
Dear Reviewer, 

Thank you for the constructive comments. We copied your comments below in blue font; our 
labeled responses are in ordinary black font. We have labeled our responses for ease in cross-
referencing. Responses to your comments are labelled “RC1” and responses to a community 
reviewer are labeled “CC1”. We have not yet received responses from a second reviewer. We 
welcome further discussion during the discussion period. 

General comments 

This study integrated a representation of phosphorus-dependent relative allocation to root tissues 
into the ED2 model. The model was simulated at a site in a tropical dry forest in Costa Rica for 
+N, +P, and +NP fertilization treatments. Modelled results were compared to empirical 
observations. The model was then simulated over 30 years to examine the influence of the new 
process representation over a longer time scale. The comparison between a model and empirical 
observations of experimental manipulations of nutrient input is very useful for model 
development. However, it was unclear whether the process that was represented in this study 
(increasing allocation to fine roots with increasing soil P) is prevalent in systems outside of this 
site, what its underlying mechanisms are, and how it relates to other central processes (such as 
the relationships between allocation to fine roots and soil nitrogen or water). Furthermore, the 
statistics used to establish the results were unclear. 

(Response RC1-1): Thank you for your review. We are happy that you found the comparison 
helpful and are very grateful for your constructive feedback. In our responses below, we have 
addressed the points of clarification that you raised. We also carried out a new statistical 
analysis, largely following your advice. We think that incorporation of these changes will result 
in a greatly improved manuscript. 
 
Specific comments 

1. The premise of this study needs to be better established. What is the mechanism 
underlying increasing allocation to fine roots with increasing soil P?  

(Response RC1-2): This study investigated the consequences of three related premises: (a) plants 
increase fine root production with increasing soil P, (b) plants decrease fine root production with 
increasing soil P, and (c) plant fine root production is independent of soil P. Regarding (a), 
several studies have shown that roots proliferate in nutrient-rich patches (Pregitzer et al. 1993; 
Robinson 1994; Zhang and Forde 1998; Robinson et al. 1999; Fransen et al. 1999; Hodge et al. 
1999; Jing et al. 2010; Li et al. 2012). This proliferation may be related to enhanced root 
morphological plasticity with increasing soil P, which increases nutrient uptake per unit 
construction cost (Fitter 1994; Eissenstat and Yanai 2002; Zhang et al. 2016). It may also be 
physiologically adaptive if it allows for faster uptake of nutrients from the soil (Jackson et al. 
1990; Hodge et al. 2004). We discussed premise (b) in the original manuscript, lines 58-65.  
Regarding premise (c), it could be that fine root production depends more on water or N than on 
P. In this case, relative allocation to fine roots would not be directly sensitive to soil P. See our 
response RC1-5 below for more on this point. If the editor allows a revision, we would be happy 
to provide further discussion of these premises.  



 
Does this response occur in other ecosystems or are the only observations from the Costa Rica 
site? The introduction gave several examples of how different ecosystems and different 
individuals within a given ecosystem respond differently to N and P fertilization. Are there any 
patterns that emerge across ecosystems? If this response is specific to a single or a small number 
of sites, why should it be represented in TBMs? 
 
(Response RC1-3): Our observations are only from the Costa Rica site. Cunha et al. (2022) 
carried out a fertilization experiment on old-growth Amazonian sites and also found that relative 
and absolute allocation to fine roots increased under P fertilization. In another Amazonian 
fertilization experiment, Lugli et al. (2021) reported that absolute fine root production increased, 
but did not comment on relative allocation to fine roots. Given these studies, we think that this 
response is relevant to TBMs because it has been seen in a large proportion of tropical studies, 
even if the absolute number of studies with leaf/wood/root productivity measured separately is 
relatively small. In addition, the model simulations that we carried out can be useful for inspiring 
future experimental design and field work. 
 
