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Tomomichi Kato 1 

University of Tsukuba, Tsukuba, Ibaraki, Japan 2 

Handling Topical Editor, Geoscientific Model Development (GMD) 3 

 4 

Re: GMD-2018-41 5 

 6 

Dear Dr. Kato, 7 

Thanks so much for sending us two referees’ comments and suggestions on our manuscript 8 

“Carbon-nitrogen coupling under three schemes of model representation: Traceability 9 

analysis” (GMD-2018-41). We greatly appreciate the two reviewers for their valuable 10 

comments and suggested amendments. Their inputs have helped improve the paper 11 

tremendously. We have carefully studied the comments from the reviews and made revisions 12 

based on them in this version of manuscript.  13 

 14 

In the revised manuscript, we have addressed all the comments from the two referees. 15 

Specifically, we added the Figure 5 for annual averaged size and C:N ratio of each C pool 16 

and the Figure 6b for the CUE in the C-only version and the three C-N schemes of TECO 17 

model. We also have added a new figure (Figure S2) in the supplemental information to show 18 

the annual averaged N content for each C pool among the three C-N schemes. In the 19 

Materials and Methods and Results sections, we also have shown the different effects of C-N 20 

coupling hypotheses among three simulations as suggested by both referees. We clarified our 21 

discussions based on more referenced results as suggested by the referee #1 and discussed the 22 

differences with the original models (CLM4.5bgc and O-CN) as suggested by referee #2. We 23 

greatly appreciate the suggestions from the reviewers, as addressing them has strengthened 24 

the manuscript. 25 

 26 

We confirm that all authors have met the authorship criteria.   27 

  28 

We also declare that the submitted work is our own and that copyright has not been breached 29 

in seeking its publication.   30 

 31 

Here are our detailed responses to the reviews. Please note that the comments from the 32 

referees are in italics followed by our responses in regular text. 33 

 34 

We hope you will find our revision satisfactory for publication in Geoscientific Model 35 

Development. 36 

 37 
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Yours Sincerely, 38 

Xuhui & Jianyang 39 

 40 

Xuhui Zhou, Jianyang Xia 41 

School of Ecological and Environmental Sciences, East China Normal University 42 

500 Dongchuan Road, Shanghai 200062, China 43 

Email: xhzhou@des.ecnu.edu.cn, jyxia@des.ecnu.edu.cn  44 

mailto:xhzhou@des.ecnu.edu.cn
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 45 

Response letter to comments (gmd-2018-41) 46 

 47 

 48 

Will Wieder’s comment (Referee #1) 49 

General comments 50 

Du and co-authors present a very interesting study using a matrix approach to compare the 51 

implementation of three distinct representations of C-N biogeochemistry in the TECO land 52 

model. The mathematical approach seems very powerful and the results are compelling. 53 

[Response] Thanks so much for your positive comment. 54 

 55 

I’d encourage the authors to unpack their results more to make findings more accessible to 56 

readers not familiar with any of the N schemes presented here. Refocusing the text around 57 

big differences in assumptions being made between each modeling approach and how that 58 

translates to the different C stocks and fluxes would be very helpful. 59 

[Response] Thanks very much for your suggestions. In this revised version, we added more 60 

results (e.g., C pool sizes and C:N ratio in Figure 5, CUE in Figure 6b, the sensitivity of N 61 

processes to ecosystem C storage capacity in Figure 10c, and N pool sizes in Figure S2) to 62 

support our findings. Based on our results, we displayed the different N and C fluxes under 63 

different C-N schemes (Figures 3 and 4) and the different C and N status among plant tissues, 64 

litter and soil pools (Figures 5 and 6) as well as the ecosystem C storage capacity (Figure 7). 65 

To evaluate the alternative representations of C-N processes dominating the ecosystem C 66 

storage capacity, we applied the traceability analysis framework to trace the key factors in 67 

different schemes. We found that different process assumptions caused divergent C residence 68 

time and plant production among different C-N schemes in this study (Figures 8-10). We 69 

added the detailed information and discussion in both Result and Discussion sections in Lines 70 

372-381, 386-389, 425-428 and 498-501. 71 

 72 

The discussion only sparing refers to the display items presented in the results, making me 73 

wonder if the ideas being discussed are just the authors’ opinions or if they can clearly be 74 

demonstrated by results presented here. On revision, please reference display items to 75 

support claims being made in the discussion. 76 

[Response] Sorry for the confusion. We carefully revised the whole manuscript and also 77 

referenced more necessary results in the Discussion section accordingly. As a consequence, 78 

our manuscript has been considerably improved. We hope you will find our revision 79 

satisfactory. 80 

 81 
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Finally, there are enough grammatical errors to be distracting in the text. Some of these a 82 

highlighted in technical corrections, below, but revisions to the manuscript should be made 83 

for language fluency. 84 

[Response] We carefully revised the manuscript according to the comments, paid attention to 85 

the grammar, and made necessary changes. We also asked a native English speaker (Mrs. 86 

Megan C. Foster) to revise the whole manuscript. Please see below for the detailed responses 87 

point by point. As a consequence, our manuscript has been considerably improved. We hope 88 

you will find our revision satisfactory. 89 

 90 

Specific comments 91 

Line 60: For a paper that’s more generally about the implementation and assumptions of C-92 

N coupling in land models it strikes me as odd to lead off the introduction with an immediate 93 

nod to nitrogen fixation. Fixation is important, but leading off with a brief discussion sets up 94 

unrealistic expectations for the reader for what’s ultimately being discussed in the paper. 95 

[Response] Thanks for your comments and suggestions. We deleted the description of 96 

nitrogen fixation and have rephrased this paragraph carefully, especially emphasizing the 97 

processes of carbon-nitrogen coupling in affecting the terrestrial ecosystem C storage.  98 

 99 

Line 84: References are needed to support these claims, as it seems to conflate C cycle 100 

uncertainty (e.g. Arora et al. 2013) with C-N representation in models, which is not accurate. 101 

Line 86: Similarly, references are needed as the ‘contradictory results’ from implementation 102 

of C-N models have not been clearly established in the literature. 103 

[Response] We revised the descriptions of the related references (Arora et al., 2013; Zaehle 104 

et al., 2015; Sokolov et al., 2008; Wania et al., 2012; Walker et al., 2015) and added them in 105 

our revised manuscript in Lines 85 and 89. 106 

 107 

Line 97: I may be forgetting something, but don’t recall the Xia et al (2013) paper 108 

accomplishing all that it’s being credited for here. Maybe other references are needed where 109 

the authors demonstrate how the matrix approach has been used for ‘benchmark analyses, 110 

model intercomparisons, and data model fusion, and improved model predictive power’? 111 

Otherwise revise this sentence to avoid implying a single paper did all this work. 112 

[Response] Thanks for your comments and suggestions. We added some references and 113 

modified the sentence as “The traceability analysis has been developed to diagnose the 114 

simulation results within (Xia et al. 2013; Ahlström et al., 2015) and among (Rafique et al., 115 

2016; Zhou et al., 20) models.”. 116 

 117 

Figs 1 & 2. How is mineral N retranslocated from the litter pool? After a leaf has fallen do 118 

plants still have access to this N? Doesn’t retranslocation occur before senescence? 119 
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[Response] Sorry for the mistake. The mineral N was retranslocated to other tissues before 120 

the live tissues (i.e., leaves, fine roots and live stems) senescence in TECO model. We simply 121 

added an arrow to plant growth module to represent the retranslocation of the mineral N to 122 

other tissues in the Figs. 1 and 2. We described it in Lines 158. 123 

 124 

Fig 2. I really appreciate the effort to clearly spell out different assumptions between 125 

different C-N coupling schemes and map onto the structure of TECO’s C and N pools. I fear 126 

this figure is too jumbled with small, tilted text to be useful, and would encourage authors to 127 

spend some time cleaning up this display item so it’s more clear & useful. 128 

[Response] Thanks so much for your suggestions. We deleted all the numbers and rearranged 129 

the text in the figure to clarify the display.  130 

 131 

From the description in the methods, it seems like the entire coupling of C-N biogeochemistry 132 

occurs through the different implementation of the N scalar from each scheme (Eq. 30). Is 133 

this true? If so, documenting how the aspects summarized in Table 1 are actually being 134 

implemented seems important (either in the main text, SI, or an appendix). If this is where the 135 

magic happens it should be clearly spelled out using language from the N related (red) text in 136 

Fig 1. 137 

[Response] Sorry for the confusion. The N scalar is set as the respiration and decomposition 138 

rate modifier, which considers the changes of N content to compare with the initial condition 139 

(Eq. 33). Depending on both the N supply and loss for each C pool, the N scalar mainly 140 

affects the C residence time directly (Fig 7). The different aspects among three C-N coupling 141 

schemes introduce different effects on N supply and losses directly and/or indirectly, and thus 142 

affect the C residence time via N scalar. Beside the N scalar, the different representations 143 

summarized in Table 1 also introduce other aspects to affect the C storage. For example, the 144 

different implementations of the N down regulation have differently constrained power on 145 

GPP (although those powers were not significant in this study); the different assumptions on 146 

tissue C:N ratio led to different C allocation ratio (eq.1-6) and further affect the baseline 147 

residence time (eq.30); the different representations of plant N uptake and biological N 148 

fixation result in different C investment, and thus the different autotrophic respiration. In this 149 

revised version, we added those description and discussion in both Method and Discussion 150 

sections in Lines 319, 406-409, and 529-536. 151 

 152 

In previous work this author group has demonstrated that the matrix approach gives 153 

identical results to the conventional system of differential equations. Can a similar plot be 154 

made with a CN version of TECO? That is, can lumping a coupled C:N model into a “N 155 

scalar” (eq. 33) account for everything that’s going on in the model? I’m assuming it can, 156 

but this is never clearly demonstrated in the results. 157 

[Response] That version of TECO-CN had incorporated the “N scalar” into the respiration 158 

and decomposition rate modifier (Du et al. 2017), which had been used in the previous work 159 

(e.g., Zaehle et al., 2014). In this study, N scalar is a key factor, and we separated it from the 160 

environmental scalar (𝜉𝐸) and baseline carbon residence time (𝜏𝐸
′

) in the traceability analysis 161 
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framework to trace the different effects that were introduced by the three C-N schemes. We 162 

also compared our TECO-CN version with the version used in Zaehle et al., 2014. We found 163 

that the results matched well (See Figure R1 below). 164 

 165 

Figure R1. Comparisons of GPP, NPP, ecosystem C storage and ecosystem N storage at the 166 

steady state from this study vs. the TECO-CN version used previous work. 167 

 168 

Besides difference in NUE (Fig. 5) I’m struck by the differences in carbon use efficiency 169 

(CUE, the ratio of NPP:GPP) among N models that’s attributable to large difference in 170 

autotrophic respiration among models. Is this worth displaying or discussing further? 171 

[Response] Thanks for your suggestions. Yes, we found that carbon use efficiency (CUE) 172 

varied among three N schemes. The SM2 has the highest CUE while SM3 has the lowest 173 

CUE among three C-N schemes. We added this result in Fig 5b. The direct factors of those 174 

differences mainly attribute to difference in autotrophic respiration and N limitation on 175 

production (i.e., down-regulation effect). For the SM2, plant uptake N does not need to cost C, 176 

which lead to the highest CUE. In the SM3, however, the lowest CUE is due to both the C 177 

cost of plant actively uptake N and the assumption that increases respiration to remove the 178 

excess C. In this revised version, we added those Results and Discussion sections in Lines 179 

386-389 and 498-501.  180 

 181 
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Why did SM1 increase the mean residence time of C relative to the control model (Figs 6 182 

inset & 7). I’m assuming it’s because of N ‘limitation’ of passive C turnover? Does this seem 183 

realistic? It must be caused by relatively quick turnover of this pool and an low C:N ratio of 184 

SOM in SM1, or low respiration coefficient in fluxes between slow and passive pools that are 185 

driving a high immobilization flux in SM1 (Fig. 3)? Alternatively, does the stoichiometry of 186 

litter quality drive these results? More details on these mechanisms seem worth discussing? 187 

[Response] Thanks so much for your comments and suggestions. Yes, the slower turnover 188 

rate of passive SOM pool dominated a longer mean ecosystem residence time in SM1 189 

compared with those in C-only version. Our results showed that lower heterotrophic 190 

respiration rate (Figure 4) and C:N ratio of passive SOM (Figure 5b) as well as higher 191 

immobilization flux (Figure 3) jointly ‘limited’ the turnover rate of passive SOM pool. For 192 

the SM1, the microbe immobilization dominates a low C:N ratio and then affects the 193 

decomposition cascade for passive SOM (Fig 8). The reason is that the representation of N 194 

immobilization in TECO-CN has the potential to accumulate N: 195 

 196 

𝐼𝑚𝑚𝑁 = 

{
 
 

 
 ∑𝑚𝑖𝑛 ((

𝐶𝑖
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𝐶𝑁𝑖

) , 0.1 ∗ 𝑆𝑁𝑚𝑖𝑛)  𝑓𝑜𝑟 𝐶𝑁𝑖 ≥ 𝐶𝑁0𝑖

8
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−
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𝐶𝑁0𝑖

) , 0.1 ∗ 𝑆𝑁𝑚𝑖𝑛)

8

𝑖=4

 𝑓𝑜𝑟 𝐶𝑁𝑖 < 𝐶𝑁0𝑖

 197 

 198 

We added this equation and more information in Method and Discussion sections. 199 

 200 

Figures 7 and 9 seem like really interesting, powerful strengths of the tractability analysis 201 

presented here. In my estimation there’s not nearly enough text in the results or discussion to 202 

walk readers through what’s being shown here. Unpacking the information communicated in 203 

these figures would help readers access what’s being shown and how the tractability analysis 204 

helps us understand differences among model formulations. (Note, some of this could even 205 

fall into the introduction and methods by foreshadowing key differences among model 206 

formulations that are important to the results presented here from the start). 207 

[Response] Thanks for your comments and suggestions. In the revised version, we 208 

reorganized the information communicated in these figures carefully, mainly tracing how the 209 

different hypotheses among C-N coupling schemes modulate the ecosystem C storage based 210 

on traceability analysis. We hope that you satisfy our revision. 211 

 212 

Line 508: If this is the most striking difference, is there a take home figure that clearly 213 

communicated this message? As presented, I’m not sure this conclusion is well supported by 214 

the results or discussion. 215 

[Response] Sorry for the confusion. Originally, we used the sensitivity of N processes to 216 

NPP and ecosystem residence time (τE) among three C-N coupling schemes to display this 217 
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difference, which was shown in the previous Fig. 9. In the revised version, we extended this 218 

sensitivity to ecosystem C storage (NPP × τE) in Fig. 10 based on the different 219 

representations among three C-N schemes. We emphasized the difference and added more 220 

discussion in Lines 425-428 and 501-505.  221 

 222 

Technical corrections 223 

Line 37: For clarity, replace ‘them’ with ‘the three C-N coupling schemes’ 224 

Line 43: Consider replacing ‘divergent’ with ‘differences in’? 225 

Line 58 & 64: Avoid starting a sentence with an abbreviation, that is write out ‘Nitrogen’. 226 

Line 59: ’Requires’ should be plural 227 

Line 66, I’d add Hungate et al. (2003) to this list of references 228 

[Response] Done as suggested. 229 

 230 

Line 71: It seems odd to talk about progressive N limitation as occurring with “growth 231 

enhancement when N mineralization increases”. Is Dr. Luo comfortable with this definition? 232 

[Response] Sorry for the confusion. We revised the sentence as “Early C-N coupled models 233 

demonstrated that the N availability limits ecosystem C storage capacity with associated 234 

effects on plant photosynthesis and growth in many terrestrial ecosystems…” 235 

 236 

Line 72: Awkward. Please revise for fluency & clarity. 237 

[Response] Sorry for the confusion. We revised this sentence as “Recent studies have largely 238 

confirmed these results by improving C-N coupling models with multiple hypotheses.” 239 

