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12 Abstract

13 Plant nitrogen (N) use strategies affect ecosystem nutrient cycles and limitation and thereby the
14 response of ecosystems to global change. However, their influence on future projections of
15 nutrient limitation and land carbon (C) sink remains unclear. Here, we used a nitrogen-enabled
16 biosphere model (QUINCY) to evaluate the competitiveness of acquisitive (high uptake, low
17 resorption) and conservative (low uptake, high resorption) N-use strategies within plant
18 functional types (PFTs) and climate zones under a scenario of future climate change
19 (SSP3-7.0). We assessed competitive advantage via net primary productivity (NPP) and
20 implications for C storage and N cycling through total ecosystem C and the ecosystem N
21 uptake/loss ratio. Our results suggest that a broad-leaved deciduous (BDS) conservative
22 strategy has a stronger competitive advantage compared to needle-leaved evergreens (NE)
23 conservative, as shown by the largest relative gains in NPP (+48%) and Ecosystem C (+22%)
24 together with smaller increases in N losses (-7.6%). This overall response varies across climate
25 zones reflecting the latitudinal gradient in nutrient limitation. In the tropics, where N is
26 generally not a limiting nutrient, acquisitive and conservative N-use respond similarly. In
27 contrast, temperate and boreal regions sustain a clear advantage for conservative strategies,
28 with higher gains in NPP (+24.8% vs. +18.7% in temperate BDS; +18.8% vs. +17.7% in
29 temperate NE; +41.3% vs. +30.5% in boreal BDS; +56.7% vs. +46.5% in boreal NE), and

30 consistent patterns for C storage. Together, the findings underscore that the functional N-use
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31 strategy diversity within PFTs may influence future C and N projections, and represents a

32 conceptual step toward improving model realism.

33 Keywords: Nitrogen-use strategies; Functional diversity; Nitrogen cycling; Carbon cycling;
34 Terrestrial biosphere modeling; Rising CO,; Nitrogen deposition; ISIMIP projection; Global

35 climate change.

36

37 1. Introduction

38 Terrestrial ecosystems play a critical role in regulating the Earth’s climate, currently
39 absorbing nearly 30% of anthropogenic CO, emissions each year (Friedlingstein et al., 2024).
40 This carbon (C) sink is tightly coupled with the nitrogen (N) cycle, since N is essential for
41 enzyme formation, supports key metabolic functions such as photosynthesis and cell formation,
42 and is therefore required for biomass production (Chapin 1980; Luo et al., 2004; Zaehle et al.,
43 2010; Wieder et al., 2015b; Caldararu et al., 2021). Strategies by which plants acquire and
44 utilize N not only influence their productivity but also shape broader ecosystem-level
45 processes, such as C sequestration, nutrient cycling, and feedbacks to atmospheric CO, and
46 climate (Zaehle et al., 2010; Cambron et al., 2025). As global change accelerates via elevated
47 CO,, rising temperatures, and shifting patterns of N deposition, it becomes important to
48 understand how N-use plant strategies mediate ecosystem responses toward the end of the 21st
49 century. We define N-use strategies as the combination of external N acquisition (e.g. root
50 uptake and associated pathways) and internal N recycling processes that plants use to meet
51 internal N demand in variable soil conditions, each carrying different energetic and C costs
52 (Shi et al., 2016). However, while models represent major C-N processes, they generally do not
53 distinguish differences in these strategies within or across Plant Functional Types (PFTs), likely
54 underestimating how plants meet internal demand and, ultimately, the land C sink (Cambron et
55 al., 2025). Therefore, its role in influencing future projections of nutrient limitation is yet
56 unclear (Wieder et al., 2015; Zaehle et al., 2015; Stocker et al., 2024).

57 Most global land surface models use simplified vegetation representations, typically
58 grouping species into PFTs based on broad traits such as leaf habit, type and biome (Fisher and
59 Koven, 2020). This captures major differences across vegetation types (Pretince et al., 2007),

60 but it often masks important within-PFT functional diversity, particularly in how plants acquire
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61 and use nutrients (Verheijen et al., 2013; Pavlick et al., 2013). In reality, species within the
62 same PFT can vary substantially in their N-use strategies, ranging from conservative that
63 prioritizes internal N recycling over external uptake and investments into root acquisition, to
64 acquisitive strategies that rely more on rapid external uptake with higher root allocation and
65 low internal recycling (Phillips, Brzostek, and Midgley, 2013; Sophia et al., 2024). Acquisitive
66 vs. conservative N-use therefore cannot be simulated simply by differences in e.g. evergreen
67 vs. deciduous fixed PFT.

68 Resorption is shaped by both leaf traits and environment conditions: species with higher
69 SLA (specific leaf area) and greater investment in metabolic N, such as deciduous plants,
70 generally resorb more efficiently than evergreens, whose thicker leaves contain more structural,
71 non-mobilizable N (Onoda et al., 2017; Sophia et al., 2024). But this potential maximum
72 metabolic-N resorption is down-regulated in response to climate and soils, generally decreasing
73 from arctic to warm-wet tropical regions, where faster nutrient cycling and lower costs of
74 external uptake make N uptake more advantageous (Deng et al., 2018; Estiarte et al., 2023;
75 Sophia et al., 2024). While deciduous species are often considered as more physiologically
76 acquisitive, and evergreens as more conservative based on the global Leaf Economics
77 Spectrum (LES; Wright et al., 2004), both PFTs can adopt either the described acquisitive or
78 conservative N-use, depending on environmental context and nutrient availability.

79 Under future climate scenarios, these N-use strategies may respond differently. Rising
8o CO, may intensify N limitation (Walker et al., 2021), potentially favoring conservative N-use
81 that rely on high internal resorption to sustain net primary productivity (NPP) under
82 progressive increase of N demand (Wieder et al., 2015; Sophia et al., 2026). Conversely,
83 warming stimulates microbial decomposition and mineralization of organic matter, leading to
84 short-term pulses of N (Melillo et al., 2011). These transient increases, on top of rising CO, and
85 shifts in N deposition, may favor acquisitive N-use that can maximize uptake capacity and
86 quickly take advantage of this newly accessible N to convert into higher photosynthesis and
87 NPP (Finzi et al., 2007; Norby and Zak, 2011). It is then expected that either acquisitive or
88 conservative N-use ultimately shape ecosystem C storage differently, with cascading
89 implications for nutrient cycling. Predicting which strategy will enhance ecosystem function
90 and show stronger competitive advantage under future conditions is therefore essential for
91 improving realism in model predictions and deepening our insight into ecosystem resilience

92 under global change.
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93 In this study, we address this gap by explicitly incorporating two distinct N-use
94 strategies - conservative (high resorption, low uptake) and acquisitive (low resorption, high
95 uptake) - within PFTs using the QUINCY terrestrial biosphere model (QUantifying Interactions
96 between terrestrial Nutrient CYcles and the climate system, Thum et al., 2019). We assess the
97 impact of these strategies on future productivity and ecosystem C storage under the changing
98 climate. First, we apply co-located simulations at selected sites where two PFTs (needle-leaved
99 evergreen and broad-leaved deciduous) can coexist, and isolate the effect of N-use strategy
100 within each PFT under identical climate trajectories. We then extend the analysis to a
101 representative set of globally distributed sites across all climate zones, allowing us to quantify
102 the large-scale implications of different N-use strategies. Finally, we include two factorial
103 simulations with fixed CO, and N deposition, to disentangle the influence of these drivers on
104 plant strategy outcomes. Our main questions are: (i) Which N-use strategy is likely to gain a
105 competitive advantage at the end of the 21st century, and what are the implications for the C
106 and N ecosystem cycling? (ii) Are there regional exceptions to the strategy performance on a
107 global-scale, and what is the global picture of C storage? (iii) how do rising CO, and N
108 deposition drivers modulate the N-use strategies outcomes? For the first question, we measure
109 competitiveness by assessing NPP, while for the implications for C storage, we consider total
110 ecosystem C (with results for vegetation and soil C separately reported in the SI), and evaluate
111 implications for N cycling via the ecosystem uptake loss metric - ratio of plant N uptake to sum
112 of leaching and fluxes of gas loss, in which an increase in this ratio means a more closed N
113 cycle and increasing ecosystem N limitation. For the second question, we scale the analysis
114 across tropical, temperate, and boreal zones, assessing how climate gradients modulate strategy
115 effects on NPP and C storage. Finally, for the third question, we look at the discussed global
116 picture of C storage to disentangle the contributions of different atmospheric drivers.