Previous global meta-analysis (Yuan and Chen 2012) showed that fine root production increased 
with P fertilization, but relative allocation to fine roots decreased. The (global) decrease in 
relative fine root production contrasts with the tropical forest studies of Waring et al. (2019) and 
Cunha et al. (2022). However, Yuan and Chen (2012) did note substantial variation across 
ecosystems. One potential confounding problem in making comparisons is that different 
experiments used different fertilizer amounts, affecting the fertilization response (Hou et al. 
2020). Thus, we are reluctant to speculate too much on global patterns. 
 
Have empirical studies indicated that this is important for larger C fluxes? This is somewhat 
touched on in the Discussion but its prevalence was not clear. 
 
(Response RC1-4): We are not aware of its relevance for larger C fluxes on the basis of previous 
empirical studies. However, our expectation is that its relevance should be of interest (Line 69-
73). Related to this point, we argue that some of our figures should stimulate hypotheses and 
prompt more field work in the future. 

2. How do other factors interact to determine relative allocation to roots? Water and 
nitrogen should play important roles as well. Is it valid to only focus on P (especially 
given that the results suggest that it is increased water uptake that seemed to drive AGB)?  

(Response RC1-5): We focused the relationship between soil P and relative allocation to fine 
roots on the basis of a previous fertilization experiment (Waring et al. 2019). That experiment 
showed that relative allocation to fine roots was impacted by P fertilization but not N 
fertilization. Furthermore, the experiment spanned years of relatively high and low rainfall, and 
thus allowed us to see how the actual fine root-to-leaf productivity ratio varied with rainfall. 
Specifically, rainfall in 2015 was 628 mm, rainfall in 2016 was 1754 mm, and rainfall in 2017 
was 2050 mm. The observed leaf:fine root productivity ratio did not exhibit a clear relationship 
with rainfall. Averaged across treatments, this productivity ratio was 0.37 in 2015, 0.44 in 2016, 
and 0.24 in 2017. We also looked at the leaf:fine root productivity ratio by treatment. In all 
cases, this productivity ratio was intermediate in 2015, largest in 2016, and smallest in 2017. 



Because the observations lacked a clear correlation with rainfall, we decided not to focus on the 
impacts of water on the leaf:fine root productivity ratio. 
 
We acknowledge that our original manuscript did draw a correlation between simulated 
transpiration and simulated aboveground biomass (AGB) (Figs. 7a, 8). However, prompted by 
this comment as well as a comment from a community reviewer (response CC1-11), we carried 
out more detailed analysis of this point. Our current thinking is that the correlation between 
transpiration and AGB is causal. Instead, the higher transpiration in the “pos” schemes occurred 
because the “pos” schemes had larger leaf area. Transpiration per unit leaf area was similar in all 
schemes.  
 
We therefore decided to look more deeply into why the “pos” schemes had relatively large AGB 
in Fig. 7a. Following a community comment (response CC1-9), we carried out additional 
simulations spanning a wider range of values for our allocation parameters a and b (these 
parameters are defined in Eq. 1 of the original manuscript). For each choice of a and b, AGB at 
the end of 30 years is shown here (we only show the average of the plots without P fertilization, 
thus corresponding with the manuscript’s Fig. 7a): 
 

 
Simulated AGB in different parameterizations with wider range of a and b. 

 
This fuller analysis shows that AGB does not simply increase with b. To explain this pattern, we 
hypothesized that the highest AGB would occur when the relative acquisition of C:P was 
optimal. We therefore computed the ratio of nonstructural C to nonstructural P and plotted it 
against AGB: 
 



 
The relationship between simulated AGB and C:P in nonstructural pool for different parameterizations. 

 
The highest nonstructural C:P ratios corresponded most closely to leaf C:P (which was fixed at 
600 g C (g P)-1) and to the highest simulated AGB values. This result confirms the hypothesis. 
 
Based on this result, it could be argued that our allocation rule for relative allocation to fine roots 
should be targeted to the nonstructural C:P ratio rather than soil P. We indeed think that such a 
scheme would work well in the unfertilized plots; however, it would not capture the P 
fertilization effect (increased relative fine root production with increased soil P). 
 
