is
sensitive only to a limited amount of these parameters. The role of specific parameters varies across sites (Tab. ??) and with the
output quantity of interest (Tab. S1). A number of interesting things can be noted when looking at which parameters dominate

across sites (Tab. ??). In line with reports from other studies for other models (e.g. Zaehle et al.,

the first set of parameters is related to those affecting the photosynthetic nitrogen-use efficiency, which directly affect the C
assimilation per unit leaf area. In QUINCY v1.0, this is mostly related to the magnitude of leaf N assumed to be structural N
(k3L), the scaling of leaf N to leaf chlorophyll content (k. a3,), and the efficiency of Rubisco-limited carboxylation rate
The second set of parameters to which the model is sensitive, unlike other carbon-only models. relates to parameters
determining the rate of litter and soil organic matter turnover (T, decomus Taiaw)s the efficiency of microbial SOM processing

. All these parameters

7

control the rate at which nitrogen and phosphorus are released by SOM decomposition, which in the QUINCY 1.0 model is

important for the growth of leaves and associated photosynthesis. Such a dependency is to be expected by a nutrient-cycle
enabled model and this is clearly documented in the dependence of simulated GPP on simulated net N and P mineralisation
ig. S12).
sites, but a side-effect of changing the default turnover time of litter and SOM along with the change in optimum temperature.
Consistent with expectation the rate of soil turnover is more important in cold that warm environments, soil-based parameters
are less important that photosynthetic parameters for the tropical site compared to the three non-tropical sites.

The third set of parameters identified as sensitive can be characterised as being related to vegetation growth and dynamics.

in the temperature optimum of decomposition, 7

It is important to note that for the effect of uncertaint

One one hand, these are parameters dominating the carbon allocation within plants (k;4:0s4. Sl@), also as noted by Zaehle et al. (2005) and

Massoud et al. (2019) for other models, as well as the tissue stoichiometry (v %, yi*:¥). Important, also the scaling exponent
k,p, relating diameter to crown-area, and thereby determining the space-constraint for the establishment and mortality of tree

PFTs plays some role in some of the sites due to its effect on LAI and total vegetation biomass. At the tropical BR-Ma2 site

non—woody

despite temperature acclimation, the basal maintenance respiration rate for leaves and fine roots is also a sensitive

igh nutrient availabilit

The parameter sensitivities investigated here propagate to uncertainty in the model output. The inner-quartile range of the

model output (Fig. 8) is well constrained and centred around the results of the standard parameterisation reported in Tab. 2?.

Extreme parameter combinations cause larger variations, but do not fundamentally change the model behaviour. Including

wider parameter ranges for some more uncertain parameters will likely affect the absolute mean and uncertainty range of
particular model output. Therefore, the results shown in Fig. 8 should not be interpreted as an estimate of parameter-based
model uncertainty. However, the results do suggest that despite introducing a complex ecosystem model with many non-linear
equations and parameters, the model does not reveal fundamental model instabilities.

13
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By varying parameters, we essentially generate an ensemble of simulations with identical climate and atmospheric nutrient

Wdlfferent soil nutrient fﬁenﬂm%e&paaﬁes—&nd%uﬁm%mes—&%w%cm%vegetatlon nutrient-use
efficiencies e-. At the example of the

broad-leaved deciduous forest site FR-Hes, the model shows, as expected, clear dependencies between the rates of net N and P

mineralisation -GPP-and-and GPP, which also propagate to the simulated carbon stock in vegetation and-seil-The-correlation
(Fig. S12) underlying the uncertainty ranges reported in Fig. 8. For this example, there is also a clearly negative

correlation between the net N mineralisation and foliar C:N:P-an

productivity-to-soil nutrient-availability in-the QUINCY-v10-medelwhich gives rise to a negative co-variation of GPP and leaf
C:N. Interestingly, such a correlation does not exist for foliar N:P, probably owing to a lack of effect of foliar P concentrations
on photosynthesis.

4 Discussion

Medels-of-Land surface models with coupled carbon-nitrogen and phosphorus cycles for-tand-surface-medels-have been pub-
lished before (Goll et al., 2017; Wang et al., 2010; Yang et al., 2014). The QUINCY v1.0 model introduced in this paper
distinguishes itself from these models in (i) that it seamlessly integrates nutrient dynamics with carbon, water and energy cal-
culations (e.g. there is no difference in time-stepping between biogeophysical and biogeochemical processes) and (ii) that there

is an explicit

h-decoupling of the growth processes from C-suppl

due to photosynthesis by accounting for temperature, moisture and nutrient constraints in the formation of new tissue, as op-
posed to the simpler treatment of these dynamics in Zaehle and Friend (2010), as-and applied in Goll et al. (2017). The purpose

of this paper is to provide a background for future studies on the effect of coupled biogeochemical cycles at large scales as well
as on testing the effect alternative representations of important nutrient cycle related processes, for which the model is suitable
due to its modular design. A detailed evaluation of all new submodules of the model is beyond the scope of this paper.
Overall, QUINCY v1.0 performs well in terms of diurnal, seasonal and annual carbon fluxes across a range of ecosystem
monitoring flux sites, spanning a large geographic gradient and a variety of ecosystem types. Despite the lack of any site-
specific parameterisation, there is no systematic model bias for any single PFT at-eithertime-sealefor either the FLUXNET
Figs. 3 and 4) or the GFDB (Fig. 6) analyses. Including a coupling of the carbon cycle to representations of the nitrogen
and phosphorus cycle affects long-term average productivity through its effects on photosynthetic capacity (changed foliar
nitrogen concentration) and leaf area (as a result of the changes in root:shoot allocation);-but-diurnal-and-seasonal-variationsin
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. However, short-term diurnal or sub-seasonal shortage of soil nitrogen or phosphorus availability-de-net-does not directly and
instantaneously affect simulated productivity because of the buffering introduced through the labile and reserve storage.

Model predictions generally show an improvement in the prediction of GPP with the addition of the N cycle. This oc-

curs despite a slight low bias in simulated foliar nitrogen concentration compared to the mean values of the TRY database

This comparison is indicative only, since there is a geographic mismatch between the spatial coverage and distribution of the

modelled sites and the data in the TRY database. Note that these estimates are not fully independent because the minimum and
maximum range of permissable foliar N were derived from (Kattge et al., 2011).

The P enabled version does not show additional improvement in simulating the regional differences in productivity. This is
partly due to the fact that the sites with sufficient information on GPP and NPP available for model evaluation are as a majority
located in temperate and boreal regions, where the main limiting nutrient is likely to be nitrogen (LeBauer and Treseder, 2008).
However, even for the few tropical sites included in the analysis, where in general terms limitation of productivity by P would
be expected (LeBauer and Treseder, 2008; Vitousek et al., 2010), we do not find any significant effect of the simulated P
cycle. An important contributor is the fact that in QUINCY v1.0, the vertically explicit description of SOM dynamics permits
very efficient recycling of organic P in the litter layer, where low mineral sorption capacities lead to efficient P uptake of soil
microorganisms and vegetation. The efficient recycling in the litter layer is partially due to the biochemical mineralisation
flux. Further observations are required in order to constrain this flux better (Reed et al., 2011). One further important factor
is the unknown initial soil concentration of plant available P, as well as uncertainties in the rate of P weathering. Improving
the understanding of P availability across the globe remains an important challenge for the representation of P effects on
productivity (Wang et al., 2010; Goll et al., 2017), requiring detailed observations of soil and vegetation P dynamics and
manipulation experiments (e.g. Medlyn et al., 2016). In addition, similar to other models (Goll et al., 2017; Yang et al., 2014),
QUINCY v1.0 currently assumes that P limitation solely effects productivity due to a stoichiometric constraint on growth,
while other mechanisms may also play an important role in the acclimation of plant processes to different levels of P availability
(Jiang et al., 2019).

The predicted GPP and NPP across a large range of climatic and biogeographic situations is in good agreement with ob-
servations, and so is the average of the carbon-use efficiency (CUE = NPP/GPP). However, the model does not reproduce
the observed range in CUE in temperate and boreal forests, and the analysis of the main drivers of CUE shows that in the
current model version, CUE is mostly a function of mean annual temperature. Vicca et al. (2012) suggested that this variance is
associated with altered carbon partitioning, and in particular increased belowground carbon allocation in response to nutrient
shortage. The QUINCY v1.0 model simulates an increase of the root:shoot ratio with response to nutrient stress. However, the
effect of this change on CUE is small, as increased root allocation not only decreases biomass production through increased
allocation to higher turnover tissues, but also whole-plant mass-specific respiration, given the implicit model assumption that

mass-specific fine root respiration is smaller than leaf-mass specific respiration. This inference is consistent with detailed ob-
servations at the FLUXNET site FI-Hyy (Ilvesniemi et al., 2009; Korhonen et al., 2013), where the QUINCY v1.0 model

successfully simulated GPP, and vegetation C storage (ebserved-6:80-simulated/observed 7.0/6.8 kgCm ™2, (Ilvesniemi et al.,
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2009)), but substantially overestimated the NPP (ebserved:simulated/observed: 536/242 gCm~2?yr~!). Additionally, the N
uptake by the vegetation in addition to the N losses were in the same order of magnitude as the observations (Korhonen

et al., 2013), suggesting that C partitioning rather than N availability is the source of the underestimation. The-QUINCY

—Further causes of this model-data mismatch include alternative

pathways of carbon partitioning not represented in the model (e.g. exudation), changes in tissue turnover times with changes
in nutrient availability, and the magnitude of mass-specific autotrophic respiration. For instance, the estimated autotrophic
respiration in FI-Hyy was 714 gCm~2yr~! (Ilvesniemi et al., 2009), compared to 486494 in the model gCm~2yr—!, which
may be the combined result of allocation, temperature response and specific respiration rates, particularly below ground. The
novel structure of the QUINCY v1.0 model that decouples photosynthesis from growth, and therefore permits to adjust carbon

partitioning to different sinks at short timescales will allow to investigate the effect of these processes in the future. Finally, the

intra-PFT variation of observed CUE likely depends on other site-specific factors that affect site fertility, which are currentl
not adequately represented in the model, such as the effects of soil pH, site history, and species-level variability.

The comparison of simulated leaf '*C discrimination to observations recorded in the global dataset by (Cornwell et al.,
2018b) suggests that the overall parameterisation of long-term mean leaf- and ecosystem-level water-use efficiency, derived
from instantaneous leaf-level gas exchange measurements (Lin et al., 2015), broadly conforms with observations. Notably, the
model also simulates the trend in discrimination with respect to changing water availability in accordance with observations,
which suggests that the overall effect of moisture availability on water-use efficiency is appropriately considered by the model.
Discrepancies between the observation-based estimates of water-use efficiency derived from leaf-level flux and isotope mea-
surements have been noted before (Medlyn et al., 2017), and these may contribute to the remaining model-data mismatch.
One possible reason for this mismatch may be the omission of mesophyll conductance in model formulations, which may
induce systematic shifts in chloroplast [COz], and thereby affect the simulated value of leaf A'3C without affecting leaf-level

water-use efficiency (Knauer et al., in press).

5 Summary and future directions

In this paper, we presented the mathematical formulation of a new terrestrial biosphere model, QUINCY v1.0, that includes a
number of ecophysiological processes (short-term and long-term storage pools, acclimation processes) that have not been rep-
resented in earlier TBMs. We evaluated QUINCY v1.0 against a range of observations from worldwide datasets and demon-
strated that it is successful in simulating photosynthesis and plant dynamics across large geographical ranges and different
ecosystem types with different levels of chronic nutrient input and water availability. We further demonstrated that despite
increased complexity and therefore increased numbers of weakly constrained parameters, the model produces predictions of

the coupled biogeochemical cycles at site level within reasonable and well-defined bounds. Whether or not the same parameter
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and therefore process ranking applies also to perturbation situations, e.g. from the manipulation of C, N or P availability still
remains to be evaluated. The model evaluation provided in this paper points to shortcomings of the baseline QUINCY model

in terms of the responses of carbon partitioning to nutrient availability, and the interactions between plants and soil processes.

The next logical step in the model’s evaluation is to subject it to a range of manipulative experimental settings that will test
the realism of the coupling of the carbon-nitrogen-phosphorus cycle in different climate regimes (Zaehle et al., 2014; Yang
et al., 2014; Medlyn et al., 2015). Such model evaluation can help point to the adequate representation of individual processes
rather than just overall model performance. The inclusion of isotope tracers will increase the scope of such comparisons, since
this will allow to better track carbon and nitrogen flows.

One of the motivations behind the development of the QUINCY v1.0 model was the recognition that there may be more than
one adequate model representation for one process (Beven, 2008). Therefore the model has been constructed with a modular
design, allowing to replace some of its components by alternative representations to test their effect on model predictions.
Examples of future work with QUINCY v1.0 include the control of plants to shape carbon, nitrogen and phosphorus partitioning
and thereby plant functioning in response to environmental change, and plant-soil processes by including better representations
of the interactions between root growth/activity and SOM turnover and stabilisation.

These basic benchmarks provide a baseline test to integrate QUINCY v1.0 into the JSBACH land surface model (Mauritsen
et al., 2019) to allow for a spatially explicit simulation, and integration of a range of important processes such as fire distur-
bance, land-use and permafrost dynamics. This integration will also allow more comprehensive and rigorous benchmarking
against a wider variety of data products. In the mid-term, this will allow coupling to the Max Planck Institute‘s Earth Sys-
tem Model (MPI-ESM) framework ICON to address feedbacks between land biogeochemistry and climate on the basis of an

improved representation of biological processes affecting land biogeochemical and biogeophysical processes.

Code availability. The scientific part of the code is available under a GPL v3 licence. The scientific code of QUINCY relies on on soft-
ware infrastructure 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/quincy/quincy-model-
releases) [TECHNICAL NOTE: WILL BE UPON ACCEPTANCE AND PRIOR TO PUBLICATION], but its access is restricted to regis-

tered 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/f QUINCYMod

Appendix A: FLUXNET sites
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Table A1. FLUXNET sites

Site Long Lat PFT  Start End  Reference

AT-Neu 11.32 47.12 TeH 2002 2005 Wohlfahrt et al. (2008b)
AU-How  131.15 -12.49 TeBE 2002 2005 Beringer et al. (2011)
AU-Tum  148.15 -35.66 TeBE 2002 2005 Cleugh etal. (2007)
BE-Bra 4.52 51.31 TeNE 2000 2002 Carrara et al. (2004)
BR-Ma2  -60.21 -2.61  TrBE 2003 2005 Aragjo et al. (2002)
CA-Man  -98.48 55.88 BNE 1999 2003 Dunn et al. (2007)
CA-Qfo -74.34 49.69 BNE 2004 2006 Bergeron et al. (2007)
CA-SF1 ~ -105.82 5449 BNE 2004 2005 Mkhabela et al. (2009)
CH-Oel 7.73 47.29 TeH 2002 2006 Ammann et al. (2007)
DE-Bay 11.87 50.14 TeNE 1997 1998 Rebmann et al. (2004)
DE-Hai 10.45 51.08 TeBS 2000 2006 Kutsch et al. (2008)
DE-Meh 10.66 51.28 TeH 2004 2006 Scherer-Lorenzen et al. (2007)
DE-Tha 13.57 5096 TeNE 1998 2003 Griinwald and Bernhofer (2007)
DK-Sor 11.65 5549 TeBS 1997 2006 Lagergren et al. (2008)
ES-ES1 -0.32 3935 TeNE 1999 2004 Sanzetal. (2004)
ES-LMa -5.77 39.94 TrH 2004 2006 Vargas et al. (2013)
FI-Hyy 24.29 61.85 BNE 2001 2006 Sunietal. (2003)
FR-Hes 7.06 48.67 TeBS 2001 2006 Granier et al. (2000)
FR-LBr -0.77 4472 TeNE 2003 2006 Berbigier et al. (2001)
FR-Pue 3.60 43774 TeBE 2001 2006 Keenan et al. (2010)
IL-Yat 34.90 31.35 TeNE 2001 2002 Griinzweig et al. (2003)
IT-Cpz 12.38 4171 TeBE 2001 2006 Tirone et al. (2003)
IT-MBo 11.05 46.02 TeH 2003 2006 Wohlfahrt et al. (2008a)
IT-Ro2 11.92 4239  TeBS 2002 2006 Tedeschi et al. (2006)
IT-SRo 10.28 4373 TeNE 2003 2006 Chiesi et al. (2005)
NL-Loo 5.74 52.17 TeNE 1997 2006 Dolman et al. (2002)
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Table A1. FLUXNET sites (continued)

Site Long Lat PFT Start End  Reference

SE-Fla 19.46 64.11 BNE 2000 2002 Lindroth et al. (2008)
SE-Nor 17.48 60.09 BNE 1996 1997 Lagergren et al. (2008)
US-Blo -120.63  38.90 TeNE 2000 2006 Goldstein et al. (2000)
US-Hal -72.17 4254  TeBS 1995 1999  Urbanski et al. (2007)
US-Hol -68.74 4520 TeNE 1996 2004 Hollinger et al. (1999)
US-MMS  -86.41 39.32  TeBS 2000 2005 Schmid et al. (2000)
US-MOz -92.20 38.74  TeBS 2005 2006 Guetal. (2006)
US-SRM  -110.87 31.82 TeBE 2004 2006 Scottetal. (2009)
US-Syv -89.35 46242 TeNE 2002 2004 Desai et al. (2005)
US-Ton -120.97 3843 TeBE 2002 2006 Ma et al. (2007)
US-Var -120.95 3841 TrH 2001 2006 Maetal. (2007)
US-WCr -90.08 4581 TeBS 2000 2005 Cook et al. (2004)
VU-Coc 167.19 -1544 TrBE 2002 2003 Roupsard et al. (2006)
ZA-Kru 31.50 -25.02 TrBR 2001 2003  Archibald et al. (2010)
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Figure 2. Locations of the sites used for model evaluation. Black stars: FLUXNET sites; circles: GFDB sites with circles having colors

corresponding to different PFTs (see Table 1).
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Figure 3. Simulated and observed mean monthly diurnal (a, b, ¢, d) and seasonal (e, f, g, h) cycles of gross primary production (GPP) at
four FLUXNET sites (FI-Hyy, FR-Hes, AU-Tum, BR-Ma2, see Tab. A1) representing the major QUINCY PFTs (NE, BS, TeBE, and TrBE,
respectively, see Tab. 1). *Obs’ correspond to micrometeorological observations. ’C’, ’CN’ and *CNP’ refer to the model simulations with C,

C&N and C&N&P options enabled. Seasonal cycles have been smoothed by a 16-day running mean.