117

118 2. Methods

119 2.1 QUINCY model description

120 We briefly describe below the relevant model configuration for representing different N-use
121 strategies. More details can be found in Thum et al., (2019). We ran the model with dynamic
122 allocation, dynamic stoichiometry (Thum et al., 2019), and dynamic resorption (Sophia et al.,

123 2026). These settings allow plants to adjust their biomass partitioning and nutrient ratios in
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124 response to environmental conditions. QUINCY has 8 PFTs, distinguished by differences in
125 phenology, leaf form, growth strategy, and photosynthetic pathway. In this study, we focused
126 on the woody PFTs broad-leaved summergreen deciduous trees (BDS), moist broad-leaved
127 evergreen trees (BEM), and needle-leaved evergreen trees (NE). These PFTs are more
128 representative of tropical, temperate and boreal forests, and the choice largely aligns with the
129 implemented and tested dynamic nutrient resorption scheme in QUINCY (Sophia et al., 2026).

130

131 Dynamic stoichiometry: The leaf N concentration is adjusted according to the relative
132 availability C and N needed for growth, in line with the stoichiometric requirements. This is
133 represented by an empirical representation based on Zaehle and Friend (2010). If plants lack
134 sufficient nutrients relative to the current C:N ratio, the leaf N concentration decreases.
135 Conversely, when N are sufficient, the leaf N concentration increases. Equations can be found
136 in Thum et al., 2019.

137

138 Dynamic allocation: Allocation of leaves vs. roots is allowed to vary and responds to growth
139 N demand relative to available N, as well as to water limitation. When N demand exceeds
140 supply, the model increases root allocation to enhance uptake at the expense of leaf and stem
141 growth. Also, under water stress, more biomass is directed to roots to increase water
142 acquisition. Conversely, when these resources are sufficient, allocation shifts toward leaves to
143 support C assimilation and growth. Equations can be found in Thum et al., 2019.

144

145 Dynamic N resorption: The dynamic N resorption accounts for both structural and
146 environmental constraints in the maximum resorption capacity (equations can be found in
147 Sophia et al., 2026). The structural limitation reflects the partitioning of leaf N into metabolic
148 and structural fractions, with only the metabolic component considered mobilisable at
149 senescence. This sets an upper bound on resorption that co-varies with leaf construction costs
150 and captures structural differences between PFTs. Accordingly, the expected order across PFTs
151 is: higher resorption in BDS > BEM > NE. This structural maximum is further downregulated
152 by environmental limitation, where the modelled leaf C:N ratio is used as an emergent proxy
153 for N status. Higher leaf C:N indicates stronger N limitation and increases resorption, while

154 sensitivity is reduced under extreme C:N conditions. Together, these constraints allow
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155 QUINCY to represent both the structural differences in resorption among PFTs and their
156 indirect response to variable N status.

157
158 N uptake: In QUINCY, plant N uptake (UN) from the soil is calculated as a function of fine

159 root biomass, inorganic N availability, and plant nutrient demand, following an extended
160 Michaelis-Menten formulation (more details in Thum et al., 2019). The potential uptake rate of

161 inorganic N (in which N = ammonium [NH,*] + nitrate [NOj;]) is given by:

162

- . N
163 UN - vmax,N(Tsoil,qJ) X N x (Kml,N(Tsoil,g) + Koo ”v@)‘HV) X fdemand x Cfine—root(Eq'l)
164

165 where v is the PFT-specific maximum uptake rate per unit root biomass, adjusted to soil

ax,N

. is the fine root biomass (mol C m™); Km

166 temperature (Tsm,l) and water potential; C fime—roo

167 parameters represent the nutrient sensitivities of the low and high affinity transporters, adjusted
. . N . .
168 to soil moisture. The factor f demand downregulates uptake according to plant internal N

169 demand, based on the ratio of available N to the N required for growth.
170

171 2.2 Representation of distinct N-use strategies

172 We modified the maximum rate of plant mineral N uptake (vmax) to represent contrasting plant

173 N-use strategy. This parameter regulates how much N plants can acquire externally, and

174 reflects their reliance on soil N versus internal recycling. Changes in Vo indirectly alter leaf

175 C:N ratios, which in turn adjust resorption as an emergent response considering the dynamic

176 resorption scheme (Sophia et al., 2026). For example, in our setup, lowering Vo reduces soil

177 N uptake, which increases N limitation. This leads to higher leaf C:N ratios, and under the
178 dynamic resorption scheme, higher leaf C:N in turn increases N resorption (see in 3.1 Nitrogen
179 uptake and resorption trends). We defined two strategies by modifying the default model value
180 (0.42 molN m? day™) in +20% equal among PFTs:

181
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182 Acquisitive strategy: v o= 0.50 molN m? day. Characterized by high soil N uptake and an

183 emerging behaviour of low N resorption. Represents plants that rely more on external N
184 acquisition to support faster growth and productivity, even under elevated N loss.

185 Conservative strategy: Vo 0.33 moIN m™ day™. Characterized by low soil N uptake and

186 high N resorption. Reflects species that prioritize internal recycling, favoring efficient internal
187 N use over soil N.
188

189 Although Vo and resorption are rarely measured together, there is evidence for a trade-off

190 between external N and internal conservation (Deng et al., 2018). This parameter adjustment
191 therefore offers a simple entry point to investigate how differences in N acquisition influence
192 plant productivity, C storage, and ecosystem N cycling under current and future climate
193 conditions. Sensitivity analysis for the parameter adjustment is described in Appendix A1l.

194

195 2.3 Model setup

196 We organized our simulations into three main experiments to assess how different N-use
197 strategies interact with plant functional type and climate conditions (Table 1):

198

199 (a) Comparative study of N-use strategies under shared climate conditions

200 Each site is assigned a single predefined PFT according to its dominant vegetation
201 characteristics (Caldararu et al., 2022). In order to understand which of the N-use strategies has
202 an advantage in a future climate, we selected a subset of the global sites where both BDS and
203 NE PFTs can coexist under similar climatic conditions. These sites were used to isolate the
204 effects of PFT identity and N strategy by running each site with both strategies for each PFT.
205 This setup results in four model variants per site (BDS-acquisitive, BDS-conservative,
206 NE-acquisitive, NE-conservative). Site selection criteria were based on overlapping reasonable
207 geographic and climate ranges for both PFTs, found in Appendix A2 (Figs. A3 and A4).

208

209 (b) Global study of N-use strategies

210 In the global experiment, we simulated all sites using their original PFT definitions (Caldararu

211 et al., 2022) including BEM, and ran each site twice - under the acquisitive and conservative
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212 strategy. This experiment captures large-scale patterns in C storage, productivity, and N cycling
213 that emerge from varying N-use strategies across different climate zones.

214

215 (c) Atmospheric driver sensitivity

216 To isolate the effects of atmospheric drivers on ecosystem processes under differing plant
217 N-use strategies, we ran an additional set of simulations with fixed atmospheric CO, and N
218 deposition, both separated but held constant at pre-industrial levels (set to 1850 values) for the
219 entire simulation period (until 2100). This factorial analysis allows us to determine the extent
220 to which rising CO, and N deposition influence C and N dynamics under each plant strategy.
221 Temperature and precipitation follow transient pathways in these simulations.