Additionally, I would assume that the role of other plant mechanisms to increase P uptake would 
be important as well, such as phosphatase synthesis and arbuscular mycorrhizae. These are likely 
intricately linked to fine root biomass in real ecosystems. While these do not necessarily need to 
be examined or modelled, they should be at least recognized in the experimental setup and 
discussion. 
 
(Response RC1-6) We agree that other plant mechanisms to increase P uptake could be 
important as well. In a revision, we would be happy to discuss additional plant mechanisms to 
increase P uptake, including phosphatase synthesis (Liu et al. 2015; Kong et al. 2016; Lugli et al. 
2020) and arbuscular mycorrhizae (Hodge 2004; Comas et al. 2014; Eissenstat et al. 2015; Liu et 
al. 2015; Kong et al. 2016; Ma et al. 2018). For example, root phosphatases hydrolyze organic P-
containing compounds and releasing inorganic P that is absorbable by roots; mycorrhizal 
associations are even more effective by enlarging the root absorbing surface per unit cost; both 
mechanisms provide additional P sources. Plants adaptively adjust their traits or metabolic 
processes in terms of effective P acquisition (Raven et al. 2018; Han et al. 2021; Aoyagi et al. 
2022), and diverse P acquisition strategies are being evaluated from observations (Reichert et al. 
2022). 
 
Additionally, flexible stoichiometry could be important. How have other models approached 
these phenomena? 



 
(Response RC1-7): Current models approach stoichiometry differently. Some have fixed 
stoichiometries (e.g. JSBACH, Goll et al., 2012; CLM-CNP, Yang et al., 2014; JULES-CNP, 
Nakhavali et al., 2022). Some account for stoichiometric flexibility by prescribing ranges for 
each pool based on empirical studies (e.g. CASACNP, Wang et al., 2010; ORCHIDEE-CNP, 
Goll et al., 2017; QUINCY, Thum et al., 2019). ED2 has fixed stoichiometries in structural pools 
but non-fixed stoichiometries in non-structural pools (Line 131 in the original manuscript). 
Models adjusting relative allocation of new growth to fine roots mostly apply an idea that new 
growth is scaled by minimum of N and P stress scaling factor, rendering increased fine root 
production when P demand exceeds supply (for example, when the ratio of nonstructural C:P 
greatly exceeds the ratio present in plant tissues). By contrast, we parameterized the model only 
from the perspective of supply (soil P). We would be happy to provide more discussion on this 
point in a revision. 

3. It was not made clear which PFT was being studied in these experiments. Were there 
multiple PFTs? Given that this is a dry tropical forest, do deciduousness and phenology 
play a role here? How could these results differ between tropical dry forests and tropical 
moist forests? Have similar experiments been conducted in tropical moist forests? 

(Response RC1-8): The model included eight PFTs. Species are assigned to a PFT on the basis 
of three traits: wood density, specific leaf area, and legume/non-legume status. The binning of 
species into PFTs is discussed in Xu et al. (2016) and Medvigy et al. (2019). Deciduousness is 
not pre-assigned, but is rather an emergent model outcome (Xu et al. 2016).  
 
In this dry tropical forest, intra-annual variability of precipitation does influence plant 
phenology: new leaves are produced in April and May and shed between January and March; 
stems did not grow during the dry season (Waring et al., 2019). Therefore, the fertilization was 
conducted only during wet season; measurements of leaf/wood/fine root production were 
conducted differently to accommodate seasonality (Waring et al., 2019). Our model simulations 
and the calculation of productivity were in accordance with this experiment.  
 
Analogous experiments have been conducted in tropical moist forests (please see response RC1-
3). 

4. Using different statistical analyses for leaf, wood, and root due to patterns that emerged 
from the observation-based data may not be the best approach. It would be a more direct 
comparison to use the same statistical analyses for each tissue because the biases in the 
empirical observations may not be present in the model outputs. Figure 4 is a central 
figure but it is unclear whether it shows only the control treatment or an average across 
treatments. Regardless, this analysis should be conducted for each fertilization treatment 
independently given that the premise of the study is that fertilization treatment influences 
relative allocation. Furthermore, are the temporal trends important here given that the 
same amount of fertilizer was applied each year and the experiment was only 3 years 
long? Given that the primary focus is the difference between tissues rather than the 
difference between years, it may make more sense to aggregate across years for each 
tissue / treatment. 