35



® TrBE

1.8 ® TeBE
® BS

Lal e NE
® TeH

1.2f

1.0

0.8}

0.6}

0.4}

0.2}

0 i . . - . 0 i . . - .
.0 02 04 06 08 1.0 1.2 1.4 16 .0 02 04 06 08 10 1.2 14 16
Normalized standard deviation Normalized standard deviation
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FLUXNET sites used in this study (Tab. Al), separated according to the dominant plant functional type (Tab. 1). The standard deviation
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The number of sites used in the calculation of the PFT-specific RMSE value (n) is shown above the bars for each PFT. The error bars denote
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C, C&N and C&N&P options enabled.
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FLUXNET sites in Fig. 3 using latin-hypercube sampling (n=1000) for 45 parameters. Values have been normalised to the ensemble mean,

given as number for each site and variable, to improved readability. The numbers below each individual box correspond the median value

for each variable, GPP in units gC m ™2 yr_lng m™2 yr_l,WgP m~2 yr~! and vegetation and total carbon
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Table 1. Description of plant functional types used in the model

Number Abbreviation Description
1 TrBE Tropical broad-leaved evergeen
2 TeBE Temperate broad-leaved evergreen
3 BR (Tropical) broad-leaved rain deciduous (rain green)
4 BS (Temperate & Boreal) Broad-leaved winter deciduous (summer green)
5 NE (Temperate & Boreal) Needle-leaved evergreen (coniferous evergreen)
6 NS (Temperate & Boreal) Needle-leaved winter deciduous (summer green)
7 TeH C3 grass
8 TrH C4 grass
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This Supplementary Material includes a detailed model description with equations. Section M1 summarises the general
structure and vertical discretisation of vegetation and soil, and introduces general parameters (Tab M1). Section M2 describes
the canopy processes, such as photosynthesis and stomatal coupling, with parameters in Tab. M2. Section M3 introduces
vegetation growth, turnover and dynamics and the corresponding parameters are in Tab. M3. The soil biochemistry is described

5 in Section M4, and its parameters are in Tab. M4. Section M5 describes the implementation of the isotope code, with parameters
in Tab. M5. Section M6 describes the radiation scheme, surface energy balance and soil hydrology, with parameters described

in Tab. M6. The PFT-specific parameters are listed in Tab. M7. Where no explicit reference to other studies is given, the
equations have been developed in this study.

M1 General model structure, modularity, and discretisation

10 Each gridcell of the model is subdivided into nested tiles, each of which is occupied by one specific vegetation-type, represent-
ing a plant functional type (PFT). The number of tiles per gridcell is flexible, making it is easy to implement more/different
PFTs in the future. In the model, vegetation is represented by an average individual composed of a range of structural pools
(leaves, sapwood, heartwood, coarse roots, fine roots, and fruit), a fast overturning, respiring non-structural pool (labile), as
well as a seasonal, non-respiring, and non-structural storage pool (reserve). Tree vegetation types are furthermore charac-

15 terised by their height (m), diameter (m), and stand density (m~2). Soil biogeochemistry is represented using five organic
pools: metabolic (met), structural (str) and and woody (wl) litter, as well as fast (f) and slow (s) overturning soil organic matter.
Each of these pools contains carbon (C), nitrogen (N) and phosphorus (P), as well as *C, '*C, and 'N. The unit of the pools
is mol X m~? for vegetation and mol X m~? for soil biogeochemical pools, where X represents any of these elements. In ad-
dition, the model represents the following soil biogeochemical pools (NHy4, NO3, NOy, NyO, Ng, and POy), with equivalent

20 units.



The model operates on a half-hourly time-scale (denoted as dt). Vegetation processes, e.g. the photosynthesis and respiration

responses to temperature, the responses of nutrient uptake and foliar nutrient concentrations to nutrient availability, are assumed
to respond to these instantaneous conditions and associated fluxes with a process-specific lag time (77/777%, see Tab. M1),

representing a form of memory for instance in the calculation of allocation or vegetation dynamic responses. Where appropriate,

5 the fluxes or pool sizes are calculated as running means with a time-averaging filter as

TOCESS . process
X"p?avganew - Xmavg,old X (1 - w) + Xcurrent X w,where (1a)
dt
W = —process (1b)
mavg

: : : process process
where Xcyrrent is the instantaneous state or flux of interest, and X7/, 7 ;. as well as XEIZ0%%  are the averaged values

of the previous and current time step, respectively. The equations where these lag times are playing a role are also shown in
10 Tab.MI._

M1.1 Vertical discretisation

The canopy is discretised into 10 layers (denoted by subscript cl), with exponentially increasing layer depth (LAI) to allow
for a better resolution of eanopy-proeesses-in-areas-of-top-of-canopy processes with high light and nitrogen gradients. Total

foliageN-In accordance with observations of canopy N distribution (Niinemets et al., 1998), less N is allocated to the lower.
15 darker canopy layers: as in Zaehle and Friend (2010), the total canopy N content (NV;cq ) is distributed to each canopy layer cl

sfollowing
Nleaf,cl = Nleaf,cl:l X e_anLAICa’LUhe’re (23)
k.
Nleaf,cl:l = WNleaf (2b)

20

cl =1 is the top layer.

All soil state-variables (temperature, moisture, texture, soil biogeochemical pools) and fluxes are discretised into 15 soil

layers (denoted by subscript (sl). Layer thickness increases exponentially with increasing layer depth up to a total depth
of 9.5 m, and with a minimum layer thickness for the top layer of 0.065 m. Fine—Following observations presented b
25 Jackson et al. (1996), fine roots and coarse roots are assumed to be distributed in exponentially decreasing density along the

soil profile according to

—k ist Xdepth,
Xroot,sl = Xroot,sl:l X g Froot-dist PERst where (3a)

k'rd

root_dist Xdepthy.

Xroot,sl:l = 1_cF Xroot (3b)
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where k4 is a PFT-specific parameter (see Tab. M7 Jackson-et-al(1996)), depth; the depth of the soil layer’s mid point,
depth,. the rooting depth, derived from site characteristics and X,.,,; the respective fine or coarse root mass.

For clarity in the following, the subscript for canopy and soil layer is ignored if processes are treated similarly across layers.

M1.2 Modularit

The code structure of QUINCY has been designed in a modular way, with two intentions.

Modularity regarding the scope of the model The model can be run configured as a canopy flux scheme (simplified representation

of LAI dynamics given the phenology subroutines, full consideration of soil hydrology, surface energy, canopy radiation
and photosynthesis), a stand-alone vegetation model (all of the canopy flux schemes, but with LAI dependent on vegetation
growth and dynamics, however without biogeochemical soil feedbacks), a stand-alone soil biogeochemical model (driven by
pre-calculated soil moisture and temperature as well as atmospheric and plant litter inputs), a configuration of any of the former
without considering soil moisture constraints, and the fully coupled canopy, vegetation and soil model as applied here. This
approach allows for testing the implications of particular processes at reduced model complexity.

Modularity regarding the ability to test different hypothesis regarding specific process representations that the subroutine
structure of the model facilitates the testing of alternative process hypotheses. These include alternative assumptions about
temperature acclimation, the vertical structure of the soil (bulk or one-dimensional with flexible numbers of layers), as well as

submodules to be tested in future studies.

M2 Canopy processes
M2.1 Canopy nitrogen allocation

The leaf area index (L AI) and canopy nitrogen content (N, ¢) are dynamic properties of the model, as described in Section
M3, and are discretised to canopy layers given by Eq. 2. Nic ¢ ¢ is partitioned into photosynthetic and non-photosynthetic, or

structural, N. The fraction of structural N (f Ng¢rqc,c1) is calculated as a function of the total leaf N in the respective canopy

layer (Zaehle and Friend, 2010):

sttruc,cl = kStruc - kftrucheaf,cl (4)

where k5t74¢ is a PFT-specific parameter and k5% is an empirical constant.
The photosynthetic N is further separated into the fraction that is associated with Rubisco (f IV,.;p), electron transport (f Net),
chlorophyll (f Ncp:) and in the case of C4 plants, a fourth fraction for PEP carboxylase fNpepe.
The-As in (Zaehle and Friend, 2010), the fraction of N in chlorophyll for each layer is calculated as decreasing with canopy
depth:
kghl - ki;hle—k;’;jLAlc

fNen = o ; ()
Qehi




where k§", k" and k"' are empirical parameters s-and a'},, is the molecular N content of chlorophyll.
The values of fN,,; and fN; are calculated assuming a fixed ratio of the V4. and J,4, photosynthetic parameters at
25°C, r jav, given the calculated values of the structural and photosynthetic fractions. The PEP carboxylase fraction, fNpcp,

is considered to be a constant.

M2.2 Leaf-level net photosynthesis

and shaded: as defined in Sect, M6, 1), For clarity, the subscript o, is omitted in this section. The calculation of leaf-level pho-
tosynthesis is based on Kull and Kruijt (1998), extended for C4 photosynthesis according to Friend et al. (2009);-and-with-the

10 which is light-harvesting limited, and therefore strongly depends in the leaf chlorophyll content (see Kull and Kruijt, 1998, for details).
The temperature response curves as described in Bernacchi et al. (2001). Unless stated otherwise, temperature sensitivities
follow the form:
fx(TaiT) = eEgiE?/(RXTa") (6)
15 where T,;, is the air temperature (K), R is the universal gas constant (Jmol~'K~1), and the process-wise E§ and EY are

given in Table M2.

version of QUINCY does not include a representation of canopy temperature and we are therefore using air temperature

20 for all aboveground processes.
In light-saturated conditions, gross photosynthesis (A,) in C3 plants is calculated as the minimum of two potential rates,

The electron-transport capacity limited carboxylation (A4;) and the Rubisco-limited rate of photosynthesis (A,). A; is given by

Aj =my X e, where (7a)
&
25 = 7b
my e T 2xT (7b)
Imaz = N1 X Nleaf; (7¢)
ny = gjmam (Tair) X ijil X ﬂffnklzm X Bgosa X jgzam X fNet (7d)

where ¢; is the intercellular partial pressure of CO2 (Pa, Eq. 17), and I'* is the CO2 compensation point in the absence of

pS

dark respiration. 5. ...

is a signal to reduce photosynthesis in the case of C sink limitation (Eq. 43) and 527, is accounting
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for the effect of low-temperature acclimation in the evergreen species (Eq. 46). Excessive soil moisture stress constraints (as

discussed in Rogers et al. (2017)) are assumed to reduce light-saturated photosynthetic activity by:

W0l
pS so1
P =1— Ty ®)

where U, is the soil water potential in the root zone (Eq. 121) and \I!Z’e};’; is the PFT-specific minimum leaf water potential.
The temperature sensitivity of electron transport is assumed to follow the bell-shaped form described by June et al. (2004),

where Yfﬁtax is the optimum temperature for .J,,, 4, according to Friend (2010), as follows:

Tair =T\
N )
9imazx (Tair) =€ 5 (93)

TP = kO, 4+ KL X o Tib, <TP  <T (9b)

jmax jmax jmazx jmazx,min jmaxr — ~ jmax,max’

. . topt topt L : Topt - 3
where T, is a PFT-specific parameter, k0 imaz and k1 jmag AT€ parameters, T4ir s the air temperature, and ijw in Eq. 9is

the mean of the daytime Tﬁffm over the past few days (T,J,‘L’Zﬁ;”), thereby accounting for temperature acclimation of photosyn-

thesis as in Friend (2010).
A, the Rubisco-limited rate of photosynthesis, is given by

A, =ma X Venaz, where (10a)
Ci

_ 10b

M k(14 Ok (10b)

Vemaz = na X Nleaf (10c)

N2 = f'ucma:v (Tair) x Bfosil X Bg’isnklim, X nga X U?maz X fNTUb (IOd)

where O; is the intercellular partial pressure of Os, and k. and k, are the Michaelis-Menten constants for CO5 and O2
respectively, derived E5¢, EX¢ or EX°, EX° using Eq. 6.
The N-specific light-saturated rate of C3 photosynthesis can then be calculated as:

Msar = Min(ny X my,ng X Ma) (11

Friend et al. (2009) adjusted the scheme by Kull and Kruijt (1998) using the Collatz formulation of C4 photosynthesis
Collatz et al. (1992). The simplified assumption is that A; and A, can be calculated as above, but at saturating ¢; (i maz)-

Bundle-sheath transport limitation (A,) is then further limiting C4 photosynthesis, given by

Ay =Vpmaz X ma,where (12a)
mear =nz X Nleaf (12b)
ng = gpepc(Tair) X vgepc X prepm (120)
ms = =, (12d)
p



10

15

20

25

where the temperature response is

Gpepe(Tair) = 2Toir~Tref W/ Loz (13)
The N-specific light-saturated rate of C4 photosynthesis can be calculated as

Msqr = Min(ny X myi,ng X Mg, Nz X mg3) (14)

The light-harvesting limited rate of photosynthesis (A ) can be written as

Ah =mi X ¢ ><]DPF'1)a7 (153)
PPFD, = PPFDy(1 — e *a*Cert) where (15b)
Cent = agyy X fNeni X Nieas (15¢)

where «; is the intrinsic quantum efficiency for CO2 uptake, PPF Dy is the photosynthetic photon flux density (PPFD)
penetrating sunlit or shaded foliage, converted from the adsorbed radiation of the canopy layer (Eq. 102), and k, as well as
ary,; are parameters specified in Table M2.