222

223 Table 1. Characterization of each experiment conducted in this study.

Experiment Co, N deposition Climate Site/PFT N-use Further features
fertilization forcing strategy
Comparative SSP3-7.0 SSP3-7.0 UKESM BDS and NE Acquisitive Each site run with both
N-use strategies co-existingin ~ Conservative ~ PFTs and both N-use
the same site strategies
Global N-use SSP3-7.0 SSP3-7.0 UKESM BDS, BEM Acquisitive One PFT per site based on
strategies and NE Conservative  observed vegetation; all
original to site sites simulated globally
Atm driver SSP3-7.0 Fixed (1850) UKESM BDS, BEM Acquisitive Used to isolate effect of
- and NE Conservative increasing N deposition
sensitivity L .
original to site
Atm driver Fixed (1850)  SSP3-7.0 UKESM BDS, BEM Acquisitive Used to isolate effect of
- and NE Conservative  COz fertilization
sensitivity . .
original to site
Climate forcing SSP3-7.0 SSP3-7.0 MPI BDS, BEM Acquisitive Parallel simulations to test
sensitivity and NE Conservative ~ model response to
original to site different GCM forcing
224

225 2.4 Model setup and climate forcing data

226 We applied the model to 30 grid cells in the comparative study (Fig. A3) and to 124 globally
227 distributed grid cells (Fig. A2), covering a representative distribution of PFTs and climate
228 zones. The daily meteorological forcing for both experiments - disaggregated to half-hourly
229 values using a weather generator (Thum et al, 2019) - was derived from bias-adjusted (Lange,
230 2019a; Cucchi et al., 2020) outputs of the UKESM1-0-LL global climate model (Sellar et al.,

231 2019), using the SSP3-7.0 emissions scenario - a medium-high reference pathway
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232 (Meinshausen et al., 2020) (Fig. 1). The dataset spans 1850 to 2100 and includes historical
233 climate (1850-2014) followed by future projections (2015-2100). Climate variables include air
234 temperature, precipitation, solar radiation, relative humidity, wind speed, and surface pressure.
235 Atmospheric CO2 concentrations follow the historical record until 2014, then track SSP3-7.0
236 projections. Nitrogen deposition inputs are consistent with the ISIMIP3b scenario, increasing
237 throughout the 20th century before stabilizing under SSP3-7.0 assumptions.

238 To test the sensitivity of the outcomes to climate forcing, we conducted a parallel set of
239 simulations using climate forcing from the SSP3-7.0 scenario simulation of the
240 MPI-ESM1-2-LR global climate model (Wieners et al., 2019), also bias-corrected using the
241 ISIMIP3b protocol. This comparison allows us to perform a climate sensitivity different to
242 UKESM1-0-LL and assess how model responses vary under different climate trajectories,

243 found in Appendix C.

Atmospheric CO2 (ppm) Mean Annual Temperature (K) N Deposition (kg N/ha/yr)
Pre-Industrial Present Day Futre 310 Pre-Industrial Present Day Future Pre-Industrial Present Day Future
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290

o0 (257,05 MR WA =

500

270

1850 1900 1950 2000 2050 2100 1850 1900 1950 2000 2050 2100 1850 1900 1950 2000 2050 2100
Year

Tropical — Temperate — Boreal

245 Figure 1: Climate trajectory of atmospheric CO, (ppm), Mean Annual Temperature (MAT) and N Deposition
246 (kgN ha/yr) separated in Tropical, Temperate and Boreal climate zones by Koppen climate classification, for the
247 global simulations (124 sites). Pre-industrial (1850-1880), present-day (2000-2020), and future (2080-2100).

248

249 2.5 Data analysis

250 We grouped the temporal trend into Pre-industrial (1851-1881), Present-day (2000-2020), and
251 Future (2080-2100) periods. For each period, we averaged the values over all years. We
252 calculated percentage normalized differences between the Future and Present-day for each

253 model run to assess relative changes in C and N variables, and propagated the standard
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254 deviation to account for uncertainty. We extracted the present-day Koppen climate
255 classification using the {Kgc} R package (Bryant et al., 2017) for each latitude and longitude.
256 To quantify the contribution of CO,, N deposition, and the remaining climatic factors in total
257 ecosystem C (AEcoC), we compared the change between the future and present day for each
258 N-use strategy runs across three setups: the default simulation with all drivers running
259 dynamically, CO,-fixed and N deposition-fixed. The CO, effect was calculated as the
260 difference in AEcoC between the default and CO,-fixed simulations. The N deposition effect
261 was calculated as the difference in AEcoC between the default and N deposition-fixed
262 simulations. The remaining change is then attributed to other drivers.

263

264 3. Results

265 3.1 Nitrogen uptake and resorption trends

266 The implemented parameter adjustment successfully reproduces the contrast between
267 acquisitive and conservative N-use strategies. Figure 2 shows the temporal trends under
268 SSP3-7.0 scenario in N uptake and leaf N resorption fraction across three time periods
269 (pre-industrial, present day, and future), separated by PFTs and N-use strategies, for the
270 comparative experiment. As expected from the formulation of dynamic nutrient resorption,
271 broad-leaved deciduous (BDS) generally shows higher resorption than needle-leaved evergreen
272 (NE), and acquisitive strategies exhibit higher N uptake and lower resorption compared to
273 conservative strategies within both BDS and NE PFTs across all time periods.

274 Across all groups, N uptake increases over time, while resorption tends to decline. For BDS
275 acquisitive, N uptake rises from 7.44 + 0.47 gN/m%*yr (mean + SD) in the present day
276 (2000-2020) to 10.31 + 0.74 in the future (2080-2100), while resorption declines from 0.68
277 (unitless) + 0.01 to 0.64 + 0.02. BDS conservative shows an increase in uptake from 6.13 +
278 0.35 gN/m?%yr to 8.9 + 0.54 and a slight decrease in resorption from 0.72 + 0.0 to 0.7 + 0.01.
279 NE acquisitive increases uptake from 7.09 + 0.33 gN/m%yr to 9.16 + 0.45, with resorption
280 decreasing from 0.46 + 0.01 to 0.41 + 0.01. NE conservative follows a similar trend, with
281 uptake increasing from 6.64 + 0.30 gN/m?%/yr to 8.64 + 0.45 and resorption decreasing from

282 0.51 £ 0.01 to 0.45 £ 0.01.

10
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Plant N Uptake (gN/m2/yr) Resorption N (-)
Pre-Industrial Present Day Future Pre-Industrial Present Day Future
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284 Figure 2: Temporal trends of Plant nitrogen (N) uptake (gN/m?%yr) and Resorption N (unitless) from 1850 to
285 2100, based on ISIMIP3b UKESM climate forcing, for the comparative experiment. Different colors show
286 simulations for each plant functional type (broad-leaved deciduous [BDS] and needle-leaved evergreen [NE])
287 under acquisitive and conservative N-use strategies. The shaded area represents the standard deviation across the
288 30 sites. Values represent mean annual estimates for each defined period: pre-industrial (1850-1880), present-day
289 (2000-2020), and future (2080-2100).

290

291 3.2 Competitive advantage of N-use strategies and its impacts for future C storage and N
292 cycling

293 To answer the first question on which N use strategy gains most in a future climate, Fig. 3
294 shows normalized changes (%) from present to future for NPP, total ecosystem C and
295 ecosystem uptake loss (N uptake / Loss) across PFTs and N-use strategies for the comparative
296 experiment. Here, we assess competitive advantage by comparing NPP responses, evaluate the
297 implications for long-term C storage using total ecosystem C, and analyze N cycling efficiency
298 through the ecosystem uptake loss metric. Overall, differences between PFTs are larger than
299 between strategies under the future scenario, with the highest advantage for BDS and
300 conservative strategies based on future mean increases.