 240 

Line 80: These are from Cleveland et al (1999), not my work, and their implementation in 241 

models is summarized nicely by Meyerholt et al. (2016). 242 

[Response] Thanks for pointing out our mistake. We added these two references and replaced 243 

the “Wieder et al., 2015” to “Wieder et al., 2015a”. 244 

 245 

Line 129: Should this be ‘data’, not ‘date’?  246 

[Response] Sorry for the mistake. We replaced “date” by “data”. 247 

 248 

Also from what plots, the meteorological paragraph starts off discussing the AmeriFlux tower, 249 

but are the biomass data from the control FACE plots? 250 
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[Response] Sorry for the confusion. The forcing data used in this study were taken from the 251 

AmeriFlux database, while the biomass data were taken from the reference study. To clarify 252 

this point, we revised the first sentence of this paragraph as “The forcing data used in this 253 

study were taken from the Duke free-air CO2 enrichment (FACE) experiment….”. 254 

 255 

Line 138, 180: I’m a little confused. Is this the first publication of TECO-CN2.0, if so they 256 

should be referenced? If not, are there other versions of TECO-CN and how does the 257 

implementation of C-N biogeochemistry differ in the present model? 258 

[Response] Sorry for the confusion. There are two versions of TECO-CN model. The first 259 

version was used in Zaehel et al., 2014 and this study, and the second version is a simplified 260 

version used for data assimilation (e.g., models in Shi et al., 2015 and Du et al., 2017). Both 261 

versions are the variant of the TECO-C version published in Weng and Luo, 2008. To make it 262 

clear in this study, we replaced “TECO-CN” with “TECO-CN2.0” accordingly. 263 

 264 

Table 1: References to Thorton et al are actually for CLM4cn (not CLM4.5bgc, as implied in 265 

the table). The implementation of C-N biogeochemistry is similar in each model, but the 266 

structure and stoichiometry of SOM pools are different in each? Please clarify in the text and 267 

references which version of the model is used for SM2. 268 

[Response] The version of CLM4.5bgc is used for SM2 in this study.  We changed the 269 

references as “Koven et al., 2013” and “Oleson et al., 2013”. 270 

 271 

Fig. 1. It seems odd to have N fixation going directly to soil mineral N pools. I realize that 272 

CLM (and likely other models) do this, but the simplification should at least be noted in the 273 

text? 274 

[Response] Thanks for your comments. We added a new dotted arrows from N fixation to 275 

plant part in Figure1 and the description “*set N fixation as an option when the plant N 276 

uptake is enough for growth in terms of C investment” in the legend of Figure1. 277 

 278 

Fig.1 Why doesn’t the soil C-N module need to take up mineral N? This seems to contradict 279 

Fig. 2, and could be corrected with two-sided arrows? 280 

[Response] Thanks for pointing out our mistake. As suggested, we replaced those one-sided 281 

arrows with two-sided arrows in Figure 1. 282 

 283 

Throughout section 2.2.2 should units for fluxes be communicated? 284 

[Response] Thanks for pointing out what we have neglected. The units were added in the 285 

revised version. 286 

 287 

Eq. 19. This would give a fixation flux in gN/m2/s, but TECO doesn’t work on that time step? 288 
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[Response] Yes, the unit of biological N fixation flux is g N m-2 s-1. We added it in the 289 

revised version.  290 

 291 

Line 321. What are all these abbreviations? Regardless, there’s too many here to be coherent, 292 

and I’d encourage these to be written out fully throughout the text. 293 

[Response] Thanks for your comments and suggestions. We deleted “i.e., DRP, PS, PUN, 294 

PMC, BNF, RtrN and SS” in this section. 295 

 296 

Line 349. These differences are relative to the C only control? If so restating this here may 297 

help clarify? 298 

[Response] Yes, these differences are relative to the results of TECO-C. In the revised 299 

version, we added “by comparison with the TECO-C version” in this sentence. 300 

 301 

Line 351 this sentence is awkward and needs to be revised? 302 

[Response] Sorry for the confusion. In the revised version, we deleted this sentence “The 303 

NPP and plant N uptake (PNU) jointly determine the N use efficiency (NUE).” 304 

 305 

Line 396: this list of abbreviations is neither intuitive, commonly used, nor helpful. I find the 306 

later use of the abbreviations confusing and recommend just writing out the processes being 307 

discussed in full. 308 

[Response] Sorry for the confusion. As suggested, we wrote out these processes in full and 309 

deleted these abbreviations in this section. 310 

 311 

Line 420: doesn’t SM2 use NPP to calculate BNF rates? 312 

[Response] Thanks for pointing out our mistake. Yes, SM2 used NPP not ET to calculate 313 

BNF rate in this study. We revised the sentence as “… SM2 and SM3 simulated BNF 314 

explicitly, which used the modified empirical relationships of BNF with NPP and 315 

evapotranspiration (ET), respectively.”. 316 

 317 

Lines 445-450: Where are these results shown in the work presented here? 318 

[Response] Thanks for pointing out what we have neglected. After we added a new figure 319 

(Figure 5) about C pools and their C:N ration for different treatments, these results are mainly 320 

shown in Figure 3 and Figure 5. We revised those sentences as “N stress increased tissue C:N 321 

ratio (Figure 5b), leading to a high microbial N immobilization (Figure 3) and then a lower 322 

net N mineralization (Fig 3a, g and m), which allowed plant cell construction with a lower N 323 

requirement. The inclusion of flexible C:N stoichiometry appeared to be an important feature 324 

allowing models to capture the ecosystem response to climate variability through adjusting 325 
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the C:N ratio of nonphotosynthetic tissues or the whole-plant allocation among tissues 326 

(Figure 9) with different C:N ratios…”. 327 

 328 

Line 463: where are these oscillations shown in the work presented? 329 

[Response] We added the related results in this sentence as “Therefore, the different impacts 330 

of ecosystem N status induce oscillating N limitation on MRT (Figure 8) due to the 331 

inherently different assumptions of C-N interactions among three C-N coupling schemes”. 332 

 333 

Line 473: This line really makes me wonder if the approach outlined here is ‘right’? 334 

Regardless, it makes me think that differences among models are 100% attributable to 335 

differences in stoichiometric assumptions among models. If so, should a list of pools and their 336 

C:N ratio SM1, 2, and 3 be communicated? 337 

[Response] Thanks for your comments. We added a new figure in the revised version (Figure 338 

5). Please see below for details. 339 

 340 

Figure 5. The annual average sizes of carbon pools (panel a) at the steady-state among 1996-341 

2007 for C-only version and the three C-N schemes (SM1, SM2 and SM3) and the C:N ratio 342 

(panel b) of each carbon pools for the three C-N schemes (SM1, SM2 and SM3) in TECO-343 

CN model. 344 

 345 

Line 483: Ah, so win SM1, is there a progressive decline in litter quality that ends driving 346 

high soil N demand as the decomposition cascade tries to meet stoichiometric demand, 347 

whereas SM3 allow this extra C to be blown off through heterotrophic respiration? 348 

Alternatively, is it higher autotrophic respiration in SM3 (through increased fine root C 349 

allocation) that allows the extra C to be blown off (line 501) Sorry, I’m not familiar enough 350 

with all of these approaches to understand what each model is doing. 351 

[Response] Sorry for the confusion. Yes. For the SM1, our results showed that plant 352 

nonphotosynthetic tissues (mainly wood) and litter quality impact the C:N ratio (Figure 5) 353 

and further affect their decomposition cascade for fast and slow SOM pools (Figure 6 and 354 
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Figure 8). However, this was not the case for the passive SOM pool, where microbe 355 

immobilization dominates a low C:N ratio and then affects the decomposition cascade (please 356 

see response above). 357 

For the SM3, both the hypothesis of increasing respiration to remove the excess C 358 

accumulated under N stress and the higher C investment for the BNF led to decrease in C 359 

input and then limit the microbe immobilization for the passive SOM pool. 360 

 361 

Line 488 what’s being absorbed? 362 

[Response] Sorry for the confusion. We removed the “absorption” and revised the sentence 363 

as “This mechanism promotes the respiration of the faster turnover pools (fast and slow SOM 364 

pools), leading to decrease in MRT in these two pools (Figure 8)” 365 

 366 

Line 490: I’m still confused about what’s causing differences between SM1 and SM3. For 367 

readers less familiar with these schemes can the difference between the approached be 368 

unpacked a bit more, as this seems like a powerful strength of the traceability analysis? 369 

[Response] Sorry for the confusion. Based on the different hypotheses (list in Table 1) 370 

between SM1 and SM3, we found that SM1 mainly adjusted plant tissue and soil C:N ratio to 371 

reach equilibrium under N stress, while SM3 mainly cost the excess C via increasing 372 

respiration to get equilibrium under N stress. The two different strategies lead to different C 373 

allocation (Figure 9) and stoichiometric status (Figure 5), and then affect plant production 374 

(Figures 4 and 5), baseline residence time and ecosystem residence time (Figure 8) as well as 375 

ecosystem C storage (Figure 7). We added these results in the revised manuscript according 376 

to your suggestions. 377 

 378 

Anonymous Referee #2 379 

[General comments] In this paper, the authors evaluate three different schemes of Carbon-380 

Nitrogen coupling in a terrestrial model, which can largely change both C and N dynamics 381 

reproduced by models. For this, they used an existent framework for analyzing the difference 382 

between the models. This paper is clearly written, and the results are informative for readers. 383 

I recognize the importance of this study because CN coupling is one of the emergent 384 

processes to be evaluated / constrained in such land ecosystem modeling. 385 

[Response] Thank so much for your positive comment. No responses needed.  386 

 387 

However, I think there are places to be improved: the figures are informative, but the 388 

explanation is not enough for readers. My comments will not require a lot of effort to 389 

improve. 390 

[Response] Thanks so much for your comments and suggestions. We carefully revised the 391 

whole manuscript according to your comments and suggestions. We went through the text 392 

several times and made necessary changes. Please see below for the detailed responses. 393 
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 394 

[Detailed comments] P6, L129: “biomass production date” should be “biomass production 395 

rate”? 396 

[Response] Thanks so much for pointing out our mistake. Here it is not “rate”, either. It 397 

should be “data”. We replaced “date” by “data” as suggested by referee #1. 398 

 399 

P6, L129: What purpose the data “standing biomass and biomass production date” used for 400 

your study? Do you mean the datasets are used to determine the parameters associated with 401 

the processes? In addition, CN concentration for plant and soil (Finzi et al., and Lichter et al.) 402 

are also used for your analysis (I suppose the SM2 simulation need such data because of the 403 

fixed CN ratio, but it is not clear in the text). Please clarify them. 404 

[Response] Sorry for the confusion. In this study, the data of both biomass and CN 405 

concentration are used to set initial values of C, N pool sizes and CN ratio for TECO-C and 406 

TECO-CN model. To make it clear, we added “To set the initial condition for the models, we 407 

collected the related datasets from previous studies.” in the Lines 130-131. 408 

 409 

P6, L138: It might be better to clearly mention first that the model is newly developed and 410 

used in this study for the first time. 411 

[Response] Sorry for the confusion. There are two versions of TECO-CN model. The first 412 

version is used in Zaehel et al., 2014 and this study, and the second version is a simplified 413 

version used for data assimilation (e.g., Shi et al., 2015 and Du et al., 2017). Both versions 414 

are the variant of the TECO-C version published in Weng and Luo (2008). To make it clear 415 

in this study, we replaced “TECO-CN” with “TECO-CN 2.0” accordingly. 416 

 417 

P7, eq(1)-(6): The detail description of C allocation scheme of TECO-CN v2 is shown here, 418 

but it seems the equations are not referred in other places. In my simple thinking, the detail 419 

descriptions with the equations are not necessary for your analysis, and it looks no problem if 420 

your put them into supplement. If you want to keep the eqs in the main body, it should be 421 

qualitative explanations how the C allocation scheme act on CN dynamics in simulations. 422 

[Response] Thanks for your suggestions. Under the traceability analysis framework, the C 423 

allocation coefficients are used to calculate the baseline C residence time (Eq. 29). In this 424 

study, since both the matrix A and C are the same among different treatments (i.e., C-only, 425 

SM1, SM2 and SM3), the allocation coefficients (vector B) act as the key factor to determine 426 

the baseline C residence time. To clarify it, we added “The allocation coefficients act as the 427 

key factor to determine the baseline C residence time in this study” in the Lines 164-165. 428 

 429 

P8, L177- : Although it is shown in the Table 1, it will be helpful for readers to mention here 430 

again the fact that CN ratio in SM2 scheme is fixed, while other two are flexible. 431 
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[Response] Thanks for your comments. We added “(i.e., fixed C:N ratio in SM2, flexible 432 

C:N ratio in SM1 and SM3)” in the Lines 188-189. 433 

 434 

P12, L309: Which level of CO2 concentration do you give to the model in the spin-up? Are 435 

the CO2 concentration and climate forcing in simulations given as a cyclic manner? Please 436 

clarify them 437 

[Response] We used the CO2 concentration of 1996-2007 from 361.3 to 382.0 ppmv. Yes, 438 

we recycled the CO2 concentration and climate forcing in simulations to the steady state 439 

(more than 1000 cycles for each simulation). To clarify it, we added “In this study, the 440 

meteorological forcings of 1996-2007 with the time step of half an hour were used to run the 441 

models to the steady state” in the Lines 328-329.  442 

. 443 

- P13, L319: “SˆCRT” should be “SˆMRT”? 444 

[Response] Thanks for pointing out our mistake. We corrected to “𝑆𝑖
𝑀𝑅𝑇” in this revised 445 

version. 446 

 447 

- P15, L390: It looks less references to your figures and tables in the discussion section: It 448 

was a bit difficult for me to figure out which claims in the discussion section are supported by 449 

your own results. 450 

[Response] Thanks for pointing out this issue. We added more references in the Discussion 451 

section. In addition, we added more figures (Figs 5b and 6) to show our results  to support the 452 

Discussion section. Please also see the responses to the first comment above. 453 

 454 

- P15, L405: You mention here that SM1 has a feedback from leaf N concentration to 455 

photosynthetic capacity, but eq.(7) seems not. I have overlooked something, but if the SM1 456 

actually has leaf-N concentration feedback, you should touch it in the section 2.1.1. 457 

[Response] Thanks for your comments. The plant N demand in the Eq.7 is calculated as:  458 

𝑁𝑑𝑒𝑚𝑎𝑛𝑑 =
𝐶𝑙𝑒𝑎𝑓

𝐶𝑁𝑙𝑒𝑎𝑓
+
𝐶𝑤𝑜𝑜𝑑
𝐶𝑁𝑤𝑜𝑜𝑑

+
𝐶𝑟𝑜𝑜𝑡
𝐶𝑁𝑟𝑜𝑜𝑡

 459 

𝐶𝑙𝑒𝑎𝑓, 𝐶𝑤𝑜𝑜𝑑 and 𝐶𝑟𝑜𝑜𝑡 are the current time step C pool sizes of plant tissues, 𝐶𝑁𝑙𝑒𝑎𝑓, 𝐶𝑁𝑤𝑜𝑜𝑑 460 

and 𝐶𝑁𝑟𝑜𝑜𝑡 are the last time step C:N ratio of leaf, wood and root, respectively. To make it 461 

clear, we added this equation to Line 200. 462 

 463 

P16, L426 “C cost of fixing”: Is the effect of C cost actually considered in your simulation of 464 

SM3? Which equation in the section 2.2.2 represents the effect? In addition, if you consider 465 

the C cost in the SM3 simulation, does the lowest NPP of SM3 attribute to the increase of 466 

autotrophic respiration in SM3? It would be nice if you can discuss on this. 467 
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[Response] Thanks for your comments and suggestions. Yes, we used the same C cost 468 

coefficient for N fixation (BNF) in SM1 and SM3. The different values of C investment for N 469 

fixation are due to the different strategies between SM1 and SM3, resulting in the different 470 

autotrophic respiration and NPP (Figure 3). For SM3, the calculation of BNF used the 471 

empirical relationship of BNF with evapotranspiration explicitly, while SM1 represents BNF 472 

as an option combining with the plant N uptake as the N source in terms of C investment 473 

(Table 1). In other word, plant actively selects the N source on the basis of investment. Our 474 

results showed that the strategy in SM1 lead to higher plant NUE than that in SM3 (Figure 5). 475 

We added those information in the Discussion section in Lines 472-474 and 494-496. 476 