As Kull and Kruijt (1998) show, this system of equations (Eq. 7-15) can be solved to yield gross photosynthesis (4,) for

one canopy layer and light-class as:

T n n

Ay =(1——)[msatNsar + aiPPFDa(e*k“X“chlXfNC’”XN”t — e*k“x“chlXchh’Xlef),where (16a)
forNgas =0: Ny <0 (16b)

fOTNsat = Nigm © Nigm < Nleaf (16¢)

f/gthat = Nleaf : Nigm 2 Nleafzand (16d)

o In(mgat /[0 x PPFDnX ko x all; X fNep x m1)) (160)

kq X Q.pr X chhl
(16f)

M2.3 Stomatal coupling

The combination of leaf-level net photosynthesis (A,, .;), stomatal conductance (g5 ;), and leaf internal CO, concentration
(ci,c1) satisfying Eq. 17 is sought iteratively for each canopy layer (following broadly Ball et al., 1987):

An = (Ag,sunlit X fsunlit + Ag,shaded X (1 - fsunlit)) - Rl (173)
A7 6 'rﬁgsi
gs = [904-91%% X R X Tair/p (17b)
Dw‘v2c02 Dw'u2<202
Ci=C1 X Cq—Cy X Ap x (Z2T—— 4 Ztrb ) o B Ty (17¢)

gs Ja
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where fsyni¢ 18 the fraction of sunlit leaves in a canopy layer (see Eq. 101), R; is the maintenance respiration of leaves (see
Sect. M3.2), go and g; are PFT-specific parameters, R is the molar gas constant, T,,;, is air temperature (K), p air pressure (Pa),
¢, converts CO, concentration from ppm to Pa, ¢, converts umolm~2s~! to molm~2s~!, g, is the aerodynamic conductance
(calculated following Eq. 110), and the D’s are the diffusion coefficient corrections for CO, and water (Bonan, 2015).

Bair 18 taken as relative humidity (Ball et al., 1987; Knauer et al., 2015) and ﬁfji ; is the stomatal response to soil moisture,
described by:

U0

gs so1

soil — © 7 grmin (18)
qjleaf

min

where W, is the soil water potential in the root zone (Eq. 121) and U777 K is the PFT-specific minimum leaf water potential.
M2.4 Canopy integration

Canopy-level fluxes are derived by summing the product of layer-level fluxes or state-variables and the depth of the layer

ncanopy

F= Z FCZXLAICI, (19)

cl=1
where F’ is the canopy-level equivalent of a leaf-level variable F,; (per unit leaf-area), such as gross photosynthesis (A4,), net
photosynthesis (A,,), and leaf-level stomatal conductance (g;), (see Sect. 22-M2.2 and M2.3) and LAl is the leaf area index
of the canopy layer. The resulting canopy net assimilation A, is used as input to the vegetation model (Eq. 20), the canopy

conductance (G) is used for the calculation of ecosystem transpiration (Eq. 118).

M3 Vegetation growth, turnover and dynamics

M3.1 Labile pool dynamics

The general equation for labile pool dynamics resembles Zaehle and Friend (2010), and similar approaches: growth of a plant
is modelled dependent on the partitioning of its labile resource to new tissue growth, storage production, as well as — in the

case of C — respiration for maintenance and resource uptake:

dc abile
% - Ag + ASC — Ry — Ry — (1 + fresp,growth) x Ge (20a)
dNa ile
o = Urgor.y + ASy — Gy (20b)
dpa ile
i = Uroor,p + ASp = Gp (20¢)

where R, is maintenance respiration, R, is resource uptake respiration (for both see Sect. M3.2), ASx is the net exchange
between the labile and reserve pool (Sect. M3.6), fresp,growth is the constant fraction of respiration associated with growth,

G x are the growth rates to build new tissues, U,.0¢, x are nutrient rates of root uptake.



10

15

20

25

M3.2 Maintenance respiration

Maintenaneerespiration-Following (Sprugel et al. (1995), as in (Zaehle and Friend, 2010)), maintenance respiration (R, ;) for

every vegetation pool (z) is estimated from its N content (/V;) as

Rm’i = ftemp X fiesp,maint X Ni (21)

i . . . . . . .
where f[ ., 1mqine 18 the maintenance respiration per unit N, which differs between woody and non-woody pools, and fiemp

is the instantaneous temperature response of respiration (Lloyd and Taylor (1994))

1

1

Jremp =" 52" ) (22)
where tx1,tr2 and t3 are temperature sensitivity parameters and 7" is the instantaneous air or soil temperature for above-

and belowground tissues, respectively. Following Atkin et al. (2014), the basal respiration rate acclimates to temperature

fmaintfrate — f’maintj"atej"ef lofresp,acclimr (Taccl'im _Tacclim,ref) (23)

where frnaint_rate,ref is the N-specific maintenance respiration rate at the temperature Tocciim,refs fresp_acclim 1S the slope

of the temperature acclimation and Tgccrim is the running average of air or soil temperature (7,77 ), respectively.

Resource uptake respiration for nutrients is given by specific costs (cost;, Zerihun et al. (1998)) to transform nutrients from

mineral sources (%) into organic material and the actual plants uptake Upjqn¢,; (M4.5) as
R, ; = costy X Upant,i (24)

where i is either NH4 or NOs.

M3.3 Growth

The equations in this section have been developed for the QUINCY model. The potential, source-limited growth rate (G) is

given by the product of the maximum turnover rate of the labile pool (1/74pi1¢) and the actual labile pool size (Xjqpi1e). Three

sink limitation processes operate, which control the down-regulation of this potential growth rate to the actual growth rates
(Gx):

— the temperature and moisture sensitivity of the meristem (Eq. 25);

— the requirement for maintenance respiration (Eq. 21), which takes priority over new growth; and

— the co-limitation of growth by the nutrients required to grow specific pools (Eq. 28).

The meteorological/environmental-temperature and moisture control on the meristemmeechaniss-, and therefore the growth
rate, is represented by a reduction of the maximum turnover rate of the labile pool at low temperatures and low soil moisture

conditions.

Jlabile labile

labile khabi labile KL
w e~ Wiemp XTair) tome o =(Ag7"“xO)"6 (25)

e —
labile
Tlabile



5

10

15

20

where T, is air temperature in degrees Celsius, © is the fractional soil moisture content (Eq. 120), and the A and k are
parameters. k;,;.;. is set to zero outside the growing season (see Sect. M3.8).

Respiration is assumed to have priority over growth. However, under severe C deficit, the meristem activity also down-
regulates maintenance and resource uptake respiration.

To ensure that carbon growth (G ) does not exceed the size of the labile carbon pool, the turnover rate of the labile pool to

growth is corrected by the current respiration rate, and constrained to positive solutions:

GZ = kl*abile X Clabile X dt — Rm — Rr; Gév > 0 (26)

. - . . . th th :
Given G, and the stoichiometric requirements for biomass growth (req% o, and regp ", respectively):

pools

row i X’L
regfy"™" = D fanoe X 3 27

i

i X;
where f! v

are the allocation fractions (Sect. M3.4) to each pool ¢, and are the target stoichiometries of C:N:P (Sect.

lloc

M3.5) of the leaf, fine root, coarse root, sapwood, and fruits pools. The actual growth rates can be calculated as

th th th
Gp=reqy """ x Gy =regp " X reqlgvrfg” x Ge (28a)

Ge <G (28b)
Gn < 12V 5 Ngpize x dt (28¢c)
Tlabile
(kjuiiie)?
Tlabile

Gp< X Piapite X dt, (28d)

Note that only the minimum of the three rates in eq. 28a can actually be realised. The other two growth rates are adjusted,
implying a relative accumulation of these elements in the labile pool. The use of kJ*%%, . and (k4 ) for phosphorus, implies a
stronger mobilisation capacity for nutrients-than-for-earbonnitrogen (amino-acids) and phosphorus (a inorganic anion) than for
reserve carbon (starch), which requires transformation to be used for growth. The assumption behind this is that the temperature

and moisture control of the meristem is already accounted for by GG, and that the plant is able to mobilise the required nutrients
from the labile pool to support this growth.

Outside the growing season, all growth fluxes are set to zero (see Sect. M3.8).
M3.4 Growth partitioning

The labile pool partitioned to growth is first split into reproductive (fruit pool) and structural (leaves, fine and coarse roots and
sap wood) growth.
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The fraction of carbon growth allocated to fruit depends on the ability of the plant to build reserves (AS¢, see Sect. M3.6),
implying that fruit growth is suppressed during phases of rapid leaf growth (beginning of the growing season), as well as

periods of C starvation (e.g. severe drought).

) . fruit
_(yfruit Fruityykal U
(@) X(ASc+k3 ) *atl (29)

alloc alloc

ffruit klfru'it (k_2fruit _ klfruit

alloc,C = alloc alloc alloc ) X exp

where the maximum fraction of allocation to fruits (k2! 7"/

The allocation of the remaining growth ((1 — l{ﬁgétc) x G¢) to the structural pools leaves, fine root, coarse roots, and

) is a PFT-specific parameter —(this study).

sapwood follows a set of following allometric relationships (Zaehle and Friend, 2010).

cltor Cleaf
Clea/' - fN\P\HgO X Krtos X 07 X C/’irw_raol,

sap_wood

Nlabile/clabile Plabile/Nlabile Wsoil,r’ooL

growth ’ growth 7 /Valloc )
“UYNC reqdpN soil,crit

flter = min(

In grasses, halms are assumed to be a proportion of leaf mass, and no height restrictions apply.

Cleaf = khtol X Csap?wood (30)
In trees and shrubs, leaf and woody biomass are linked through the pipe-model hypothesis (requiring a constant ratio of leaf
area, LA, to sapwood area, S A)

klatosa X Csapfwood
sla X pwood X H

Cleaf = <=>LA= Klatosa X SA, (31)

where sla, kjqt0sa, and pyooq are the PFT-specific specific leaf area, leaf to sapwood area ratio, and wood density, respec-

tively. H is the mean forest canopy height calculated as:

H = klgyiom x DF?atiom (32)

10
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where the diameter at breast height (D) is determined from woody biomass, assuming that the entire trunk is a cylinder. As

an extension to the pipe-model theory below-ground, coarse root biomass is assumed to be proportional to sap wood mass:

Ccoarse?root - kctos X Csap?wood (33)

where k.5 is a PFT-specific parameters.

For both trees and grasses, fine root and leaves are assumed to be in homeostatic balance between transpiring leaf surface

and root mass

Kilatos
ltor latos
Cleaf = f o x krtos X —— X Cfi’rLeJ'oot (34)
sla X pwood
where vios, Sla. Kiatosa, and puoog are PET-specific parameters. f£°" is the long-term average (7%//9¢ ) of the nutrient and

water limitation scalar, which represents the widely observed phenomenon of increased root allocation with water or nutrient
shortage and is calculated here as the minimum of three functions describing N, P and water limitation respectively, calculated

as:_

Nlabile/clabile -Plabile/Nlabile Wsoil,root )
growth ) growth 7 alloc
NC reqdpn soil,crit

fltor _ mzn(

(35)

X,.pi. refers to the content of the respective element in the labile pool and req?7 2% " and req? """ are the N:C and P:N

ratios required for growth, respectively (see eqn. 27). For the water limited allocation, Walloc i the critical level of soil

moisture below which root allocation increases and W,; ; is calculated as the ratio between the current water content in
the root zone and the water content in the root zone at field capacity.

Ma3.5 Tissue stoichiometry

Following Meyerholt and Zaehle (2015), C:N:P stoichiometry for slow-overturning structural tissues (sap wood, coarse roots)
as well as fruits, is assumed to be time-invariant and modelled as dependent on the PFT-specific mean foliar stoichiometry

(Xﬁﬁ , and X{Z&?) and set ratios (see Table M3). Heartwood stoichiometry differs from sapwood stoichiometry because a

wood

fraction of the nutrients are retranslocated (2207,

) to the labile pool upon heartwood formation.
Following Zaehle and Friend (2010), the C:N and N:P ratios of leaves are varied in response to the nutrient demand and

supply so that:

Xiearitrr = Xieas X (146X, X Txy) (36)

11
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where ;> a‘; denotes either the C:N or N:P ratio of the leaves, dj, , ; is a parameter denoting the maximum amount that leaf

nutrients can change per timestep and I x.y heuristically accounts for limits to the plasticity of foliar stoichiometry as:

X:Y
Xieaf Klea
_()‘;(ca,f XY +(;X:Y ) teaf . Y:X growth
e leaf,min leaf,max lf X e < ’r‘eq
_ labile = Y:X
FX:Y - Xlx:y B X (37)

~Near 07— j_(;fX:Y Yt vy growth

_(1 —e leaf,min " Xleaf,max ) if Xlabile > reqY:X

In the above, X;¥:% in A0 Xies 7 maz are PET-specific parameters. The \.  , and k., are parameters (Tab. M3) The condition
refers to the relationship between the nutrients available for growth in the labile pool and the nutrients required for growth (Eq.

27), averaged at the time-scale of 7.5 The stoichiometric ratios of the fine roots vary proportionally to those of the leaves,

avg*
whereas the stoichiometry of wood is assumed time-invariant (Meyerholt and Zaehle, 2015). The stoichiometry of the labile

and reserve pools are prognostic properties, as described in Sect. M3.6.

M3.6 Long-term reserve dynamics

While labile-reserve dynamics have been part of the OCN model (Zaehle and Friend, 2010), the underlying equations have

target

been reworked to increase robustness and traceability. The target leaf carbon pool (Cj,, ") is determined by the current
allometry, and corresponds to the leaf area index implied by current sapwood area.

The target labile carbon pool size buffers short term fluctuations in GPP, and is assumed to correspond to the maximum of
the cumulated GPP or R,, over the turnover time of the labile pool, while the target of the labile nitrogen and phosphorus

pool corresponds to the average stoichiometric growth requirement over the turnover time of the labile pool:

t=0 t=0
t t
LTIt _ / GPP x dt, / Ry x dt) (382)
E=—Tite E=—Tpyite
target __ growth target
Nigpite =7€dne X Clapie (38b)
target growth target
Prapite =7¢dpn X Nigpie (38¢)

The target size of the reserve pool depends on the C required to replace the annual growth of leaves and fine roots. It is scaled

by a PFT-specific constant as a measure of risk avoidance (k!279¢! ), with larger values indicating a preference for storage over

growth.

LAItarget

; freserve.mam,i X Ci)/ll)h@’f’é (393.)
sla ’

i=l,f,s

1 1
Estore = kLaroet < (min(1 + ) (39b)
LRSS reserve ’ Tleaf Tfine_root X Rleaf:fine?root

target .
Cresgrve = mln(kreserve X (1 + fresp,growth) X

where LAI'%"9¢ is the target leaf area index, which is constrained to values below LAI!T9¢ (see Sect. M3.4) and sla

the PFT-specific specific leaf area, Tjeqy and Tyine_root are the PFI-specific turnover times of foliage and fine roots, and

12



Ricaf:fine_root 18 the leaf to root ratio (Eq. 35) averaged over the lifetime of the fine roots (T,;Oﬁg). The N and P target pools

are defined in an equivalent manner, respecting the current target stoichiometry of leaves and fine roots (Sect. M3.5).

10 The net exchange between the labile and reserve pool is calculated as

1

X X -

ASx = - X (D7) gint X Xreserve — Poiore X Xiabile) X dt;with (40a)
labile
Xiabi [
~(Naine X g Pmaint
X = Xiabite ,and (40b)
—(\?® x Xreserve kfto,.e

X =1-e¢ (Astore xS E875EET) (40c)
where A® k2 o AE ., and kT, are parameters of a Weibull-type function. Under conditions of severe resource

15 stress (i.e. low labile pool size corresponding to its target size), the build up of reserves, is reduced according to

1-®X .
X _ maint xX . X )
(Pstore - (I)storm Zf (Pmaint > kq),lnteT (41)
1- k@,inter

where k& inter is @ parameter. To support leaf and fine-root growth at the beginning of the growing season, ASx is further

modified by the phenological pull (@;ﬁwn) during the growing season as follows:
ASx = ASx + kipite X Pppen X Xreserve X dt, with (42a)
O\Ben X risad ) phen
20 X o TN (42b)

phen

where )\g’hen, and kg’hen are parameters of a Weibull-type function.