301 The relative gain in net productivity increases across all groups, specially more in BDS
302 strategies, with higher NPP for BDS conservative (48.3% + 24.8%) and BDS acquisitive
303 (36.7% + 15.6%), followed by NE conservative (30.1% + 7.1%) and NE acquisitive (26.9% +

304 6.0%). Total ecosystem C also increases across all groups, with BDS conservative showing the

11
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305 highest gain (+22.5% * 9.4%), followed by NE conservative (+18.9% + 1.9%), BDS
306 acquisitive (+18.6% * 5.2%) and NE acquisitive (+15.9% + 1.6%). In contrast, NE acquisitive
307 and NE conservative show the strongest declines in N Uptake/Loss (-48.1% + 47.3% and
308 -41.9% * 35.1%, respectively), followed by BDS acquisitive (-23.0% * 20.1%) and BDS
309 conservative (-4.5% £ 3.9%). Total ecosystem C separated into vegetation and soil C can be

310 found in Fig. B1.

48.3%

36.7%

o

22.5%

18.6% .
I 159y 18%%
298, 45%  -48.1%

Normalized Change (%)
(Future vs Present)

-50

-100
NPP (gC/m2/yr) Total Ecosystem C (gC/m2) N Uptake / Loss (-)

BDS_acquisitive - BDS_conservative . NE_acquisitive . NE_conservative

312 Figure 3: Normalized Change (%) between Future and Present day for Net Primary Productivity (NPP; gN/m?/yr),
313 total ecosystem carbon (C) (gC/m?) and N Uptake / Loss (unitless). Bars represent the percent normalized
314 difference and error bars indicate the propagated standard deviation (SE). Different colors show simulations for
315 each plant functional type (broad-leaved deciduous [BDS] and needle-leaved evergreen [NE]) under acquisitive

316 and conservative N-use strategies.

317

318 Figure 4 shows the absolute values of NPP, total ecosystem C, and ecosystem uptake loss (N
319 uptake/Loss) through temporal trends under the SSP3-7.0 scenario, across three time periods
320 (pre-industrial, present day, and future), separated by PFTs and N-use strategies for the
321 comparative experiment.

322 Across all groups, NPP and total ecosystem C increase from present to future, while Ecosystem
323 uptake/Loss declines, indicating more N escaping the system under future conditions. NE
324 shows the highest absolute NPP values in the future, increasing from 714.01 + 28.04 to 928.8 £

325 33.54 gC/m?/yr for conservative N-use, and from 726.57 + 27.38 to 922.01 + 33.15 gC/m*/yr

12
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326 for acquisitive N-use. For BDS, NPP rises from 510.32 + 31.80 to 697.64 + 41.22 gC/m?%yr in
327 acquisitive, and from 427.15 + 28.0 to 633.32 + 37.67 gC/m?yr in conservative strategies.
328 These increases in net productivity translate into higher total ecosystem C stocks. NE
329 acquisitive increases from 34524.15 + 330.11 to 40000.27 + 246.42 gC/m? while NE
330 conservative rises from 32795.86 + 377.79 to 38992.9 + 312.96 gC/m? BDS acquisitive
331 increases from 22118.9 + 261.82 to 26224.67 + 319.82 gC/m?, and BDS conservative from
332 17123.09 + 243.03 to 20981.9 + 349.23 gC/m?. In contrast, Ecosystem uptake/Loss declines for
333 all groups. BDS acquisitive decreases from 21.63 + 1.44 to 16.64 + 1.94, NE acquisitive from
334 20.76 + 1.94 to 10.78 + 1.76, NE conservative from 16.21 + 1.23 to 9.42 + 1.37, and BDS
335 conservative from 15.98 + 0.96 to 15.26 + 1.62. Total ecosystem C separated into vegetation

336 and soil C can be found in Fig. B2.
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339 Figure 4: Temporal trends of Net Primary Productivity (NPP; gN/m?yr), total ecosystem carbon (C) (gC/m?) and
340 N Uptake / Loss (unitless), from 1850 to 2100, based on ISIMIP3b UKESM climate forcing, for the comparative
341 experiment. Different colors show simulations for each plant functional type (broad-leaved deciduous [BDS] and
342 needle-leaved evergreen [NE]) under acquisitive and conservative N-use strategies. The shaded area represents the
343 standard deviation across the 30 sites. Values represent mean annual estimates for each defined period:
344 pre-industrial (1850-1880), present-day (2000-2020), and future (2080-2100).

345

346 3.3 Global-scale C storage responses to N-use strategies across climate zones
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347 To answer the second question and test whether N-use strategies perform consistently
348 worldwide or show regional exceptions, we looked at productivity and ecosystem C by PFT
349 across climate zones. This gives the global picture of how strategy differences affect C storage.
350 Figure 5 shows normalized changes (%) from present to future for NPP and total ecosystem C
351 storage across climate zones, PFTs and N-use strategies. NPP hardly changes in the tropics,
352 with both acquisitive and conservative N-use showing slight declines (-0.5 + 0.2% and -0.2 +
353 0.1% in BEM). Conservative strategies consistently outperform acquisitive ones. In temperate
354 regions, NPP in BDS rises by +24.8% + 7.7% compared to +18.7% + 5.9% for acquisitive
355 N-use; in BEM, +11.3% + 3.7% versus +8.4% + 2.7%; and in NE, +22.7% + 5.4% versus
356 +21.9% * 4.9%. The largest gains for conservative appear in boreal regions, where NPP
357 increases by +41.3% + 13.1% for conservative strategies and +30.5% * 9.6% for acquisitive
358 ones in BDS. In boreal NE, conservative N-use changes NPP in +56.7% + 16.1% compared to
359 acquisitive ones +46.5% * 11.5%. The consequence for total ecosystem C is an increase across
360 all groups, with tropical zones showing the lowest change between N-use strategies
361 (conservative +7.1% + 2.2 versus acquisitive +6.3% + 1.9 in BEM). We see the strongest
362 differences between N-use in temperate and boreal regions, particularly in BDS, where
363 conservative strategies show the highest gain (temperate: +21.8% =+ 4.6%; boreal: +22.2% for +
364 5.7%) compared to acquisitive (+15.7% + 3%, boreal: +17.5% + 3.8%). We observe a similar
3¢5 trend in boreal NE, with conservative strategies showing +20.4% =+ 4.5% and acquisitive
366 +17.3% + 2.6%. NE in temperate zones shows smaller changes between N-use strategies
367 (acquisitive: +17.7% = 4.1%; conservative: +18.8% for + 4.2%), while BEM shows higher
368 changes for conservative as well (+14.0% + 5.2%) than acquisitive (+10.8% * 4%). In these
369 higher-latitude systems, conservative strategies consistently perform better than acquisitive

370 ones for both NPP and total ecosystem C, with little changes in the tropics.

371
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373 Figure 5: Normalized Change (%) between Future and Present day for NPP (Net Primary Productivity; gC/m%/yr)
374 and total ecosystem carbon (C) (gC/m?), across climate zones, plant functional types (PFTs) and nitrogen-use
375 strategies (Acquisitive and Conservative). Bars represent the percent normalized difference and error bars indicate
376 the propagated standard deviation (SD). Sites are grouped by Koppen climate classification in Tropical,
377 Temperate, and Boreal zones. Different colors represent each PFT: broad-leaved deciduous (BDS), broad-leaved
378 evergreen (BEM), and needle-leaved evergreen (NE).

