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Abstract. Although shrubs employ distinct water- and carbon-use strategies compared to trees and are increasingly expanding

across warming tundra and grassland, they remain insufficiently represented in global land surface models. Here, we incorpo-

rated two shrub types, deciduous and evergreen, into the nutrient-enabled terrestrial biosphere model QUINCY, which features

a state-of-the-art treatment of soil nutrient dynamics and carbon exchange. We investigate the change in C fluxes and storage

due to shrub cover, it’s response to climate and CO2 fertilization effect and the role of nitrogen availability.5

With this new implementation, shrubs showed reasonable seasonal cycle of gross primary production (GPP) at 50 % of the

Arctic study sites. The model achieved mean R2 values of 0.5 and 0.6, when compared with in situ measurements and remote

sensing products for modeled shrubs. However, at 50 % of the study sites the model underestimated observed GPP due to too

strong simulated nitrogen limitation. Compared to needle leaved evergreen forest the modeled gross primary production of

shrubs is similarly distributed with a non-significant difference in the median. Compared to graminoids the carbon fluxes of10

shrubs are 40% higher. Shrubs produce a substantial, though lower, above-ground biomass than needle leaved trees and show

phenological patterns that are distinct from those of trees. Although CO2 fertilization generally benefits all plant types, shrubs

appear to maintain a particularly strong growth response under elevated CO2 concentrations.

We also demonstrated that the modeled deciduous shrubs reduce their nitrogen sources substantially more than evergreen

shrubs, generally resulting in a 50% decrease in gross primary production. Providing the plants with unlimited nitrogen and15

thus doubling gross primary production at most sites improved the model-measurement agreement by 15 %. A similar effect

occurred when initializing nitrogen and carbon contents best on permafrost profiles, resulting in partly alleviating nitrogen

limitation in the model. These finding underlines the importance of including evergreen and deciduous shrub PFTs in global

land surface models to accurately predict ongoing changes in the Arctic C cycle. However, the strong nitrogen limitation of
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Arctic shrub productivity when using the standard model parametrizations suggests that the Arctic contribution to global land20

carbon is underestimated by global models.

1 Introduction

The high latitude ecosystems north of 60 degree N are vulnerable to climate change, with this region identified to be warming

at around 3-fold the global rate (Giesse et al., 2024). Arctic soils store vast amounts of organic carbon (C) in continuously25

frozen soil layers called permafrost soils. This carbon could be released to the atmosphere as carbon dioxide or methane under

climate warming and the thawing of permafrost, inducing a positive climate feedback (Schuur et al., 2015, 2022). With the

increase of atmospheric temperature, prolongation of the growing season and the deepening of the active layer is causing major

vegetation growth and cover shifts in the Arctic (Mekonnen et al. (2021) and references there in), Liu et al. (2025)).

Arctic shrub vegetation is short statue (mostly < 2 m tall) and often prostrate and can grow beyond the cold limits of trees30

due to their adaption to cold environments. Importantly, shrubs show a faster wood production than trees and thus only need

a 20-50 % shorter growing seasons (Treml et al., 2019; Körner, 2012), which is a key adaptation to the Arctic conditions, and

intense competition for limited light and nutrients beyond the treeline. Shrubs are classified as either evergreen and deciduous

species. Deciduous shrubs grow faster than evergreen species, since their small leaf mass per unit area enables them to intercept

more light for a given investment of leaf C than evergreen shrubs (Parker et al., 2021; Mekonnen et al., 2018).35

Heijmans et al. (2022) found that shrubs are increasingly dominant in the Arctic. Current estimates suggest they comprise

about 40 % of the Polar Arctic’s plant biomass (Orndahl et al., 2025). The expansion rate has been estimated to about 38 %

from 1982-2014 and 27 % from 2000-2020 in the high-northern latitudes due to increases biomass of existing stands and new

establishment (Chen et al., 2020; Andreu-Hayles et al., 2020; Gui et al., 2025). Studies (Meyer et al., 2021; Elmendorf et al.,

2012, e.g.), mainly report an enhanced coverage of tall deciduous shrubs such as birch, willow and alder, which is often termed40

as ’shrubification’. Recently, expansion of evergreen dwarf shrubs, which are ecologically different from tall deciduous shrub

species, also have been observed in the Arctic (Vowles and Bjoerk, 2019). These vegetation changes are, however, spatially

heterogeneous and controlled by a mixture of environmental factors other than temperature such as changes in soil wetness

and plant-plant interactions (García Criado et al., 2025; Martin et al., 2022). Shrubs responding more to warming than e.g.

graminoids is linked to their ability to grow their woody tissue and thereby increase their height and width of their canopy45

(Bret-Harte et al., 2001, 2002).

Changes in the Arctic vegetation cover initiate several feedbacks to the atmosphere by decreasing the albedo and thus rising

surface temperature, and by impacting soil-plant interactions through e.g. deepening the active layer, higher mineralization

rates and litter quality, which in turn affect the ecosystem’s C balance (Bonfils et al., 2012; Meyer et al., 2021; Mekonnen et al.,

2021). Moreover, Arctic vegetation shifts potentially affect permafrost thaw by altering the surface temperature (Heijmans50
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et al., 2022). Buckeridge et al. (2010) conclude that increased nutrient inputs via enhanced litter inputs from smaller shrub

species subsequently cause an increase in growth of tall shrub tundra species.