Ma3.7 Photosynthetic sink limitation

In—the—ecase—that-The observation that growth and photosynthesis may differ in their response to environmental stressors
Hartmann et al., 2018) is considered in QUINCY such that in case the labile carbon pool exceeds its target size substan-

tially because growth is limited by temperature, moisture, or because sufficient nutrients are lacking to allow growth (Eq. 28a),

sink-limitation down-regulates photosynthetic activity so that:

ps
DS _ gps DS —(APS L X X)) Fsinklim

sinklim — /Bsinklim,min + (1 - sinklim,min) xe k ,where (433)

target

Clavite — Crapi)

— —avre  “labile

S X = Ctarget (43b)
labile

target

Here, Bsinkiim,mins Aespiiim a0d k22 are parameters (see Table M3) and C,, 7°" is the target value for the labile pool

sinklim
(Eq. 38).
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In addition, if the C:N or N:P ratios of the labile pool exceed those of the target labile pool, indicating strong nutrient stress,
the sink limitation factor is further modified as a function of the stoichiometric ratio of the labile pool and that of the labile

target as:

XN:C XP:N

DS __ QPps - labile labile

sinktim = Bsinkiim X min(1, LONP o N:C »JCNP_ PN ) (44)
sinklim Xlabile,target sinklim Xlabile,target

CNP

where ksvnklvm

is a parameter.
M3.8 Phenology

The phenology of vegetation, describing the seasonal development of foliage biomass, is simulated prognostically given the
ability of the plant to grow new tissues, which depends on the size and turnover of the meristems (Eq. 28), as well as the
fractional allocation of growth to plant organs (see Sect. M3.3). The start and end of the the growing season are determined by
meteorological triggers and soil moisture, with plant growth set to zero outside the growing season (Eq. 28). The meteorological
variables determining these phenological triggers are averaged over Tﬁfﬁfq};, to smooth out the effect of day-to-day climate
variability. While the beginning and ending mark the start and end of tissue production, only the turnover of the leaves is
directly affected by phenological triggers. The turnover of all other tissues is assumed to be constant (see Sect. M3.9).

The model differentiates evergreen, cold deciduous, rain deciduous tree and shrub phenological strategies, as well as herba-
ceous perennial phenological strategies.

The growing season start for cold deciduous and herbaceous PFTs is described as a function of the accumulated growing
degree days (GDD,.) as:

GDDyec > GDDG" expKiormance *NDPD yyhepe (452)
GDD(ICC
g = GPDace+ MAX (tair — tia”,0.0) (45b)
where GDD,.. denotes the current growing degree days above the temperature threshold (t$2P) since the last beginning of
GDD

dormancy, N DD is the number of dormancy days, taken as days since the last growing season, and & is a PFT-specific

dormance

parameter relating dormancy to the PFT-specific maximum growing degree days requirement (GDD;g") to account for the

chilling requirements of the buds (Krinner et al., 2005), and d¢ denotes time-step in days.

For rain deciduous phenology, the start of the growing season is triggered when the soil moisture stress factor (377, see

Eq. 18) is larger than a PFT-specific threshold (ﬁf tushy “This criterion is also applied for herbaceous PFTs in addition to the
G D D-criterion.

soil
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soa
~Msoa — s
soa __ soa
(Tma:p Tmin)

The end of the growing season for cold deciduous and herbaceous PFTs is triggered by decreasing average air temperatures

below a PFT-specific temperature threshold (¢5¢"). For raingreen and herbaceous PFTs the end of the growing season is trig-

gered when the soil moisture stress factor (stil) becomes lower than a PFT-specific threshold (37¢7;). In addition, herbaceous
PFTs end their growing season, once the weekly carbon balance (G PP — R,,) becomes negative. Senescence is generally only

introduced once the leaf age has become larger than a PFT-specific threshold (ageii‘;{).

For the evergreen phenology, recovery of photosynthesis in spring is delayed according to the state of acclimation (S) to air

nthesis in spring until acclimation is reached (Mikeli et al., 2004). S is calculated as

temperature, which reduces photos

dS 1
== (Tuir = 5) (46)
N

where 7,,, 1S a time constant. The reduction factor for Rubisco- and electron transport limited photosynthesis

calculated as

(8 —Tso)
soa — o 47
Pron = (raaa —oon @7

where T°%? and T°°® are parameters and is constrained to the range 0.1 and 1. S is updated according to this equation
starting from a set initial value.

M3.9 Turnover

15
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Fhe-As in OCN (Zaehle and Friend, 2010), the breakdown of leaf and fine-root nutrients occurs at the time-scale of Tyu¢_recycle-
The freed nutrients enter the labile pool and are replaced by new nutrients of the labile pool according to the current target

C:N:P of the respective pool.

X target

pool pool

dt - ( pool Ytarget - Xpool) X 1/Tnut_recyc187 (48)
pool

where X is either N or P, and Y C or N, respectively. The flux from the labile pool is limited by the turnover rate and size of
the labile pool to ascertain that the latter cannot be exhausted.

The turnover time of most tissue types (fine and coarse roots, sapwood, and fruits) is assumed constant for each PFT
(Tfine_root> Teoarse_roots Tsap_woods AN Tryit, respectively). Whilereots-and-fruit The fruit pool is turning into seed bed pool,
which is either used for re-establishment of new seedlings or turned over to form litter. While roots turn directly into litter, only

branch

a small fraction of sapwood (/g7 2"00,a

) is turned to litter, assuming it is lost as branches (7y,qnches), Whereas the predominant
fraction of sapwood turns into non-respiring hardwood at the timescale of 754, wood- In evergreen trees, foliar turnover to litter
is assumed to be constant (Tjeques). For deciduous and herbaceous PFTs only minor turnover happens at 7Tjeqyes during the
growing season. At the end of the growing season (see Sect. M3.8), foliar turnover is set to a constant rate
LA Itarget

—— 1)

TAL (49)

1 .
ft'lig'rfl = mzn(fShe’d,max X

Resorption of nutrients to the labile pool during litterfall is assumed to only occur during foliage turnover and-heartwood

formation-(leaf scenescence) and the conversion from life sap-wood to dead heartwood (see for instance data in White et al., 2000) at

a constant fraction (kX  ,), whereas fine root turnover is assumed to be dominated by predation and therefore no nutrient

resorption is assumed to occur. so that:

Xpool
Flua oo sitter = (1= K esor) X o x dt,and (50a)
poo
X X Xpool
fluxpool%labile = kresorb X Toool X dt7 (SOb)
poo

X
pool—litter

X

where fluzx pool—labile

is the litterfall from any one pool, and flux the retranslocated flux into the labile pool.

M3.10 Vegetation dynamics
Vegetation dynamics follow largely Sitch et al. (2003). To assess stand density, we define for tree functional types the crown
area as:

CA=kcax DFre (51)
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where kc 4 and k., are parameters, D is the tree diameter at breast hight and C'A is constrained to be less then a maxi-
mum crown area (C'A,,,4.). Using stand-scale LAI, individuum density (dens;,q, see Eq. 58) and crown area, the LAI of an
individual tree is defined (L AI;,q), which is used to ealeulated-calculate the foliage projective cover (F'PC) as:

FPC=CAxdensinq(1— e*ka“LAIi"d) (52)

where ky,. is a paramterparameter. To avoid strong seasonal cycles in foliage projective cover for the calculation of vege-
tation dynamics (Krinner et al., 2005; Zaehle and Friend, 2010), L AI;,4 is diagnosed from the sapwood area implied by the
pipe-model (Eq. 31), implying that F'PC'is essentially representing last year’s maximum LAI. For grasses, the calculation of

FPC is not required and it is set to zero.

The-Differently to Sitch et al. (2003) and Zaehle and Friend (2010), the establishment flux for a PFT is dependent on the
size of the seed-bed pooland-the-, which itself is dependent on the turnover of the fruit pool, and an average, PFT-specific
seed-bed tUrnOVer time (Tsced,cs):- The motivation for this change is that this allows 1o close the carbon and nutrient budgets
during re-establishment and avoids the addition of extra mass during re-establishment of a population.

Xseedfbed

flumest,X = fdens X ftemp X fmoist X (53)

Tseed,est
where fiemp and fr,0is¢ represent limitations for establishment at low temperature and low moisture availability in the
form of Weibull-functions with parameters AS” and kST, where env refers to either weekly air temperature (7},;,) or weekly

top-soil moisture (©1). Density dependency of establishment ( fgs) is modelled as in Sitch et al. (2003):

fdens = MAX (FPCipr — FPC,0) (54)

Three types of mortality are considered as additive processes, growth-efficiency related mortality (mortg,.ys), density
dependent mortality (mortg.ns), and a PFT-specific background mortality, representing currently unaccounted for processes

such as disturbance or grazing.

fmort = MIN(mortgrers +mortgens +mortyg prr,1) (55)

Growth-efficiency mortality, represents any kind of mortality associated with trees lacking the ability to defend themselves

against stress (e.g. pathogens) and is calculated as:

klmort_greff
1+ k2mort7greff X effgrowth
NPP - Turnover;
LAI

Mmortgreff = ,where (56a)

effgrowth, = (56b)
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where, as in Sitch et al. (2003), k1,,0rt_greff and k2p0r¢_gre s are parameters and growth efficiency depends on net primary
production minus tissue turnover (of all tissues 7) per unit leaf area, calculated as running means over 7'7%%‘;””'“.

Space constraints in tree populations (as for grasses F'PC'is zero) are considered by constraining the foliage projected cover

to a prescribed maximum (F'PC,4,):

mortgens = MAX(FPC — FPC,44,0) (57

Litterfall from vegetation dynamics is then the product of the current pool size and f,.¢, scaled to the timestep of the
model.

For trees, the appropriate number of individuals is also removed following mortality. This does not affect the size of trees,
as woody biomass and stand density are modified proportionally. On the other hand, during establishment the total pool size
increases, as mass is added to the labile pools, but the average size of individuals decreases due to the added number of (small).

individuals, In total, the change in vegetation individual density following establishment and mortality is written as:

densing
dt

flumest,C

kseed (58)

= fmm't X densing +

where fluz.s:,c is the carbon flux defined by Eq. 53, and k.q is the PFT-specific seed size.

M4 Soil biogeochemistry

The dynamics of the soil organic pools (F-are-X;; i = met (metabolic litter), str (structural litter), wl (woody litter), fast, slow;

see Section M4.3) are structurally simplified from Parton et al. (1993), but applied here for a vertically explicit soil includin,

a vertical transport term and are described in general as:

%Xmet = (fopsmetFrL,,) + wamememet% - % (59a)
e = Y Uoperte i)+ Futsstrh s 224 = 22 (59b)
S Xur = Y Uoporur i) = 22 (590)
%Xfast = nlﬁfast(% + %) + Nstow—s fast )T(:ll::,l] - )T(;j:: + Q1 fast + Potow—s fast + %(Db%) (594d)
%Xslow = Nfast—slow )T(ff:: - % + P fast—siow + %(Dba);%) (59)

where F7,,  is the litterfall of the various plant tissue types, f,,—; are the coefficients determining the partitioning of this

litterfall to the litter pools (see Section M4.1), 7; are temperature and moisture adjusted, nitrogen-limited turnover times of the

respective pools (X; i = met ;-str-wi(metabolic litter), str (structural litter), wl (woody litter), fast, slow; see Section M4.3);-.
In the following sections we refer to the fast pool as the microbial pool, as while microbes are not explicitly modelled in the
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current model version, the fast pool is meant to largely represent the microbial pool. 7;_,; are the mass transfer from pool ¢ to

7 (see Section M4.3), the ®, are the net mineralisation terms for N and P, respectively, required to balance the carbon inflow
to the fast and slow SOM pools and their respective C:N:P stoichiometry (see Sect. M4.3). The transfer of soil organic matter

through bioturbation is represented with a prescribed diffusion constant (see Sect. M4.4).

The dynamics of the inorganic nitrogen pools are-deseribed-asgenerally follow Zaehle and Friend (2010, but with updated process formu

are given by:

0 a’UNH NH4

57 NHa = Faep 51, = Uptant N, = Y_(®inn,) = Unit = —5—— (60a)

0 ov NO

&NOP) = Fiep, N0y + Frit, o3 — Uplant, NO5 — Z((I)i,N03) — Udenit — % (60b)

0

&N Oy = Frit,no, + Faenit,No, — Eno, (60c)

0

§N2O = Frit,N,0 + Fienit, Noo — En,0 (60d)
0
aNz = Foit, Ny + Faenit, N, — BN, (60e)

where U are the uptake rates of plants, or (de-)nitrifying bacteria, respectively (see Section M4.5 and M4.7, respectively);
the Fy.p, are the atmospheric deposition fluxes; the F,;¢ ;, and Fyepi¢,; are the production of NOy, NoO and Ny by nitrification

and denitrification, respectively; s-and

a’gﬁzx the vertical transport loss term given by the product of ion concentration and water
mass flow between soil layers (see Sect. M6.3). Sorption of NHy is not explicitly modelled, and is accounted for by a reduced

mobility in water (fieqch, N H,)-

The dynamics of the inorganic phosphorus pools generally follows Wang et al. (2010) are described as:

%PQ; = Fep, PO, + Fuweath,Pos + Friomin,POs — Uplant,PO, — Fadsorp, PO, — Z((I)i,PO4) — % (61a)
%Plab = Fadsorp,POs — Fdesorp, PO, + %(Db 3183;@1;) (61b)
%Psm'b = Fiesorp, 0y — Focclusion,po, + %(Db 6%;%) (61c)
%Pocz = koct Psort + %(Db 8];? ) 61d)
%Pprimary = —Fyeath,PO, (61e)

where Py, Psort, Poct, and Pp.imaqry are labile, absorbed, occluded, and primary P, respectively; the Fyep po,» Fuweath, PO
Fyiomin,poys Fadsorp,Po,> and Fyqgsorp po, are the atmospheric deposition, weathering, fast adsorption, and phosphorus
fluxes, respectively (see Section M4.8). All pools except the primary phosphorus pool are assumed to be affected by bio-

turbation (see Sect. M4.4).
M4.1 Partitioning of litterfall to litter pools

Non-woody litterfall is partitioned to the metabolic and structural litter according to the CENTURY approach (Parton et al.,

1993). Litter from labile and reserve pools is assumed to enter the metabolic pools, litter from sap- and heartwood enters the
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woody pool. The metabolic fraction of litterfall from each vegetation pool (., i.e. leaves, fine and coarse roots, fruits and

seed-bed) is determined as:

Cop
P va

where fi,p—met,c 18 constrained to positive solutions, fy,etmaz,c is the maximum fraction allocated to the metabolic pool,

fvp—)met,c = fmet,maz,C - kmet,C x LC, (62)

kmet,c a factor relating the metabolic litter fraction to the lignin to nitrogen ratio, LC',, the tissue-specific fraction of the lignin

Cyp
Noup

but the leaf tissues. For the latter, an empirical dependency between lignin content and specific leaf-area (sla) is used (White

et al., 2000).

content of that tissue type, and the C:N ratio of litterfall from that tissue. The lignin content is assumed constant for all

LCleaf = LCleaf,maz + kleastla x sla (63)

The remainder of litterfall is allocated to the structural pool. For N and P, the partitioning assumes that the relative proportions

of C:N and N:P are preserved in the partitioning according to:
1

lffvpﬁmct,c
1
km,et,,up,X vapﬁmet,c

Woody-Contrary to versions of the CENTURY model, woody decomposition is assumed to be a two-stage process to account
for the large fraction of CO5 loss during woody decomposition. The first step implies physical destabilisation and a first level

(64)

f'up—)met,X =

of biochemical processing, which releases a constant fraction of carbon (1 - ¢, wi—met,str) to heterotrophic respiration. During
this step, a fraction of the nutrients (1 - nx|np) is leached to the mineral phase to account for inefficiencies of the microbiota

in mineral processing decomposing wood. The remainderremaining destabilised woody material —vmet.str) 1S assumed
to enter the metabolic and structural litter (Eq. 62 and 64) and is then decomposed as such.