379

380 Figure 6 shows future total ecosystem C storage across climate zones, N-use strategies, and
381 PFTs for the global experiment. In the tropics, there is minimal difference between strategies:
382 BEM acquisitive stores 27 +7 kgC/m?, while BEM conservative stores 27 +7 kgC/m2 In
383 temperate zones, we see a clear difference among PFTs while strategy effects are more
384 pronounced within BDS, where acquisitive store 29 + 4 kgC/m2, compared to 26 + 4 kgC/m? for
385 conservative. BEM and NE show slight changes between N-use strategies (BEM acquisitive:
386 33+ 13 kgC/m2, BEM conservative: 32+ 13 kgC/m% NE acquisitive: 34 +7 kgC/m? NE
387 conservative: 35+ 6 kgC/m?). In the boreal zones, both PFT and strategy influence ecosystem
388 C. NE acquisitive shows the highest C storage overall (39 +4 kgC/m?), followed by NE

389 conservative (37 £ 6 kgC/m?). For BDS, acquisitive stores 28 + 4 kgC/m?, while conservative
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390 stores 24 + 4 kgC/m?. Overall, boreal ecosystems consistently store more C than temperate and

391 tropical zones (Fig. B5), but they also hold the largest store in soils (Fig. B6).
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393 Figure 6: Boxplots show the global distribution of total ecosystem carbon (C) storage (gC/m?) across climate
394 zones and plant functional types (PFTs), for the future period 2080-2100 under two nitrogen-use strategies
395 (acquisitive and conservative). Sites are grouped by Koéppen climate classification in Tropical, Temperate, and
396 Boreal zones. Different colors represent each PFT: broad-leaved deciduous (BDS), broad-leaved evergreen
397 (BEM), and needle-leaved evergreen (NE). Boxplots display the median (black dots), interquartile range, and
398 outliers, with side density plots illustrating the overall distribution of values within each group. The number of
399 observations (n) is shown above each box.

400

401 To explore how climate zones shape baseline ecosystem functioning under future conditions,
402 independent of N-use strategy differences, Fig. 7 shows the temporal trends in ecosystem
403 variables across tropical, temperate, and boreal regions from 1850 to 2100. We look at
404 biological N fixation, plant N uptake, N-use efficiency production (NUE; ratio of NPP to plant
405 uptake, indicating the biomass production per unit N taken up), and gross primary productivity
406 (GPP). Together, these patterns illustrate how climate-driven differences in N availability and
407 productivity set the context within which N-use strategies operate across regions. Tropical
408 regions show higher rates of biological N fixation, with a marginal increase from 1.34
409 gN/m2/yr in the present to 1.35 gN/m2/yr by the end of the century. In comparison, temperate
410 regions rise from 0.55 to 0.82 gN/m2/yr, and boreal regions from 0.40 to 0.63 gN/m2/yr. Plant

411 N uptake follows the same pattern, with the tropical zones rising marginally from 10.48 to
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412 11.02 gN/m2/yr, while temperate and boreal increase from 8.92 to 10.69 gN/m2/yr, and 5.70 to
413 8.57 gN/m2/yr from present to future scenario. Considering the higher N availability in the
414 tropics, NUE is consistently lower throughout the years (78.84 gC/gN/yr by the end of the
415 century) compared to 92.98 in temperate and 99.36 in boreal regions. While GPP shows the
416 expected highest values in the tropics across the period, increasing from 2300.47 to 3045.74

417 gC/m2/yr, followed by temperate (1649.23 to 2787.72) and boreal (812.35 to 1766.39) zones.
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419 Figure 7: Temporal trends of nitrogen (N) fixation (asymbiotic+symbiotic, gN/m%yr), Plant N Uptake
420 (gN/m2/yr), NUE (N use efficiency; gC/gN/yr), and (Gross Primary Productivity; gC/m?%/yr) from 1850 to 2100,
421 based on ISIMIP3b UKESM climate forcing. Different colors show different climate zones (Tropical, Temperate,
422 Boreal). Shaded area represents the standard deviation across the 124 global sites. Values represent mean annual

423 estimates for each defined period: pre-industrial (1850-1880), present-day (2000-2020), and future (2080-2100).

424
425 3.4 Effects of atmospheric drivers on total ecosystem C storage

426 To address the question on how rising CO, and N deposition modulate the outcomes of
427 acquisitive vs. conservative N-use strategies, Fig. 8 shows the effects of CO, fertilization, N
428 deposition, and other climate drivers (...) on total ecosystem C storage across climate zones and
429 PFTs. Overall, rising CO, is the dominant contributor to C gains, with smaller contributions
430 from N deposition and other drivers. In tropical regions, acquisitive and conservative strategies

431 show similar but substantial increases from rising CO, (8 kgC/m?, respectively), while N
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432 deposition effects are minimal. Temperate regions show the largest overall C gains, especially
433 in BEM and NE, which increases by 10 kgC/m? and 9 kgC/m? for conservative and acquisitive.
434 For both PFTs, N deposition effects remain small. BDS shows lower gains from rising CO, (6
435 kgC/m? acquisitive; 5 kgC/m? conservative) but a stronger relative contribution from N
436 deposition (1.4 kgC/m? conservative; 0.6 kgC/m? acquisitive). In boreal regions, total C gains
437 are smaller than in temperate zones, but N deposition plays a larger role for BDS. NE
438 acquisitive gains 8 kgC/m? from rising CO, with marginal effects from N deposition, while NE
439 conservative gains 7 kgC/m? from rising CO, and 0.4 kgC/m? from N deposition. BDS
440 acquisitive gains 5 kgC m? from rising CO, and 1 kgC/m? from N deposition, while BDS

441 conservative gains 4 kgC/m?2 from rising CO, and 3 kgC/m? from N deposition.

Tropical Boreal

BEM

Temperate
BEM NE
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443 Figure 8: Bars show the change in total ecosystem carbon (AEcoC; Future - Present day) separated by N-use
444 strategy and plant functional type (PFT) within each climate zone, using the UKESM climate model. Colors
445 indicate the estimated contribution from each driver: N deposition, CO,, and other drivers. Driver contributions
446 were calculated by comparing the normal run (all factors varying) with experimental runs where either CO,
447 concentration or N deposition was held constant. CO, effect = AEcoC(normal) - AEcoC(CO, fixed); N deposition
448 effect = AEcoC(normal) - AEcoC(N deposition fixed); Other drivers = AEcoC(normal) - (CO, effect + N
449 deposition effect).

450
451 4. Discussion

452 This study applies a process-based model to evaluate how different N-use strategies shape C
453 storage under the future climate across PFTs and climate zones. By simply adjusting N uptake
454 capacity parameter - that indirectly triggers a response in N resorption, we capture the trade-off
455 between acquisitive and conservative N-use strategies, and how they interact with PFT

456 structural traits. Across all simulations, NPP increases primarily in response to rising CO,,
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457 while N losses also increase, leading to a more open N cycle under future conditions. Among
458 BDS, the conservative strategy shows the strongest advantage (in terms of NPP increase) over
459 the acquisitive strategy, with higher C storage and efficient N retention in terms of N
460 uptake/loss ratio. Among other PFTs, the differences are smaller. Conservative N-use with
461 BDS traits allows internal recycling to maintain growth and slow N cycling, while still
462 benefiting from fast soil N releases through higher mineralization. This shift is sustained
463 particularly in non-tropical regions where the whole of N in productivity increases and N-use
464 strategies have a stronger influence. These findings highlight that using only broad PFT
465 categories in land surface models (LSMs) can miss important functional differences
466 within-PFT, as well as the need to include functional trait diversity to better predict the
467 ecosystem responses and terrestrial C sink under climate change.

468

469 4.1 N-use strategies and PFT differences

470 In this study, we tested which N-use strategy is likely to gain a competitive advantage at the
471 end of the 21st century under identical climate trajectories, and what are the implications for
472 the C ecosystem balance and N cycling. Across all simulations, NPP increases towards the
473 future, at the same time, the N uptake/loss ratio declines, indicating an excess of mineral N not
474 assimilated by plants and therefore more prone to gaseous losses and leaching (Fig 4). The key
475 question was therefore whether acquisitive or conservative N-use strategies would be better
476 suited to these future conditions. Our results show a clear distinction between absolute
477 ecosystem performance and relative response to climate change.