Field studies show that shrubs have various impacts on soil nutrient cycling since they are associated with higher leaf litter

quality and quantity, thus contain more nitrogen which enhances decomposition rates (Martin et al. (2022); Moore et al. (2024)

and references therein) compared to Boreal trees. The vertical distribution of soil C is determined by the nutrition allocation,55

litter quality and plants root depth, i.e. shrubs store more C in deep soils than graminoides (Du et al., 2024). However, the

effect of shrub encouragement can not only largely change with climate. The acceleration of nutrient cycling driven by higher

soil temperatures and greater litter inputs and turnover, has been found to be a key player for vegetation change. However,

despite the importance of these processes the impact of nutrient dynamics on shrub growth and C cycling is neglected in most

commonly used vegetation models (Miller and Smith, 2012).60

The magnitude of the impact of the rapid shrub expansion in Arctic landscapes on the current and future Arctic C balance

is uncertain. Given the importance of shrubs in Arctic landscapes shrub plant functional types (PFTs) must be included in

land biosphere models to more accurately represent C dynamics in the heterogeneous Arctic landscapes. Accordingly, we

here employ the terrestrial biosphere model QUINCY (QUantifying Interactions between terrestrial Nutrient CYcles and the

climate system v1.0) (Thum et al., 2020) which includes the main features of Arctic ecosystems such as soil C storage, nutrient65

limitation and vertical discretization for a realistic simulation of C dynamics in the Arctic and physical processes relevant in

high latitudes (Lacroix et al., 2022). In contrast to other major community land models, QUINCY represents vegetation with

PFTs based on physiology and not on geography which overcomes regional PFT definitions like boreal trees, thus limiting the

need for parameters to a minimum (Thum et al., 2020). To assess the effects of shrub expansion for ecosystem C dynamics

across the Arctic, we here implemented two shrub PFTs firstly into QUINCY (Sec.2.1, 2.3). With this new model configuration,70

we performed simulations taking into account coverage by three different vegetation types, namely boreal forest, graminoids

and shrubs from 16 Arctic sites. Additionally, we conducted sensitivity simulations with constant CO2, with nitrogen supply set

to levels that do not limit carbon cycling and with nutrient initialization in the permafrost (Sec. 2.2), respectively. By the means

of this simulations and two observational datasets (Sec. 2.4) we aimed to answer the following research specific questions:

(1) How much carbon do shrubs take up and store and is this in agreement with observations? - Section 3.175

(2) How does the response of C uptake and storage in shrub covered ecosystems to combined climate warming and CO2

fertilization differ from boreal forest and graminoid-dominated tundra? - Section 3.2 and 3.2.1

(3) What role does nitrogen cycling play for shrub growth and C storage, in particular in response to increasing nitrogen

availability from permafrost thaw? - Section 3.3

2 Methods80

2.1 QUINCY model

The terrestrial biosphere model QUINCY (Thum et al., 2020; qui, 2019) simulates the coupled C, nitrogen (N) and phosphorus

(P) as well as water and energy cycles. The model represents physical processes relevant to high latitudes, such as snow

3

https://doi.org/10.5194/egusphere-2026-1514
Preprint. Discussion started: 24 March 2026
c© Author(s) 2026. CC BY 4.0 License.



dynamics, soil freeze-thaw, and adaptive rooting depth to layers that are non-frozen (Lacroix et al., 2022). The standard version

of the model includes 12 different PFTs with flexible parametrizations for leaf characteristics, phenology and other growth and85

turnover dynamics. This concept of PFTs groups all plant species in a limited number of classes and thus allows a much

more traceable interpretation of the plant’s interactions (Poulter et al., 2015). The about 40 parameterizations representing the

different plant characteristics and functionalities in QUINCY are based on plant trait databases (KATTGE et al.). Here, we

added additional PFTs to simulate Arctic shrubs.

In QUINCY, vegetation consist of structural pools (leaves, sapwood, heartwood, coarse roots, fine roots, and fruit), a fast90

overturning, respiring non-structural pool (labile), as well as a seasonal, non-respiring, and non-structural storage pool (re-

serve). The canopy has several layers (multilayer canopy scheme), which includes a representation of photosynthesis and

canopy conductance for sunlit and shaded leaves separately within every layer. Vegetation processes as well as nutrient uptake

and availability respond to local environmental conditions on a process-specific time scale, dynamically enabling a certain

memory effect (Thum et al., 2020). Plants partition the required C between growth, respiration and storage, with acclimation95

to meteorological conditions and nutrient availability.

The soil is explicitly vertically-discretized in 15 layers with increasing thickness down to a depth of 9.5 m. This applies for

soil temperature, texture, moisture and the biogeochemical soil pools. Soil biogeochemical pools are represented by five organic

pools: structural, polymeric, and woody litter, fast and slow degrading soil organic matter; as well as solute concentrations

of ammonium (NH4), nitrate (NO3) and phosphorus (PO4). Each of these organic pools contains C, N and P (Thum et al.,100

2020). In particular, the model accounts for the full nitrogen cycle in the soil, simulating nitrogen inputs through symbiotic

(microbial) fixation at higher plants and free-living (asymbiotic) N fixation at all parts of the ecosystem, N deposition, and the

transformation processes mineralization, nitrification and denitrification, as well as transport between soil layers. N is always

accounted for as NO3
- and NH4

+.

2.2 Site-level simulations setup and forcings105

Site-level QUINCY model simulations were conducted for 16 Arctic sites (Fig. A1, Table A1) from 1901 to 2010 where

data measured at shrubs and GPP estimates were provided by the ABCflux dataset version 2. In the reference simulation, we

represent the vegetation at the 16 sites by one of the two shrub PFTs according to the reported vegetation at the sites (Table

A2). The simulations include nitrogen dynamics since plants in the Arctic are known to be often limited by mineral nitrogen

(Mekonnen et al., 2018; Martin et al., 2017; Prager et al., 2017). Different model configurations were chosen to quantify the110

differences towards ecosystems covered by gramomids and NE trees at the same sites. A second set of simulations disentangle

between effects caused by climate drivers, CO2 fertilization and nutrient limitation (1).

The standard initialization of QUINCY does not account for the elevated contents of soil organic C & N characteristic

to permafrost soils. These contents can also not be built up in a standard QUINCY spin-up, as they would require a paleo-

timescale type simulation reproducing (at least) the last interglacial and glacial, which is neither practical for our applications,115

nor do the required model forcing data exist. In this study, we therefore changed the initialization procedure by adapting both

C and N contents as well as the distribution of the initialization in the case a site is identified as permafrost based on the
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definition by Palmtag et al. (2022). The distribution curve in the permafrost is initialized with a Weibull function assuming a

shape parameter of 0.6 (instead of 2) according to Palmtag et al. (2022). A minimum relative deep permafrost concentration

is set to 0.3 of surface soil concentrations according to estimated distributions from Palmtag et al. (2022). The soil organic120

matter is initialized with a single permafrost content of 121000 gC m-2 yr-1 for the first 3 m, which is the vertically-integrated

average C estimated by Palmtag et al. (2022). The permafrost nitrogen is initialized using a C:N ratio of 14 according to

Palmtag et al. (2022). We note that the applied approach does not account for spatial heterogeneity in permafrost soil contents

and distributions for initialization.