M4.2 SOM and litter turnover rates

The turnover times (Tf’““) of the litter and SOM pools respond to soil temperature (7,;;) and-following a peaked Arrhenius

function (with parameters for the activation (£ ) and de-activation (£ of soil organic matter decomposition

see Tab. M4), and the soil matrix potential (¥ ,,;) as follows:

Ti* = TZ‘baSe X f(Tsoil) X g(\l’soil)7 where (65a)
Eq decomp X eFa,decompXT .
Tsoi = > | " -
f( E l) Ed,decomp - Ea,deCOmp X (1 _ eEd,decompr> w1 ( )
Tsoit = Topt,a

T = sot opt,decomp d ’
TSOil X Topt,decomp X R’ an ( C)
g(\pso”) =1- \IISOil/\I/dec,min (65d)

M4.3 SOM formation

Matter entering the fast and slow SOM pool (Eq. 59) is required to fulfill the prescribed stoichiometry of the SOM pools

(xsoam)- These are assumed constant with the exception of the fast SOM C:N ratio, which varies with available NH4 following
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CENTURY (Parton et al., 1993):

Xsom&:n = = MAX(xsome:~ — fx X NHy, xsore:n ) (66)

fast,maz fast,min

where Xsome:N  , XsOMS:N and f, are parameters.

fast,min fast,mazx

The difference in stoichiometry of the matter entering the pool and the required stoichiometry of the pool leads to the

estimate of the potential immobilisation flux:

nC litter— fast Cmet + Cstr) N (Nlnet + Nstr)

T T N T
XSOMfCaﬁ met str met str

(I>l~>fast NH, — (67)

where 7;* are the temperature and moisture constrained turnover times (Eq. 65).
The actual immobilisation rate (®;_, r,s¢, v 17,) is limited to the amount of ammonium (NH, available, subject to co-occurring

potential N uptake from plants (Uj Eq. 73), and nitrifiers (U}};;; Eq. 76). Note that, similar as for the plant uptake,

Hy,plant®
the uptake of ammonium is limited with-by Michaelis-Menten kinetics to account for reduced accessibility of N at very low

values.

NH,
max(NHa, U g, piant + Unie + @0 past N 1y)

(I)l—>fast,NH4 = X qz’?—)fast,NH;; (68)

In the case that the amount of available nitrogen (®;_, rqst, v 17, ) is insufficient to ensure that the newly formed fast SOM
has a C:N ratio of x 5o MEN s the turnover times of the metabolic and structural litter pool is-inereasedto-mateh-the N-available
for-immobilisationare increased, leading to a reduced decomposition rate of litter and therefore a reduced immobilisation
requirement for litter decomposition (Parton et al. (1993)):

M—fast,C met + StT met st7
XsomC:N (Tmet ) nN( tr )
T, =7 fast (69)
met|str = Tmet|str

‘Pz—> fast,NHy
Should the available NH, be insufficient to maintain the uptake rates of plants (Eq. 73) and nitrifiers (Eq. 76), these fluxes
are downregulated in proportion.
The potential immobilisation flux of phosphorus (9% ;_, ¢,,) is defined in a similar manner as potential N 4 immobilisa-

tion, but now considering the actual turnover time of the litter pools:

*P,l—>fast NC litter— fast Cmet 4 Cstr) _ P(Pmet + Pstr) (70a)
XsoM§GNXSoMN:E  Tmet  Tstr Tmet  Tstr
PO .
(bp,l%fast X (I)P,lﬁfast (70b)

max(PO4’ PO4 ,plant + (bP — fast)

Because the C:N:P stoichiometry and uptake use-efficiencies are organised such that decomposition of these pools is always
leading to net mineralisation of nutrients, the ® 4. ras¢ values are negative and do not require special treatment to affect

the carbon-use efficiency or turnover rates (i.e. Trqst = T}‘ast, and Tgow = ). The processing of fast and slow SOM is

*
slow
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assumed to also include higher-order trophic levels of heterotrophic respiration Parton et al. (1993), therefore only a fraction

of the respired material (¢, fast—siow and NC,siow—s fast) 18 assumed to enter the subsequent pool:

NC, fast—slow

Cfast - Nfast

XsomC:N
_ low
(I>fast~>slow,NH4 = S (71a)
Tfast
NC,slon st
X szfa Cvslow _Nslow
S()Mfd{s\’t
(I>slow~>fast,NH4 = (711’))
Tslow

NC, fast—slow

Crast — Prast
XsomGN XsomN:P Jas Jas (71c)
C
Tfast
N, slo St
slowfos Cslow - Pslow

X C:N X N:P
somG N XsomM D

q)fast—>slow,PO4 =

@slow%fast,POél = - Fbiomin,PO4 (7ld)

Tslow

M4.4 Bioturbation

Bioturbation is treated as simple diffusive flux with a rate constant Dy, as in Ahrens-et-al—+2645yKoven et al. (2013), but declin-

ing with soil depth in proportion to the fraction of roots in the layer to account for reduced biological activity with increasing

soil depth:
" il f
Dy = 2% rae  Tora qpg (72a)
dz psoil
s0il
P2t = MAX (0B pons + psoit — pors 22 (72b)
org

CcoTr

where 700t ¢4, and dz are the root fraction and depth of the soil layer, p$o7, is the soil bulk density corrected with soil

bulk

organic matter, p,;'/

is the bulk density of organic material, poas is the organic matter density of the soil layer which depends

on the organic matter content in the soil layer, pg,;; is the bulk density of fine mineral soil, and kg};gf is the diffusion coefficient

for organic material due to bioturbation.
M4.5 Plant uptake rates

The potential uptake rates of plants for X= NH,, NO3, and PO, follow an extended Michaelis-Menten kinetics:
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1
Km2,X (Tsoila @) + X

U)*( = Umaz,X (Tsoil, \Ij) x X x (Kml,X (Tsoih 6) + ) X f(;l)gmand X Cfine_root7 where (733)

Ei. x eBa,uptake XT U,
,uptake fine_root .
Umaz,X (Tsoib \IJ) = Umaz,X B untaneXT s with (73]:))
Ed,uptake - Ea,uptake X (1 — €T uptake ) lpleaf,min
Ts0it — Topt,uptak
T— so01 opt,uptake , and (73C)
Tsoil X Topt,uptake X R
_ Ea,hsc X( 11 ) @
R Teoi T
Kml,X(Tsoila@) = Kml,X/(e soil Trey X (@7)]%“)7 and (73d)
fe
Ea,hsc 1 1
SBwhse, 1o 1) Q
Km27X(TSoil7®) = Km27X X € " Toott Tiey X ( )khsc7 and (736)
Ofc
XY __X:Y
—( _Xmam Xl}a;b'ilfxix Ykdemand
fiemana =1—¢ (= Kicnin (73)

where v,q4, x is the PFT-specific temperature-sensitive maximum uptake rate per unit biomass, adjusted by the current root
zone moisture potential (¥ fine_root) to account for limited transport of nutrients towards the roots in dry soils, C'fine_root 1S
the biomass density of fine roots (mol C m ™3, see Eq. 3), Ty, is the soil temperature and the K, parameters are nutrient
sensitivities of the low and high affinity transporters. These affinities are assumed to be temperature sensitive and are adjusted
to soil moisture to account for the difference between mass-based and soil solution concentrations (Ahrens et al., 2015). The

potential uptake of nutrients can be down-regulated by plants given their internal demand f (ﬁm(m 4» Where X refers to either N

or Pand X : Y refers to either the short-term average (7.“P‘2%¢) of the labile N:C or P:N ratios. x;x:¥ corresponds to the X:Y

half,X

ratio of growing a unit of leaves and fine roots at the current leaf-to-root ratio (see M3.4, K. ",

XY
max

is a parameter denoting the

fraction of x at which uptake is reduced to 50% and kgerqanq 1S shape parameter.

M4.6 Asymbiotic biological nitrogen fixation

The asymbiotic biological nitrogen fixation (BNF) is represented as:

FgNng = Umaxz,BNF X f(Tsoil) (74)

where vy,q2, BNF 1S @ parameter representing the base rate of fixation and the temperature response is calculated as above
(Eq. 65). BN F is suppressed if the sum of NH, and NOj3 in any soil layer exceeds a critical threshold N2 (Zaehle et al.,

2010). The distribution of Fg 1?} across soil layers follows the distribution of fine roots, as indicator for C inputs into the soil.

All N fixed through this mechanism is added to the mineral NH, soil pool.
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M4.7 Nitrification and denitrification

Calculation of nitrification and denitrification follows Xu-Ri and Prentice (2008); Zaehle et al. (2011), which relies on the

separation of the soil into aerobic and anaerobic volume fractions (anv f):

anvf = e~ Panvs x(U=afps)anss 4 pore (75a)
W fe— 2 sotl

— _Je Tsow 75b

afps W (75b)

where \gp. ¢ and kg, 5 are parameters, a fps is the air filled pore space, and the I¥,, are the soil moisture contents as defined
in Sect. M6.3.
The potential rate of nitrification (U}};,) in the aerobic fraction of the soil is modified by temperature and soil moisture

according to:

Urit = Vmaz,nit X [(Tsoir) X g(©) x N Hy,where 6
Eq nit Xkt
e [Bgas
f(TSO“) = Eqnit B it Xkt (76b)
Eqnit — Eqnit X (L—e Faos )
Teoit — Topt.nit
ket — —sov  “optymit -
Tsoil X Topt,nit
9(©)=1—afps (76d)

The actual rate of nitrification (U,,;;), given the potential rate and competing demands from plant and microbial uptake

(Sect. M4.3, is partitioned into its products (NOz, NOy, and N2O) according to

NO
Fritnoy = (1= i ¥ — [N29) X Upit (77a)
0,
FritNOy = [N X Uit (77b)
Frit. N0 = FI29 X Upi (77¢)

where the F,,;; x are the nitrification fluxes for NO3, NOy, and N, O, respectively (Eq. 60).

The potential rate of denitrification (Uj,,,,,) in the anaerobic fraction of the soil is modified by temperature:

Cfast NOS

*
Udenit = O/I’L’Uf X Umam,denit(Tsoil) X Kfast C KNO3 NO ,where (788.)
m,denit + fast B denit + 3
_ Ea,denit X (e — 1)
R Tsoit T,
Umazx,denit (Tsoil) = Umasz,denit X € ! ref (78b)
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The actual rate of denitrification (Ugenit), given the potential rate and competing demands from plant uptake (Sect. M4.3),

is partitioned into its products (NOy,, N2 O, and N3) according to

NO
Fdenit,NOy = fd(,n;lt X Udenit (79a)
N>O
Fdenit,NQO = deiLit X Udenit (79b)
NO, NO
Faenit, Ny = (1= faenit = faenit) % Udenit (79¢)

where the Fiepi:, x are the denitrification fluxes for NOy, N2 O, and Ny, respectively (Eq. 60). The model currently ignores

the effect of ammonia volatilisation, which is of low relevance for natural, unfertilised ecosystems.
M4.8 Phosphorus weathering and biomineralisation

Weathering is modelled following Wang et al. (2010) as:

Fweath,PO4 = f(Tsoil) X 9(9) X f(cfine;root) X kweath X pgg;‘l’ where (803)
N — e e X(Tsloil —177)
f(Tsozl) =€ ref o, (80b)
9(6) = (). and (800)
O¢c
C ine_roo
f(Cfine_root) = fine_rool (80d)

- root
Km,weath + Cfine?root

where kqcqen 1S the rate constant for weathering, and p$27; is the soil bulk density corrected by SOM content. The weathering

rate decreases with soil depth as the fine root C decreases, given the half-saturation root density K ;"f";feat 1> and is modified by
soil temperature and moisture.

The potential biomineralisation rate of PO, (McGill and Cole, 1981) is determined as an additional turnover of the P
contained in the slow SOM pool, modified by temperature and moisture modifiers, and affected by the concentration of PO,

and the root biomass:

Cslow

XSOME:N X XsoMN:P X Toiomin

slow slow

Fb*;omin,POél - X f(Cfine_root) X f(PO4) X f(Tsoil) X 9(6)3 where (8121)

Cfine root
f(Cy; ) = = and (81b)
fine_roo K;,Uzioan ¥ Cfine_root )
KFPOa
m,biomin
f(POy4) = 770 + PO (81c)
m,biomin 4
where K7°%t . and K nF; Ob;‘()mm are constants constraining the biomineralisation rate under low root biomass and high PO,

concentration, respectively; the temperature and moisture responses are calculated as those in Eq. 65. The biomineralisation
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rate is further constrained so that it does not alter the stoichiometry of the fast pool.

NC,slow— fast
% C N % NP Cslow - Pslo’w
som¢ som

Fbiomin7PO4 = MIN(szomin,POlla slow ) (82)

Tslow

M4.9 Phosphorus adsorption and (ab)sorption

POy desorption follows Yang et al. (2014):

Fdesorp7PO4 = f(TsoilaEa,abs) X kabs X })lab - f(TsoilaEa,des) X kdes X Psorb7 where (833)
_Ea 1 1
[T )= © oot T (83b)

where k.5 and kg, are the rate constants of (ab)sorption and desorption, and E, 45 and E, 4.s the respective activation
energies.
The adsorption (F,gs0rp, Po,) flux from soil solution to the soil adsorption sites is calculated assuming constant Langmuir

equilibrium (Barrow, 1978) between soluble and adsorbed P:

PO, = %, thus (84a)
by rearranging Eq. 84b

i _ . 9(Ps+ PO (340)
81; tO‘* (1-k )%J;PO“), where (84d)
= et ioaz); f SO::MPO4 ’ (84¢)

where S;,q; and Kg are the maximum sorption capacity, and the half-saturation concentration coefficient of the soil, and

are modified by soil moisture and SOM content as follows:

bulk frac
Smaw = esoil X (SmaZVfTaPpogq + :Trlliaferalvmzneralpsml) and (852)
_ sorb frac bulk sorb frac .
KS - Km,omv:)m po’r‘g + Km,mineralvmzneralpsml (85b)

frac fra maa: max
where V/7%¢and V) "*°  are volumetric fractions of organic matter and fine soil minerals, respectively. S7%* and S22

sorb sorb
are the maximum POy sorption capacity of pure organic matter and pure fine soil, respectively. K377, and K770, are

the half-saturation concentration coefficient of pure organic matter and pure fine soil, respectively.
Based on Eq.60f and Eq.61a, the equilibrium in Eq.84 could be solved .

O(Piap + POy)
QT = Fdep,PO4 + Fweath.PO4 + Fbiomin POy — Uplant,PO4 - Fdesorp,PO4

 Qupo,POs | 9, 0P
_Z 1PO4 (% 2{0) 4+ D lb)

0z 5:Pv 5 (86)
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M4.10 Soil in- and outfluxes

Currently, gas diffusion is not modelled explicitly. Instead, CO3 is assumed to be directly released to the atmosphere. The

carbon efflux per soil layer is described as:

Cimet  Castr Cul Ctas Ciio
FgOQ = ((1_nC,litter—>fast)( met + i )+(1_77C,wl~>met\str) - +(1_770,fast—>slow) fa t+(1_nC,slow—>fast) =
Tmet Tstr Twl Tfast slow

(87)

and similar for >C and *C fluxes.
Slightly differently from that, the emission of gaseous N species is assumed to follow Xu-Ri and Prentice (2008), which

considers the effect of temperature and moisture on gas loss. However, transfer between soil layers is equally not treated

explicitly.

F)Tc = f(Tsoi1) X afps x X, where (88a)
_FPadify L1

f(TSoil) =e€ R X(Tsoil T;'ef) -

and a fps is the air-filled pore fraction of the soil (see Eq. 75.)

MS Isotopic composition and fractionation

The carbon (C) and nitrogen (N) flows and pool tracked in the model are comprising all major isotopes (i.e. C = 12C + 3C
+ 14C, and N = N + !*N). The model explicitly tracks the mass flow of 13C, *C and '°N as separate entities for all
biogeochemical pools and fluxes. The molar mixing ratio (R x) of the isotope (e.g. 1?’C) to the main element (e.g. 2C) of each

biogeochemical pool can be calculated as

130 130
R13C = % = m (89)
and by convention
R
S130 = (—2% 1) x 1000 (90)
R7'ef,13C

where R, 13c is the reference isotopic molar mixing ratio and d13¢ is in %o. Similar calculations are done for the ratio of
15N to N and the reference value R,y 15x. By convention, the delta notation of '*C is dependent on the '3C content, see
(Levin et al., 2010), and the molar mass of C is ignored in the calculations of 13 because of the extremely low concentra-

tions.
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Biogeochemical processes discriminate against the heavier isotope, and this fractionation process is treated by calculating

the mixing ratio of the isotope of the resulting flux as

RSOUTCC
oD

€process
1000 +1

Rsink: =

where Rsource 1S the molar mixing ratio of the source pool of the reaction, R, is the molar mixing ratio of the resulting
matter flux, and €p,ocess 1S @ process and isotope specific discrimination rate.