 477 

- P16, L427: I will appreciate if you can add more explanation why BNF of SM1 lead to the 478 

highest NUE. In my understanding, if BNF in SM1 works as the complement to nitrogen 479 

uptake, the process works to increase the uptake, and then the NUE(=NPP/PNU) should be 480 

decreased. I wonder the SM1 has a mechanism to have BNF that satisfy a minimum N 481 

requirement by plants, but it was not clear. 482 

[Response] Sorry for the confusion. As our response above, SM1 represents BNF as an 483 

option combining with the plant N uptake as the N source in terms of C investment. Our 484 

results showed that this strategy lead to the highest NUE among three C-N schemes. In order 485 

to eliminate confusion, we revised the sentence as “On the other hand, SM1 applied a 486 

different strategy, which set BNF as an option when the plant N uptake is not enough in terms 487 

of C investment, leading to the highest plant NUE but the lowest response of BNF to NPP”.  488 

 489 

- P16, L428: Although same N loss process are shared between the schemes, I suppose the 490 

original models (TECO-CN/CLM/OCN) actually differ in that point. Readers can get benefit 491 

if you can discuss it briefly. 492 

[Response] Thanks for your comments and suggestions. We added “In the original CLM4.5 493 

and O-CN (Oleson et al., 2013; Zaehle et al., 2010), soil mineral N pool is divided into two 494 

pools (ammonium and nitrate). The leaching is only active on the nitrate pool, while the 495 

ammonium pool is assumed to be unaffected by leaching. This hypothesis may reduce the 496 

correlation between leaching and total soil mineral N.” in the Lines 478-482.  497 

 498 

- P17, L443: You discuss here how CN ratio in SM1 scheme affects the N regulation on plant 499 

production processes. As you discuss in the section 4.2, SM3 also has the mechanism of 500 

flexible CN ratio. How did the flexibility of SM3 act on plant production processes? 501 

[Response] Thanks for pointing out what we have neglected. In this revised version, we 502 

added “However, this was not the case for the SM3 since both hypotheses of increasing 503 

respiration to remove the excess C under N stress and the higher C investment for the BNF 504 

lead to the decrease in C input and then limits the microbial immobilization for the passive 505 

SOM pool.” in the Lines 498-501. 506 

 507 
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- P17, L445 “leading to a high microbial N immobilization”: I cannot understand why high 508 

CN ratio in plant tissues bring models to have a high microbial N immobilization. Need 509 

further detail. 510 

[Response] Most previous studies showed that litter quality (ie., C:N ratio) could affect the 511 

rate of microbial N immobilization (i.e., Zaehle et al., 2014; Thomas et al., 2015). When the 512 

fresh litter inputs soil part with higher C:N ratio than SOM, the microbial demand for mineral 513 

N increases to maintain the stoichiometry balance itself, which enhances the N 514 

immobilization potential. We revised the sentence as “N stress increased litter C:N ratio, 515 

leading to a high microbial N immobilization to keep their stoichiometry balance and then a 516 

lower net N mineralization….” 517 

 518 

-P18, L475 “Fig. 6c” is likely to be “Fig. 7c”?  519 

- P18, L498: Maybe “Fig. 7” is likely to be “Fig. 8”. 520 

[Response] Thanks for pointing out our mistakes. In this revised version, we added a new 521 

figure (i.e., Figure 5) and changed those figure numbers accordingly.  522 

 523 

- P18, L484: What does “structural litter quality” mean? 524 

[Response] Sorry for the confusion. In the TECO-CN model, based on different 525 

decomposability, the plant litter is divided into two parts: metabolic litter and structural litter. 526 

Based on our results, we deleted the “structural” in this sentence.  527 

 528 

In the analysis, plant production and C/N status are evaluated in steady state. Although I 529 

recognize the usefulness of the analysis using steady states, I believe many readers get 530 

interested how your conclusions can be extended to non-steady state simulations, because N 531 

limitation on C cycle can be intensified in the condition where CO2 concentration increasing. 532 

I will be happy if I can see the discussion on this. In addition, displaying N status in the three 533 

simulations will be helpful for readers to get the whole picture of the CN dynamics: mineral 534 

N is displayed (in Fig.3), but others (plant, litter, and SOM) are not. Since your analysis is 535 

based on steady-state, such information can be a support to understand the relationship 536 

between N-fluxes and N-pools. My suggestion is to include it in supplement. 537 

[Response] Thanks so much for your comments and suggestions. We agree that analysis of N 538 

limitation on C cycle on the non-steady state is really interesting and critical. However, it is 539 

difficult to simulate ecosystem C processes on the non-steady state. In this study, the 540 

traceability analysis method is only for the steady-state simulations. Our next step is to 541 

develop a transient traceability analysis for the non-steady state. In this revised version, we 542 

added some discussion to show this caveat for the non-steady state in the Lines 452-454 and 543 

469-471.  544 

In addition, we added a new figure (Figure 5, please see above) for the sizes of C pools and 545 

C:N ratios according to your and the fist referee’s comments. We also added a single figure 546 

(please see below) for N pools in supplement. We hope you will find our revision satisfactory. 547 
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Abstract The interaction between terrestrial carbon (C) and nitrogen (N) cycles has been 582 

incorporated into more and more land surface models. However, the scheme of C-N coupling 583 

differs greatly among models, and how these diverse representations of C-N interactions will 584 

affect C-cycle modeling remains unclear. In this study, we explored how the simulated 585 

ecosystem C storage capacity in the terrestrial ecosystem (TECO) model variesd with three 586 

different commonly-used schemes of C-N coupling. The three schemes (SM1, SM2, and 587 

SM3) have been used in three different coupled C-N models (i.e., TECO-CN 2.0, CLM 4.5, 588 

and O-CN, respectively). They differ mainly in the stoichiometry of C and N in vegetation 589 

and soils, plant N uptake strategies, down-regulation of photosynthesis, and the pathways of 590 

N import, and the competition between plants and microbes for soil mineral N.. We 591 

incorporated them the three C-N coupling schemes into the C-only version of TECO model, 592 

and evaluated their impacts on the C cycle with a traceability framework. Our results showed 593 

that all of the three C-N schemes resulted incaused significant reductions in steady-state C 594 

storage capacity compared with the C-only version with , but the magnitudes of  varied with -595 

23%, -30% and -54% for SM1, SM2, SM3, respectively. These reduced C storage capacity is 596 

was largelymainly derived from due to the combined effectsation of decreases in net primary 597 

productivity (NPP) by, -29%, -15% and -45%) and with changes inof mean C residence time 598 

(MRT) by, 9%, -17% and -17%) for SM1, SM2, and SM3, respectively. The divergent 599 

differences in NPP are mainly attributed to the different assumptions on plant N uptake, plant 600 

tissue C:N ratio, down-regulation of photosynthesis, and biological N fixation. In comparison, 601 

the alternative representations of the plant andvs. microbe competition strategy and the plant 602 

N uptake, combining with the flexible C:N ratio in vegetation and soils, led to a notable 603 

spread MRT. These results highlight that the diverse assumptions on N processes 604 

representedation among different C-N coupled models could cause additional uncertainty to 605 

land surface models. Understanding their difference can help us to improve the capability of 606 

models to predict future biogeochemical cycles onof terrestrial ecosystems land. 607 

Keywords: carbon-nitrogen coupling, traceability analysis, carbon storage capacity, nitrogen 608 

limitation, carbon residence time  609 

  610 
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1. Introduction  611 

The terrestrial ecosystem carbon (C) storage is jointly determined by ecosystem C input (i.e., 612 

net primary productivity, NPP) and mean residence time (MRT), which are strongly affected 613 

modulated by the terrestrial nitrogen (N) availability of nitrogen (N) for plant and microbial 614 

growth  (Vitousek et al., 1991; Hungate et al., 2003; Wieder et al., 2015; Luo et al., 2017). 615 

Nitrogen is an essential component of enzymes, proteins, and secondary metabolites (van 616 

Oijen and Levy, 2004). Plant and microbial production require N to meet their stoichiometric 617 

demands, influencaffecting the C balance and nutrient turnover of ecosystems  (Cleveland et 618 

al., 2013; Wieder et al., 2015b).  Since N limitation is widespread for plant growth in 619 

terrestrial ecosystems (LeBauer et al., 2008), On one hand, increasing ecosystem C 620 

assimilation with atmospheric CO2 increases the C:N ratios both in plant and soil, thus 621 

reduces the amount of additional N required (Rastetter et al., 1992). On the other hand, 622 

increasing soil C:N ratio leads to decomposing micoorganisms costing more nitrogen, further 623 

affecting nitrogen mineralization and reducing efficiency of C assimilation (Gill et al., 2002). 624 

Although there is abundant N in the atmosphere, it is difficultcost a lot of energy to make it 625 

available for biological systems (Houlton et al., 2008). As a consequence, the biological N 626 

availability , which strongly affects C storage in ecosystems, is often highly correlated with 627 

key metabolic ecological rateprocesses,s such as photosynthesis C assimilation (Field and 628 

Mooney, 1986; Du et al., 2017), plant allocation (Kuzyakov et al., 2013) and , plant and 629 

respiration (Sprugel et al., 1996), and litter and soil organic matter (SOM) decomposition 630 

(Terrer et al., 2016). Nitrogen dynamics thus playss an important role in governing the C 631 

balance and turnover of terrestrial ecosystem C storage (García-Palacios et al., 2013; Shi et 632 

al., 2015). 633 

Given the importance of N availability on C sink projections (Hungate et al., 2003; Wang 634 

and Houlton 2009, Zaehle et al., 2015, Wieder et al., 2015b), N processes are increasingly 635 

incorporated into biogeochemical models. The representation of N cycling and their feedback 636 

to C cycling in models reflects what has been established in the ecosystem research 637 

community. Early C-N coupled models demonstrated that the N availability limits limited C 638 

storage capacity with associated influences effects on plant photosynthesis and growth and 639 

can lead to growth enhancement when N mineralization increases in many terrestrial 640 

ecosystems (i.e., progressively increasing N limitation) (Melillo et al., 1993; Luo et al., 2004). 641 

Recent studies have largely confirmed these results by improving C-N coupling models with 642 

multiple hypotheses Evidences from more recently studies have largely confirmed these 643 
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results and have generated multiple hypotheses for improving C-N coupling models (Zhou et 644 

al., 2013; Zaehle et al., 2014; Thomas et al., 2015). These hypothesesey include the plant 645 

down-regulation productivity based on N required for cell construction or N availability for 646 

plant absorption (Thornton et al., 2009; Gerber et al., 2010), constant or flexible 647 

stoichiometry for allocation and tissue (Wang et al., 2001; Shevliakova et al., 2009; Zaehle et 648 

al., 2010), competition between plants and microbes for soil nutrients (Zhu et al., 2017), 649 

Evapotranspiration (ET)- or NPP-driven empirical functions to generate spatial estimates of 650 

biological N fixation (BNF) (Cleveland et al., 1999; Wieder et al., 2015a; Meyerholt et al., 651 

2016), and respiration of excess C to obtain N from environment and/or to prevent the 652 

accumulation of C beyond the storage capacity (Zaehle et al., 2010). These knowledge haves 653 

significantly helped improve our understanding of the terrestrial C-N coupling and areis an 654 

important basis to develop comprehensive terrestrial process-based models (Thornton et al., 655 

2007; Thomas et al., 2013). However, simulated results of the terrestrial C cycle illustrated 656 

considerable spread among models, and much of uncertainty arose from predictions of N 657 

effects on C dynamic (Arora et al., 2013; Zaehle et al., 2015). The contradictory results were 658 

largely from different representations of fundamental N processes (e.g., the degree of 659 

flexibility of C:N ratio in vegetation and soils, plant N uptake strategies, pathways of N 660 

exportimport, decomposition, and the representations of the competition between plants and 661 

microbes for mineral N) (Sokolov et al., 2008; Wania et al., 2012; Walker et al., 2015). 662 

Furthermore, the methodology used to derive the C-N coupling schemes among models 663 

variesd largely, which mightay be invalid for the model intercomparisonss to provide insight 664 

into the underlying mechanism of N status for terrestrial C cycle projection. 665 

In the past decades, terrestrial models integrated more and more processes to improve 666 

model performance (Koven et al., 2013; Todd-Brown et al., 2013; Wieder et al., 2014). While 667 

Tthe more processes incorporated, the more difficult it becomes to understand or evaluate 668 

model behaviors (Luo et al., 2015). The traceability analysis has been developed to diagnose 669 

the simulation results within (Xia et al. (2013; Ahlström et al., 2015) and among (Rafique et 670 

al., 2016; Zhou et al., 2018) modelsdeveloped a traceability analysis framework that helped 671 

improve the comparability of models and data, evaluated impacts of additional model 672 

components (Ahlström et al., 2015) (references??), facilitated benchmark analyses (Luo et al., 673 

2012), model intercomparisons (Zhou et al., 2018), and data-model fusion (Hararuk et al., 674 

2014), and improved model predictive power (Huang et al., 2018). Based on the traceability 675 

analysis framework, key traceable elements, including fundamental properties of the 676 
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terrestrial C cycle and their representations in shared structures among existing models, can 677 

be identified and characterized under different sources of variation (e.g., external forcing and 678 

uncertainty in processes) compared to the achieved predictive ability. The traceability 679 

analysis framework enables diagnosis of where models are clearly lacking predictive ability 680 

and evaluation of the relative benefit when more or alternative components are added to the 681 

models (Luo et al., 2015). 682 

The presentis study is designed to examine the effects of C-N coupling under different 683 

schemes of model representation on ecosystem C storage in the Terrestrial Ecosystem (TECO) 684 

model with the traceability analysis framework. Three schemes of model representation were 685 

conducted mainly based on TECO-CN 2.0 (SM1), CLM 4.5 (SM2), and O-CN (SM3, Table 686 

1). The three C-N schemes differ in degrees of flexibility of C:N ratio in vegetation and soils, 687 

plant N uptake strategies, pathways of N import, and the representations of the competition 688 

between plants and microbes for soil available N. Based on the forcing data of ambient CO2 689 

concentration, N deposition, and meteorological data (i.e., air temperature, soil temperature, 690 

relative humidity, vapour pressure deficit, precipitation, wind speed, photosynthetically 691 

active radiation) obtained from Duke Forest during the period of 1996-2007, we conduct 692 

three alternative C-N coupling schemes (i.e., SM1, SM2 and SM3) as well as C-only in 693 

TECO model framework to compare their effects on the ecosystem C storage capacity using 694 

traceability analysis framework. The N-processes sensitivity analysis was carried out to 695 

evaluate the variability in estimated ecosystem C storage caused by the process-related 696 

parameters at the steady state. 697 

 698 

2. Materials and methods 699 

2.1 Data sources 700 

The forcing datasets used in this study were taken from the AmeriFlux site at Duke free-air 701 

CO2 enrichment (FACE)Forest experiment, located in the Blackwood Division, North 702 

Carolina, USA (35.97o N, 79.08o W). The flux tower lies on a 15-year-old loblolly pine 703 

(Pinus taeda L.) plantation. The meteorological forcing data were downloaded from the 704 

AmeriFlux database at http://ameriflux.lbl.gov, including ambient CO2 concentration ([CO2]), 705 

air temperature at the top canopy (Ta), soil temperature (Ts), photosynthetically active 706 

radiation (PAR), relative humidity (RH), vapor pressure deficit (VPD), precipitation, wind 707 

speed [Ws], and N deposition. All forcing data sets are available from 1996 to 2007. To set 708 

the initial condition for the models, we collected the related datasets from the previous 709 
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studies. Standing biomass and biomass production datadate at each plot for plant 710 

compartments (i.e., foliage, fine root and woody biomass, including branches and coarse 711 

roots) were taken from McCarthy et al. (2010). The C and N concentration data for each plant 712 

compartment based on Finzi et al. (2007) were used to estimate C and N stocks and fluxes. 713 

Plant N demand and uptake were calculated from these data following measured by Finzi et 714 

al. (2007). The C and N concentrations of litter and SOM were obtained from Lichter et al. 715 

(2008). 716 

 717 

2.2 Model description and C-N schemes 718 

2.2.1 TECO-CN 2.0 719 

The terrestrial ecosystem C-N coupling model (TECO-CN, version 2.0) used in the present 720 

study is a variant of the TECO-Carbon-only version (TECO-C) by incorporating additional 721 

key N processes (FigureFig. 1). TECO-C model is a process-based ecosystem model 722 

designed to examine critical processes regulating interactive responses of plants and 723 

ecosystems to climate change. It has four major components: canopy photosynthesis module, 724 

plant growth module, soil water dynamic module, and soil C dynamic module. The canopy 725 

photosynthesis and soil water dynamic modules run at hourly time step while the plant 726 

growth and soil C dynamic modules run at the daily time step. The detailed description of the 727 