The meteorological forcing driving the model stems from the University of East Anglia Climatic Research Unit Japanese125

Reanalysis (CRU-JRA; Harris (2019)), which is a reanalysis of incoming solar radiation, surface temperature, humidity, precip-

itation, surface pressure, and surface winds. The dataset is available at a spatial resolution of 0.5 × 0.5 degrees and at a 6-hourly

temporal resolution. The data for our selected sites were extracted from the CRU-JRA dataset according to their geographic

coordinates (Zaehle and Friend, 2010). Furthermore, the soil is represented by 15 layers, with increasing thickness down to a

depth of 9.5 m. The model starts the transient simulations after a spin-up period of 1000 years using repeating forcing data130

from 1901-1930. The atmospheric CO2 concentrations are prescribed according to Friedlingstein et al. (2022).

Table 1. Description of the conducted simulations (1901-2010)

Simulation PFT Forcing Nutrients

Shrubs shrub PFTs atmospheric CO2 forcing according to Friedlingstein et al. (2022) C and N dynamics (CN mode)

Trees needle-leaf evergreen atmospheric CO2 forcing according to Friedlingstein et al. (2022) C and N dynamics (CN mode)

Grass C3 graminoid (TeH) atmospheric CO2 forcing according to Friedlingstein et al. (2022) C and N dynamics (CN mode)

ShrubsNOf shrub PFTs constant CO2 C and N dynamics (CN mode)

TreesNOf NE trees constant CO2 C and N dynamics (CN mode)

GrassNOf C3 graminoid constant CO2 C and N dynamics (CN mode)

ShrubsConly shrub PFTs atmospheric CO2 forcing according to Friedlingstein et al. (2022) C (C-only)

ShrubsNfertC shrub PFTs constant CO2 C (C-only)

ShrubsPM shrub PFTs atmospheric CO2 forcing according to Friedlingstein et al. (2022) C and N dynamics (CN mode), addition of permafrost nutrients

2.3 New shrub implementation

We implemented two new shrub PFTs: broadleaved deciduous (BD) and needle-leaved evergreen (NE). As a baseline, the

two shrubs are similarly parametrized as trees but treat important aspects concerning the initial leaf N, plant allometry, root

distribution and turnover times of wood differently. The new parameters are listed in Table 2. According to the physiological135

and phenological differences to trees (heartwood development, leaf/sapwood ratio, growing, turnover, leaf nitrogen, roots) new

parameters were specified differently to the default BD and NE PFT, respectively, based on measurement studies and trait

databases (e.g. TRY).
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Table 2. New parameters for NE and BD shrubs replacing the default needle-leaved evergreen PFT. For simplicity, the latter one is referred

to as ’Tree’.

Parameter BD default (Trees) BD shrub NE default (Trees) NE shrub Reference

Default leaf nitrogen concentration (LeafN in [mgN gDW-1]) 21.34 23.43 12.09 10.11 TRY database KATTGE et al.

Turnover time of the fraction of sapwood that is in branches (τbranch in [years]) 10 40 10 30 based on higher sapwood

Turnover time of the fraction of sapwood that is in branches (τsapwood in [years]) 40 70 40 60 Zhang et al. (2013)

Fraction of sapwood that is in branches, sapwood that is turned to litter (fracsapwood−branch) 0.05 0.1 0.05 0.02 Thum et al. (2020)

Parameter in height diameter relationship (allomk1) 55 35 55 25 Zhang et al. (2013)

Parameter defining the root distribution (kroot,dist) 2.0 3.5 2.0 3.5

Leaf area to sapwood area ratio (klatosa) 4000 3500 4000 3500 Zhang et al. (2013); He et al. (2025)

Coarse root to sapwood mass ratio (kcrtos 0.1 0.9 0.1 0.9 Ma et al. (2021)

Weekly air temperature threshold (tair,senescence in [degC]) 8.5 0 0 0 Fu et al. (2014)

Maximum GDD requirement (gddreq,max in [degC days]) 800 34.8 0 0 Fu et al. (2014) and courtesy to Yu Zhu

Scaling factor in the GDD for dormancy (kgdd,dormance in [days -1]) 0.007 0 0 0 Fu et al. (2014)

2.4 Observational data

The ABCfluxnet v2 (Virkkala et al., 2025b; Leffler et al., 2026) data was recently compiled to provide a dataset of in-situ Arc-140

tic–boreal terrestrial ecosystem CO2 flux measurements (Virkkala et al., 2025a). The synthesized GPP is given as cumulative

flux densities aggregated at the monthly timescale. In addition to eddy covariance data, this includes fluxes estimated with

chamber methods to increase data coverage, which were performed during the growing season. We selected sites where the

growth of shrubs is reported for more then one point in time. The measurements were averaged and evaluated over different

years to minimize the impacts of climate variability. First, we compare our model results to the eddy-covariance (EC) data of145

the given site (if available) which generally represents a 100 m radius footprint of the measurement tower. The chamber data

(Table A2) can be seen as a highest-resolved, plot-scale GPP estimate of a specific vegetation/soil unit.

To further evaluate the simulated GPP we also use data extracted from the global MODIS/Terra Level-4 products of MOD17A2H

(collection 6) (Running et al., 2015) and MOD17A2HGF (collection 6.1) (Running and Zhao, 2021) at the site coordinates.