(Response RC1-9): We thank the reviewer for these suggestions. We re-analyzed these results 
largely following this advice. First, we averaged over years. The main drawback to this 
averaging is that we lose some statistical power because all t-tests would need to be done on only 
four replicates. However, when we carried out this analysis, we found that the impact on our 
results was small (see below). We also performed statistical tests by treatment. An advantage of 
following this approach is that we no longer had concerns about mixing samples that were drawn 
from different distributions. We therefore performed t-tests for leaf, wood, and fine root 
productivity. We no longer found it necessary to do the regression on fine root productivity. As a 
result, productivity of leaves, wood and fine roots were analyzed in exactly the same way. 
 
First we looked at leaf productivity. We carried out t-tests to determine whether there were 
significant differences between simulations and observations. In response to a community 
comment (please see response CC1-9), we increased the number of parameterizations that we 
tested. If, for a particular treatment, the p value was less than 0.05 (the threshold which we took 
to indicate a significant different between the simulations and the observations), we indicated 
that in the table below. “C” means the control plots were significantly different, “N” means the 
+N plots were significantly different, “P” means the +P plots were significantly different, and 
“B” indicates that the +NP plots were significantly different. If an entry is empty, it means that 
no significant differences were found for any treatment. Here are our results for leaf 
productivity: 
 
LEAF 
PRODUCTIVITY 

a=0 a=0.1 a=0.2 a=0.3 a=0.4 a=0.5 a=0.6 a=0.7 a=0.8 

b = -60          
b = -40          
b = -20          
b = 0          
b = 20          
b = 40          
b = 60 P P        

 
As in our original manuscript, almost all model parameterizations successfully predicted leaf 
productivity.  
 
We then looked at wood productivity: 
 
 
WOOD 
PRODUCTIVITY 

a=0 a=0.1 a=0.2 a=0.3 a=0.4 a=0.5 a=0.6 a=0.7 a=0.8 

b = -60 P P P P P     
b = -40 P P P P P     
b = -20 P P P P P P    
b = 0 P P P P P P P   
b = 20 P P P       
b = 40          
b = 60          



 
Many parameterizations, especially with b < 0, b = 0, or relatively small a, did not predict wood 
productivity in the +P treatment. Parameterizations with b > 0 were mostly successful in all 
treatments. Again, this result is consistent with our original manuscript. However, here we have 
more information as compared to our original manuscript: we see that the model only ever had 
trouble with the +P treatment, and not the +NP treatment.  
 
Finally, we looked at fine root productivity: 
 
 
FINE ROOT 
PRODUCTIVI
TY 

a=0 a=0.1 a=0.2 a=0.3 a=0.4 a=0.
5 

a=0.
6 

a=0.
7 

a=0.8 

b = -60 C,N,P,
B 

C,N,P,
B 

C,N,P,
B 

C,N,P,
B 

C,N,P,
B 

P,B P,B C,P C,P 

b = -40 C,N,P,
B 

C,N,P,
B 

C,N,P,
B 

C,N,P,
B 

P,B P,B P,B C,P C 

b = -20 C,N,P,
B 

C,N,P,
B 

C,N,P,
B 

C,N,P,
B 

P,B P,B P C C 

b = 0 C,N,P,
B 

C,N,P,
B 

C,N,P,
B 

C,N,P,
B 

P,B P P C C 

b = 20 C,N,P,
B 

C,N,P,
B 

C,N,P N,P   C C C,B 

b = 40 C,N,P C,N N   C,B C,P,
B 

C,P,
B 

C,N,P,
B 

b = 60 C,N N B P,B C,P,B C,P,
B 

C,P,
B 

C,P,
B 

C,N,P,
B 

 
Only four parameterizations, all with b = 20 or b = 40, successfully predicted fine root 
productivity in all treatments. These four parameterizations also successfully predicted leaf and 
wood productivity in all treatments. 
 