TECO-C model can be found in Weng and Luo (2008).  728 

The N cycle added to the TECO model for this study is simplified following the structure 729 

of Luo & Reynolds (1999), Gerber et al. (2010), and Wang et al. (2010). It has a similar 730 

structure to the TECO-C model (FigureFig. 1). There are nine organic N pools and one 731 

inorganic soil N pool, including plant, litter and soil N pools. The plant N pools include 732 

leaves, wood, roots, and mineral N in plant tissues. The litter and soil N pools include 733 

metabolic and structural litter N, fast, slow, and passive soil organic N (SON), and soil 734 

mineral N pools. The total plant N demand on each time step is calculated following the NPP 735 

allocation to new tissue growth based on their C:N ratios. To meet the demand, the plant N 736 

supply is calculated from three parts, including the retranslocated N from senescing tissues, 737 

plant uptake from soil mineral N pool, and external N sources from atmospheric deposition 738 

and biological N fixation. The N absorbed by roots enters into the mineral N pool in plant 739 

tissues, and then is allocated to the remaining plant pools with plant growth. The N in leaves 740 

and fine roots is reabsorbed before senescence. Plant litters will enter metabolic or structural 741 

pools depending on their C:N ratios. 742 
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The allocation coefficients act as the key factor to determine the baseline C residence time 743 

in this study. Allocation ofPlant assimilated C among allocating to the leaves, stems and roots 744 

depends on their growth rates, and which varyies with phenology (Luo et al., 1995; Denison 745 

and Loomis, 1989; Shevliakova et al., 2009; Weng and Luo, 2008): 746 

𝑏𝑙 =
1

1+𝑐1+𝑐2
      (1) 747 

𝑏𝑠 =
𝑐2

1+𝑐1+𝑐2
      (2) 748 

𝑏𝑟 =
𝑐1

1+𝑐1+𝑐2
      (3) 749 

where 𝑏𝑙, 𝑏𝑠 and 𝑏𝑟 are the partitioning coefficient of newly assimilated C to leaves, stems 750 

and roots, respectively. Parameters 𝑐1 and 𝑐2 are calculated as: 751 

𝑐1 =
𝑏𝑚𝑙

𝑏𝑚𝑟
∗
𝐶𝑁𝑙

𝑖

𝐶𝑁𝑙
0      (4) 752 

𝑐2 = 0.5 ∗ 250𝑒
3 ∗ 𝑆𝐿𝐴 ∗ 0.00021 ∗ ℎ2   (5) 753 

where 𝑏𝑚𝑙 and 𝑏𝑚𝑟  are the leaf and root biomass; 𝐶𝑁𝑙
𝑖  and 𝐶𝑁𝑙

0 represent the C:N ratios of 754 

the leaf pool at 0 and current time step, respectively; 𝑆𝐿𝐴 is specific leaf area; ℎ is plant 755 

height, which is calculated as: 756 

ℎ = ℎ𝑚𝑎𝑥(1 − exp (−ℎ1 ∗ 𝑏𝑚𝑃))    (6) 757 

where ℎ𝑚𝑎𝑥 is the maximum canopy height; ℎ1 is an empirical parameter and 𝑏𝑚𝑃 is plant 758 

biomass. 759 

 760 

2.2.2 C-N coupling schemes 761 

We conducted four experiments including three simulations with their representations of C-N 762 

coupling schemes (SM1, SM2 and SM3) and an additional C-only simulation in TECO model 763 

framework. The three C-N interaction simulations include one original scheme in TECO-764 

CN2.0 model and the other two schemes representing CLM4.5-BGC and O-CN. The three C-765 

N coupling schemes differ in the representation of down-regulation of photosynthesis, the 766 

degree of flexibility of C:N ratio in vegetation and soils (i.e., fixed C:N ratio in SM2, flexible 767 

C:N ratio in SM1 and SM3), plant N uptake strategies, pathways of N import to the plant 768 

reserves, and the competition between plants, and microbes for soil mineral N (Table1, 769 

FigureFig. 2). 770 

 771 

SM1 (TECO-CN2.0) 772 

Formatted: Space Before:  0.5 line, After:  0.5
line



27 
 

The N down-regulation of photosynthesis in SM1 is determined by the comparison between 773 

plant N demand and actual supply of N: 774 

𝑓𝑑𝑟𝑒𝑔 = min (
𝑁𝑠𝑢𝑝

𝑁𝑑𝑒𝑚𝑎𝑛𝑑
, 1)     (7) 775 

where 𝑁𝑑𝑒𝑚𝑎𝑛𝑑 is plant N demand, and 𝑁𝑠𝑢𝑝 (g N m-2 s-1) is actual supply of N obtained from 776 

re-translocated N, plant N uptake, and biological N fixation. 𝑁𝑑𝑒𝑚𝑎𝑛𝑑 (g N m-2 s-1) is plant N 777 

demand, which is calculated as: 778 

𝑁𝑑𝑒𝑚𝑎𝑛𝑑 = ∑
𝐶𝑖

𝐶𝑁𝑖
0𝑖=𝑙𝑒𝑎𝑓,𝑤𝑜𝑜𝑑,𝑟𝑜𝑜𝑡      (8) 779 

where 𝐶𝑖 is the current time step C pool size of plant tissue at the current time step, and 𝐶𝑁𝑖
0 780 

is the last time step C:N ratio of plant tissue at the last time step. 781 

The re-translocated N is calculated as: 782 

𝑁𝑟𝑒𝑡𝑟𝑎𝑛𝑠 = ∑ 𝑟𝑖 × 𝑜𝑢𝑡𝐶𝑖/𝐶𝑁𝑖𝑖=𝑙𝑒𝑎𝑓,𝑤𝑜𝑜𝑑,𝑟𝑜𝑜𝑡    (89) 783 

where 𝑟𝑖 is the N resorption coefficient, 𝐶𝑁𝑖 is the C:N ration and 𝑜𝑢𝑡𝐶𝑖  (g C m-2 s-1) is the 784 

value of C leaving plant pool i inat each time step.  785 

The plant N uptake (g N m-2 s-1) from soil mineral N pool is a function of root biomass 786 

density (Roottotal, g C m-2) and N demand of plants, following McMurtrie et al. (2012)  787 

𝑁𝑢𝑝𝑡𝑎𝑘𝑒 = 𝑚𝑖𝑛(max (0, 𝑁𝑑𝑒𝑚𝑎𝑛𝑑 − 𝑁𝑟𝑒𝑡𝑟𝑎𝑛𝑠), 𝑓U,max × 𝑆𝑁mine ×
𝑅𝑜𝑜𝑡total

𝑅𝑜𝑜𝑡total+𝑅𝑜𝑜𝑡0
)   (910) 788 

where Ndemand is the N demand of plants; SNmine (g N m-2) is the soil mineral N (gN m-2); 789 

fU,max is the maximum rate of N absorption per step when Roottotal approaches infinity; and 790 

Root0 (g C m-2) is a constant of root biomass (g C m-2) at which the N-uptake rate is half of 791 

the parameter fU,max. 792 

The biological N fixation (g N m-2 s-1) is calculated as:  793 

𝑁𝐵𝑁𝐹 = min (max(0, 𝑁𝑑𝑒𝑚𝑎𝑛𝑑 − 𝑁𝑟𝑒𝑡𝑟𝑎𝑛𝑠 − 𝑁𝑢𝑝𝑡𝑎𝑘𝑒), 𝑛𝑓𝑖𝑥 × 𝑓𝑛𝑠𝑐 ×𝑁𝑆𝐶)  (1011) 794 

where 𝑛𝑓𝑖𝑥 = 0.0167 is the maximum N fixation ratio and 𝑓𝑛𝑠𝑐  is the nutrient concentration 795 

limiting factor. 𝑓𝑛𝑠𝑐 is calculated as 796 

𝑓𝑛𝑠𝑐 = {

     0,       𝑁𝑆𝐶 < 𝑁𝑆𝐶𝑚𝑖𝑛
𝑁𝑆𝐶−𝑁𝑆𝐶𝑚𝑖𝑛

𝑁𝑆𝐶𝑚𝑎𝑥−𝑁𝑆𝐶𝑚𝑖𝑛
, 𝑁𝑆𝐶𝑚𝑖𝑛 < 𝑁𝑆𝐶 < 𝑁𝑆𝐶𝑚𝑎𝑥

       1,       𝑁𝑆𝐶 > 𝑁𝑆𝐶𝑚𝑎𝑥

  (1112) 797 

where 𝑁𝑆𝐶𝑚𝑖𝑛 (g C m-2) and 𝑁𝑆𝐶𝑚𝑎𝑥 (g C m-2) are the minimal and maximal sizes of 798 

nonstructural C pool, respectively. 799 

The soil microbial immobilization (g N m-2 s-1) is calculated as: 800 
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𝐼𝑚𝑚𝑁 =  

{
 
 

 
 ∑ 𝑚𝑖𝑛 ((

𝐶𝑖

𝐶𝑁0𝑖
−

𝐶𝑖

𝐶𝑁𝑖
) , 0.1 ∗ 𝑆𝑁𝑚𝑖𝑛)  𝑓𝑜𝑟 𝐶𝑁𝑖 ≥ 𝐶𝑁0𝑖

8
𝑖=4

∑ 𝑚𝑖𝑛 ((
𝐶𝑖

𝐶𝑁𝑖
−

𝐶𝑖

𝐶𝑁0𝑖
) , 0.1 ∗ 𝑆𝑁𝑚𝑖𝑛)

8
𝑖=4  𝑓𝑜𝑟 𝐶𝑁𝑖 < 𝐶𝑁0𝑖

       (13) 801 

Two pathways of  802 

Two pathways of N loss are modeled. One is gaseous loss (𝑁𝑔𝑎𝑠_𝑙𝑜𝑠𝑠, g N m-2 s-1) and another 803 

is leaching (𝑁𝑙𝑒𝑎𝑐ℎ, g N m-2 s-1). They bBoth are proportional to the availability of soil 804 

mineral N ( 𝑆𝑁𝑚𝑖𝑛, g N m-2). The equations are: 805 

𝑁𝑔𝑎𝑠_𝑙𝑜𝑠𝑠 = 𝑓𝑛𝑔𝑎𝑠 ×  𝑒
𝑇𝑠𝑜𝑖𝑙−25

10 ×  𝑆𝑁𝑚𝑖𝑛    (1214) 806 

𝑁𝑙𝑒𝑎𝑐ℎ =  𝑓𝑛𝑙𝑒𝑎𝑐ℎ × 
𝑉𝑟𝑢𝑛𝑜𝑓𝑓

ℎ𝑑𝑒𝑝𝑡ℎ
×  𝑆𝑁𝑚𝑖𝑛    (1315) 807 

where 𝑓𝑛𝑔𝑎𝑠 = 0.001 and 𝑓𝑛𝑙𝑒𝑎𝑐ℎ = 0.5, 𝑇𝑠𝑜𝑖𝑙(
oC) is the soil temperature, 𝑉𝑟𝑢𝑛𝑜𝑓𝑓 (mm s-1) is 808 

the value of runoff, and ℎ𝑑𝑒𝑝𝑡ℎ (𝑚𝑚) is the soil depth. 809 

 810 

SM2 (CLM4.5bgc) 811 

The N down-regulation of photosynthesis in SM2 is calculated as: 812 

𝑓𝑑𝑟𝑒𝑔 =
𝐶𝐹𝑎𝑙𝑙𝑜−𝐶𝐹𝑎𝑣𝑎𝑖𝑙_𝑎𝑙𝑙𝑜𝑐

𝐶𝐹𝐺𝑃𝑃𝑝𝑜𝑡
      (1416) 813 

where 𝐶𝐹𝑎𝑙𝑙𝑜 (g C m-2 s-1) is the total flux of allocated C, which is determined by available 814 

mineral N. 𝐶𝐹𝑎𝑣𝑎𝑖𝑙_𝑎𝑙𝑙𝑜𝑐 (g C m-2 s-1) is the potential C flux from photosynthesis, which can 815 

be allocated to new growth. 𝐶𝐹𝐺𝑃𝑃𝑝𝑜𝑡 (g C m-2 s-1) is the potential gross primary productivity 816 

(GPP) when there is no N limitation. 817 

The re-translocated N (g N m-2 s-1) is calculated as: 818 

𝑁𝑟𝑒𝑡𝑟𝑎𝑛𝑠 = min (𝑁𝑑𝑒𝑚𝑎𝑛𝑑 × 
𝑁𝑟𝑒𝑡𝑟𝑎𝑛𝑠𝑎𝑛𝑛

𝑁𝑑𝑒𝑚𝑎𝑛𝑑𝑎𝑛𝑛
, 𝑁𝑟𝑒𝑡𝑟𝑎𝑛𝑠_𝑎𝑣𝑎𝑖𝑙)  (1517) 819 

where 𝑁𝑟𝑒𝑡𝑟𝑎𝑛𝑠𝑎𝑛𝑛(gN m-2 y-1) is the previous year’s annual sum of re-translocated N 820 

obtained from senescing tissues, 𝑁𝑑𝑒𝑚𝑎𝑛𝑑𝑎𝑛𝑛 (g N m-2 y-1) is the previous year’s annual sum 821 

of plant N demand. 𝑁𝑟𝑒𝑡𝑟𝑎𝑛𝑠_𝑎𝑣𝑎𝑖𝑙 (g N m-2 s-1) is the available re-translocated N in senescing 822 

tissues, which is calculated by the proportional of senescing tissues. 823 

The plant N uptake (g N m-2 s-1) is described as: 824 

𝑁𝑢𝑝𝑡𝑎𝑘𝑒 = (𝑁𝑑𝑒𝑚𝑎𝑛𝑑 − 𝑁𝑟𝑒𝑡𝑟𝑎𝑛𝑠) × 𝑓𝑝𝑙𝑎𝑛𝑡_𝑑𝑒𝑚𝑎𝑛𝑑  (1618) 825 

where 𝑓𝑝𝑙𝑎𝑛𝑡_𝑑𝑒𝑚𝑎𝑛𝑑 is the fraction (from 0 to 1) of the plant N demand, which can be met 826 

given the current soil mineral N supply and competition with heterotrophs. 𝑓𝑝𝑙𝑎𝑛𝑡_𝑑𝑒𝑚𝑎𝑛𝑑 is 827 
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set to be equal to the fraction of potential immobilization demand (𝑓𝑖𝑚𝑚𝑜𝑏_𝑑𝑒𝑚𝑎𝑛𝑑) that is 828 

calculated as:  829 

𝑓𝑝𝑙𝑎𝑛𝑡_𝑑𝑒𝑚𝑎𝑛𝑑 = 𝑓𝑖𝑚𝑚𝑜𝑏_𝑑𝑒𝑚𝑎𝑛𝑑 =
𝑆𝑁𝑚𝑖𝑛

𝑁𝑝𝑙𝑎𝑛𝑡_𝑑𝑒𝑚𝑎𝑛𝑑+𝑁𝑖𝑚𝑚𝑜𝑏_𝑑𝑒𝑚𝑎𝑛𝑑
  (1719) 830 

where 𝑁𝑖𝑚𝑚𝑜𝑏_𝑑𝑒𝑚𝑎𝑛𝑑 (g N m-2 s-1) is the total potential N immobilization demand (i.e., total 831 

potential microbial N demand). 832 

The biological N fixation (g N m-2 s-1) is calculated as:  833 

𝑁𝐵𝑁𝐹 =
1.8(1 − 𝑒−0.03×𝑁𝑃𝑃𝑝𝑦)

(86400 × 365)
⁄    (1920) 834 

where 𝑁𝑃𝑃𝑝𝑦 (g C m-2 y-1) is the previous previous-year NPP. 835 

 836 

SM3 (O-CN) 837 

The N down-regulation of photosynthesis in SM3 is calculated as:  838 

𝑓𝑑𝑟𝑒𝑔 = 𝑎 + 𝑏 × 𝑁𝑙𝑒𝑎𝑓/𝐿𝐴𝐼      (2021) 839 

where a and b are empirical constants, and 𝑁𝑙𝑒𝑎𝑓/𝐿𝐴𝐼 (g N m-2) is foliage N per unit leaf area. 840 