Isotopic discrimination of '>C and '#C by photosynthesis is modelled according to the general equation derived by Farquhar
et al. (1982); Drake (2014), so that

Dy =y + (o + ¢ea X by — ag) 92)

a

where a,, and b, are isotope-specific constants (}:>C and '#C, respectively, see Table M5). ¢, and ¢ ¢4 account for the
additional bundle-sheath processes in C4 plants. For C3 plants, these processes do not play a role and these parameters are 0
and 1, respectively. In the model, currently only photosynthesis is assumed to result in C-isotope discrimination, ignoring the
effect of the smaller and uncertain discrimination by tissue construction, storage formation and respiration (Briiggemann et al.,
2011).

Isotopic discrimination for various nitrogen cycle processes (biological nitrogen fixation, ammonification, plant and micro-
bial N uptake, and processes associated with nitrification and denitrification) are taken from (Robinson, 2001). According to

(Robinson, 2001), in case of near-complete consumption of the source pool, the discrimination is reduced as

. 1-—
6;2275535 = 6;Drocess(fsource - 1)ZOQ(M) (93)

fsource

where fsource 18 the ratio of the source consumption to the source pool size.

M6 Radiation, surface energy balance and soil hydrology
M6.1 Net surface shortwave radiation budget

Canopy radiation interception is calculated with a multi-layer scheme following Spitters (1986), with radiation levels calculated
at the mid-point of each canopy layer. The scheme uses up to 20 (default 10) canopy layers, with exponentially increasing layer
thickness as the canopy depth increases. The original scheme, as used in OCN (Zaehle and Friend, 2010), has been extended
to diagnose canopy albedo, to account for clumping (see eq. 96), and to approximate the attenuation of the shortwave radiation
back-scatter from the soil to allow for a smooth transition of surface albedo from soil to vegetation values with increasing leaf

coverage.
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The scheme is applied separately to the visible (vis) and near-infrared (nir) radiation band, where the parameterisation
of the visible radiation is based on the assumption that the radiation interception and reflection are similar to that of the

photosynthetically active range (i.e. 400-700 nm). In the following, the subscripts for visible and near-infrared are omitted for

readability.

The-reflection—coefficient{prgq)—of-the—green—canopy-Light levels decrease exponentially in the canopy, such that the
attenuation of direct (dr) and diffuse (df) top-of-the-canopy irradiance (7, and [;r| o, respectively) at any cumulative
leaf area index (L AI.; from the top) is given by:

1—vV1—-0 2

~ad — X ’
Prad 1+ m 1 +psbem X COS(’\/*)

Tiry = (1 = praa) X Lary o X e~ VImoxhux LAl (94b)
Tasap = fars L 940

where [, is the diffuse part of the direct beam resulting from scattering of the direct beam and 1, 4, is the direct beam
remaining direct at the canopy depth LAI.., and p,,4 is the reflection coefficient of the green canopy, as defined in Eq. 97. For

a spherical leaf angle distribution with leaves distributed randomly within the canopy volume, the extinction coefficients of the

diffuse flux (k4s) and that of the direct component of the direct flux (k;) are approximated, respectively, by:

kdf = kdf,o\/ 1—0xQ (953)
Q

ky = kbl,Oix* (95b)
cos(vy*)

where () is the clumping index according to Campbell and Norman (1998), which is calculated as:

0= QO/(QO + (1 o QO) % e*kcsf XaCOs(A/*)¢crown ), (96)

where Q¢ and ¢crown are the PFT-specific clumping factor at nadir and crown shape factor, respectively, and k.. is a

correction factor.
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op)-The reflection coefficient

(£req) Of the green canopy is given by:

Lisy = (1= praa) x Lapyo x e Farx LAl

Idri - (1 - p'r'ud) X Id’ri,O xXe 1=oxkpxLAL

_ —kp X LAI.
Idr,d’r'i - Id7¢,0 X el

Lar.ary = Lary — Lar.ar)

_17\/170>< 2
Prad = 1+m 1+psbeta XCOS(’}/*)’

beam-resy no o1 atterine—-o he—d beam—and

where 4374

S S g S g a —dr 1S € ocam

cthe first term on the right hand side is the reflection of a horizontally oriented canopy,
and the second term empirically adjusts the reflection to a spherical distribution. o is the PFT-specific single leaf scattering.
coefficient and p**“'® is a conversion constant. Because all equations for leaf reflection and absorption coefficients are only.
valid for high solar elevation, the true zenith angle () is constrained to values larger than 10° (77). Note that Spitters (1986) use

the sine of the solar elevation angle.
Below the canopy (bc), i.e. at the soil surface, the downwelling energy flux () is divided into a part that is absorbed by

the soil (I, 5041) and a part that is backscattered as diffuse radiation (/.+), depending on the soil’s albedo (albsei):

Ich, _ (1 _p’l‘ad) % (Ide,,O % e—kdeLAI +Idri,0 % e—\/l—axkleLAI) (983)
Ia,soil = (]- - albsoil) X Ibci (98b)
Tper = albgoq X Tpey (98¢)

To first-order, the diffuse light profile of the canopy accounting for the backscatter of diffuse radiation from the soil can be

approximated as

Tgp1p = (1 — prad) X (Idf,L,O x e Farx LAL + XIpep X e~ Far X (LAI-LAL)) 99)
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Absorption (A™*?) is taken to be complementary to transmission, therefore the absorbed diffuse and direct energy flux at a

cumulative leaf area L AI, can be written as:

At = kag X Lagy (100a)
At = (1= 0) X ky x Lay (100b)
At = (1= 0) X kg x Tapyo x e~ ForxbAle (100c)
Aty = At — A, (100d)

The canopy is then split into a sunlit and a shaded part, with the sunlit fraction defined as:

Fsuntiz = e~ ko X LAL (101)

following eq. 94c. The sunlit part receives both diffuse and direct radiation, whereas the shaded part only received diffuse

radiation. Thus,

AR g = A+ AR, (102a)
A = AL eq+ (1= 0) X by X Tary 0 (102b)

The canopy albedo is diagnosed (rather than simply taken as p,qq) as:

d d
Ibc,L + (1 - fsunlit) X Agzaded + fsunlit X Agznlit

Tirp 0+ 1ary0

albegn =1 — (103)

The total shortwave upward flux is diffuse and calculated as the backscattered flux of the canopy plus the backscattered flux

from the soil, which is transmitted diffusely through the canopy:

Topt = albean X (Tapy,0 + Tary,0 = Tocy) + (1= praa) X Tt x e e < EAT (104)

Based on this, the total surface albedo alb, ¢ (i.e. the albedo derived from vegetation and soil radiation transfer, absorption,

and reflection) and net shortwave flux I,,.; can be calculated as:

Lagt

_Mam (105a)
Larp 0+ Lary0

albsmf =
Loet = (1 —albsurf) X (Ide,,OJFIdr¢,O) (105b)
M6.2 Surface energy balance

The representation of the surface energy balance including the turbulent momentum and heat exchanges, surface, and soil

temperature calculations follows largely the scheme of JSBACH 3, as described by Roeckner et al. (2003). The net radiation
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(Rnet) at the surface consists of the following components:
Rnet = (]- _as)de+Rld_€USBTs4 (106)

where the term o, X Ry is the net surface shortwave balance, denoted as I,,.; in Eq. 105, R;; the downwelling longwave
radiation, € the surface emissivity, ogp the Stefan-Boltzmann constant, and 7’ is the surface temperature.

The surface energy balance can then be written as

T
%:Rnet+LE+H+G (107)

Cs
where C; is the heat capacity of the surface layer, I is the sensible heat flux, LF the latent heat flux, composed of

interception loss F;, soil evaporation E; and transpiration E,, as described in Section M6.3. G is the ground heat flux, which

is obtained from the solution of the thermal diffusion equation, which is used to diagnose the temperature profile within the

soil

oT oG 0 (_ AL or )

Cor =0 e\ Mo

(108)

where C; is the volumetric heat capacity of the soil, G is the thermal heat flux (positive downward), A\; = Csk is the
thermal conductivity, s the thermal diffusivity, both derived from soil texture, and z the depth. This equation is solved down
to a prescribed depth assuming zero flux conditions at the bottom and surface temperature T at the top as obtained from Eq.
107.

The sensible heat flux H is obtained from the temperature gradient according to

Tair - Ts
H= paiGC (109)

a
where pq;» and C), are density and heat capacity of the surface atmospheric layer, and T,;. and T are air and surface

temperature. r, is the aerodynamic resistance:

ra = (Ch|vp])~* (110)

and depends on the transfer coefficient for heat C}, Roeckner et al. (2003). and the absolute value of horizontal wind velocity

Vh-

M6.3 Surface and soil hydrology

W soil,sl
dz sl

@smﬁ[;s[ -
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\Psoil.sl @ B

soil,sl

—Surface hydrology is represented in
very simple terms in QUINCY, because it is meant to be replaced by the JSBACH 4 hydrology in a future version. The
model largely follows JSBACH 3 Roeckner et al. (2003), with some modifications. The model represents surface hydrolo

for a number of soil layers (see Section M1) and including a canopy skin layer (hereafter referred to as skin). It represents

interception (F},+.-) by and interception loss (£;) from the canopy, infiltration (F} bare soil evaporation (F,,), and surface
runoff generation (F, at the soil surface, water movement in the soil (Fy;fr¢, Fiy as well as deep drainage, and
transpiration by vegetation (F,)) distributed across the rooting zone. The water budget can be described as follows
Wikin
5= Foter = B (1)
Weoit,si=1
% inf Ea _ff'r‘ans,slzlEv _Fdiff,slzlﬁsl:2 (lllb)
Wsoit,si=2 k
sozc,ls o (1 — Pref)Fpref,slfl - ffrans,sttmns +Fd¢ffwszflﬁsl —Fdiffyslﬁsprl (111¢)
t dzg
(111d)

Precipitation (Precip) becomes partially-intercepted by the canopy beferereaching-the-soil:-

Wskin,maz X LAT — Wskin)
dt

Finter - AJIN(keff,inter X PT@Cipa

within-the hmit-(F},,;.,. ), within the limits of the maximum size of thisreserveir-the canopy skin reservoir(Wz;, ), with the
remaining throughfall (F};,,. reaching the first soil layer.

Wskin,maz X LAI - Wskin

EM MIN(keff,znter X PT@CZZL dt ) (112&)
Finrougn= Precip = Finter (112b)

where Wskin,mae 15 @ parameter.

Fiprougn 1s infiltrating into the first soil layer into-infiktration-(F7,, r) ~-within the limits of its water content at field capacity

(O surface runott-tFrmmorr)-and-afraction-thatis-deaked - Wre 5121), but —different to Roeckner et al. (2003) - reduced by
a constant fraction (ke ), Which is assumed to be leaked preferentially to the next tayer-atong preferentiat-flow pathways
tFprery-lower layer. The difference between £y 0.9n a0d Fjp . Le. the excess water unable to remain in the surface layer, is
partitioned into surface runoff (£.y40,) and preferential flow to the second layer (Fpyef.si=1):
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Wiesi=1 — Waet si= k Wiesi=1 — W, -
fe,sl=1 act,sl=1 )Eznf _ (1 B pref)XMIN(Frmqu;,tthrough, fe,sl=1 act,sl=1

F'in ut— MIN (Preci 7F1‘,7l,(’,)’"
mput (Precip fer dt dzg) '~ dt

(113a)

Frunoff = (1 - kpref,runoff)(Fthrough - F’i'r:,p’uhu); and (113b)

k
Fpref,sl:l = C;’;"elf anf + kpref,runoff(Fthrough - Finputinf) (1130)
s i shubdbAS~

Preferential flow to the lower layers is assumed to occur for any water leakage following infiltration according to

kpre
20 Fingr= (1= "20) X Fprepoi-1 (114a)
k re
M: jZ lf Finﬁsl X Fpreﬂslfl (1 14b)

Different from Roeckner et al. (2003), the diffusive flux between two layers of depth dz is given by the Richards-equation:

Kdiff,slflﬁsl
0.5 x (dzsl_l + dZsl)
pdiff

d K Oact,sl—1 kgjflf dea K Oact,st kel
211K dif f,sat,s1-1 (=21 )"0l +dzg Kgipf,sat,si (Gt ) s
€] Osat,sl

sat,sl—1

dZSl, 1+ dzsl

Faiffsi—1—s1 = (Wsoit,st — Wsoit,s1—1), where (115a)

Kiiffsi—1-s1 = (115b)

where Ky, sat,s1 and ké”;lf are derived from soil texture according to Saxton and Rawls (2006), O is the volumentric

water content given by Eq. 120, and W,,;; . is the soil water matrix potential given by Eq. 121. Saturation of a soil layer leads
to increased percolation to the next lower layer. The lower boundary layer in the soil is modelled as a zero gradient boundar
5 1.e. only percolation flow leads to drainage from the soil column.

Interception loss (F;) is calculated from the filled fraction of cano

maximum size of the canopy water storage

skin reservoir (W i.e. the ratio of the actual to the

Ga — 4s (Tsaps) Wskin
116
Ta wskin,mam X LAI’ ( )

L= Pair

where p,;,- 1s air density, g, specific humidity in lowest atmospheric level, g5 saturation specific humidity at surface tem-

10 perature T and pressure pg,

wheretrsmarts-a-parameterr, is the aerodynamic resistance, and L AT is the current leaf area index of the vegetation.
Evaporation from the soil surface () is calculated as:

qa — qs(Tsaps) (__)

*
T(l

E’S = Pair soil,l(l — eacp(k:fpc X LAI)) (117)
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where O ;1 the fractional soil water content of the first soil layer. The term (1 — exp(k ¢p. X LAI)) has been added to the
model of Roeckner et al. (2003) to account for the reduced energy available for evaporation underneath a closed canopy.
Transpiration from the dry vegetation surfaces () is

—qs(T.
Ev :pa”w (118)
Toq+7T
where stomatal resistance r of the canopy is the inverse of the stomatal conductance of the canopy (see Eq. 17).
The partitioning of the transpiration flux across soil layers firqns s i calculated based on the layered soil water potential

(W s0i1,51), the fractional root distribution (froot,s1), as well as a PET-specific minimum soil water potential,

>< .
ftrans,sl _ {root,sl ﬂgs,sozl,sl ,where (1 198.)
Z froot,i X 5gs,soil,i
i=1
ﬂgs,soil,sl = \I]soil,sl/\:[lsoil,min (119b)

vs-The soil model keeps track of water in terms of amount

of water (W 1i,150: M), Which in the soil can be converted to the layers fractional water content (©) as:
W .
Osoit, st = — bt (120)
dZSl
m/sk,’i,n o _ B
dt — Lynter 7
Woil,si=1
soélitﬁ = Linf — Ea, - ffra,ns,sl:lE’u - F{I,ifﬂs[:l—)sl:Q
Woil, si=2,n Epre
% =(1- ,};f VFpref.si=1 — frrans,siFirans + Faif f.s1-1—s1 — Faif f,s1—sl41
with a soil water matrix potential (V,,;; 5;) derived from a pedotransfer function Saxton and Rawls (2006) as follows:
k,\I'
\I}soil,sl = k,\g@sfﬂ,sl (121)

where kY, and k¥ are soil texture dependent parameters Saxton and Rawls (2006).

between layers is used as input to the vertical flow of soluable biogeochemical pools.
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Table M1. Memory time scale for processes

Symbol Description Value | Unit | Eq.
T%ZS;” Acclimation of temperature optimum for photosynthesis 7 days 9
Timang Acclimation of temperature response of maintenance respiration 30 days | 23
mavg Frost response of photosynthesis (state-of-acclimation) 2 days | 46
ﬁ,‘fgﬁ; Labile pool dynamics days | 20
Tﬁﬁv“gke Demand for nutrient uptake 3 days | 73
Tihavg Response of foliar stoichiometry 20 days 37
Tfn’}ﬂ;" Phenological processes 7 days | 45
T,‘ffé‘;cg Allometric responses 30 years | 34
i%‘;mm Vegetation dynamics processes 365 days | 56

Table M2. Photosynthesis parameters

Symbol | Description Value Unit Equation | Citation
Imaz electron-transport limited carboxylation rate | 4.4 % 7 Niinemets and Tenhunen (1997)
per unit N
Vemas Rubisco limited carboxylation rate per unit N 1.8 “ﬁfrllgoNQ 10 Niinemets and Tenhunen (1997)
U;”epc PePC limited carboxylation rate per unit N 98777.97 % 12 Tazoe et al. (2006)
fNpep Fraction of N in PEP and PPKD (C4 plants | 0.045 - Sect. M2.1 | Makino et al. (2003)
only)
T2V Jmax25/Vemax25 (C3/C4) plants 1.97/14 - Sect. M2.1 | Waullschleger (1993)
an Chlorophyll N content 25.12 1;?::})1 15 Evans (1989)
Q; Intrinsic quantum efficiency 0.0561 % 15 Kull and Kruijt (1998)
” Extinction coefficient for PAR on chlorophyll 0.005 mol ~* 15 Kull and Kruijt (1998)
n Extinction coefficient to describe decline of N | 0.11 - 2 Zaehle and Friend (2010)
within the canopy
kitmc | Slope of structural leaf N with total N 7.14 x10° | g7'N 4 Friend et al. (1997)
kEM Chlorophyll distribution with canopy depth for | 6.0/ 15.0 - Zaehle and Friend (2010)
C3/C4 plants
kgt Chlorophyll distribution with canopy depth for | 3.6/4.4 - 5 Zaehle and Friend (2010)
C3/C4 plants
k;i’f Chlorophyll distribution with canopy depth 0.7 - 5 Friend (2001)
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Table M2. Photosynthesis parameters (ctnd.)