478 The comparative experiment shows that NE acquisitive holds the highest absolute NPP and
479 total ecosystem C storage (Fig. 4), while BDS conservative shows the largest relative gains in
480 NPP and C stocks between present and future climates (Fig. 3). This pattern is reinforced by
481 the global analysis, where BDS conservative achieves the largest percentage increases across
482 climate zones (Fig. 5), while NE acquisitive consistently stores the most C (Fig. 6). This means
483 that acquisitive strategies dominate in terms of absolute productivity and C storage, while
484 conservative strategies respond more strongly relative to the present-day.

485 Warming and rising CO, stimulate microbial activity and N mineralization, increasing soil N
486 availability (Melillo et al., 2011; Sistla et al., 2013). In the model, both stimulate higher soil
487 temperature and consequently microbial activity, with enhanced N mineralization (Figs. B2 and

488 B4), and especially N fixation that adds N to get recycled and mineralized again, accelerating
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489 N losses (Fig. B4) despite the slight decrease in N deposition in the future (Fig. 1; Zhu et al.,
490 2025). This accumulation of N from deposition and additional N input from faster soil N
491 cycling supports higher GPP and vegetation C storage (Figs. B1 and B2) across all sites.

492 Acquisitive strategies then benefit from higher plant N uptake capacity, which allows them to
493 quickly use potential short-term soil N releases under warming conditions. When acquisitive
494 N-use is combined with NE structural traits, the result is the highest absolute NPP and
495 ecosystem C storage (Fig. 4). Needle-leaved evergreens are characterized by longer leaf
496 lifespans, high wood investment, low turnover rates, and large structural biomass pools (Reich,
497 2014), which extend C residence time. This means that NE acquisitive can capitalize on
498 transient N inputs but also retain the C gained for longer periods, resulting in the highest
499 absolute ecosystem and soil C stocks across sites. However, acquisitive strategies also show the
500 strongest declines in the N uptake/loss ratio (Figs. 3 and 4), indicating that faster N cycling and
501 rapid uptake of newly available N is also linked to greater relative increase in N losses under
502 future climate conditions (Fig. B3).

503 In contrast, conservative strategies show stronger relative competitive advantage (NPP gains)
504 and ecosystem C storage under future climates (Figs. 3 and 5). Although the model does not
505 simulate competition explicitly, e.g. through demographic processes or size-dependent resource
506 acquisition, we use NPP as a measured metric for competitive advantage (Grime, 1998) as it
507 reflects the capacity of each strategy to capture resources and sustain growth under future
508 conditions. Conservative N-use is characterized by high N resorption and more efficient
509 internal recycling (Sophia et al.,, 2026), which reduces dependence on rapid external N
510 acquisition and allows productivity gains to be sustained despite increasing N losses from the
511 system. In face of that, conservative strategies also show smaller declines in the N uptake/loss
512 ratio (Figs. 3 and 4), indicating tighter N retention under the overall acceleration of N cycling
513 in the model. Therefore, higher resorption appears to buffer part of this effect by slowing the
514 transfer of N through the plant-soil system. As a result, less N is lost from the system relative
515 to plant uptake when compared to acquisitive strategies (Fig. B3). The combination of
516 conservative N-use with BDS traits amplifies this relative advantage. Broad-leaved deciduous
517 have higher tissue turnover and lower baseline biomass than NE (Reich, 2014), which likely
518 allows faster structural and physiological adjustments to climate-driven changes in nutrient
519 cycling - as represented in the model to some extent, and therefore, respond more strongly in

520 relative terms (Figs. 3, 5 and B1).
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521 Overall, the results suggest that while acquisitive strategies through external uptake maximize
522 absolute productivity and C storage by rapidly exploiting newly available N, conservative
523 strategies through higher resorption show stronger relative competitive advantage because
524 tighter internal recycling and higher N retention sustain productivity and reduce the proportion
525 of N lost from the system.

526

527 4.2 Global climate gradients of N-use impacts

528 The global analysis extends these patterns and highlights how climate zones shape the role of
529 N-use strategies in C storage responses. In general, we simulate a stronger influence of N-use
530 strategy in boreal and temperate regions where N limitation is more pronounced (Figs. 5 and
531 6), while in the tropics, the lack of difference between strategies likely reflect the high N
532 availability limiting its role in determining C storage.

533 Boreal zones hold the largest absolute total ecosystem C, particularly in NE acquisitive under
534 future conditions (Fig. 6). This reflects the large soil C pools that dominate boreal systems
535 (Fig. B6), a consequence of slow decomposition rates in cold soils that allow soil organic
536 matter (SOM) to accumulate over centuries (Schmidt et al., 2011; Bradford et al., 2016), which
537 is sustained by long-lived evergreen biomass (Bonan, 2008). While N fixation and uptake are
538 relatively low compared to temperate and tropical regions, boreal systems maintain the highest
539 NUE (Fig. 7), relying more on internal N cycling to meet nutrient demand. Their large absolute
540 C stocks in NE acquisitive in boreal are primarily the result of slow decomposition, high soil C
541 accumulation, and long-lived woody biomass. Under warming, longer growing seasons can
542 stimulate microbial mineralization (Melillo et al., 2011; Sistla et al., 2013), allowing
543 acquisitive strategies to make use of short-term increases in available N, whereas conservative
544 strategies remain in advantage by retaining N under shifts in N cycling, as discussed in the
545 previous section.

546 Temperate zones store less C than boreal forests but exhibit greater variability among PFTs.
547 These regions have higher annual GPP and N uptake than boreal forests (Fig. 7) due to warmer
548 growing conditions, but these conditions also accelerate SOM decomposition and lead to faster
549 C turnover with lower accumulation of long-lived biomass and soil C (San Romaén et al., 2024).
550 Within this climate context, structural investment patterns explain some PFT differences: NE
551 shows the highest total ecosystem C (Fig. 5), consistent with its longer tissue residence times

552 and higher structural biomass. BDS and BEM generally show lower C stocks, reflecting faster
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553 turnover and lower long-term biomass accumulation of broad-leaved plants relative to NE.
554 However, the representation of BEM is based on a limited number of sites, which constrains
555 robust comparison. Relative gains, however, are again greater in BDS conservative (Fig. 5) that
556 can respond rapidly to shifting N availability through faster tissue turnover, combined with
557 high N retention that supports productivity and reduces the proportion of N lost from the
558 system in face of simulated future conditions.

559 On the other hand, tropical zones show the lowest absolute total ecosystem C (Fig. 6) and
560 minimal differences between strategies or PFTs in relative terms (Fig. 6). These regions sustain
561 the highest GPP, N fixation, and N uptake globally, combined with the lowest NUE (Fig. 7),
562 reflecting consistently high N availability. In addition, the abundance of N-fixing species in the
563 tropics (Fig. 7; Hedin et al., 2009) reduces the reliance on internal N conservation (Cleveland
564 et al., 2013) and may limit the influence of N-use strategy on C storage outcomes. This is in
565 agreement with observations that phosphorus, not N limitation, is prevalent on older soils in
566 warm climates (Walker and Syers, 1976; Vitousek et al., 2010). It is likely that if we were to
567 repeat this model experiment using P-use strategies, we would see similar patterns across a P
568 acquisitive vs conservative spectrum.