Both products provide cumulative 8-day composite of GPP values at 500 m spatial resolution and were interpolated. They esti-150

mate GPP by applying radiation-use efficiency framework that integrates absorbed photosynthetically active radiation (APAR)

with the biome-specific radiation conversion efficiency (ε) constrained by meteorological stress. While the MOD17A2H prod-

uct contains gaps due to input quality, MOD17A2HGF reduces data gaps by employing additional temporal gap-filling based on

quality control flags. Both products are subject to uncertainties related to input data quality, land cover classification, and model

assumptions. With spatially and temporally more continuous GPP time series, the MOD17A2HGF dataset further introduces155

interpolation uncertainty which dampens the signals caused by inter-annual variability of climate or ecosystem disturbances.

Extensive validations against eddy covariance measurements show that MOD17-series products can moderately capture the

inter-annual and seasonal variability of GPP with R2 over 0.6 across different biomes and climate regimes (Zhu et al., 2018;

Tang et al., 2015; Wang et al., 2017). We extracted GPP time series from the datasets for the different sites using the nearest

neighbor approach.160
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3 Results and Discussion

3.1 Modeled vegetation productivity versus observations

Comparison of the seasonal cycle of modeled and measured GPP show that the CN model configuration agrees well with the

GPP measurements at around half of the sites but leads to an underestimation (R2<0.6, Table A3), Figure 1) at the remaining

sites, where the N limitation may be too strong in the CN model. The C-only model, which allows for unlimited biological165

N fixation, improves the model performance by 23 % with regards to the measured GPP data, in particular for NE shrubs

(Fig. 1) while at three sites (XHE, SIL, IMN sites), the model’s GPP estimates fall substantially below observed values. For

further evaluation, we compared our model GPP outputs to GPP MODIS satellite products. MODIS data is widely used for

the evaluation of the C cycle in global terrestrial biosphere models and in the Coupled Model Intercomparison Project (CMIP)

models (50 % using the JSBACH surface scheme) (Hu et al., 2022), showing a high agreement in the high latitudes. Lacroix170

et al. (2022) reports similar correlations when comparing a permafrost-enabled version of the QUINCY model with MODIS

and eddy-covariance data. Here, the MODIS GPP products show a higher correlation towards the model with a mean R2 value

of 0.62 and 0.67 (CN and C-only, Table A3) than compared to the observational data (0.48, 0.57). The MODIS products are

generally in line with the observational data but they disagree significantly at two sites. At the ISK site (Norway), MODIS

and (CN) model GPP agrees quite well while the observed GPP is much larger. This may be due to by the specifics of local175

climate and landscape at the used site coordinates. Namely, half of the field measurements at the ISK site are taken in wet

tundra areas (Pirk et al., 2024) whereas the model soil hydrology tends to be rather dry (Fig.S1). A similar uncertainty source

exists for the comparison at the SIL site (Finland) where most of the measurements happened in a fen ecosystem (reported in

dataset as bawld-class) which is not represented in the QUINCY model. At sites with a significant fraction of forest e.g. the

LET (Finland) site (Heydel and Tackenberg, 2017) both observational datasets show a higher GPP which the model does not180

reflect because it represents shrubs only (in this simulation). A further source of the model bias might be the underestimation

of soil moisture at sites with a higher wetness than 25 % like at the Stordalen (STR, Sweden) site (Holmes et al., 2022).

While we deem the agreement between model and observations inferred from field data measurements (EC measurements if

available) and MODIS products to be adequate, the performance depends on the model configuration chosen, the shrub PFT

type evaluated, local heterogeneity of vegetation coverage, as well as the local meteorological conditions, which may differ185

from the forcings used in the model.

3.2 Present day C uptake and storage

The simulated (multi-site) average annual GPP flux at shrubs is 371 gC m-2 year-1 ranging from 132 to 735 gC m-2 year-

1 among the sites for the time period 1990-2010 (Fig. 2a). These estimates (and their partitioning) are in line with data

synthesized by Virkkala et al. (2025a) who report an average (area-upscaled) Arctic GPP of 300 gC m-2 year-1 for tundra and190

416 gC m-2 year-1 for the arctic permafrost region, albeit accounting for all tundra vegetation species (graminoids, shrubs,

mosses and lichen). The distribution of annual mean GPP (Fig. 2b) overlaps with the one by the tree PFT but, in contrast, it is

skewed towards higher values which shows the better adaptation of shrubs to the cold Arctic climate as it has been observed
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Figure 1. Multi-year mean seasonal cycle of GPP [gC m-2 month-1] by measurements (field data and MODIS satellite data: MOD17A2HGF

and MODIS17A2H) and model versions CN and C-only for individual time periods where field data is available. See Table A1 for the site

acronyms.

(Mekonnen et al., 2021, e.g.). Thus, the median (without considering the high values) of (new) shrub and tree PFT are not

significantly different, while the average annual GPP is increased by 16 % due to the implementation of shrubs. Also, Meyer195

et al. (2021) report a substantial higher GPP at shrubs than at trees simulated at an site Canadian site with the CLASSIC model

which is in good agreement with the site measurements. Shrubs dominance instead of graminoid cover would rise annual mean

and median GPP by 40 %, respectively.

The GPP change of the three PFTs is determined by different N pathways whereas the strength of the correlation varies not

only across the PFTs but also across the sites. For instance, the GPP at NE trees and shrubs increases much stronger with NH4
+200

uptake than at graminoids while comparing gramonoids and trees to BD shrubs reveals a similar slope (Fig. S2). Thus, among

the shrub species, the model simulate faster growth for deciduous shrubs in response to NH4
+ uptake as also reported by (Chen

et al., 2020). For all shrubs, the change of NH4
+ uptake explained 50-70% of the GPP change compared to trees (see R2 in

Fig. S3). For NE shrubs, N fixation and NH4
+ net mineralization showed also significant correlation with the GPP changes

8
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Figure 2. Simulated multi-year (1990-2010) annual mean GPP [gC m-2 year-1] per PFT for 16 sites (site acronyms are given in the SI Table

A1) in the Shrubs, Trees and graminoid (grass) simulations, with the values of two most recent years marked with ’+’ and (b) the distribution

across all sites. The first eight bars (BON-RAI) show the results at NE shrubs, the later ones at BD shrubs.

(Fig. S3). Most of the GPP increase at evergreen shrubs could be additionally explained by higher biological nitrogen fixation205

(BNF) compared to shrubs, where the absolute numbers are about half the magnitude of the plant NH4
+ uptake (Fig. S4).