Again, the drawback of this approach is that is reduced the number of samples: each t-test was 
done with only four replicates. However, our new results are similar to what we reported in the 
original manuscript. As an additional test, we tried aggregating control and +N, and comparing 
that to the aggregation of +P and +NP. This procedure doubles the number of replicates. It gave 
very similar results (not reported here). 

5. Is a 2 year spinup sufficient? Shouldn’t the spinup be run until an equilibrium is 
established? 

(Response RC1-10): We did not want to spin up the model to equilibrium because the actual 
forest is only about 30 years old and is not in equilibrium. Rather, we used the observed stand 
structure and composition and observed soil nutrient status to initialize the model. Our two-year 
spin-up was done to initialize soil water. For further rationale, see Xu et al. (2016). We would be 
able to provide more justification of the spinup in a revision. 
 



  

Technical correction 

Line 81 “While models have rarely be validated on these time scales” I would argue that models 
are often evaluated over the past several decades (1960s to present). 

Here we wanted to emphasize that nutrient fertilization experiments have usually lasted for a few 
years and hence the lack of long-term benchmarks for model validation. We can rephrase it to 
make it clearer. 
 
Production units should be kg m-2 yr-1. 

Thanks for pointing this out. We can correct the units in a revision. 
 
Table 3 is challenging to interpret. Could this be transformed into a figure? 

Yes, we can make such a figure. See the figures given in response RC1-5 for examples of the 
potential format. 
 
Include other parameterizations in Figure 5 (additional panels). 

As discussed above, this figure will be eliminated in the revision. 
 
Include other treatments in Figure 8 (additional panels). 

As discussed above, we plan on eliminating this figure. 
 
Figure 6: Clarify if this is averaged across treatments or if this is the control treatment only. 
 
This is the average across treatments. We can clarify it in the caption. 
 

References 

Aoyagi, R., Kitayama, K. and Turner, B.L., 2022. How do tropical tree species maintain high 
growth rates on low-phosphorus soils?. Plant and Soil, pp.1-26.  
 
Comas, L.H., Callahan, H.S. and Midford, P.E., 2014. Patterns in root traits of woody species 
hosting arbuscular and ectomycorrhizas: implications for the evolution of belowground 
strategies. Ecology and evolution, 4(15), pp.2979-2990. 
 
Cunha, H.F.V., Andersen, K.M., Lugli, L.F., Santana, F.D., Aleixo, I.F., Moraes, A.M., Garcia, 
S., Di Ponzio, R., Mendoza, E.O., Brum, B. and Rosa, J.S., 2022. Direct evidence for phosphorus 
limitation on Amazon forest productivity. Nature, 608(7923), pp.558-562. 
 



Eissenstat, D.M. and Yanai, R.D., 2002. Root life span, efficiency, and turnover. In Plant 
Roots (pp. 367-394). CRC Press. 
 
Eissenstat, D.M., Kucharski, J.M., Zadworny, M., Adams, T.S. and Koide, R.T., 2015. Linking 
root traits to nutrient foraging in arbuscular mycorrhizal trees in a temperate forest. New 
Phytologist, 208(1), pp.114-124. 
 
Fitter, A.H., Caldwell, M.M. and Pearcy, R.W., 1994. Architecture and biomass allocation as 
components of the plastic response of root systems to soil heterogeneity. Exploitation of 
environmental heterogeneity by plants: ecophysiological processes above-and belowground, 
pp.305-323. 
 
Fransen, B., Blijjenberg, J. and de Kroon, H., 1999. Root morphological and physiological 
plasticity of perennial grass species and the exploitation of spatial and temporal heterogeneous 
nutrient patches. Plant and Soil, 211, pp.179-189. 
 
Goll, D.S., Brovkin, V., Parida, B.R., Reick, C.H., Kattge, J., Reich, P.B., Van Bodegom, P.M. 
and Niinemets, Ü., 2012. Nutrient limitation reduces land carbon uptake in simulations with a 
model of combined carbon, nitrogen and phosphorus cycling. Biogeosciences, 9(9), pp.3547-
3569. 
 