The re-translocated N (g N m-2 s-1) is calculated as: 841 

𝑁𝑟𝑒𝑡𝑟𝑎𝑛𝑠 = ∑ 𝜏𝑖 ×𝑖=𝑙𝑒𝑎𝑓,𝑟𝑜𝑜𝑡 𝑓𝑡𝑟𝑎𝑛𝑠,𝑖    (2122) 842 

where 𝜏 (g N m-2 s-1) is the foliage or roots shed each step. 𝑓𝑡𝑟𝑎𝑛𝑠,𝑙𝑒𝑎𝑓 = 0.5 and 𝑓𝑡𝑟𝑎𝑛𝑠,𝑟𝑜𝑜𝑡 =843 

0.2 are the fractions of N re-translocated when the tissue dyingies off. 844 

The plant N uptake (g N m-2 s-1) is calculated as: 845 

𝑁𝑢𝑝𝑡𝑎𝑘𝑒 = 𝑣𝑚𝑎𝑥 × 𝑆𝑁𝑚𝑖𝑛 × (𝑘𝑁𝑚𝑖𝑛 +
1

𝑁𝑚𝑖𝑛×𝐾𝑁𝑚𝑖𝑛
) × 𝑓(𝑇𝑠𝑜𝑖𝑙) × 𝑓(𝑁𝐶𝑝𝑙𝑎𝑛𝑡) × 𝐶𝑟𝑜𝑜𝑡 846 

 (2223) 847 

where 𝑣𝑚𝑎𝑥 is maximum N uptake capacity per unit fine root mass, 𝑘𝑁𝑚𝑖𝑛 is the rate of N 848 

uptake not associated with Michaelis-Menten Kinetics, 𝐾𝑁𝑚𝑖𝑛 is the half saturation 849 

concentration of fine root N uptake. 𝑓(𝑇𝑠𝑜𝑖𝑙) is calculated as: 850 

𝑓(𝑇𝑠𝑜𝑖𝑙) = exp (308.56 ∗ (
1

56.02
−

1

𝑇𝑠𝑜𝑖𝑙+46.02
))  (2324) 851 

where 𝑇𝑠𝑜𝑖𝑙 (
oC) is soil temperature.  852 

𝐶𝑟𝑜𝑜𝑡 (g C m-2) is fine root mass. 𝑓(𝑁𝐶𝑝𝑙𝑎𝑛𝑡) is the dependency of N uptake on plant N 853 

status, and is calculated as: 854 

𝑓(𝑁𝐶𝑝𝑙𝑎𝑛𝑡) = max (
𝑁𝐶𝑝𝑙𝑎𝑛𝑡−𝑛𝑐𝑙𝑒𝑎𝑓,𝑚𝑎𝑥

𝑛𝑐𝑙𝑒𝑎𝑓,𝑚𝑖𝑛−𝑛𝑐𝑙𝑒𝑎𝑓,𝑚𝑎𝑥
, 0)   (2425) 855 
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where 𝑛𝑐𝑙𝑒𝑎𝑓,𝑚𝑖𝑛 and 𝑛𝑐𝑙𝑒𝑎𝑓,𝑚𝑎𝑥 are the minimum and maximum foliage N concentrations, 856 

respectively. 𝑁𝐶𝑝𝑙𝑎𝑛𝑡 (g N g-1C) is taken as the mean N concentration of foliage, fine roots, 857 

and labile N pools, representing the active and easily translocatable portion of plant N: 858 

𝑁𝐶𝑝𝑙𝑎𝑛𝑡 =
𝑁𝑙𝑒𝑎𝑓+𝑁𝑟𝑜𝑜𝑡+𝑁𝑙𝑎𝑏𝑖𝑙𝑒

𝐶𝑙𝑒𝑎𝑓+𝐶𝑟𝑜𝑜𝑡+𝐶𝑙𝑎𝑏𝑖𝑙𝑒
     (2526) 859 

The biological N fixation (g N m-2 s-1) is calculated as: 860 

𝑁𝐵𝑁𝐹 = 0.1 × max(0.0234 × 30 × 𝐴𝐸𝑇 + 0.172,0) /(86400 × 365)   (2627) 861 

where AET (mm y-1) is the mean annual evapotranspiration. 862 

 863 

2.3 Traceability analysis framework 864 

The traceability analysis framework was used to evaluate the variation of the modeled 865 

ecosystem C storage capacity under different C-N schemes (FigureFig. S1). According to the 866 

traceability analysis framework (Xia et al., 2013), the modeled C storage capacity can be 867 

traced to (i) a product of NPP and ecosystem residence time (𝜏𝐸). The latter 𝜏𝐸  can be further 868 

traced to (ii) baseline C residence time (𝜏𝐸
′ ), which is usually preset in a model according to 869 

vegetation characteristics and soil types, (iii) N scalar (𝜉𝑁), (iv) environmental scalars (𝜉) 870 

including temperature (𝜉𝑇) and water (𝜉𝑊) scalars, and (v) the external climate forcing. The 871 

framework for decomposing modeled C storage capacity into a few traceable components is 872 

built upon a pool- and flux- structure, which is adopted in all of the terrestrial C models. The 873 

structure can well be represented by a matrix equation (Luo et al., 2003; Luo and Weng, 874 

2011): 875 

𝑑𝑋(𝑡)

𝑑𝑡
= 𝐵𝑈(𝑡) − 𝐴𝜉𝐶𝑋(𝑡)      (2728) 876 

where 𝑋(𝑡) = (𝑋1(𝑡), 𝑋2(𝑡), … , 𝑋8(𝑡))
𝑇 is an 8 × 1 vector describing eight C pool sizes in 877 

leaf, root, wood, metabolic litter, structural litter, fast, slow, and passive soil organic C, 878 

respectively, in the TECO model (Weng and Luo, 2008). 𝐵 = (𝑏1,  𝑏2, 𝑏3, 0, … ,0)
𝑇 represents 879 

the partitioning  coefficientspartitioning coefficients of the photosynthetically fixed C into 880 

different plant pools. U(t) is the input of fixed C via plant photosynthesis. A is an 8 × 8 matrix 881 

representing the C transfer between pools. 𝜉 is an 8 × 8 diagonal matrix of control of plant N 882 

status and environmental scalars on C decay rate at each time step. C is an 8 × 8 diagonal 883 

matrix representing the C exit rates from a pool at each time step.  884 

The C storage capacity equals to the sum of C in all pools at the steady state (𝑋𝑠𝑠), which 885 

can be obtained by making Eqn.(2728) equal to zero as described in Xia et al. (2013): 886 

𝑋𝑠𝑠 = (𝐴𝜉𝐶)−1𝐵𝑈𝑠𝑠      (2829) 887 
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The vector 𝑈𝑠𝑠 is the ecosystem C influx at the steady state. The partitioning (B vector), 888 

transfer coefficients (A matrix), and exit rates (C matrix) in Eqn. (2728) together determine 889 

the baseline C residence time (𝜏𝐸
′ ): 890 

𝜏𝐸
′ = (𝐴𝐶)−1𝐵       (2930) 891 

The baseline C residence time (𝜏𝐸
′ ) in Eqn. (2930), N scalars (𝜉𝑁) and environmental scalars 892 

(𝜉𝐸) values together determine the C residence time (𝜏𝐸): 893 

𝜏𝐸 = 𝜉
−1𝜏𝐸

′ = (𝜉𝑁 × 𝜉𝐸)
−1𝜏𝐸

′      (3031) 894 

Thus, the C storage capacity is jointly determined by the ecosystem residence time (𝜏𝐸) and 895 

steady steady-state C influx (𝑈𝑠𝑠): 896 

𝑋𝑠𝑠 = 𝜏𝐸𝑈𝑠𝑠       (3132) 897 

The environmental scalar is further separated into the temperature (𝜉𝑇) and water (𝜉𝑊) scalar 898 

componentss, which can be represented as: 899 

𝜉𝐸 = 𝜉𝑇 × 𝜉𝑊       (3233) 900 

As the respiration and decomposition rate modifier, Tthe N scalar is given by vector 𝜉𝑁 =901 

(𝜉𝑁1(𝑡), 𝜉𝑁2(𝑡), … , 𝜉𝑁8(𝑡))
𝑇 . The component 𝜉𝑁𝑖(𝑡) quantifies the changes of N content at 902 

each time step compared with initial condition in the C plant pool i. It is calculated as: 903 

𝜉𝑁𝑖 = exp (−
𝐶𝑁𝑖

0−𝐶𝑁𝑖
𝑛

𝐶𝑁𝑖
0 )      (3334) 904 

where 𝐶𝑁𝑖
0 and 𝐶𝑁𝑖

𝑛 are the C:N ratios of the pool i at 0 and n time step, respectively. 905 

 906 

2.4 Model simulations and sensitivity analysis  907 

To obtain the modeled C storage capacity, we spun up the TECO model with the C-only and 908 

three C-N coupling schemes to the steady state using the semi-analytical solution method 909 

developed by Xia et al. (2012). In this study, the meteorological forcings of 1996-2007 with 910 

the time step of half an hour were used to run the models to the steady state. Once the 911 

simulations are spun up to the steady state, C and N fluxes and state variables as well as the 912 

matrix elements A, C, B, and 𝜉 in Eqn.(2829) from all time steps in the last recycle of the 913 

climate forcing were saved for the traceability analysis. 914 

The sensitivities of both NPP and mean C residence time (MRT) andas well as ecosystem 915 

C storage capacity to each main N process in three schemes were calculated as: 916 

𝑆𝑖
𝑁𝑃𝑃(𝑃) =

𝑁𝑃𝑃𝑖
+(𝑃)−𝑁𝑃𝑃𝑖

−(𝑃)

𝑁𝑃𝑃𝑖
0      (3435) 917 

𝑆𝑖
𝑀𝑅𝑇(𝑃) =

𝑀𝑅𝑇𝑖
+(𝑃)−𝑀𝑅𝑇𝑖

−(𝑃)

𝑀𝑅𝑇𝑖
0      (3536) 918 
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𝑆𝑖
𝐸𝐶𝑆𝐶(𝑃) = 𝑆𝑖

𝑁𝑃𝑃(𝑃) × 𝑆𝑖
𝑀𝑅𝑇(𝑃)    (37) 919 

 920 

where 𝑆𝑖
𝑁𝑃𝑃(𝑃), and 𝑆𝑖

𝑀𝐶𝑅𝑇(𝑃), and 𝑆𝑖
𝐸𝐶𝑆𝐶(𝑃) (𝑖 = 1, 2, 3) represent the sensitivities of the 921 

NPP, and MRT and ecosystem C storage capacity to the N-process P in the scheme i, 922 

respectively. 𝑁𝑃𝑃𝑖
+(𝑃) and 𝑁𝑃𝑃𝑖

−(𝑃) are the annual mean values of NPP that were 923 

simulated in scheme i based on the value of the N-process P (i.e., list in Table 1) (ie., DRP, 924 

PS, PUN, PMC, BNF, RtrN and SS) by increasing 50% and decreasing 50%, respectively. 925 

𝑀𝑅𝑇𝑖
+(𝑃) and 𝑀𝑅𝑇𝑖

−(𝑃) are the annual mean values of MRTs that were simulated atin the 926 

same way as NPP and calculated using Eqn.(2930) and Eqn.(3031). 𝑁𝑃𝑃𝑖
0 and 𝑀𝑅𝑇𝑖

0 are the 927 

annual mean values of NPP and MRT at the steady state in the scheme i. 928 

 929 

3. Results 930 

3.1 Simulations of C and N dynamics at steady state 931 

At the steady state, the dynamics of N fluxes and soil mineral N showed different patterns 932 

among  three C-N schemes in the TECO model (FigureFig. 3). The simulated soil N 933 

mineralization and plant N uptake fluxes in SM2 displayed the largest daily variations 934 

(0.0015 and 0.00086 g N m-2d-1, respectively) and annual mean values (1.26 and 0.23 g N m-935 

2yr-1, respectively) among three C-N schemes. For the N leaching flux, SM1 showed the 936 

largest daily variation (0.04 g N m-2d-1) and annual mean value (0.36 g N m-2yr-1). However, 937 

the biological N fixation (BNF) flux in SM1 showed the largest daily variation (0.028 g N m-938 

2d-1) but but with the smallest annual value (0.04 g N m-2yr-1) among three C-N schemes. For 939 

tThe N immobilization fluxes in , SM3 simulated displayed the largest daily variation (0.0013 940 

g N m-2d-1) and SM1 showed the largest annual mean value (1.15 g N m-2yr-1). The dynamics 941 

of soil mineral N in SM2 and SM3 displayed the similar patterns on the daily and annual 942 

dynamics. 943 

Compared with the TECO-C model, the three C-N coupling schemes introduced 944 

significant signs of N limitation on forest growth at the steady state but with varying strength 945 

magnitude (FigureFig. 4). Specifically, the three N schemes resulted incaused significant 946 

reductions in GPP (10%, 10% and 12% for SM1, SM2 and SM3, respectively) compared to 947 

the C-only TECO model. Similar response patterns were also found on NPP, ecosystem 948 

respiration, and heterotrophic respiration. Among the three schemes, SM3 had the strongest 949 

effect (45%, 12% and 45% reduction for NPP, ecosystem respiration, and heterotrophic 950 

respiration, respectively), while SM2 had the weakest effect (15%, 8% and 13%, respectively) 951 
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and there was the effect of SM1 was relatively moderate the effect in SM1 was moderate 952 

(29%, 10% and 29%, respectively). However, by comparison with the TECO-C version, both 953 

the SM1 and SM2 schemes increased the autotrophic respiration (R-auto) by 12% and 27%, 954 

respectively, and SM2 scheme increased the NEE by 32%. Due to the NSC pool of TECO 955 

model, NEE were positive in all the experiments at the steady state (Weng and Luo, 2008).  956 

Three C-N coupling schemes introducedinduced in different effects on C and N 957 

stoichiometric status for different pools (Figs.ure 5 and Figure S2). All three schemes had 958 

significant limitation signs on woody, structural litter, fast and slow SOM pools but with 959 

different strengthmagnitudes (FigureFig. 5a). SM2 had the highest C sizes for the roots 960 

(731.8 g C m-2) and metabolic litter (1252.1 g C m-2) pools. However, while, SM1 had the 961 

highest C size for passive SOM pool (4249.5 g C m-2).  For the C:N ratio, SM2 had the 962 

constant C:N ratios for all the displaying pools (FigureFig. 5b). Compared with the SM2, 963 

while the C:N ratios for three displaying pools (leaf, root and structural litter) had no 964 

significant change in both SM1 and SM3. But inAs for both woody and metabolic litter pools, 965 

SM1 and SM3 had higher C:N ratios (357.2 and 357.9, respectively) compared with SM2 966 

(354). SM1 had the lowest C:N ratio (4.6) for soil passive SOM pool among the three 967 

schemes. 968 

The NPP and plant N uptake (PNU) joint determine the N use efficiency (NUE). The 969 

divergent effects of three C-N schemes on plant N uptake (FigureFig. 3), autotrophic 970 

respiration, NPP and PNU NPP (FigureFig. 4) lead to different N use efficiency (NUE) and 971 

carbon use efficiency (CUE) (FigureFig. 56). SM1 had the highest NUE (159.1 g C g-1 N), 972 

mainly resulting from its lowest plant N uptakePNU. In contrast, SM3 had the lowest NUE 973 

(67.3 g C g-1 N) as a result of its smallest NPP. Because of the hypothesis of N uptake for free, 974 

SM2 had the highest CUE (0.54) among three C-N schemes, which was close to that in the C-975 

only version (0.57). However, SM3 had the lowest CUE (0.35) , due to both C cost forof 976 

plant actively uptake N cost C and the assumption that increase respiration to remove the 977 

excess Caccumulated C. 978 

 979 

3.2 Simulation of C storage capacity 980 

The ecosystem C storage capacity also differed greatly among the three C-N coupling 981 

schemes as well as with and the C-only version of TECO model (Fig. 67). The C-only 982 

version had the largest C storage capacity (19.5 Kg C m-2) among the four simulations, 983 

resulting from due to its highest NPP (879.9 g C m-2 yr-1). The C storage capacity in SM1 984 