Indeed, Davies-Barnard and Friedlingstein (2020) and Schore et al. (2023) report substantial higher asymbiotic BNF at shrubs

than at trees driven by bacterial activity. The GPP changes at deciduous shrubs are usually lower than at evergreen shrubs

which might explain the low correlation. The GPP differences from graminoids are generally less correlated to changes in the

N uptake pathways.210

The site averaged foliage (projection) cover of shrubs, the percentage coverage of the ground area by leaves from looking

down, is very similar to that of trees (4 % higher for shrubs), indicating slightly higher self-thinning in shrubs (Fig.S11).

Shrub cover reduced carbon-use efficiency (NPP/GPP), at all sites, from 0.64 (graminoid) and 0.68 (trees) to 0.63 at NE and

0.57 at BD shrubs, indicating lower efficiency in converting GPP to biomass (Fig. S7b) overall. This is generally in line with

satellite estimates of the NPP/GPP ratio reported by Zhang et al. (2013) for the three different vegetation types. In contrast215

to (needle leaved) evergreen shrubs, most deciduous shrubs had lower net primary production (NPP) than trees (Fig. S7a)

following the growth respiration (Fig. S8a). A higher growth respiration would refer to a faster growth rate and higher seasonal

leaf turnover (Ge et al., 2017).

The new shrub PFTs produced reasonable (aboveground) total C varying from 0.7 to 2.5 kgC m-2 (Fig. 3a, site-mean= 1.3

kgC m-2) in 1990-2010. Given that the aboveground part of plants contain approximately 50 % of C (Ma et al., 2018) these220

values translates into biomass estimates in line with measurements of 0.4-1.5 kgC m-2 (Poley et al., 2020; Zhao et al., 2021;

Sulman et al., 2021; Orndahl et al., 2025).

Most of the simulated C here was stored in the living wood of the shrubs followed by the storage in coarse roots and

heartwood (Fig. S6). Shrubs produced less sapwood than trees but show a faster production rate (Fig.S9) which is according to

(Treml et al., 2019, e.g.) explained by narrower and less xylem cells in shrubs. Therefore, deciduous shrubs grew faster than225

evergreen species (Figure S10) as explained (Parker et al., 2021; Mekonnen et al., 2018) by their small leaf mass per unit area

enabling deciduous shrubs to intercept more light for a given investment of leaf C than evergreen shrubs. Furthermore, the
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modeled shrubs stored more C in coarse roots than trees, so that the coarse root:sapwood ratio is increased by factor 8 which

is in agreement with findings by Wang et al. (2016) and a global dataset (including 530 shrub land sites) by Ma et al. (2021).

Thus, the total aboveground C storage of shrub vegetation is overall lower than in trees (at 13 out of 16 sites, Cliff’s δ=-0.39).230

Indeed, Jobbágy and Jackson (2000) report that trees allocate more nutrients aboveground than shrubs and graminoides.

While the distribution of annual mean vegetation carbon at shrub sites overlaps with that of trees (Fig. 3a), the (multi-site)

mean biomass with shrub coverage is 17 % lower than the mean tree biomass as the lower carbon use efficiency of shrubs

(Fig. S7b) indicated. The shrub distribution has a much larger inter-quartile range and more skewness towards higher values

than trees which pointed to the higher variability of shrubs. The total vegetation C of graminoid is significantly lower (effect235

size: Cliff’s δ=1.0) than in both woody PFTs considering distribution, median and range as also found by Lett et al. (2004).

Graminoids store relatively more C in fine root and the labile pool (almost 40%), but the size of the wood and the coarse root

storage in woody plants is significantly larger.

The higher fraction of coarse root C stored by shrubs (Fig. S5a) determines the increase in total soil C, namely towards 14.3

kgC m-2 compared to the other PFTs (vs. 13.2 and 11.1 kgC m-2 multi-site annual mean at trees and graminoides) at 81 %240

of the stations. This small (6 %) increase of soil C due to shrub coverage compared to trees is in line with observation studies

reporting more below than aboveground C with shrub vegetation coverage (Ma et al., 2021). We note that the soil type is a

primary control that can explain increases as well as decreases in soil organic contents as a meta-analysis by Li et al. (2016)

found at different shrub species globally. Parker et al. (2021) even report a substantial C loss by shrub expansion which is in

line with other studies. At a landscape scale, Zhao et al. (2023) found an increase of soil organic carbon with shrub expansion245

in the Arctic. Our model study shows that, evergreen shrubs have the tendency to conserve more C than deciduous shrubs (first

8 bars in Figs. 3) as is also reported by Mekonnen et al. (2018). In comparison with graminoids, soil C is increased by 18 %

as substantially more C is stored in coarse roots. Since the model does not consider the long-term C storage in permafrost

soils yet the impact on soil C is only discussed briefly here. Given that shrubs exhibit higher root nutrient absorption rates

than trees—supported by Chen et al. (2020), who analyzed 170 root samples from Arctic shrubs, and corroborated by our250

simulations (Fig. S10) significant impacts on nitrogen cycling can also be expected (Martin et al., 2022). Overall, we show

here that the newly modeled shrubs produce reasonable C fluxes and storage whereas they reproduce important physiological

processes (e.g. wood formation, root allocation) different from trees.

3.2.1 Transient changes in uptake and storage

Our transient simulations from 1901-2010 show an average change in annual GPP of 60 g m-2 yr-1 for shrubs, strongly255

increasing since 1960 (Fig. 4a). In comparison, the GPP increase over time for trees and graminoids is 30-50 % weaker.

We deduct from the Shrubs and ShrubsNof simulations the CO2 fertilization effect on shrub GPP across the study sites,

with a steep rise in the CO2 effect on GPP since the 1960s (Fig. 4c) following increased atmospheric CO2 concentrations (Fig.