Goll, D.S., Vuichard, N., Maignan, F., Jornet-Puig, A., Sardans, J., Violette, A., Peng, S., Sun, 
Y., Kvakic, M., Guimberteau, M. and Guenet, B., 2017. A representation of the phosphorus 
cycle for ORCHIDEE (revision 4520). Geoscientific Model Development, 10(10), pp.3745-3770. 
 
Han, M., Chen, Y., Li, R., Yu, M., Fu, L., Li, S., Su, J. and Zhu, B., 2022. Root phosphatase 
activity aligns with the collaboration gradient of the root economics space. New 
Phytologist, 234(3), pp.837-849. 
 
Hodge, A., 2004. The plastic plant: root responses to heterogeneous supplies of nutrients. New 
phytologist, 162(1), pp.9-24. 
 
Hodge, A., Robinson, D., Griffiths, B.S. and Fitter, A.H., 1999. Why plants bother: root 
proliferation results in increased nitrogen capture from an organic patch when two grasses 
compete. Plant, Cell & Environment, 22(7), pp.811-820. 
 
Hou, E., Luo, Y., Kuang, Y., Chen, C., Lu, X., Jiang, L., Luo, X. and Wen, D., 2020. Global 
meta-analysis shows pervasive phosphorus limitation of aboveground plant production in natural 
terrestrial ecosystems. Nature Communications, 11(1), p.637. 
 
Jackson, R.B., Manwaring, J.H. and Caldwell, M.M., 1990. Rapid physiological adjustment of 
roots to localized soil enrichment. Nature, 344(6261), pp.58-60. 
 
Jing, J., Rui, Y., Zhang, F., Rengel, Z. and Shen, J., 2010. Localized application of phosphorus 
and ammonium improves growth of maize seedlings by stimulating root proliferation and 
rhizosphere acidification. Field Crops Research, 119(2-3), pp.355-364. 



 
Kong, D.L., Wang, J.J., Kardol, P., Wu, H.F., Zeng, H., Deng, X.B. and Deng, Y., 2016. 
Economic strategies of plant absorptive roots vary with root diameter. Biogeosciences, 13(2), 
pp.415-424. 
 
Li, H.B., Zhang, F.S. and Shen, J.B., 2012. Contribution of root proliferation in nutrient-rich soil 
patches to nutrient uptake and growth of maize. Pedosphere, 22(6), pp.776-784.  
 
Liu, B., Li, H., Zhu, B., Koide, R.T., Eissenstat, D.M. and Guo, D., 2015. Complementarity in 
nutrient foraging strategies of absorptive fine roots and arbuscular mycorrhizal fungi across 14 
coexisting subtropical tree species. New Phytologist, 208(1), pp.125-136. 
 
Lugli, L.F., Andersen, K.M., Aragão, L.E., Cordeiro, A.L., Cunha, H.F., Fuchslueger, L., Meir, 
P., Mercado, L.M., Oblitas, E., Quesada, C.A. and Rosa, J.S., 2020. Multiple phosphorus 
acquisition strategies adopted by fine roots in low-fertility soils in Central Amazonia. Plant and 
Soil, 450, pp.49-63. 
 
Lugli, L.F., Rosa, J.S., Andersen, K.M., Di Ponzio, R., Almeida, R.V., Pires, M., Cordeiro, A.L., 
Cunha, H.F., Martins, N.P., Assis, R.L. and Moraes, A.C., 2021. Rapid responses of root traits 
and productivity to phosphorus and cation additions in a tropical lowland forest in 
Amazonia. New Phytologist, 230(1), pp.116-128. 
 
Ma, Z., Guo, D., Xu, X., Lu, M., Bardgett, R.D., Eissenstat, D.M., McCormack, M.L. and Hedin, 
L.O., 2018. Evolutionary history resolves global organization of root functional 
traits. Nature, 555(7694), pp.94-97. 
 