569 Across all climate zones, rising CO, is the dominant driver of total ecosystem C gains (Fig. 8),
570 consistent with the widely observed capacity to primarily boost photosynthetic activity (Norby
571 et al., 2005; Ainsworth and Long, 2005). In tropical regions, high N availability from
572 biological N fixation and faster cycling means that N deposition has marginal effects, and
573 therefore both acquisitive and conservative strategies respond similarly to CO, fertilization.
574 Toward higher latitudes, the relative contribution of N deposition increases, particularly for
575 BDS conservative in boreal systems, where high NUE means less N inputs can strongly
576 influence productivity. Temperate regions show the largest absolute C gains, especially in
577 high-biomass PFTs such as BEM and NE, while N deposition effects are again pronounced in
578 BDS conservative. These patterns align with the latitudinal gradient in N limitation, as well as
579 with the discussed combination of faster tissue turnover that may allow rapid adjustment to
580 environmental changes while high N retention sustains productivity. This combination makes
581 them more responsive to N deposition in absolute terms, and more competitive where efficient
582 N retention becomes increasingly important to sustain productivity and reduce N losses,
583 particularly in boreal and temperate zones where N retention plays a critical role in the total

584 primary production (Cleveland et al., 2013). The sensitivity experiment with the
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585 MPI-ESM1-2-LR forcing simulates a lower warming trajectory in the future when compared to
586 UKESM1-0-LL (Fig. C1) and reduces the negative climate effect on C storage (Fig. C2). It
587 also simulates a relatively stronger contribution of N deposition on C storage (Fig. C2), which
588 can be an effect of lower temperatures decreasing mineralization, that lately may increase
589 ecosystem sensitivity to external N inputs. Importantly, despite these expected general
590 differences in climate forcing, the main conclusions regarding the relative performance of
591 N-use strategies should remain robust.

592

593 4.3 Plant strategies vs. PFT representations

594 Our results demonstrate that a parameter adjustment to simulate trait variation within PFTs -
595 here represented by differences in N-use strategies - can significantly alter projections of
596 ecosystem C storage and nutrient cycling under future climate conditions. These differences
597 would be masked if each PFT were represented by the original single average parameterization.
598 It is known that functional diversity plays an important role in shaping ecosystem functioning
599 and how it responds to environmental changes (Diaz and Cabido, 2001; Reich, 2014; Diaz et
600 al., 2016; Cadotte, 2017). Studies show that e.g. rising CO, can alter species composition in
601 grasslands (Zelikova et al.,, 2014) and boreal peatlands (McPartland et al., 2020), with
602 modeling studies also suggesting shifts in forest communities toward fast-growing, low
603 wood-density species (Joshi et al., 2023), while nutrient enrichment - another key global
604 change driver - has been shown to reduce plant diversity across grasslands worldwide (Borer et
605 al., 2014). Our results support this by showing that processes such as the balance between N
606 uptake and resorption varying within PFTs, have measurable impacts on long-term C-N
607 dynamics.

608 While PFT-based models offer a practical way to represent dominant vegetation types, being
609 able to capture large-scale differences in vegetation structure, productivity, and biogeochemical
610 cycling across biomes (Prentice et al., 2007), most LSMs that still rely on a small number of
611 fixed PFTs and overlook functional diversity, may lead to biased C sink estimates at regional
612 and global scales (Verheijen et al., 2015; Sakschewski et al., 2015; Fisher et al., 2015). Given
613 the large uncertainties in global C sink projections in CMIP6 models (Arora et al., 2020;
614 Friedlingstein et al., 2024), introducing more functional variation within PFTs or incorporating
615 trait-based approaches could significantly improve predictions of C-nutrient interactions under

616 climate change. Studies that include trait variation - by letting traits respond to climate or by
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617 testing many different trait combinations - show that models capture vegetation-climate
618 feedbacks more realistically and that communities remain more resilient to environmental
619 change (Verheijen et al., 2013; Pavlick et al., 2013; Scheiter et al., 2013; Sakschewski et al.,
620 2015). More recently, Wang et al. (2025) showed that going beyond PFTs to capture leaf trait
621 variation by simulating diverse plant functional characteristics (PFC), can further improve
622 vegetation representation in LSMs. Together, these studies highlight that adding functional
623 variation is critical for more robust projections of ecosystem responses to global change.

624

625 4.4 Limitations and future directions

626 Although adjusting N uptake capacity parameter - that indirectly triggers a response in N
627 resorption - successfully isolates the effects of N-use strategies within PFTs by holding e.g.
628 phenology traits as constant, while we allow for dynamic allocation without altering other core
629 trait dimensions, the model does not account for the continuous covariation in plant traits and
630 their respective trade-offs that can interact with nutrient acquisition and retention strategies
631 (Wright et al., 2004; Reich, 2014; Diaz et al., 2016).

632 Also, this study does not account for potential shifts in PFT composition under future climate,
633 e.g., warming could lead to shifts of evergreen toward deciduous trees in boreal forests (Bonan,
634 2008) or drive broader biome changes through shifts in climate. Such shifts could affect both
635 the discussed structural traits that determine C residence time, as well as the balance between
636 N-use strategies, altering C-N dynamics and the capacity of the forest to act as C sink.

637 The experiment does not include interactions with other limiting nutrients such as P. Under
638 rising CO,, increased productivity could intensify P demand, constraining the capacity of plants
639 to gain on additional C and N inputs (Pefiuelas et al., 2013). Without considering P dynamics,
640 the model may overestimate the potential for long-term C storage in P-limited regions, e.g. in
641 the tropics, as nutrient co-limitation can alter both plant uptake responses, nutrient retention
642 and therefore litter-soil feedbacks.

643 As most LSMs, the simulated future responses of soil N cycling processes depend strongly on
644 the temperature sensitivity, particularly mineralization and biological N fixation. However, the
645 extent to which future ecosystems will show proportionally strong increases in those processes
646 remains uncertain. This study uses a simple representation of soil microbial processes and does
647 not account for potential long-term shifts in microbial community composition or regional

648 differences in microbial temperature optima, all could alter future N release rates. At present,
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649 there are still limited data on how to represent future changes in microbial communities and
650 their adaptation in global coupled C-N models.

651 Future developments for PFT-based models could focus on increasing the number and diversity
652 of PFTs so that they better reflect the range of functional strategies found in real ecosystems.
653 For example, rather than representing all broadleaf deciduous species with a single parameter
654 set, models could differentiate types with fast nutrient uptake and turnover from those with
655 slower, more conservative nutrient use. Another option is to move toward hybrid trait-based
656 approaches that keep the computational efficiency of PFTs but allow certain plant traits to vary
657 continuously within each PFT. This could help capture more of the functional diversity and
658 ecological trade-offs that influence C-nutrient dynamics under the future climate (Fisher et al.,
659 2015; Sakschewski et al., 2016; Lawrence et al., 2019). Even with its simplifications, this study
660 shows that N-use strategies can meaningfully alter projections of C storage and that current
661 PFT-only approaches in LSMs risk missing important within-PFT dynamics.

662

663 5. Conclusions

664 This study used a process-based model to explore how N-use strategies shape ecosystem C
665 storage under future climate conditions. We show that broad-leaved deciduous with
666 conservative N-use (higher N resorption) achieve the strongest relative advantage, combining
667 higher gains in NPP and C storage with smaller rises in N losses, while needle-leaved
668 evergreens with acquisitive N-use strategy (higher plant N uptake) hold the largest absolute C
669 stocks. These effects are sustained and most pronounced in temperate and boreal regions,
670 where the whole of N in limiting productivity increases. Together, our results suggest that
671 while PFT traits determine the baseline for C storage, N-use strategies play a crucial role in
672 modulating future trajectories of ecosystem N and C cycling. Accounting for variation in plant
673 N-use strategies in land surface models is essential for improving predictions of ecosystem
674 responses and the terrestrial C sink under climate change.