S12) (ipc, 2022). This effect is larger for sites where nitrogen dynamics have no low impact. For instance, at YAK (Yakutsk,

Russia), where no difference is simulated between C-only and CN simulations, we found an GPP increase of up to 40 gC260

m-2 yr-1, caused by CO2 fertilization alone. Most shrub-dominated sites are strongly nitrogen-limited, which causes the CO2-
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Figure 3. Multi-year (1990-2010) annual mean total vegetation C , values of two most recent years marked with ’+’ and (b) distribution of

multi-year annual mean total soil C per PFT in [kgC m-2]. The first eight bars (BON-RAI) show the results of NE shrubs, the later ones of

BD shrubs.

fertilization effect to be small on average (Fig.4a) across all sites for 1960-2010. This estimate is in line with the QUINCY

model study results for the high-Arctic tundra by Lacroix et al. (2022), as well as with a number of field N fertilization

experiments with tundra and mixed shrub coverage (DeMarco et al., 2014; Shaver et al., 2001). For NE trees, positive changes

in GPP outweigh negative changes at only a few sites over time leading to an overall small change (Fig.4a), consistent with265

their lower N uptake compared to shrubs. Thus, the newly modeled shrubs show a higher growing potential (N uptake, GPP)

under increased CO2 in comparison to NE trees (default parameters). The CO2-fertilization effect (on GPP) is higher the less

the sites are nitrogen-limited (e.g. the YAK site, Russia). Indeed shrubs have been found to deepen their roots in response to

increasing CO2 (Mekonnen et al., 2021).

After 1960, the climate effect clearly becomes dominating due to the strong temperature increase in the Arctic as e.g. reported270

by Wei et al. (2018). The multi-site average GPP increases until 45 gC m-2 yr-1 at shrub-dominated sites relative to 1901-1910,

which is about 12 % of the absolute GPP. For trees, the foilage projection cover rise similarly over time as for shrubs (Fig.2),

while the GPP at graminoids show approximately half of the increase. Until 1960, the climate impact of all three PFTs exhibits

a 20-year cycle, driven by variations in dominant climate factors. Overall, among all three PFTs shrubs respond most to climate

effects in the model, e.g. increasing temperature (since 1960). This feature is reported as reason for the shrub expansion in the275

Arctic as described in Mekonnen et al. (2021, e.g.,).

Unsurprisingly, alleviating N limitation in the (ShrubsConly, ShrubsNOf ) simulations result in a substantially higher CO2

fertilization effect (on average 58 gC m2 year-1, Fig. 4b). This can be explained by the change in (plant) biological nitrogen

fixation (BNF) during unlimited N supply. BNF rises with increasing temperature (Yu and Zhuang, 2020) and the model

formulation used here favors elevated CO2 (Meyerholt et al., 2016). Thus, here BNF increases with rising CO2 by 5 % yr-1280

(Fig. S14), so that 2010 the CO2 fertilized C-only simulation reached 30 % more BNF than the non-fertilized simulation. BNF

is known an important N source for plants, whereas the contribution of symbiotic (bacteria) and free-living parts is uncertain

(Davies-Barnard et al., 2020). In our C-only model used here plant BNF is unlimited. Thus, a simulation estimate twice the
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Figure 4. Multi sites average 15-years rolling mean total changes (a,b) and CO2 fertilization and climate effect (c,d) in GPP relative to

1901-1911 [gC m-2 yr-1] carried out with the N dynamic and C-only model configuration, respectively.

observations in the Arctic (see Meyerholt et al. (2016)) compensates for missing N sources (like symbiotic BNF, gray line in

Fig. S14).285

The climate effect on total vegetation C (Fig.S13) is similar as for GPP with a sharp increase around 1970 to a change of 0.2

kgC m-2 (8% of the absolute) at shrubs. In fact, many studies like Elmendorf et al. (2012) report the boost in Arctic ecosystem

productivity due to climate warming. The CO2 fertilization, however, is minor at shrubs and graminoids while it even leads to

a reduction in tree vegetation C of about 5 %. Comparing the CN and C-only simulations of shrubs reveal the same climate

effect as the climate forcing is the same but a much higher CO2 fertilization effect (0.5 kg m-2, 25 %) occurred in the C-only290

simulation. Norby et al. (2010) and McCarthy et al. (2010) confirm that local N availability strongly drives the strength and

the sign of the CO2 fertilization effect at Arctic trees. The change in vegetation C also reflects to the foilage projection cover

of trees and shrubs. CO2 fertilization has no significant impact on modeled shrub foliage projection cover (Fig. S11). For

trees, however, we see a decrease in foilage cover when accounting for CO2 fertilization over the last 20 simulation years (Fig.

S11, orange compared to coral line) which translates into a higher self-thinning and thus a reduction of trees per leaf areas.295

Graminoids similarly to shrubs show only a modest CO2 fertilization response as also seen for GPP (Fig.4a).

3.3 Role of nitrogen availability

Here, we compare the C-only (ShrubsConly) and CN simulations (Shrubs), i.e. simulations with nitrogen supply maintained at

levels that do not constrain plant growth versus an explicit simulation of nitrogen input and output processes and the limitation

of plant growth due to nitrogen availability. Accounting for nitrogen limitation significantly reduced the GPP at all sites in300
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Figure 5. Multi-year (1990-2010) average seasonal cycle of (a) growing season length, (b) GPP change (Shrubs-ShrubsConly), (c) change

of N uptake and net mineralization, including NH4
+ and NO3- (Shrubs-ShrubsConly) at particular stations.

shrub cover simulations (Fig. 1, 6), most significantly at deciduous shrubs. These reductions range from 3 gC month-1 m-2 (2

%, not significant) for the evergreen shrub at the YAK site (Russia) to 150 gC month-1 m-2 (75 %) for the deciduous shrub at

the IGA site in Russia (Fig. 5a). We demonstrate that the magnitude of GPP change (Fig. 5b) depends on the growing season

length (Fig. 5a), which impacts the ecosystem’s nitrogen supply through net N mineralization, fixation (not shown) and uptake

(Fig. 5c). At sites with deciduous shrubs and a 3-months growing season only (at the sites SEI, IMN, IGA; whereas SEI and305

IGA shrubs behave very similar), these main N sources declined in the CN simulations leading to a strong reduction of GPP

(Fig. 5b). Shrubs at other sites e.g. at the WLF site (Canada) showed at least an increase of N uptake under the CN configuration

at the start of the growing season. When both N uptake terms and the use of N storage rise (at the sites YAK, STR, ABI whereas

STR and ABI shrubs behave very similar) the reduction in GPP is only slight (Fig. 5b, c). Overall, we demonstrated that most

simulated shrubs are strongly limited by nitrogen supply, consistent with other studies e.g. Street and Caldararu (2022). Other310

than evergreen shrubs, the modeled deciduous shrubs have a higher N demand and respond more rapidly to N additions as also

reported for al pine shrubs by Zhou et al. (2023). However, our results suggest that the N dynamics in the model may be overly

restrictive, and could be improved by refining key processes such as BNF to better reflect Arctic conditions.