Medvigy, D., Wang, G., Zhu, Q., Riley, W.J., Trierweiler, A.M., Waring, B.G., Xu, X. and 
Powers, J.S., 2019. Observed variation in soil properties can drive large variation in modelled 
forest functioning and composition during tropical forest secondary succession. New 
Phytologist, 223(4), pp.1820-1833. 
 
Nakhavali, M.A., Mercado, L.M., Hartley, I.P., Sitch, S., Cunha, F.V., Di Ponzio, R., Lugli, L.F., 
Quesada, C.A., Andersen, K.M., Chadburn, S.E. and Wiltshire, A.J., 2022. Representation of the 
phosphorus cycle in the Joint UK Land Environment Simulator (vn5. 5_JULES-
CNP). Geoscientific Model Development, 15(13), pp.5241-5269. 
 
Pregitzer, K.S., Hendrick, R.L. and Fogel, R., 1993. The demography of fine roots in response to 
patches of water and nitrogen. New Phytologist, 125(3), pp.575-580. 
 
Raven, J.A., Lambers, H., Smith, S.E. and Westoby, M., 2018. Costs of acquiring phosphorus by 
vascular land plants: patterns and implications for plant coexistence. New Phytologist, 217(4), 
pp.1420-1427. 
 
Reichert, T., Rammig, A., Fuchslueger, L., Lugli, L.F., Quesada, C.A. and Fleischer, K., 2022. 
Plant phosphorus‐use and‐acquisition strategies in Amazonia. New Phytologist, 234(4), pp.1126-
1143. 



 
Robinson, D., 1994. The responses of plants to non‐uniform supplies of nutrients. New 
Phytologist, 127(4), pp.635-674. 
 
Robinson, D., Hodge, A., Griffiths, B.S. and Fitter, A.H., 1999. Plant root proliferation in 
nitrogen–rich patches confers competitive advantage. Proceedings of the Royal Society of 
London. Series B: Biological Sciences, 266(1418), pp.431-435. 
 
Thum, T., Caldararu, S., Engel, J., Kern, M., Pallandt, M., Schnur, R., Yu, L. and Zaehle, S., 
2019. A new model of the coupled carbon, nitrogen, and phosphorus cycles in the terrestrial 
biosphere (QUINCY v1. 0; revision 1996). Geoscientific Model Development, 12(11), pp.4781-
4802. 
 
Wang, Y.P., Law, R.M. and Pak, B., 2010. A global model of carbon, nitrogen and phosphorus 
cycles for the terrestrial biosphere. Biogeosciences, 7(7), pp.2261-2282. 
 
Waring, B.G., Pérez‐Aviles, D., Murray, J.G. and Powers, J.S., 2019. Plant community responses 
to stand‐level nutrient fertilization in a secondary tropical dry forest. Ecology, 100(6), p.e02691. 
 
Xu, X., Medvigy, D., Powers, J.S., Becknell, J.M. and Guan, K., 2016. Diversity in plant 
hydraulic traits explains seasonal and inter‐annual variations of vegetation dynamics in 
seasonally dry tropical forests. New Phytologist, 212(1), pp.80-95. 
 
Yang, X., Thornton, P.E., Ricciuto, D.M. and Post, W.M., 2014. The role of phosphorus 
dynamics in tropical forests–a modeling study using CLM-CNP. Biogeosciences, 11(6), pp.1667-
1681. 
 
Yuan, Z.Y. and Chen, H.Y., 2012. A global analysis of fine root production as affected by soil 
nitrogen and phosphorus. Proceedings of the Royal Society B: Biological Sciences, 279(1743), 
pp.3796-3802. 
 
Zhang, H. and Forde, B.G., 1998. An Arabidopsis MADS box gene that controls nutrient-
induced changes in root architecture. Science, 279(5349), pp.407-409. 
 
Zhang, D., Zhang, C., Tang, X., Li, H., Zhang, F., Rengel, Z., Whalley, W.R., Davies, W.J. and 
Shen, J., 2016. Increased soil phosphorus availability induced by faba bean root exudation 
stimulates root growth and phosphorus uptake in neighbouring maize. New Phytologist, 209(2), 
pp.823-831. 