Symbol Description Value Unit | Equation | Citation
Eke Scaling constant of k. 38.05 - 6 Bernacchi et al. (2001)
Eke Activation energy of k. 79.43 rﬁ—il 6 Bernacchi et al. (2001)
E(’J“’ Scaling constant of k, 20.3 - 6 Bernacchi et al. (2001)
Eke Activation energy of k, 36.38 nl%l 6 Bernacchi et al. (2001)
Ey i Scaling constant of photosynthetic compensation point 19.02 - 6 Bernacchi et al. (2001)
EY” Activation energy of photosynthetic compensation point | 37.83 nljf) I 6 Bernacchi et al. (2001)
Egemaer Scaling constant of of Rubisco 26.35 - 6 Bernacchi et al. (2001)
Eyemes Temperature sensitivity of Rubisco 65.33 X 6 Bernacchi et al. (2001)
kOE. Offset of the 777" t0 Ty;r relationship 17.0 °C 9 Friend (2010)
k1P Slope of the T2, . to Ty, relationship 0.35 - 9 Friend (2010)
T i | Minimum of 792 17.0 °C 9 Friend (2010)
o emaz | Maximum of T2 38.0 °C 9 Friend (2010)
TrFe Reference temperature of PePC C4 photosynthesis 25.0 °C 13 Friend et al. (2009)
TPere Base temperature of PePC C4 photosynthesis 10.0 °C 13 Friend et al. (2009)
Dypzeo2 Ratio of diffusion coefficient for HoO and COg in air 1.6 - 17 Monteith and Unsworth (2013)
Dpvico2 Ratio of diffusion coefficient for HoO and CO> in tur- | 1.37 - 17 Monteith and Unsworth (2013)
bulent air
O; Partial Pressure of O, 20.9 kPa 10 -
Ci,maz Saturating Ci in C4 plants 7800.0 | Pa Friend et al. (2009)
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Table M3. Vegetation growth and dynamics parameters

Symbol Description ‘ Value ‘ Unit ‘ Equation ‘ Citation
Respiration
fresp,growth | Growth respiration fraction per unit new biomass 0.25 221% 20 Sprugel et al. (1995)
f;;"g’;f,ﬂ,“j;’fiﬂ Maintenance respiration rate for fine roots and leaves 1.0 umolCO, 21 Sprugel et al. (1995)
fr"f;‘;d’inamt Maintenance respiration rate for wood 0.25 e 21 Sprugel et al. (1995)
tr1 Coefficient for temperature sensitivity of respiration 308.56 | K 22 Lloyd and Taylor (1994)
tr2 Coefficient for temperature sensitivity of respiration 56.02 K 22 Lloyd and Taylor (1994)
tr3 Coefficient for temperature sensitivity of respiration 227.13 | K 22 Lloyd and Taylor (1994)
Tacclim,ref Base temperature for respiration acclimation 283.15 | K 23 Atkin et al. (2014)
fresp_acclim | Respiration temperature acclimation factor -0.008 | K1 23 Atkin et al. (2014)
COStN H4 Transformation and uptake cost for plant uptake of NH4 | 1.7 gCg™'N 24 Zerihun et al. (1998)
costNoO3 Transformation and uptake cost for plant uptake of NOg | 2.3 gCgle 24 Zerihun et al. (1998)
Labile Pool
Tiabile Turnover time of the labile pool 5 days 25 This study
Aé’;%f Temperature response function of labile pool 0.5 Kt 25 This study
kﬁ‘;ﬁ’,ﬁf Shape parameter of the labile pool’s temperature re- | 2.0 - 25 This study

sponse
Nabite Moisture response function of labile pool 10.0 - 25 This study
Flpbite Moisture response function of labile pool 2.0 - 25 This study
kot Rate at which N/P can be quicker retrieved than C 1.2 - 28 This study
Allometry and allocation
k1 (J;T;Zf Minimum fraction of allocation going to fruit 0.01 - 29 This study
kS{:lTlZth Reserve usage rate below which fruit growth starts 0.1 % 29 This study
Aiﬁ;if Shape parameter in the fruit allocation response to re- | 10.0 - 29 This study

serve changes
k4£;;zct Shape parameter in the fruit allocation response to re- | 2.0 - 29 This study

serve changes
Wsaolff”irit Fraction of root zone water at field capacity below which | 0.8 - 35 This study

root allocation starts responding
khtol Stem mass to leaf mass ratio of grasses 0.05 - 30 Zaehle and Friend (2010)
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Table M3. Vegetation growth and dynamics parameters (ctnd.)

Symbol Description ‘ Value ‘ Unit ‘ Equation | Citation
Stoichiometry
Cm Carbon mass per unit dry weight of leaves 0.48 ggD%v - Kattge et al. (2011)
&N Relative C:N of fine roots compared to leaves 0.85 - Sect. M3.5 | Zaehle and Friend (2010)
xS Relative C:N of woody biomass compared to leaves 0.145 - Sect. M3.5 | Zaehle and Friend (2010)
Xroot Relative N:P of fine roots compared to leaves 1.0 - Sect. M3.5 | This study
NP Relative N:P of woody biomass compared to leaves 1.0 - Sect. M3.5 | This study
0 ¥ Maximum rate of foliar stoichiometry change 0.0048 | day~* 36 (Zaehle and Friend, 2010)
Ao i Shape parameter in leaf stoichiometry nutrient response | 2.0 - 37 (Zaehle and Friend, 2010)
kX, f Shape parameter in leaf stoichiometry nutrient response | 8.0 - 37 (Zaehle and Friend, 2010)
Reserve dynamics
LATerget Maximum LAI target for reserve use calculations 5.0 2—2 39 This study
)‘;{:zaint,c Shape parameter for pull from reserve C to labile C | 4.0 - 40 This study
pools
k;{‘r)zaint,c Shape parameter for pull from reserve C to labile C | 1.2 - 40 This study
pools
kfmmt, NP Shape parameter for pull from reserve NIP to labile NIP | 1.6 - 40 This study
pools
)‘;I)nai'nt, NP Shape parameter for pull from reserve NIP to labile NIP | 3.0 - 40 This study
pools
AT e Shape parameter for pull from labile to reserve pool 2.0 - 40 This study
EZ e Shape parameter for pull from labile to reserve pool 3.0 40 This study
)\g’hm Shape parameter in storage response function to phe- | 1.3 - 42 This study
nology
kg)hen Shape parameter in storage response function to phe- | 8.0 - 42 This study
nology
AL lim Photosynthetic sink limitation with labile C accumula- | 0.1 - 43 This study
tion
kP timm Photosynthetic sink limitation with labile C accumula- | 2.0 - 43 This study
tion
EENE. Photosynthetic sink limitation with nutrient limitation 4.0 - 44 This study
o klim,min | Lower bound of photosynthetic sink limitation 0.25 - 43 This study
fﬁjgfe,mm Maximum reserve storage in leaves relative to leaf mass | 0.02 - Sect. M3.6 | This study
:{’;ﬁe,maw Maximum reserve storage in fine roots relative to fine | 0.2 - Sect. M3.6 | This study
root mass
;@gﬁimw Maximum reserve storage in sap wood relative to sap | 0.15 - Sect. M3.6 | This study
wood mass
inter Threshold value of ®:;,.; beyond which &%, isre- | 0.75 - 41 This study
duced 3




Table M3. Vegetation growth and dynamics parameters (ctnd.)

Symbol Description ‘ Value ‘ Unit ‘ Equation Citation
Phenology
t&bb Temperature threshold for the accumulation of grow- | °C 5 - by convention
ing degree days
Tsoa Time constant in calculation state of acclimation 114 hours 46 This study
oo, Min temp. in Bs0q calculation -3 °C 47 This study
Thoo, Max temp. in S50, calculation 17 °C 47 This study
Turnover
Tnut_recyele Time scale of foliar and fine root nutrient turnover 10.0 days 48 Zaehle and Friend (2010)
fshed,maz Maximum rate of leaf shedding 0.05 days 49 This study
lfeié b Fraction of nutrient resorption before leaf shedding 0.5 - 50 This study
wood, Fraction of nutrient resorption before wood death 0.2 - 50 This study
Vegetation dynamics
kca Scaling parameter in crown area to diameter relation- | 100.0 | - 51 Sitch et al. (2003)
ship
krp Scaling exponent in crown area to diameter relation- | 1.6 - 51 Sitch et al. (2003)
ship
CAnax Maximum crown area 15.0 m? 51 Sitch et al. (2003)
kfpe Light-extinction coefficient 0.5 - 52 Sitch et al. (2003)
AT, Shape parameter for temperature effect on establish- | 0.075 | - Sect. M3.10 | This study
ment
kL, Shape parameter for temperature effect on establish- | 4.0 - Sect. M3.10 | This study
ment
)\Sjt Shape parameter for moisture effect on establishment 10.0 - Sect. M3.10 | This study
k?slt Shape parameter for moisture effect on establishment 2.0 - Sect. M3.10 | This study
FPCrax Maximum foliage projective cover 0.95 - 54,57 Sitch et al. (2003)
klmort_grefs | Asymptotic growth efficiency mortality rate 0.05 year ™! 56 Sitch et al. (2003)
k2mort_grefs | Scaling coefficient for growth efficiency mortality rate | 0.3 E;ycr 56 Sitch et al. (2003)
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Table M4. Soil biogeochemistry parameters

Symbol Description Value Unit ‘ Equation | Citation
Litter partitioning
fmet,maz,C Maximum fraction of metabolic litter for- | 0.85 - 62 Parton et al. (1993)
mation
kmet,c Slope of metabolic fraction with lignin to N | 0.018 - 62 Parton et al. (1993)
ratio
LC%ine_root Lignin content of fine root 0.2565592 mol ™! 62 White et al. (2000)
LCcoarse_root | Lignin content of coarse roots 0.8163248 | mol™" 62 assuming woody values
LClyoody_titter | Lignin content of woody litter 0.8163248 | mol™* 62 White et al. (2000)
LCfruit Lignin content of seed bed 0.2565592 | mol ™" 62 set to fine-roots
LClsced ped Lignin content of fine root 0.2565592 | mol™* 62 set to fine-roots
LCieaf,mac Maximum lignin content of leaves 0.3440226 | mol™* 63 White et al. (2000)
Kieaf2sia Slope of lignin to sla relationship -0.4328854 | m~? 63 White et al. (2000)
kmet,vp, N Proportionality factor controlling C:N of | 5.0 - 64 Parton et al. (1993)
metabolic vs. structural pool
kmet,vp, P Proportionality factor controlling C:P of | 5.0 - 64 Parton et al. (1993)
metabolic vs. structural pool
NC,wi—met,str Fraction of woody litter C transformed into | 0.3 - Sect. M4.1 | following Parton et al. (1993)
metabolic or structural litter
Turnover times and their rate modifiers
base Turnover time of metabolic litter 0.033 years 65 Parton et al. (1993)
base Turnover time of structural litter 0.124 years 65 Parton et al. (1993)
rhase Turnover time of woody litter 2.5 years 65 This study
T}’Zif Turnover time of fast SOM pool 2.0 years 65 This study
base Turnover time of slow SOM pool 100.0 years 65 This study
Topt,decomp Temperature of peak decomposition rate 313.15 K 65 This study
Eo decomp Activation energy for decomposition 53000.0 Jmol ™! 65 Ahrens et al. (2015)
Eq,decomp De-activation energy for decomposition 100000.0 Jmol ! 65 Ahrens et al. (2015)
W gec,min Minimum water potential for decomposi- | -2.0 MPa 65 This study
tion
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Table M4. Soil biogeochemistry parameters (ctnd.)

Symbol Description ‘ Value Unit ‘ Equation | Citation
SOM dynamics
Xsom¢:n, Maximum C:N ratio of fast SOM 15.27693 :’;—g; 66 Manzoni et al. (2008)
XsoMGN, . Minimum C:N ratio of fast SOM 5.830891 | mol 66 Manzoni et al. (2008)
fx Slope of fast SOM C:N to mineral soil N 51000.0 % 66 Parton et al. (1993)
XsoME:N C:N ratio of slow SOM pool 10.4956 mol 71 Parton et al. (1993)
XsomN:P, N:P ratio of slow SOM pool 30.98107 ﬁ—g; 71 This study
XsoMy;F, N:P ratio of fast SOM pool 30.98107 % 70 This study
nN Microbial nitrogen-use efficiency 0.8 ﬂ—gﬁ 67 Manzoni et al. (2008)
np Microbial phosphorus-use efficiency 0.8 % 70 Manzoni et al. (2008)
NC,litter— fast Fraction of litter transformed into fast SOM 0.45 - 70 Parton et al. (1993)
NC, fast—s slow Fraction of fast SOM transformed into slow SOM | 0.15 - 71 Parton et al. (1993)
NC,slow—s fast Fraction of slow SOM transformed into fast SOM | 0.3 - 71 Parton et al. (1993)
k&its Diffusion velocity due to bioturbation 0.15 ;’rﬁ ’;g 72 Koven et al. (2013)
Z"f.ék Bulk density of organic material 150.3935 :T% 72 Ahrens et al. (2015)
Nutrient uptake kinetics
Topt,uptake Temperature of peak uptake rate 313.15 K 73 7
Eq uptake Activation energy for uptake 53000.0 Jmol ™! 73 Ahrens et al. (2015)
Eq uptake De-activation energy for uptake 100000.0 | Jmol™? 73 Ahrens et al. (2015)
Kpmi,nH, Low-affinity NH4 uptake 0.0416 :—; 73 Kronzucker et al. (1996)
Kmi,Nnos Low-affinity parameter for plant uptake 0.0416 :jl 73 Kronzucker et al. (1995)
Kmi,po, Low-affinity parameter for plant uptake 229.6667 m%)] 73 Kavka and Polle (2016)
Ko, NnH, High-affinity parameter for plant uptake 1.0 IETO‘SI 73 Kronzucker et al. (1996)
Kma2,Nnos, High-affinity parameter for plant uptake 1.0 f;—%l 73 Kronzucker et al. (1995)
Kma,po, High-affinity parameter for plant uptake 0.000022 mTOl 73 Kavka and Polle (2016)
Eq hse Activation energy of half-saturation point 30000.0 ﬁ 73 Ahrens p. com. 2016
khse Scaling factor for the sensitivity of half-saturation | 0.001 - 73 Davidson et al. (2012)
constant to moisture limitation
K 5;&;’ a’f d Fraction of target labile N at which uptake is re- | 0.75 - 73 This study
duced to 50%
Kggfrf E’Sd Fraction of target labile P at which uptake is re- | 0.9 - 73 This study
duced to 50%
kdemand Nutrient uptake response function to labile nutri- | 2.0 - 73 This study
ent concentration
NENE Maximum sum of NH4 and NO3 at which BNF | 0.05 % Sect. M4.6 | Zaehle and Friend (2010)
occurs
Umaz,BNF Maximum rate of BNF 0.005 % 74 Zaehle and Friend (2010)
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Table M4. Soil biogeochemistry parameters (ctnd.)