The initialization of N and C in the permafrost (simulation: ShrubsPM) increased the soil C pool by 10-60 kgC m-2 (Fig.

6a, 4-18 %) towards a better agreement with the permafrost C estimates of 20-150 kgC m-2 (0-3 m) by (Hugelius et al., 2014)315

where the majority of the soil C is stored in the model. It also improves total soil N contents from 1.5 kgN m-2 to 7.4 kgN m-2

(Fig. S16). Palmtag et al. (2022) report estimates of around 5 kgN m-2, when extrapolated to our modeled soil depths of 9 m

using the same vertical distribution.

The higher soil N levels originating from the improved soil initialization stimulated primary productivity, which in turn

increased vegetation C storage in the coarse root, sapwood and heart wood pools of the plants. As a result, total vegetation C320

rose by 1 kgC m-2 (93 %) on average (Fig. S15).

For most of the sites with NE shrubs, the effects of enhanced soil N supply (Fig. S17) are strongly reflected in the annual GPP,

which increased by 73-290 gC m-2 yr-1 compared to the standard model simulations (Shrubs). The additional nutrients lead to

a significant increase of the leaf to root mass ratio (Fig. S18), clearly indicating a significant alleviation of nitrogen limitation,
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Figure 6. Multi-year (1990-2010) average total soil C (left) and total soil nitrogen (right) at the 16 different sites estimated by the three

simulations: Shrubs, ShrubsConly and ShrubsbPM.

a pattern widely reported for other vegetation types, thus causing the shrubs to allocate more growth into aboveground biomass325

than roots, the latter is needed to take up more nutrients. In contrast, GPP for BD shrubs is less strongly affected (Fig. S17),

and the leaf and fine root C ratios at BD shrub sites are also not significantly changed (Fig.S17). This feature highlights the

contrasting nitrogen sensitivities and acquisition strategies of NE and BD shrubs. In fact, Martin et al. (2022) reports a rapid

increase of GPP and leaf:root mass ratio at NE shrubs with higher N availability while BD shrubs only show a slight response

to more N due to the conservative economics and higher respiration efficiency (Street and Caldararu, 2022).330

The change in GPP due to the PM initialization varies significantly over time. From the initialization the GPP difference

rapidly increases by 10 gC m-2 yr-1 to a level which is more or less constant until 1960. With increasing CO2 the GPP

difference increases by 30 gC m-2 yr-1 until 2010.

4 Conclusions

We implemented broadleaf deciduous and needle leaved evergreen shrubs into the nutrient-enabling terrestrial biosphere model335

QUINCY using empirically-based parameters to improve the representation of Arctic C cycle processes. We simulated shrub,

tree and graminoid growth at 16 Pan-Arctic sites separately to assess the impact of Arctic shrub cover on C uptake and storage.

We found that:

– Modeling shrubs using empirically-based parameters enabled a reasonable simulation of gross primary production,

achieving R2 values of 0.5–0.6 when compared with field data and MODIS satellite observations, while accurately340

capturing well-known physiological processes distinct from those of trees.

– At the same simulated sites, shrubs exhibit larger growth than NE forest and graminoids, leading to mean GPP increase

of 16% or 40% , respectively.

– Climate-induced effects dominate over other driving factors when simulating enhanced shrub growth from 1901-2010.

This is due to the nitrogen-limitation, which was strengthened with CO2 fertilization but weakened in a warmer climate345

that enhanced nitrogen fixation and soil N turnover.
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– The initialization of soil nitrogen concentrations, parametrized from observation products, enhanced shrub growth, espe-

cially at NE sites, improving the model-measurement comparison by 15 %. It also affected the increased C uptake over

1901-2010.

Overall, we show that explicitly representing shrubs significantly alters simulated C uptake and storage. This highlights the350

importance to incorporate both evergreen and deciduous shrub plant functional types (PFTs) in global land surface models to

improve predictions on ongoing Arctic carbon cycle changes. Given the strong influence of nitrogen limitation on ecosystem C

fluxes revealed here, we recommend improved constraints on soil N cycle under low-temperatures and their changes in warming

climate. We also call for additional measurements needed to parametrize the PFT-specific traits, such as the allocation of

biomass to roots, that influence the efficiency of shrubs in accessing soil nitrogen (Martin et al., 2022) and are likely to become355

increasingly important with permafrost thaw.
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Figure A1. Map of the 16 chosen stations.

Table A1. List of the study sites with coordinates and soil forcing specifying the clay, silt and sand soil proportion, the bulk density (bd) of 

organic matter [kg m-3], the available water content (awc), the ph value, usda taxonomy class, nwrb taxonomy class and the initial phosphoros 

pools (labile, slow, occulded and primary) in the soil [g m-2]. The initial soil depth for phosphorus is 0.5 m.