(15.1 Kg C m-2) was close to that in SM2 (13.7 Kg C m-2). The SM3 had the lowest C storage 985 
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capacity (8.9 Kg C m-2) among the four simulations as a result of its smallest NPP (483.9 g C 986 

m-2 yr-1) and relative short MRT (18.6 years). By comparison with the C-only version, the 987 

three C-N schemes all induced different reductions on NPP (-29%, -15% and -45% for SM1, 988 

SM2, SM3, respectively) and further reduced their ecosystem C storage capacity. For the 989 

MRT, SM1 the three C-N schemes exhibited positive contrasting effects between SM1 (+9%) 990 

relative to that in the C-only version, while and another two schemes induced negative ones 991 

(i.e., -16.9% in SM2 and -16.7% in SM3) compared with the C-only TECO model. 992 

 993 

3.3. Ecosystem C residence time 994 

Ecosystem C residence time (τE) is collectively determined by baseline residence time, N 995 

scalar, and environmental scalars as shown in Eqn. (3031). Specifically, differences in τE 996 

among three C-N coupling schemes and C-only TECO model are determined by baseline 997 

residence time and the effects of N scalar on eight plant C pools (Fig. 78). For example, SM1 998 

had the longest τE because the N scalar had very strong control on passive SOM. The baseline 999 

residence time were was further determined by the C allocation pattern (Fig. 89). Overall, 1000 

compared with C-only version, the additional N processes enhanced the partitioning 1001 

coefficient of NPP to roots (33%, 82% and 53%, respectively for SM1, SM2 and SM3, 1002 

respectively) but, while it decreased the partitioning coefficient to wood ( -25%, -45% and -1003 

34%, respectively). Furthermore, the decreased partitioning coefficient to wood (b2) 1004 

regulated the variations of the baseline residence time of wood, structural litter, slow and 1005 

passive SOM. However, the increased partitioning coefficient to roots (b3) determined the 1006 

variations of the baseline residence time of roots and metabolic litter. 1007 

 1008 

3.4. Sensitivity of N processes to NPP and MRT 1009 

For either NPP or MRT, the N processes had different sensitivities among the three C-N 1010 

schemes of TECO model (Fig. 910). For NPP, plant C:N ratio had the highest sensitivities in 1011 

both SM1 (0.32) and SM2 (0.53). However, plant N uptake in SM3 had the highest 1012 

sensitivity (0.87) for NPP. For MRT, competition between plants and microbes, down-1013 

regulation of photosynthesis and plant C:N had the highest sensitivities in SM1 (0.27), SM2 1014 

(0.19) and SM3 (0.56), respectively. As the NPP and MRT jointly determined the ecosystem 1015 

C storage capacity, the plant tissue C:N ratio, down-regulation of photosynthesis, and plant N 1016 

uptake had the highest sensitivities for the ecosystem C storage capacity in SM1 (0.06), SM2 1017 

(0.09) and SM3 (0.26), respectively. 1018 

 1019 
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4. Discussions 1020 

 1021 

4.1 Underlying N processes and plant production  1022 

Gross or net primary production (i.e., GPP or NPP or GPP) is regulated by the amount of N 1023 

availabilityle for plant growth through the N demand, which is set by the relative proportion 1024 

of biomass growth in the different plant components and their C:N stoichiometry (Zaehle et 1025 

al., 2014; Thomas et al., 2015). The limitation of equilibrium N on plant production reflects 1026 

the effects from multiple processes of the C-N interaction, mainly including down-regulation 1027 

of photosynthetic capacity (DRP) by N availability, the ecosystem’s balance of N inputs and 1028 

losses (i.e., net ecosystem N exchange, NNE), plant N uptake (PNU), soil N mineralization 1029 

(SNM), and the C:N stoichiometry of vegetation and soils. However, due to a lack of 1030 

consensus on the nature of the mechanisms, the representation of these processes varies 1031 

greatly among diverse models (Zaehle et al., 2014). 1032 

There are two common alternative assumptions of for the down-regulation of 1033 

photosynthesisDRP  that have been implemented in models: (1) the change in photosynthetic 1034 

capacity is directly associated with the magnitude of plant available N (e.g., SM2), and (2) N 1035 

limitation is associated with foliage N, which feeds back to limit photosynthetic capacity (e.g., 1036 

SM1 and SM3). Our results showed that both assumptions had significant limitations with 1037 

similar effects on GPP (Figures. .3a and 3g). The probable reason is that the TECO model 1038 

calculates photosynthesis by light availability vs.and carboxylation rate based on the 1039 

Farquhar model (Farquhar et al., 1980). The effects of N stress under the TECO framework, 1040 

either associated with plant available N or associated with foliage N concentration, are 1041 

estimated according to limiting factors of photosynthetic biochemistry (the maximum rate of 1042 

carboxylation, Vcmax, and the maximum rate of electron transport at saturating irradiance, 1043 

Vjmax). Th Note that the two assumptions of N down-regulation of photosynthesis may have 1044 

different time-dependent effects on GPP in nonsteady-state systems (Xu et al., 2012; Walker 1045 

et al., 2017) . 1046 

At or near the steady state, NNE net ecosystem N exchange is driven by the processes of 1047 

N input via deposition and fixation and N loss via leaching and volatilization stoichiometry 1048 

(Zaehle et al., 2014; Thomas et al., 2015). Previous studies have stated that analyzing the 1049 

steady-state condition is useful to understand N effects because the balance between external 1050 

N sources and N losses determine whether an ecosystem is N limited (Rastetter et al., 1997; 1051 

Menge et al., 2009; Thomas et al., 2015). In this study, divergent NPP responses among the 1052 

three schemes might partly result from their different representations of BNF (Figures. 3 and 1053 
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10). For exampleSpecifically, SM2 and SM3 simulated BNF explicitly, which used modified 1054 

empirical relationships ofto calculate BNF based on with NPP evapotranspiration (ET) and  1055 

evapotranspiration (ET)NPP, respectively. These phenomenological relationships generally 1056 

captured biogeographical observations of higher rates of BNF in humid environments with 1057 

high solar radiation (Wieder et al., 2015a). However, the highest response of NPP in only ET-1058 

driven BNF (i.e., SM3) may illustrate that not only energetic but also C costs of ‘fixing’ 1059 

atmospheric di-N (N2) into a biologically usable form (NH3) broadly affect NPP (Gutschick 1060 

1981, Rastetter et al., 2001). This was because SM3 considered C investments in BNF while 1061 

SM2 did not. By contrast, for the nonsteady state, the NPP-driven BNF creates a positive 1062 

feedback between BNF and NPP, possibly causing large impact on C dynamic and terrestrial 1063 

C storage (Wieder et al., 2015a). On the other hand, SM1 applied a different strategy, which 1064 

represents set BNF as an complement option when to thecombining with the plant N uptake 1065 

is enough for growth as the sources in terms of C investment, leading to the highest plant 1066 

NUE (FigureFig. 6a) but the a lowest lower response of BNF to NPP (FigureFig. 10a). 1067 

Another driving factor of NNE the net ecosystem N exchange is the N loss, which depends 1068 

on the rate of leaching and volatilization. In this study, Uusing the same formulation as 1069 

proportional to the size of soil mineral N pool among the three schemes, the divergent 1070 

different annual mean magnitude of N leaching was more correlated to soil mineral N. In the 1071 

original CLM4.5 and O-CN (Oleson et al., 2013; Zaehle et al., 2010), the soil mineral N pool 1072 

is divided into two pools (ammonium and nitrate).,  Tthe N leaching is only validacts only on 1073 

the nitrate pool, while the ammonium pool is assumed to be unaffected by leaching. This 1074 

hypothesis may reduce the correlation between leaching and total soil mineral N. 1075 

The processes of PNU plant N uptake and net N mineralization determine how N moves 1076 

through the plant-soil system, thereby triggering N limitation on plant growth and C storage 1077 

capacity (FigureFig. 10). However, to our knowledge, exploring those processes exactly in 1078 

models is limited by inadequate representation of above- and below-ground interactions that 1079 

control the patterns of N allocation and whole-plant stoichiometry (Zaehle et al., 2014; 1080 

Thomas et al., 2015). Plant tissue, litter, and SOM are the primary sinks of N in terrestrial 1081 

ecosystems, while N in these forms is not directly available for PNUplant uptake, leading to 1082 

an increase in N demand due tofor plant growth. On the other hand, t These N must turn over 1083 

to become available for plant uptakegrowth. Therefore, the time for N to stay in these 1084 

unavailable pools controls the transactional delay between the incorporation of N into plant 1085 

unavailable pool and becomes available for plant uptake. In this way, the residence time of N 1086 

in SOM appears to be an important factor for governing plant growth (see next section). In 1087 
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the presentis study, SM1 had the highest NUE from due to the combined effects of PNU plant 1088 

N uptake based on C investment strategy (as described above) and flexible tissue C:N ratio. 1089 

Nitrogen stress increased tissue C:N ratio (FigureFig. 5b), leading to a high microbial N 1090 

immobilization and then a lower net N mineralization (FigureFig. 3), which allowed plant 1091 

cell construction with a lower N requirement. However, this was not the case for the SM3 1092 

since both the hypotheseis of increasing respiration to remove the excess C accumulated 1093 

under N stress and the higher C investment for the BNF lead to the decrease in C  input and 1094 

then limits the microbial immobilization for the passive SOM pool. .The inclusion of flexible 1095 

C:N stoichiometry (i.e., PS&SS) appeared to be an important feature allowing models to 1096 

capture responses of the ecosystem C storage capacity response to climate variability through 1097 

adjusting the C:N ratio of nonphotosynthetic tissues or the whole-plant allocation among 1098 

tissues (Figures. 9 and 1Figure 10) with different C:N ratios (Zaehle & Friend, 2010). 1099 

However, it is unclear whether those regulatory mechanisms exist in reality. Further 1100 

modelling approaches need more reliable framework to predict stoichiometric flexibility. 1101 

 1102 

4.2 Ecosystem N status and C residence time 1103 

Ecosystem N status in models, including plant-available and unavailable N forms, is set by N 1104 

inputs from N fixation and N deposition, N losses from leaching and denitrification, and N 1105 

gain from the turnover of litter and SOM through tissue senescence and decomposition. As 1106 

noted above, external N cycle (i.e., N inputs and N losses) couples the N processes within the 1107 

plant-litter-SOM system, being mainly associated with the limitation of plant production 1108 

(Vitousek et al., 2004; Vicca et al., 2012; Craine et al., 2015)). The effects of ecosystem N 1109 

status on C mean residence time (MRT), however, has been much less studied than N 1110 

limitation on productivity of plants and soil organisms, largely because these effects involve 1111 

various impacts on C transfer among pools and C release from each pool via decomposition 1112 

and respiration (Thompson & Randerson, 1999; Xia et al., 2013). Therefore, the different 1113 

impacts of ecosystem N status induce oscillating N limitation on MRT (Figures. 8 and Figure 1114 

10) due to the inherently different assumptions of C-N interactions among three C-N 1115 

coupling schemes (Zhou et al., 2012; Shi et al., 2018)(references??). 1116 

At the steady state, the different effects of N status on changes in modelled MRT can be 1117 

attributed to: the different rate of soil N mineralization dependent on the total amount of N in 1118 

SOM and its turnover time, immobilization based on the competition strategy between plants 1119 

and microbes and their stoichiometry, and different deployment of reabsorbed N . The 1120 

traceability framework in this study can trace those different effects into three components 1121 
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(i.e., climate forcing, N scalar, and baseline MRT) based on three alternative C-N coupling 1122 

schemes under the TECO model framework.  Since the forcing data are identical, we 1123 

assumed the same effects for this component in all four experiments, which is thus not 1124 

discussed further in this section. 1125 

In our study, the N scalar was based on the dynamics of C:N ratios (Eqn. 3334). Therefore, 1126 

N scalar had no effect on MRT in SM2, resulting from the assumption of fixed C:N ratio in 1127 

all C pools (Figures.. 6c5b and 8c). In both SM1 and SM3, however, the N scalar had large 1128 

effects on the SOM pool, which is probably related to different mechanisms. Specifically, N 1129 

scalar in the SM1 had the contrasting effects on MRT of fast and passive SOM pools (i.e., 1130 

negative vs. positive, respectively), which may largely be attributed to the plant and microbe 1131 

competition strategy combining with a much larger passive SOM pool in TECO-CN2.0 1132 

model (Du et al., 2017; Zhu et al., 2017). Under N stress, the competition between plants and 1133 

microbes is expected to be intensified, resulting in increasing C:N ratio of nonphotosynthetic 1134 

tissues (e.g., wood and root) and the total C:N ratio. This effectively prevents N limitation of 1135 

cell construction and corresponds to an increase in whole-plant NUE (Thomas et al., 2015). 1136 

In this case, higher C:N ratio in those tissues lowers structural litter quality, leading to soil 1137 

microbes to immobilize more N to maintain their stoichiometric balance (Hu et al., 2001; 1138 

Manzoni et al., 2010). However, in the SM3, increased respiration acted as a mechanism to 1139 

remove the excess accumulated C, which is a stoichiometry-based implementation to prevent 1140 

the accumulation of labile C under N stress (Zaehle & Friend, 2010; Thomas et al., 2015). 1141 

This mechanism promotes absorption and respiration of the faster turnover pools (fast and 1142 

slow SOM pools, FigureFig. 5a), leading to increased C:N ratio and further decreased in the 1143 

MRT in these two pools (FigureFig. 8).  1144 

In the traceability framework, the baseline MRT is determined by the potential 1145 

decomposition rates of C pools (C matrix), coefficients of C partitioning of NPP (B vector), 1146 

and transfer coefficients between C pools (A matrix, Eqn. [2930]. Xia et al., 2013). The 1147 

matrices A and C are preset in the TECO model according to vegetation characteristics and 1148 

soil textures (Weng and Luo., 2008). Therefore, the notable spread in baseline MRT across 1149 

the C-N schemes was induced by the B vector, which was modified by different N-limitation 1150 

assumptions (Eqns. 1-6). Conceptually, in order to meet the N demand, plants adjust NPP 1151 

allocation to N absorption tissues (e.g., roots). In this study, three schemes all had similar 1152 

trends of adjusting allocation C from wood to roots (FigureFig.. 79), but with different 1153 

mechanisms. For both SM1 and SM3, increased root C allocation was mainly driven by N 1154 

uptake capacity, which is associated with plant competitiveness in SM1 and the respiration of 1155 
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excess labile C in SM3, respectively. However, for SM2, increasing root C allocation may 1156 

occur in spin-up stage from plant adjustment to whole-plant allocation among tissues to fit 1157 

fixed C:N ratio. 1158 

 1159 

5. Conclusions 1160 

The C-N coupling has been represented in ecosystem and land surface models with different 1161 

schemes, generating great uncertainties in model predictions. The most striking difference 1162 

among terrestrial C-N coupling models occurs with the degree of flexibility of C:N ratio in 1163 

vegetation and soils, plant N uptake strategies, pathways of N import,down-regulation of 1164 

photosynthesis,  and the representations of the pathways of N import.competition between 1165 

plants and microbes for soil mineral N. In this study, we evaluated alternative representations 1166 

of C-N interactions and their impacts on C cycle using the TECO model framework. Our 1167 

traceability analysis showed that different representations of C-N coupling processes lead to 1168 

divergent effects on both plant production and C residence time, and thus the ecosystem C 1169 

storage capacity. The plant production are mainly affected by the different assumptions on 1170 

net ecosystem N exchange, plant N uptake, net N mineralization, and the C:N ratio of 1171 

vegetation and soil. In comparison, the alternative representations of the plant and microbe 1172 

competition strategy, combining with the flexible C:N ratio in vegetation and soils, led to a 1173 

notable spread effects on C residence time. Identifying the representations of main C-N 1174 

processes under different schemes can help us to improve the N-limitation assumptions 1175 

employed in terrestrial ecosystem models and forecasting future C sink dynamic in response 1176 

to climate change. 1177 

 1178 
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Figure legends 1193 

Figure 1. Schematic diagram of the terrestrial ecosystem carbon (C) and nitrogen (N) 1194 

coupling model (TECO-CN2.0). (A) Canopy module, (B) Plant growth module, (C) Soil 1195 

water dynamics module, (D) Soil carbon-nitrogen coupling module. Rectangles represent the 1196 

carbon and nitrogen pools. Ra, autotrophic respiration. Rh, heterotrophic respiration. Retr., re-1197 

translocation. NSC, nonstructural carbohydrate. MNP, mineral N in plant tissues. SOM, soil 1198 

organic matter. * set N fixation as an option when the plant N uptake is enough for growth in 1199 

terms of C investment. 1200 

 1201 

Figure 2. Schematic diagram illustrating the major carbon (C) and nitrogen (N) flows and 1202 

stores in a terrestrial ecosystem, enclosing with alternative assumptions of N processes 1203 

represent in SM1, SM2 and SM3, respectively. Light-blue arrows indicate C-cycle processes 1204 

and red arrows show N-cycle processes.1,2,3 alternative assumptions of N processes represent 1205 

in scheme 1, 2 and 3, respectively. Met./Str. Litter, metabolic and/or structural litters; SOM, 1206 

soil organic matter. * set N fixation as an option when the plant N uptake is enough for 1207 

growth in terms of C investment in SM1, but go directly to soil mineral N pool in SM2 and 1208 