Symbol

Description

Value

Unit ‘ Equation ‘

Citation

Nitrification, denitrification, and BNF parameters

Aanvf
kanvf

VUmax,nit

Ea,nit
Ed,nit

Topt,nit

Fai !
nit

szO
nit

Ea,danit

VUmazx,denit
fast
Km,denit
NO3
m,denit
NOy
denit
N>O
denit

Ea,digy

Weibull function to relate anaerobic volume fraction to
soil moisture

Weibull function to relate anaerobic volume fraction to
soil moisture

Maximum nitrification rate

Activation energy of nitrification

De-activation energy of nitrification

Optimum temperature for nitrification

Fraction of nitrification lost to NOy,

Fraction of nitrification lost to NoO

Activation energy of denitrification

Maximum denitrification rate

Half-saturation constant C of denitrification
Half-saturation constant NOg of denitrification

Fraction of denitrification lost to NOy

Fraction of denitrification lost to N2 O

Activation energy of gas diffusion

1.3

3.0

0.4
80000
200000
311.15
0.02
0.002
47000
0.1
20.0
1162.598
0.002
0.02
47000

day™

mol

mol

mol

day™

mol
m3
mol
m3

mol

75

75

76
76
76
76
77
77
78
78
78
78
79
79
88

Zaehle and Friend (2010)

Zaehle and Friend (2010)

Xu-Ri and Prentice (2008)
Xu-Ri and Prentice (2008)
Xu-Ri and Prentice (2008)
Xu-Ri and Prentice (2008)
Xu-Ri and Prentice (2008)
Xu-Ri and Prentice (2008)
Xu-Ri and Prentice (2008)
Xu-Ri and Prentice (2008)
Xu-Ri and Prentice (2008)
Xu-Ri and Prentice (2008)
Xu-Ri and Prentice (2008)
Xu-Ri and Prentice (2008)
Xu-Ri and Prentice (2008)
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Table M4. Soil biogeochemistry parameters (ctnd.)

Symbol Description ‘ Value Unit ‘ Equation ‘ Citation
Soil P fluxes
Eoel Occlusion coefficient of sorbed PO4 3.86 10713571 61 Yang et al. (2014)
kweath Weathering rate constant of mineral soil 8.16208 107 Tﬂ%f 80 Wang et al. (2010)
K ,’;L‘i‘;feat h Half-saturation root biomass for PO, weathering 10.0 mn(:;C 80 calibrated
K fl%fomm Half-saturation solute P concentration for PO4 bio- | 0.001 ":nﬁ 81 estimated
chemical mineralization
Kx‘{,ﬁomn Half-saturation root C biomass for PO4 biochemical | 20.0 ”;nLéC 81 calibrated
mineralization
Kabs POy (ab)sorption rate from Piap t0 Psorp 651.8519 kg:ﬁ - 83 Yang et al. (2014)
Eq abs Activation energy for sorption to mineral surfaces 5000.0 ﬁ 83 Ahrens p. com. 2016
Kdes POy desorption rate from Psopp to Prap 0.000733 @7?7;;15 83 Yang et al. (2014)
Eq des Activation energy for desorption from mineral surfaces | 20000.0 ﬁ 83 Abhrens p. com. 2016
S POy sorption capacity of organic matter 04 i’ggﬁ) 85 This study’
T ral POy sorption capacity of mineral soil 0.0387 1205151)1 85 This study’
Kf,fﬁin Half-saturation concentration for PO4 adsorption to | 0.045 ‘ﬁ‘g‘f‘&l\ﬁ) 85 This study’
OM
K f,ff;fbmeml Half-saturation concentration for POy4 adsorption to | 0.00225 'L’(‘g‘s‘;lf 85 This study®
soil mineral

1. Based on a literature review including Abekoe and Sahrawat (2001); Ahmed et al. (2008); Chakraborty et al. (2012); Debicka et al.
(2015); Dossa et al. (2008); Fan et al. (2014); Guedes et al. (2016); Harrell and Wang (2006); Hartono et al. (2005); Herlihy and McCarthy
(2006); Holford et al. (1974); Horta et al. (2013); Huang et al. (2005); Janardhanan and Daroub (2010); Kolahchi and Jalali (2013); Olander
and Vitousek (2005); Pal (2011); Sakadevan and Bavor (1998); Sanyal et al. (1993); Sato and Comerford (2005); Shirvani et al. (2010);
Singh et al. (2005); Singh et al. (2006); Villapando and Graetz (2001); Wisawapipat et al. (2009); Xu et al. (2006); Zafar et al. (2016); Zhou

and Li (2001); Zou et al. (2011)
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Table MS. Parameters for the calculation of isotopic fractionation and mixing ratios calculation

Symbol Description Value Unit | Equation | Citation

aisc Discrimination of *>C due to stomatal diffusion 4.4 %o 92 Drake (2014)

bisc Discrimination of '*C due to Rubisco 27.0 oo 92 Drake (2014)

c13c Discrimination of **C due to PEP C 5.7 %0 92 Drake (2014)

aiac Discrimination of **C due to stomatal diffusion 8.668 %o 92 Drake (2014)

biac Discrimination of **C due to Rubisco 51.03 %o 92 Drake (2014)

cl4c Discrimination of **C due to PEP C 10.773 %o 92 Drake (2014)

bca Leakage rate of bundle sheath cells 0.16 - 92 Drake (2014)

Rref,c13 Reference isotopic mixing ratio of B0 / 120 PDB standard | 0.0112372 :Zg; 90 -

Ryep ci3 Reference isotopic mixing ratio of *>N/*N 0.0036765 | ™o 90 Robinson (2001)

e’u"sza ke,NHy Discrimination due to microbial NH,4 uptake 17.0 %o 91 Robinson (2001)
n lpatzze NH, Discrimination due to plant NHy4 uptake 13.5 %0 91 Robinson (2001)

e lp“tZZe NOs Discrimination due to plant NO3 uptake 9.5 %0 91 Robinson (2001)

€Enit Discrimination due to nitrification 47.5 %o 91 Robinson (2001)

€nitrate,production | Discrimination due to NO3 production 25.0 %o 91 Robinson (2001)

€denit Discrimination due to denitrification 31.0 %o 91 Robinson (2001)

€ammoni fication Discrimination due to NH4 production 25 %o 91 Robinson (2001)

Table M6. Parameters for the albedo, fAPAR and surface energy and water calculation

Albedo and fAPAR

Symbol Description Value Unit | Equation | Citation

pobeta Scaling factor of solar angle in reflection calculation 1.6 - 97 Spitters (1986)

k},’ffo Extinction coefficient over black leaves (VIS range) 0.5 - 95 Spitters (1986)

k}j}fo Extinction coefficient for diffuse radiation (VIS range) | 0.8 - 95 Spitters (1986)

k{,’f;g Extinction coefficient over black leaves (NIR range) 0.5 - 95 Spitters (1986)

k;’f% Extinction coefficient for diffuse radiation (NIR range) | 0.8 - 95 Spitters (1986)

kesf Crown shape correction parameter 2.2 - 96 (Campbell and Norman, 1998)

alb’ss, Soil albedo (VIS range) 0.15 - 98 Bonan (2015)

alb™r, Soil albedo (NIR range) 0.30 - 98 Bonan (2015)

Surface energy and water balance

Keft inter Efficiency of interception of precipitation as rain 0.25 - 112 Raddatz et al. (2007)

Wekin,max Maximum water storage per unit LAI 0.0002 | m 112 Raddatz et al. (2007)

Kpres Preferential flow fraction of infiltrating water 0.01 m™! 113 This study

kpref,runofs | Infiltrating fraction of surface runoff 0.95 - 113 Krinner et al. (2005)
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Table M7. PFT-specific parameters

Symbol Description Unit Equation Citation
Ovis Single leaf scattering albedo (VIS range) - 97 Otto et al. (2014); Spitters (1986)
Onir Single leaf scattering albedo (NIR range) - 97 Otto et al. (2014); Spitters (1986)
Qo Canopy clumping factor - 96 Campbell and Norman (1998)
Derown Crown shape factor - 96 Campbell and Norman (1998)
sla Specific leaf area ﬁ?c - Kattge et al. (2011)

Xg;} Default foliar C:N i—g Sect. M3.5 Kattge et al. (2011)
cheyﬁm”-" Minimum foliar C:N i—g 37 Kattge et al. (2011)
che:aI},',nLaa: Maximum foliar C:N i—g 37 Kattge et al. (2011)

X{Z;}; Default foliar N:P i—g Sect. M3.5 Kattge et al. (2011)
xfz,;?mm Minimum foliar N:P i—g 37 Kattge et al. (2011)
xf\(,{;,l;’mm Maximum foliar N:P i—g 37 Kattge et al. (2011)

kgtrue Maximum fraction of structural foliar N - 4 Friend et al. (1997); Kattge et al. (2011)
f ;?,f:fc,cl Minimum fraction of structural foliar N - This study

Tao Shape parameter of J,,,q, temperature response K 9 Friend (2010)
go Intercept of the A,, gs relationship - 17 Lin et al. (2015)
g1 Slope of the A,, g5 relationship - 17 Lin et al. (2015)

Jmin Minimum stomatal conductance = 17 This study

Tleaf Turnover time of leaves years Sect. M3.9 Kattge et al. (2011)
Tfine_root Turnover time of fine roots years Sect. M3.9 Ahrens et al. (2014)

Teoarse_root Turnover time of coarse roots years Sect. M3.9 Ahrens et al. (2014)
Thbranch Turnover time of branches years Sect. M3.9 This study
Tsap_wood Turnover time of the sapwood years Sect. M3.9 Sitch et al. (2003)

Tfruit Turnover time of the fruit years Sect. M3.9 This study
Tseed_litter Turnover time of the seed bed to litter years M3.9 This study
Tseed,est Turnover time of the seed bed to establishment years 53 This study

Umas,NH,|NOs | Maximum plant N uptake rate ;‘nmofgi 73 Zaehle et al. (2010)
Umaz, PO, Maximum plant P uptake rate r“nr;‘f’(ljps 73 Kavka and Polle (2016)
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Table M7. PFT-specific parameters (ctnd.)

Symbol Description Unit Equation Citation
GDDreg” Maximum GDD requirement in the absence of | °C days 45 This study
chilling
KGpp Response of GDD to number of dormant days days ™! 45 This study
Bf Jush Soil water level inducing leaf flushing - Sect. M3.8 This study
Soil Soil water stress inducing leaf senescence - Sect. M3.8 This study
oo Air temperature threshold inducing leaf senescence | °C Sect. M3.8 This study
ageifl% Minimum leaf age before senescence days Sect. M3.8 This study
ff;;ﬁﬁgod Fraction of sapwood in branches - Sect. M4.2 This study
Pwood Wood density fin% 31 Chave et al. (2009); Zanne et al. (2009)
Kiatosa Leaf area to sapwood area ratio - 31 Zaehle et al. (2010)
Ectos Coarse root to sapwood mass ratio - 33 This study
krtos Trade-off parameter for hydraulic investment into | - 34 This study
sapwood or fine roots
ngﬁ)? Maximum fraction of growth allocated to fruit - 29 This study
klaiiom Parameter in height diameter relationship - 32 Zaehle et al. (2010)
k2a110m Parameter in height diameter relationship - 32 Zaehle et al. (2010)
{g;’; Minimum leaf water potential MPa 18 Hickler et al. (2006)
ktarget Target size of the long-term reserve pool - 39 This study
Kroot_dist Exponent describing the vertical root profile - 3 Jackson et al. (1996)
Kseced Seed size molC 58 This study
mortyy, prr | Background mortality rate yeaur_1 56 Sitch et al. (2003)
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Table M8. PFT-specific parameter values

Parameter TrBE TeBE TrBR TeBS BNE BNS TeH TrH
PS pathway C3 C3 C3 C3 C3 C3 C3 c4
Tuis 0.17 0.17 0.17 0.17 0.15 0.15 0.2 0.2
Onir 0.76 0.76 0.76 0.76 0.73 0.73 0.8 0.8
Qo 0.9 0.9 0.9 0.9 0.5 0.7 1.0 1.0
berown 3.34 3.34 3.34 3.34 2.19 2.88 3.34 3.34
sla 0.24 0.22 0.39 0.39 0.13 0.25 0.50 0.48
Xy 28.4 35.0 22.5 225 39.7 24.8 26.9 33.9
Xfot min 14.0 14.0 14.0 14.0 24.0 16.0 13.7 17.1
Xtod¥ maz 38.7 38.7 38.7 38.7 64.9 31.0 40.0 48.0
Xieat 16.8 14.0 12.7 12.7 8.4 9.1 10.7 8.9
Xt min 8.4 7.0 6.3 6.3 4.2 4.5 5.3 4.4
Xl s min 25.3 21.0 19.0 19.0 12.6 13.6 16.0 13.3
kgirue 0.75 0.70 0.63 0.63 0.83 0.79 0.3 0.3
ING e o 0.57 0.52 0.45 0.45 0.65 0.61 0.12 0.12
To 18.0 18.0 18.0 18.0 18.0 18.0 18.0 18.0
90 0.01 0.01 0.01 0.01 0.01 0.01 0.03 0.03
g 9.3 8.3 7.0 10.9 5.5 7.0 9.3 2.0
Gmin 0.00006  0.00006  0.00006 0.00006 0.00003 0.00003 0.00006 0.00006
Ticaf 1.4 1.32 0.48 0.48 331 0.51 0.32 0.32
Tfine_root 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
Teoarse_root 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0
Toranch 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0
Tsap_wood 40.0 40.0 40.0 40.0 40.0 40.0 40.0 40.0
Tfruit 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Tseed_litter 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Tseed_est 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0
Vmaz,N 0.42 0.42 0.42 0.42 0.42 0.42 0.42 0.42
Vmaz, P 0.0044  0.0044  0.0044  0.0044  0.0044  0.0044  0.0044  0.0044
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Table M8. Lctlib Parameter Values per PFT (ctnd.)

Parameter TrBE TeBE TrBR TeBS BNE BNS TeH TrH
Phenotype evergreen evergreen raingreen summergreen —evergreen —summergreen —perennial  perennial
GDDpar 0.0 0.0 0.0 800.0 0.0 800.0 10.0 10.0
kgpp 0.0 0.0 0.0 0.007 0.0 0.0098 0.1 0.1
pllush 0.0 0.0 0.98 0.0 0.0 0.0 0.9 0.9
sen 0.0 0.0 0.5 0.0 0.0 0.0 0.01 0.01
sen 0.0 0.0 0.0 8.5 0.0 5.0 0.0 0.0
ages®! 10 10 10 50 10 10 10 10
Growthform tree tree tree tree tree tree herb. herb.
fhraneh 0.05 0.05 0.05 0.05 0.05 0.05 n.a. n.a
Pwood 0.3 0.3 0.3 0.3 0.3 0.3 n.a. n.a
Kiatosa 4000.0 4000.0 4000.0 4000.0 4000.0 4000.0 n.a. na
Kertos 0.1 0.1 0.1 0.1 0.1 0.1 n.a. na
Ertos 421 421 421 421 421 421 10.0 10.0
k2lruit 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.2
klatiom 55.0 55.0 55.0 55.0 55.0 55.0 n.a. na
k2a110m 0.65 0.65 0.65 0.65 0.65 0.65 n.a. n.a
i 2.0 2.0 2.0 2.0 2.0 2.0 -1.5 -1.5
kterget, 1.0 12 1.0 1.0 0.5 1.0 1.0 1.0
Eroot_dist 3.5 2.8 2.5 3.5 3.5 3.5 5.5 5.5
Ksced 0.5 0.5 0.5 0.5 0.5 0.5 0.1 0.1
mortyg prrT 0.1 0.1 0.1 0.1 0.1 0.1 0.05 0.05
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