Site-ID lon lat PFT clay silt sand awc bd ph taxusda taxnwrb soilP,labile soilP,slow soilP,occluded soilP,primary

WLF (Wolf Creek, Canada) -135.25 60.75 BD 0.13 0.26 0.61 540 1094 6.16 89 27 32.46 50.94 169.07 84.31

TVC (Trail valley Creek, Canada) -133.75 68.75 NE 0.30 0.41 0.29 400 1046 5.19 6 40 28.42 35.16 109.51 54.85

LET (Lettosuo, Finland) 23.75 60.75 BD 0.19 0.30 0.51 406.14 1186 5.39 36 27 30.09 50.58 120.21 39.90

SIL (Siikaneva, Finland) 24.25 61.25 BD 0.14 0.33 0.53 441 1194 5.33 18 27 26.75 44.96 106.9 35.46

SAM (Sammaltunturi fell, Finland) 24.15 67.97 NE 0.07 0.34 0.59 491.9 1148 5.19 89 27 28 35.16 110 54.85

ISK (Iskoras, Norway) 25.25 69.75 NE 0.06 0.35 0.59 548.9 1152 5.3 89 27 21.73 36.53 86.82 28.81

RAI (Raisduoddar, Norway) 21.25 69.75 NE 0.06 0.32 0.62 424 1159 5.51 33 98 21.73 36.53 86.82 28.81

IGA (Igarka, Russia) 86.25 67.25 BD 0.19 0.39 0.42 599 840.1 5.5 6 39 21.54 33.79 112.2 55.94

SEI (Seida, Russia) 62.75 67.25 BD 0.14 0.41 0.45 554.9 865.6 5.31 5 27 28.42 35.16 109.51 54.85

YAK (Yakutsk, Russia) 129.75 62.25 NE 0.18 0.46 0.36 400.0 1166 6.64 6 39 38.59 60.55 201.0 100.2

STR (Stordalen, Sweden) 18.75 68.25 NE 0.07 0.35 0.58 354.1 1148 5.69 89 39 21.54 33.79 112.2 55.94

ABI (Abisko, Sweden) 18.82 68.35 NE 0.07 0.37 0.56 492 1183 5.8 89 27 21.54 33.79 112.2 55.94

FAI (Fairbanks, US) -147.75 64.88 BD 0.09 0.64 0.27 487.7 1079 6.24 69 25 39.7715 23.08 73.31 54.85

IMN (Imnavait Creek, US) -149.3 68.61 BD 0.17 0.38 0.45 473 703 5.76 6 27 28.42 35.16 109.5 54.85

BON (Bonanza, US) -148.25 64.75 NE 0.06 0.63 0.31 475 1097 6.11 77 27 39.77 23.08 73.31 54.85

XHE (NEON healy, US) -149.21 63.88 NE 0.11 0.44 0.5 506.9 1056 5.37 90 27 21.54 33.79 112.17 55.94

24

https://doi.org/10.5194/egusphere-2026-1514
Preprint. Discussion started: 24 March 2026
c© Author(s) 2026. CC BY 4.0 License.



Figure A2. Multi-year (2000-2010) mean seasonal cycle of the standard derivation of GPP derived from two MODIS satellite products

(MOD17A2HGF and MOD17A2H).

25

https://doi.org/10.5194/egusphere-2026-1514
Preprint. Discussion started: 24 March 2026
c© Author(s) 2026. CC BY 4.0 License.



Table A2. List of the study sites reporting the site reference, dominant vegetation, available data points, used flux method and time period.

Site name Dominant vegetation Total number of data points Flux method Time

Abisko Mosses and dwarf evergreen shrubs (e.g. Cassope tetragona, Empetrum hermaphroditum) 47 Automated and manual chamber 1999-2012

Bonanza evergreen shrubs 162 EC, manual chamber 1990-2020

Igarka deciduous shrubs 109 EC, manual chamber 2007-2020

Imnavait deciduous and evergreen shrubs (e.g. Andromeda polifolia, Betula nana) 530 EC, manual chamber 2007-2020

Iskoras evergreen dwarf shrubs (e.g. Empetrum nigrum, Rhododendron tomentosum) 174 EC, manual chamber 2019-2020

Lettosuo Evergreen Needleleaf Forests and understory 320 EC, automated chamber 2009-2020

Neon healy NaN 47 EC 2018-2020

Raisduoddar deciduous and evergreen shrubs, sedges 9 manual chamber 2014

Sammaltunturi juniper bushes and low shrubs (e.g. Betula nana, Empetrum hermaphroditum) 12 EC 2012

Seida deciduous and evergreen shrubs 81 manual chamber, EC 2008-2009

Siikaneva Scots pine, deciduous and evergreen shrubs (vaccinium, andromeda polifolia) 1245 manual and automated chamber, EC 2007-2020

Stordalen willow mixed with sedges, lichens 450 manual and automated chamber, EC 1996-2020

Trail Valley Creek dwarf evergreen shrubs, sedges 372 manual and automated chamber, EC 2013-2020

Wolf Creek deciduous shrub (e.g. willow), white spruce 297 EC 2017-2020

Table A3. R2 values between different model versions and observation data (ABCfluxnet data and the mean of the MODIS products) for the

available time span of the ABCfluxnet data. If available we use only the EC measurements from the ABCflux data. NaN mark data with too

small data size.

sites CN model vs. ABC C-only model vs. ABC CN model vs mean MOD C-only model vs mean MOD

BON (Bonanza, US) 0.89 0.95 0.92 0.97

TVC (Trail valley Creek, Canada) 0.65 0.91 0.78 0.97

SAM (Sammaltunturi fell, Finland) NaN NaN 0.88 0.71

ISK (Iskoras, Norway) 0 0.87 0.86 0

YAK (Yakutsk, Russia) 0.89 0.87 0.54 0.57

STR (Stordalen, Sweden) 0.46 0.93 0.50 0.86

ABI (Abisko, Sweden) 0 0.38 0.53 0.87

RAI (Raisduoddar, Norway) NaN NaN 0.51 0.94

XHE (NEON healy, US) 0.88 0 0.84 0.64

WLF (Wolf Creek, Canada) 0.29 0.71 0.53 0.64

LET (Lettosuo, Finland) 0.41 0.88 0.53 0.86

SIL (Siikaneva1, Finland) 0.40 0 0.61 0.92

IGA (Igarka, Russia) 0.42 0.45 0.43 0.44

SEI (Seida, Russia) 0.17 0.70 0.47 0.2

FAI (Fairbanks, US) NaN NaN 0.56 0.86

IMN (Imnavait Creek, US) 0.50 0 0.37 0.20

Mean 0.48 0.59 0.62 0.67
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