675

676 Data Availability Statement
677 The data that support the findings of this study are available in QS open access repository at
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995 Appendix A: Detailed model description and sensitivity

996 Al - Vmax parameter sensitivity

EGUsphere\

997 To assess the sensitivity of plant nitrogen (N) uptake capacity on the plant productivity, we

998 performed a parameter sensitivity analysis by varying the maximum N uptake rate (vmax)

999 across a +40% range around its default value (0.42) in 10% increase and decrease (Table Al;

1000 Fig. A1). This setup allowed us to identify the largest change in N uptake capacity that does not

1001 strongly compromise plant survival compared to the default configuration. We excluded sites

1002 with GPP below 500 gC/m?/yr in the default run, as such low productivity is not representative

1003 of forest vegetation. For this study, we selected the £20% sensitivity level, which showed an

1004 effect on GPP while avoiding substantial site loss under conservative strategies compared to

1005 the default configuration.

1006

1007 Table Al. Parameter sensitivity values for maximum N uptake rate (vmax).

Run name Change (%) v value
max
conservative_40 -40% 0.25
conservative_30 -30% 0.29
conservative_20 -20% 0.33
conservative_10 -10% 0.37
default 0% 0.42
acquisitive_10 +10% 0.46
acquisitive_20 +20% 0.50
acquisitive_30 +30% 0.54
acquisitive_40 +40% 0.58

1008
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1010 Figure Al: Site-level Gross Primary Productivity (GPP) for the Default model configuration (gray) and

1011 sensitivity experiments with £10%, +20%, +30%, and +40% changes in v where blue shows acquisitive N-use
1012 strategy (higher vmax) and orange shows conservative N-use (lower vmax) responses. Boxplots display the median

1013 (black dots), interquartile range, and outliers, with side density plots illustrating the overall distribution of values
1014 within each group. Dashed red lines indicate GPP thresholds of 500 gC/m%yr (low productivity) and 3570
1015 gC/m?yr (high productivity, above the maximum GPP in the Default run). Labels report the number of sites
1016 falling below or above these thresholds for each scenario.
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1018 A2 - Site selection for the first comparative experiment
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1020 Figure A2: Global sitelist distribution with its original PFT assignment. Each point corresponds to a site and
1021 colors represent different plant functional types (PFT). Moist broadleaved evergreen (BEM), summer green

1022 broadleaved deciduous (BDS) and needle-leaves evergreen (NE). Total number of sites = 124.
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1023

1024 Figure A3: Sitelist distribution for the comparative experiment with its original PFT assignment. Each point
1025 corresponds to a site and colors represent different plant functional types (PFT). Summer green broadleaved
1026 deciduous (BDS) and needle-leaves evergreen (NE). Total number of sites = 30.

1027
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1029 Figure A4: Climate distribution of sites for the comparative experiment, represented by Mean Annual

1030 Precipitation (MAP; mm) and Mean Annual Temperature (MAT; K) for the present day (2000-2020). Each point
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1031 corresponds to a site and illustrates the range of climatic conditions in the selected dataset. Total number of sites =
1032 30.

1033

1034 Appendix B: Additional figures for the comparative and global experiments

1035
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1037 Figure B1: Normalized Change (%) between Future and Present day for Gross Primary Productivity (GPP;
1038 gN/m%yr), Vegetation carbon (C) (gC/m?), Soil Organic C (gC/m*) and Net N Mineralization (gN/m?yr). Bars
1039 represent the percent normalized difference and error bars indicate the propagated standard deviation (SE).
1040 Different colors show simulations for each plant functional type (broad-leaved deciduous [BDS] and

1041 needle-leaved evergreen [NE]) under acquisitive and conservative N-use strategies.
1042
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1044 Figure B2: Temporal trends of GPP (Gross Primary Productivity; gC/m?/yr), Vegetation carbon (C) (gC/m?), Soil

1045 Organic C (gC/m?®), and Net nitrogen (N) Mineralization (gN/m?%yr) from 1850 to 2100, based on ISIMIP3b

1046 UKESM climate forcing, for the comparative experiment. Different colors show simulations for each plant

1047 functional type (broad-leaved deciduous [BDS] and needle-leaved evergreen [NE]) under acquisitive and

1048 conservative N-use strategies. The shaded area represents the standard deviation across the 30 sites. Values

1049 represent mean annual estimates for each defined period: pre-industrial (1850-1880), present-day (2000-2020),

1050 and future (2080-2100).
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1053 Figure B3: Normalized Change (%) between Future and Present day for N gas loss (gN/m?yr) and N leaching

1054 (gN/m?/yr). Bars represent the percent normalized difference and error bars indicate the propagated standard
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1055 deviation (SE). Different colors show simulations for each plant functional type (broad-leaved deciduous [BDS]
1056 and needle-leaved evergreen [NE]) under acquisitive and conservative N-use strategies.

1057

Soll temperature (K) Net N Mineralisation (gN/m?/yr)
Pre-industrial Present Day Future PreIndustrial Present Day Future

300

290

280

270

N gass loss (gN/m?/yr) N leaching (gN/mz/yr)
Pre-Industrial Present Day Future Pre-Industial Present Day Fure

1850 1900 1950 2000 2050 2100 1850 1900 1950 2000 2050 2100
Year

© Tropical - Temperate <= Boreal

1059 Figure B4: Temporal trends of Soil temperature (K), Net N Mineralization (gN/m?yr), N gass loss (gN/m?yr) and
1060 N leaching (gN/m?%yr) from 1850 to 2100, based on ISIMIP3b UKESM climate forcing. Different colors show
1061 different climate zones (Tropical, Temperate, Boreal). Shaded area represents the standard deviation across the
1062 124 global sites. Values represent mean annual estimates for each defined period: pre-industrial (1850-1880),

1063 present-day (2000-2020), and future (2080-2100).
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1066 Figure B5: Boxplots show the global distribution of total ecosystem carbon (C) storage (gC/m?) across climate
1067 zones, for the future period 2080-2100 under two nitrogen-use strategies (acquisitive and conservative). Sites are
1068 grouped by Koppen climate classification in Tropical, Temperate, and Boreal zones. Boxplots display the median
1069 (black dots), interquartile range, and outliers, with side density plots illustrating the overall distribution of values

1070 within each group. The number of observations (n) is shown above each box.
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1073 Figure B6: Boxplots show the global distribution of Total Soil carbon (C) storage (gC/m?) across climate zones
1074 and plant functional types (PFTs), for the future period 2080-2100 under two nitrogen-use strategies (acquisitive
1075 and conservative). Sites are grouped by Koppen climate classification in Tropical, Temperate, and Boreal zones.
1076 Different colors represent each PFT: broad-leaved deciduous (BDS), broad-leaved evergreen (BEM), and
1077 needle-leaved evergreen (NE). Boxplots display the median (black dots), interquartile range, and outliers, with
1078 side density plots illustrating the overall distribution of values within each group. The number of observations (n)
1079 is shown above each box.
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1081 Appendix C: MPI climate forcing sensitivity
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1083 Figure C1: Climate trajectory of atmospheric CO, (ppm), Mean Annual Temperature (K), N Deposition (kgN
1084 ha/yr) and Mean Annual Precipitation (mm) for the global experiment (124 sites), comparing UKESM1-0-LL and
1085 MPI-ESM1-2-LR climate models. Pre-industrial (1850-1880), present-day (2000-2020), and future (2080-2100).
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1088 Figure C2: Bars show the change in total ecosystem carbon (AEcoC; Future - Present day) separated by N-use
1089 strategy and plant functional type (PFT) within each climate zone, using the MPI climate model. Colors indicate
1090 the estimated contribution from each driver: N deposition, CO,, and other drivers. Driver contributions were
1091 calculated by comparing the normal run (all factors varying) with experimental runs where either CO,
1092 concentration or N deposition was held constant. CO, effect = AEcoC(normal) - AEcoC(CO, fixed); N deposition
AEcoC(normal) - AEcoC(N deposition fixed); Other drivers = AEcoC(normal) - (CO, effect + N
1094 deposition effect).

1093 effect =
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