SM3. 1209 

Figure 3. Simulated nitrogen fluxes and soil mineral nitrogen from three carbon-nitrogen 1210 

coupling schemes (SM1, SM2 and SM3) in TECO-CN model for 1996 to 2007 at Duke 1211 

Forest. 1212 

Figure 4. Simulated annual (a-f) and mean (g-l) carbon fluxes from carbon-only version and 1213 

carbon-nitrogen coupled with three schemes (SM1, SM2 and SM3) of TECO model for 1996 1214 

to 2007 at Duke Forest. GPP, gross primary productivity; NPP, net primary productivity; 1215 

NEE, net ecosystem exchange of CO2; R-eco, ecosystem respiration; R-heter, heterotrophic 1216 

respiration; R-auto, autotrophic respiration. 1217 

Figure 5. The annual average sizes of carbon pools (panel a) at the steady-state among 1996-1218 

2007 for C-only version and the three C-N schemes (SM1, SM2 and SM3) and the C:N ratio 1219 

(panel b) of each carbon pools for the three C-N schemes (SM1, SM2 and SM3) in TECO-1220 

CN model. 1221 

Figure 56. The nitrogen use efficiency (NUE, panel a) in three C-N schemes of TECO model 1222 

(SM1, SM2 and SM3) and the carbon use efficiency (CUE, panel b) at the steady-state 1223 

among C-only version and the three C-N schemes of TECO model (SM1, SM2 and SM3). 1224 

The nitrogen use efficiency (NUE) in three C-N schemes of TECO model (SM1, SM2 and 1225 

SM3). 1226 

Figure 67. Simulation of annual ecosystem carbon storage capacity for 1996 to 2006 at Duke 1227 

Forest by carbon in flux (NPP, x axis) and ecosystem residence time (τE, y axis) in TECO 1228 

model framework with three carbon-nitrogen coupling schemes (SM1, SM2 and SM3) and in 1229 

TECO C-only model (C). Inset (a), ecosystem carbon residence time (τE) in SM1, SM2, SM3 1230 

and C-only model; inset (b), mean ecosystem carbon storage simulated among SM1, SM2, 1231 

SM3 and C-only model; inset (c), relative change of NPP and ecosystem residence time 1232 

simulated among three schemes compared with in C-only model. 1233 
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Figure 78. Determination of carbon-pool residence times based on traceability framework in 1234 

TECO C-N model with three C-N coupling schemes (SM1, SM2 and SM3) and TECO C-1235 

only model (C). Panel (a), baseline residence time; panel (b), mean residence time, and panel 1236 

(c), nitrogen scalar. 1237 

Figure 89. Coefficients of partitioning of NPP to nonstructural C (NSC), root, woody and 1238 

leaf in C-only model (C) and C-N coupling model with three schemes (SM1, SM2 and SM3). 1239 

Figure 910. The sensitivity of nitrogen processes to NPP (panel a), and ecosystem residence 1240 

time (τE, panel b), and ecosystem C storage capacity (panel c) among three carbon-nitrogen 1241 

coupling schemes (SM1, SM2 and SM3). DRP, down-regulation of photosynthesis; PS, plant 1242 

tissue C:N ratio; PNU, plant N uptake; PMC: plant and microbe competition; BNF, biological 1243 

N fixation; RtrN, re-tranlocation N; SS, soil pool C:N ratio. 1244 

 1245 

Reference 1246 

Ahlström, A., Xia, J., Arneth, A., Luo, Y. and Smith, B., 2015. Importance of vegetation 1247 

dynamics for future terrestrial carbon cycling. Environmental Research Letters, 10(5), 1248 

p.054019. 1249 

Arora, V.K., Boer, G.J., Friedlingstein, P., Eby, M., Jones, C.D., Christian, J.R., Bonan, G., 1250 

Bopp, L., Brovkin, V., Cadule, P. and Hajima, T., 2013. Carbon–concentration and 1251 

carbon–climate feedbacks in CMIP5 Earth system models. Journal of Climate, 26(15), 1252 

pp.5289-5314. 1253 

Cleveland, C.C., Townsend, A.R., Schimel, D.S., Fisher, H., Howarth, R.W., Hedin, L.O., 1254 

Perakis, S.S., Latty, E.F., Von Fischer, J.C., Elseroad, A. and Wasson, M.F., 1999. Global 1255 

patterns of terrestrial biological nitrogen (N2) fixation in natural ecosystems. Global 1256 

biogeochemical cycles, 13(2), pp.623-645. 1257 

Cleveland, C.C., Houlton, B.Z., Smith, W.K., Marklein, A.R., Reed, S.C., Parton, W., Del 1258 

Grosso, S.J. and Running, S.W., 2013. Patterns of new versus recycled primary production 1259 

in the terrestrial biosphere. Proceedings of the National Academy of Sciences, 110(31), 1260 

pp.12733-12737.  1261 

Craine, J.M., Brookshire, E.N.J., Cramer, M.D., Hasselquist, N.J., Koba, K., Marin-Spiotta, E. 1262 

and Wang, L., 2015. Ecological interpretations of nitrogen isotope ratios of terrestrial 1263 

plants and soils. Plant and Soil, 396(1-2), pp.1-26. 1264 

Denison, R.F. and Loomis, R.S., 1989. An integrative physiological model of alfalfa growth 1265 

and development. Publication/University of California, Division of Agriculture and 1266 

Natural Resources (USA). 1267 



43 
 

Du, Z., Zhou, X., Shao, J., Yu, G., Wang, H., Zhai, D., Xia, J., Luo, Y. (2017). Quantifying 1268 

uncertainties from additional nitrogen data and processes in a terrestrial ecosystem model 1269 

with Bayesian probabilistic inversion. Journal of Advances in Modeling Earth Systems, 1270 

9(1), 548-565. 1271 

Farquhar GD, Caemmerer SV, Berry JA. 1980. A biochemical model of photosynthetic CO2 1272 

assimilation in leaves of C3 species. Planta, 149, 78–90. 1273 

Finzi, A.C., Norby, R.J., Calfapietra, C., Gallet-Budynek, A., Gielen, B., Holmes, W.E., 1274 

Hoosbeek, M.R., Iversen, C.M., Jackson, R.B., Kubiske, M.E. and Ledford, J., 2007. 1275 

Increases in nitrogen uptake rather than nitrogen-use efficiency support higher rates of 1276 

temperate forest productivity under elevated CO2. Proceedings of the National Academy 1277 

of Sciences, 104(35), pp.14014-14019. 1278 

García‐Palacios, P., Maestre, F.T., Kattge, J. and Wall, D.H., 2013. Climate and litter 1279 

quality differently modulate the effects of soil fauna on litter decomposition across biomes. 1280 

Ecology letters, 16(8), pp.1045-1053. 1281 

Gerber S, Hedin LO, Oppenheimer M, Pacala SW, Shevliakova E (2010) Nitrogen cycling 1282 

and feedbacks in a global dynamic land model. Global Biogeochemical Cycles, 24, 1283 

GB1001. 1284 

GutschickVP (1981) Evolved strategies of nitrogen fixation in plants Am. Naturalist 118 1285 

607–37. 1286 

Hararuk, O., Xia, J. and Luo, Y., 2014. Evaluation and improvement of a global land model 1287 

against soil carbon data using a Bayesian Markov chain Monte Carlo method. Journal of 1288 

Geophysical Research: Biogeosciences, 119(3), pp.403-417. 1289 

Hendrey, G.R., Ellsworth, D.S., Lewin, K.F. and Nagy, J., 1999. A free‐air enrichment 1290 

system for exposing tall forest vegetation to elevated atmospheric CO2. Global Change 1291 

Biology, 5(3), pp.293-309. 1292 

Houlton, B. Z., Y. P. Wang, P. M. Vitousek, and C. B. Field (2008), A unifying framework 1293 

for dinitrogen fixation in the terrestrial biosphere, Nature, 454, 327–330, 1294 

doi:10.1038/nature07028. 1295 

Huang, Y., Lu, X., Shi, Z., Lawrence, D., Koven, C.D., Xia, J., Du, Z., Kluzek, E. and Luo, 1296 

Y., 2018. Matrix approach to land carbon cycle modeling: A case study with the 1297 

Community Land Model. Global change biology, 24(3), pp.1394-1404. 1298 

Koven, C.D., Riley, W.J., Subin, Z.M., Tang, J.Y., Torn, M.S., Collins, W.D., Bonan, G.B., 1299 

Lawrence, D.M. and Swenson, S.C., 2013. The effect of vertically resolved soil 1300 

Formatted: Indent: Left:  0", First line:  0"



44 
 

biogeochemistry and alternate soil C and N models on C dynamics of CLM4. 1301 

Biogeosciences, 10(11), p.7109. 1302 

Kuzyakov, Y. and Xu, X., 2013. Competition between roots and microorganisms for nitrogen: 1303 

mechanisms and ecological relevance. New Phytologist, 198(3), pp.656-669. 1304 

LeBauer, D.S. and Treseder, K.K., 2008. Nitrogen limitation of net primary productivity in 1305 

terrestrial ecosystems is globally distributed. Ecology, 89(2), pp.371-379. 1306 

Lichter J, Billings SA, Ziegler SE, Gaindh D, Ryals R, Finzi AC, Jackson RB, Stemmler EA, 1307 

Schlesinger WH. 2008. Soil carbon sequestration in a pine forest after 9 years of 1308 

atmospheric CO2 enrichment. Global Change Biology 14: 2910–2922. 1309 

Luo, Y., Meyerhoff, P.A. and Loomis, R.S., 1995. Seasonal patterns and vertical distributions 1310 

of fine roots of alfalfa (Medicago sativa L.). Field Crops Research, 40(2), pp.119-127. 1311 

Luo Y, Reynolds JF (1999) Validity of extrapolating field CO2 experiments to predict carbon 1312 

sequestration in natural ecosystems. Ecology, 80, 1568-1583. 1313 

Luo, Y, LW. White, JG. Canadell, EH. DeLucia, DS. Ellsworth, A Finzi, J Lichter, and WH 1314 

Schlesinger (2003). Sustainability of terrestrial carbon sequestration: a case study in Duke 1315 

Forest with inversion approach. Global biogeochemical cycles, 17(1). 1316 

Luo, Y., Su, B.O., Currie, W.S., Dukes, J.S., Finzi, A., Hartwig, U., Hungate, B., McMurtrie, 1317 

R.E., Oren, R.A.M., Parton, W.J. and Pataki, D.E., 2004. Progressive nitrogen limitation 1318 

of ecosystem responses to rising atmospheric carbon dioxide. AIBS Bulletin, 54(8), 1319 

pp.731-739.  1320 

Luo, Y, and E Weng. 2011. Dynamic disequilibrium of the terrestrial carbon cycle under 1321 

global change. Trends in Ecology & Evolution 26(2): 96-104. 1322 

Luo, Y.Q., Randerson, J.T., Friedlingstein, P., Hibbard, K., Hoffman, F., Huntzinger, D., 1323 

Jones, C.D., Koven, C., Lawrence, D., Li, D.J. and Mahecha, M., 2012. A framework for 1324 

benchmarking land models. 1325 

Luo Y, Keenan T F, Smith M. Predictability of the terrestrial carbon cycle. 2015. Global 1326 

change biology, 21(5): 1737-1751. 1327 

 1328 

McCarthy HR, Oren R, Johnsen KH, Gallet-Budynek A, Pritchard SG, Cook CW, LaDeau 1329 

SL, Jackson RB, Finzi AC. 2010. Re-assessment of plant carbon dynamics at the Duke 1330 

free-air CO2 enrichment site: interactions of atmospheric [CO2] with nitrogen and water 1331 

vailability over stand development. New Phytologist 185: 514–528. 1332 



45 
 

McMurtrie RE, Iversen CM, Dewar RC, Medlyn BE, Nasholm T, Pepper DA, Norby RJ. 1333 

2012. Plant root distributions and nitrogen uptake predicted by a hypothesis of optimal 1334 

root foraging. Ecology and Evolution, 2, 1235-1250. 1335 

Melillo JM, McGuire AD, Kicklighter DW, Moore B III, Vorosmarty CJ, Schloss A (1993) 1336 

Global climate change and terrestrial net primary production. Nature, 363, 234–240. 1337 

Menge DNL, Pacala SW, Hedin LO. 2009. Emergence and maintenance of nutrient limitation 1338 

over multiple timescales in terrestrial ecosystems. The American Naturalist, 173, 164–175. 1339 

Meyerholt J, Zaehle S, Smith MJ. 2016. Variability of projected terrestrial biosphere 1340 

responses to elevated levels of atmospheric CO2due to uncertainty in biological nitrogen 1341 

fixation. Biogeosciences 13: 1491–1518. 1342 

Oleson, K., Lawrence, M., Bonan, B., Drewniak, B., Huang, M., Koven, D., Levis, S., Li, F., 1343 

Riley, J., Subin, M. and Swenson, S., 2013. Technical description of version 4.5 of the 1344 

Community Land Model (CLM). 1345 

van Oijen, M., and P. Levy. 2004. Nitrogen metabolism and plant adaptation to the 1346 

environment: The scope for process-based modeling, in Nitrogen Acquisition and 1347 

Assimilation in Higher Plants, Plant Ecophysiol. Ser., vol. 3, edited by S. Amaˆncio and I. 1348 

Stulen, pp. 133– 147, Kluwer Acad., Dordrecht, Netherlands. 1349 

Parton WJ, Hanson PJ, Swanston C, Torn M, Trumbore SE, Riley W, Kelly R. 2010. ForCent 1350 

model development and testing using the Enriched Background Isotope Study experiment. 1351 

Journal of Geophysical Research 115: G04001. 1352 

 1353 

Rastetter EB, Agren GI, Shaver GR. 1997. Responses of N-limited ecosystems to increased 1354 

CO2: a balanced-nutrition, coupled-element-cycles model. Ecological Applications, 7: 1355 

444–460. 1356 

Rastetter EB, Vitousek PM, Field C, Shaver G, Herbert D, Agren GI (2001) Resource 1357 

optimization and symbiotic nitrogen fixation. Ecosystems, 4, 369–388. 1358 

Shevliakova, E., Pacala, S.W., Malyshev, S., Hurtt, G.C., Milly, P.C.D., Caspersen, J.P., 1359 

Sentman, L.T., Fisk, J.P., Wirth, C. and Crevoisier, C., 2009. Carbon cycling under 300 1360 

years of land use change: Importance of the secondary vegetation sink. Global 1361 

Biogeochemical Cycles, 23(2). 1362 

Shi, Z., Crowell, S., Luo, Y. and Moore, B., 2018. Model structures amplify uncertainty in 1363 

predicted soil carbon responses to climate change. Nature communications, 9(1), p.2171. 1364 



46 
 

Sokolov, A.P., Kicklighter, D.W., Melillo, J.M., Felzer, B.S., Schlosser, C.A. and Cronin, 1365 

T.W., 2008. Consequences of considering carbon–nitrogen interactions on the feedbacks 1366 

between climate and the terrestrial carbon cycle. Journal of Climate, 21(15), pp.3776-3796. 1367 

Sprugel, D. G., M. G. Ryan, J. R. Brooks, K. A. Vogt, and T. A. Martin (1996), Respiration 1368 

from the organ level to the stand, in Resource Physiology of Conifers, edited by K. Smith 1369 

and T. M. Hinckley, pp. 255–299, Academic, San Diego, Calif. 1370 

Terrer, C., Vicca, S., Hungate, B.A., Phillips, R.P. and Prentice, I.C., 2016. Mycorrhizal 1371 

association as a primary control of the CO2 fertilization effect. Science, 353(6294), pp.72-1372 

74. 1373 

Thomas, R.Q., Zaehle, S., Templer, P.H. and Goodale, C.L., 2013. Global patterns of 1374 

nitrogen limitation: confronting two global biogeochemical models with observations. 1375 

Global change biology, 19(10), pp.2986-2998.  1376 

Thomas, R. Quinn, E. N. Brookshire, and Stefan Gerber. Nitrogen limitation on land: how 1377 

can it occur in Earth system models?. Global change biology, 2015, 21(5): 1777-1793. 1378 

Thompson MV, Randerson JT. Impulse response functions of terrestrial carbon cycle models: 1379 

method and application. Global Change Biology, 1999, 5, 371–394. 1380 

Thornton P E, Lamarque J F, Rosenbloom N A, et al. Influence of carbon‐nitrogen cycle 1381 

coupling on land model response to CO2 fertilization and climate variability. Global 1382 

biogeochemical cycles, 2007, 21(4). 1383 

Todd-Brown, K.E., Randerson, J.T., Post, W.M., Hoffman, F.M., Tarnocai, C., Schuur, E.A. 1384 

and Allison, S.D., 2013. Causes of variation in soil carbon simulations from CMIP5 Earth 1385 

system models and comparison with observations. 1386 

Vicca, S., Luyssaert, S., Penuelas, J., Campioli, M., Chapin III, F.S., Ciais, P., Heinemeyer, 1387 

A., Högberg, P., Kutsch, W.L., Law, B.E. and Malhi, Y., 2012. Fertile forests produce 1388 

biomass more efficiently. Ecology letters, 15(6), pp.520-526. 1389 

Vitousek P M, Howarth R W. Nitrogen limitation on land and in the sea: how can it occur?. 1390 

Biogeochemistry, 1991, 13(2): 87-115. 1391 

Vitousek, P.M., 2004. Nutrient cycling and limitation: Hawai'i as a model system. Princeton 1392 

University Press. 1393 

Walker, A.P., Zaehle, S., Medlyn, B.E., De Kauwe, M.G., Asao, S., Hickler, T., Parton, W., 1394 

Ricciuto, D.M., Wang, Y.P., Wårlind, D. and Norby, R.J., 2015. Predicting long‐term 1395 

carbon sequestration in response to CO2 enrichment: How and why do current ecosystem 1396 

models differ?. Global Biogeochemical Cycles, 29(4), pp.476-495. 1397 



47 
 

Walker, A.P., Quaife, T., Bodegom, P.M., De Kauwe, M.G., Keenan, T.F., Joiner, J., Lomas, 1398 

M.R., MacBean, N., Xu, C., Yang, X. and Woodward, F.I., 2017. The impact of 1399 

alternative trait‐scaling hypotheses for the maximum photosynthetic carboxylation rate 1400 

(Vcmax) on global gross primary production. New Phytologist, 215(4), pp.1370-1386. 1401 

Wang S, Grant RF, Verseghy DL, Black TA. 2001. Modelling plant carbon and nitrogen 1402 

dynamics of a boreal aspen forest in CLASS – the Canadian Land Surface Scheme. 1403 

Ecological Modelling 142: 135–154. 1404 

 1405 

Wang YP, Law RM, Pak B., 2010. A global model of carbon, nitrogen and phosphorus cycles 1406 

for the terrestrial biosphere. Biogeosciences, 7, 2261–2282. 1407 

Wania, R., Meissner, K.J., Eby, M., Arora, V.K., Ross, I. and Weaver, A.J., 2012. Carbon-1408 

nitrogen feedbacks in the UVic ESCM. Geoscientific Model Development, 5(5), p.1137. 1409 

Weng E, Luo Y., 2008. Soil hydrological properties regulate grassland ecosystem responses 1410 

to multifactor global change: A modeling analysis. Journal of Geophysical Research: 1411 

Biogeosciences, 113(G3). 1412 

Wieder, W.R., Boehnert, J. and Bonan, G.B., 2014. Evaluating soil biogeochemistry 1413 

parameterizations in Earth system models with observations. Global Biogeochemical 1414 

Cycles, 28(3), pp.211-222. 1415 

Wieder, W.R., Cleveland, C.C., Lawrence, D.M. and Bonan, G.B., 2015a. Effects of model 1416 

structural uncertainty on carbon cycle projections: biological nitrogen fixation as a case 1417 

study. Environmental Research Letters, 10(4), p.044016. 1418 

Wieder, W.R., Cleveland, C.C., Smith, W.K. and Todd-Brown, K., 2015b. Future 1419 

productivity and carbon storage limited by terrestrial nutrient availability. Nature 1420 

Geoscience, 8(6), p.441. 1421 

Xia, J.Y., Luo, Y.Q., Wang, Y.P., Weng, E.S. and Hararuk, O., 2012. A semi-analytical 1422 

solution to accelerate spin-up of a coupled carbon and nitrogen land model to steady state. 1423 

Geoscientific Model Development, 5(5), pp.1259-1271. 1424 

Xia, J., Luo, Y., Wang, Y.P. and Hararuk, O., 2013. Traceable components of terrestrial 1425 

carbon storage capacity in biogeochemical models. Global Change Biology, 19(7), 1426 

pp.2104-2116. 1427 

Xu, C., Fisher, R., Wullschleger, S.D., Wilson, C.J., Cai, M. and McDowell, N.G., 2012. 1428 

Toward a mechanistic modeling of nitrogen limitation on vegetation dynamics. PloS one, 1429 

7(5), p.e37914. 1430 



48 
 

Zaehle, S. and Friend, A.D., 2010. Carbon and nitrogen cycle dynamics in the O‐CN land 1431 

surface model: 1. Model description, site‐scale evaluation, and sensitivity to parameter 1432 

estimates. Global Biogeochemical Cycles, 24(1). 1433 

Zaehle, S. and Dalmonech, D., 2011. Carbon–nitrogen interactions on land at global scales: 1434 

current understanding in modelling climate biosphere feedbacks. Current Opinion in 1435 

Environmental Sustainability, 3(5), pp.311-320. 1436 

Zaehle, S., Medlyn, B.E., De Kauwe, M.G., Walker, A.P., Dietze, M.C., Hickler, T., Luo, Y., 1437 

Wang, Y.P., El‐Masri, B., Thornton, P. and Jain, A., 2014. Evaluation of 11 terrestrial 1438 

carbon–nitrogen cycle models against observations from two temperate Free‐Air CO2 1439 

Enrichment studies. New Phytologist, 202(3), pp.803-822. 1440 

Zaehle, S., Jones, C.D., Houlton, B., Lamarque, J.F. and Robertson, E., 2015. Nitrogen 1441 

availability reduces CMIP5 projections of twenty-first-century land carbon uptake. Journal 1442 

of Climate, 28(6), pp.2494-2511. 1443 

Zhou, L., Zhou, X., Zhang, B., Lu, M., Luo, Y., Liu, L. and Li, B., 2014. Different responses 1444 

of soil respiration and its components to nitrogen addition among biomes: a meta‐1445 

analysis. Global change biology, 20(7), pp.2332-2343. 1446 

Zhu, Q., Riley, W. J., & Tang, J. (2017). A new theory of plant–microbe nutrient competition 1447 

resolves inconsistencies between observations and model predictions. Ecological 1448 

Applications, 27(3), 875-886. 1449 

Zhou, S., Liang, J., Lu, X., Li, Q., Jiang, L., Zhang, Y., Schwalm, C.R., Fisher, J.B., Tjiputra, 1450 

J., Sitch, S. and Ahlström, A., 2018. Sources of uncertainty in modeled land carbon 1451 

storage within and across three MIPs: Diagnosis with three new techniques. Journal of 1452 

Climate, 31(7), pp.2833-2851. 1453 

Zhou, X., Zhou, T. and Luo, Y., 2012. Uncertainties in carbon residence time and NPP-1454 

driven carbon uptake in terrestrial ecosystems of the conterminous USA: a Bayesian 1455 

approach. Tellus B: Chemical and Physical Meteorology, 64(1), p.17223. 1456 

  1457 



49 
 

Table1. Summary of the nitrogen-carbon coupling schemes used and the representation of 1458 

key processes in the carbon-nitrogen cycle.  1459 

 
SM1 (TECO-CN2.0)a SM2 (CLM4.5)b,c SM3 (O-CN)d,e 

Photosynthesis 

dDown- regulation 

of  photosynthesis 

by N availability 

(DRP) 

Based on the comparison 

between plant N demand and 

actual supply 

Based on the available soil 

mineral N relative to the N 

demanded to allocate 

photosynthate to tissue 

Based on foliage N 

concentration, which varies with 

N deficiency 

Plant tissue 

stoichiometry (PS) 
Flexible plant C:N ratio Fixed plant C:N ratio Flexible plant C:N ratio 

Plant N uptake 

(PNU) 

Based on fine root biomass, 

soil mineral N and N demand 

of plant. 

Plants itself choose the 

strategy between uptake from 

soil mineral N and fix N2 by 

comparing C investment 

Based on N required to 

allocate NPP to tissue. 

Plants uptake N for free 

Combining active and passive 

uptake of mineral N based on 

fine root C, soil mineral N, plant 

transpiration flux, increases with 

increased plant N demand 

N competition 

between plants and 

microbes (PMC) 

Microbes have first access to 

soil mineral N 

Based on demand by both 

microbial immobilization 

and plant N uptake 

Microbes have first access to soil 

mineral N, the competitive 

strength of plants increases under 

nutrient stress 

Biological N 

fixation (BNF) 

Based on the nitrogen 

demand of plants and 

maximum N fixing ratio 

considering nutrient 

concentration 

𝑓(𝑁𝑃𝑃) 𝑓(𝐸𝑇) 

Deployment of re-

translocated N 

(RtrN) 

Fixed fraction of litter 

Based on available N in the 

tissue and the previous 

year’s annual sum of plant 

N demand 

Fixed fraction of dying leaf and 

root tissue 

Soil organic matter 

stoichiometry (SS) 
Flexible soil C:N ratio Fixed soil C:N ratio Flexible soil C:N ratio 

N leaching 
Function of soil mineral N 

pool and runoff 

Function of soil mineral N 

pool and runoff 

Function of soil mineral N and 

runoff 

aSee this study; bThorntonKoven et al. (20132007), cThorntonOleson et al. (20132009); d 1460 

Zaehle &Friend (2010), eZaehle et al. (2011). 1461 

C, carbon; N, nitrogen; NPP, net primary productivity; ET, evapotranspiration. 1462 

  1463 



50 
 

Figure 1. TECO-CN 2.0 1464 

 1465 

Figure 1. Schematic diagram of the terrestrial ecosystem carbon (C) and nitrogen (N) 1466 

coupling model (TECO-CN2.0). (A) Canopy module, (B) Plant growth module, (C) Soil 1467 

water dynamics module, (D) Soil carbon-nitrogen coupling module. Rectangles represent the 1468 

carbon and nitrogen pools. Ra, autotrophic respiration. Rh, heterotrophic respiration. Retr., re-1469 

translocation. NSC, nonstructural carbohydrate. MNP, mineral N in plant tissues. SOM, soil 1470 

organic matter. * set N fixation as an option when the plant N uptake is enough for growth in 1471 

terms of C investment. 1472 

  1473 
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Figure 2 1474 

 1475 

 1476 

Figure 2. Schematic diagram illustrating the major carbon (C) and nitrogen (N) flows and 1477 

stores in a terrestrial ecosystem, enclosing with alternative assumptions of N processes 1478 

represent in SM1, SM2 and SM3, respectively.. Light-blue arrows indicate C-cycle processes 1479 

and red arrows show N-cycle processes.1,2,3 alternative assumptions of N processes represent 1480 

in scheme 1, 2 and 3, respectively. Met./Str. Litter, metabolic and/or structural litters; SOM, 1481 

soil organic matter. * set N fixation as an option when the plant N uptake is enough for 1482 

growth in terms of C investment in SM1, but go directly to soil mineral N pool in SM2 and 1483 

SM3.  1484 
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Figure 3 1486 

 1487 

Figure 3. Simulated nitrogen fluxes and soil mineral nitrogen from three carbon-nitrogen 1488 

coupling schemes (SM1, SM2 and SM3) in TECO-CN model for 1996 to 2007 at Duke 1489 

Forest. 1490 

  1491 
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Figure 4 1492 

 1493 

Figure 4. Simulated annual (a-f) and mean (g-l) carbon fluxes from carbon-only version and 1494 

carbon-nitrogen coupled with three schemes (SM1, SM2 and SM3) of TECO model for 1996 1495 

to 2007 at Duke Forest. GPP, gross primary productivity; NPP, net primary productivity; 1496 

NEE, net ecosystem exchange of CO2; R-eco, ecosystem respiration; R-heter, heterotrophic 1497 

respiration; R-auto, autotrophic respiration.  1498 
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Figure 5 1499 

 1500 

Figure 5. The annual average sizes of carbon pools (panel a) at the steady state among 1996-1501 

2007 for C-only version and the three C-N schemes (SM1, SM2 and SM3) and the C:N ratio 1502 

(panel b) of each carbon pools for the three C-N schemes (SM1, SM2 and SM3) in TECO-1503 

CN model. 1504 

  1505 
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Figure 6 1506 

 1507 

Figure 6. The nitrogen use efficiency (NUE, the ratio of NPP:PNU, panel a) in three C-N 1508 

schemes of TECO model (SM1, SM2 and SM3) and the carbon use efficiency (CUE, the 1509 

ratio of NPP:GPP, panel b) at the steady-state among C-only version and the three C-N 1510 

schemes of TECO model (SM1, SM2 and SM3). 1511 

 1512 
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Figure 67 1514 

 1515 

Figure 67. Simulation of annual ecosystem carbon storage capacity for 1996 to 2006 at Duke 1516 

Forest by carbon in flux (NPP, x axis) and ecosystem residence time (τE, y axis) in TECO 1517 

model framework with three carbon-nitrogen coupling schemes (SM1, SM2 and SM3) and in 1518 

TECO C-only model (C). The hyperbolic curves represent constant values (shown across the 1519 

curves) of ecosystem carbon storage capacity. Inset (a), ecosystem carbon residence time (τE) 1520 

in SM1, SM2, SM3 and C-only model; inset (b), mean ecosystem carbon storage simulated 1521 

among SM1, SM2, SM3 and C-only model; inset (c), relative change of NPP and ecosystem 1522 

residence time simulated among three schemes compared with in C-only model. 1523 
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Figure 78 1525 

 1526 

Figure 78. Determination of carbon-pool residence times based on traceability analysis 1527 

framework in TECO C-N model with three C-N coupling schemes (SM1, SM2 and SM3) and 1528 

TECO C-only model (C). Panel (a), baseline residence time; panel (b), mean residence time, 1529 

and panel (c), nitrogen scalar. 1530 
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Figure 8 9  1532 

 1533 

Figure 89. Coefficients of partitioning of NPP to nonstructural C (NSC), root, woody and 1534 

leaf in C-only model (C) and C-N coupling model with three schemes (SM1, SM2 and SM3). 1535 

 1536 

  1537 
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Figure 910 1538 

1539 

 1540 

Figure 910. The sensitivity of nitrogen processes to NPP (panel a) and , ecosystem residence 1541 

time (τE, panel b), and ecosystem C storage capacity (panel c)  among three carbon-nitrogen 1542 

coupling schemes (SM1, SM2 and SM3). DRP, down-regulation of photosynthesis; PS, plant 1543 

tissue C:N ratio; PNU, plant N uptake; PMC: plant and microbe competition; BNF, biological 1544 

N fixation; RtrN, re-tranlocation N; SS, soil pool C:N ratio. 1545 
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