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1. Abstract. Plant roots have a large diversity of form and function, which is also related to their degree of mycorrhizal 

association. This is known as the fungal collaboration gradient, where thinner roots acquire resources by themselves and 

thicker roots depend on mycorrhizas. In this study, we, for the first time, implement the fungal collaboration gradient in 20 

a trait-based Dynamic Vegetation Model (DVM, LPJ-GUESS-NTD). We test if the DVM can predict fine-root trait 

distributions, and estimate the effects of arbuscular mycorrhiza fungi (AMF)-mediated nutrient uptake on ecosystem 

processes along an elevation gradient in a tropical montane forest in southern Ecuador. The model reproduces the 

observed fine-root traits specific root length (SRL) and AMF colonization along the elevation gradient, which ranges 

from  low AMF colonization at 1,000 m (25%) to high AMF colonization at 3,000 m (61%). When AMF-mediated 25 

nutrient uptake is deactivated site average biomass values are reduced by up to 80%. Accounting for AMF-related 

belowground traits also affects simulated community leaf traits, suggesting linkages between below- and aboveground 

traits by AMF promotion of more acquisitive leaf traits. In addition, deactivation of AMF uptake reduced simulated soil 

C stocks by up to 68%. The model suggests that the collaboration gradient has a substantial influence on vegetation 

diversity and functioning as well as soil carbon in the study system. We thus advocate more explicit treatment of fine-30 

root traits and mycorrhizae in DVMs. The model scheme here is based on general trade-offs and could be implemented 

in other DVMs and be tested for other study regions. 
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2. Introduction 

Belowground processes are becoming an increasingly important research topic in ecology, due in part to their overwhelming 35 

role in regulating biogeochemical cycles (Beillouin et al., 2023). Soils at depths of up to 200 cm store an estimated 2400 Pg 

C globally, highlighting their importance in the carbon cycle (Batjes, 1996). This is nearly nine times the amount stored in 

global forests (Santoro et al., 2021). Fine roots, the plant’s interface with soil (as opposed to coarse roots, which have a more 

structural role), play an important role in driving ecosystem processes (Bardgett et al., 2014; Weigelt et al., 2021). In the 

tropics, fine roots store up to 50 Mg C ha
-1

 (Jackson et al., 1997) with a productivity of around 6 Mg C ha
-1

 y
-1 

(Finér et al., 40 

2011), and are a major input to soil C stocks (Rasse et al., 2005). 

Fine-root morphological traits play a critical role in nutrient and water uptake. These traits may also shape species 

coexistence, and thus community composition in specific environments (Nie et al., 2013). Biotic interactions of fine roots 

and other organisms are widespread, and conservative estimates suggest that ca. 20,000 plant species could rely on soil biota 

to persist in natural, and especially nutrient-poor, environments (Van Der Heijden et al., 2008). For instance, mycorrhizae 45 

support nutrient acquisition in exchange for C (Bardgett et al., 2014; Bennett & Groten, 2022), with many plant species 

exhibiting fine-root traits that maximize this interaction, such as increased diameter and cortex area (Gu et al., 2014; Kong et 

al., 2014; Valverde-Barrantes et al., 2021; Shi et al., 2023). Mycorrhizal fungi are a major player in the global C cycle, 

drawing an average of 3-13%, but up to 50% of the plant partner’s net primary production (NPP) (Hawkins et al., 2023). 

This means that fine-root traits may influence larger-scale ecosystem processes. 50 

By analyzing the co-occurrence of plant traits, researchers have identified relationships between them and developed the 

concept of the global spectrum of plant form and function (Díaz et al., 2015; Guerrero-Ramírez et al., 2020; Kattge et al., 

2020)This includes the conservation trade-off axis, where morphological and stoichiometric traits (e.g. leaf C:N, tissue 

densities) are related to high productivity or high longevity strategies (Chave et al., 2009; Wright et al., 2013; Díaz et al., 

2015).  This concept highlights how trade-offs in physiological and morphological traits influence species coexistence 55 

(Shipley et al., 2006)..  Advances in belowground trait measurements have enabled researchers to synthesize fine-root traits 

within the global spectrum of plant form and function (Weemstra et al., 2016, 2022; Weigelt et al., 2021). Fine-root 

stoichiometry traits and root tissue density were also observed to produce such a conservation gradient, however other fine-

root morphological traits such as diameter and specific root length did not seem to align with the existing conservation axis 

(Carmona et al., 2021).  60 

A promising plant form and function trait spectrum framework for understanding fine-root morphological trait variation is 

the “fungal collaboration gradient”, one of the main components of the Root Economics Space framework proposed by 

Bergmann et al., (2020). In addition to nutrient concentrations in their tissues produced from their own metabolism, plant 

fine roots and their morphological traits significantly affect their capacity to forage additional nutrients and water. For 

instance, thinner and longer fine roots have a higher total soil absorptive area per mass when compared to thicker and shorter 65 
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fine roots (McCormack et al., 2015). The conserved presence of thicker fine roots in several plant species, however, shows 

that individuals with this trait may also have benefits. Thicker, large-diameter fine roots that are usually associated with 

greater cortex:stele ratios have a higher anatomical capacity to be colonized by mycorrhizas, which can mediate the transfer 

of nutrients and water (Gu et al., 2014; Kong et al., 2014; Valverde-Barrantes et al., 2021; Shi et al., 2023). Although plants 

must transfer carbon to fungi as part of their partnership, the fungi’s extensive hyphae networks can significantly boost 70 

nutrient and water absorption. This collaboration offers thicker rooted plants an alternative strategy to relying solely on roots 

for uptake of water and nutrients (Kakouridis et al., 2022). A trade-off emerges between a cheaper “do-it-yourself” strategy, 

with fine roots of high specific root length (SRL) that provide sufficient absorptive area without the need for fungal 

collaboration; or “outsourcing” to the mycorrhizae partner, whereby a plant with fine roots of relatively thick dimeter and 

low surface area “pays” (i.e. transfers) carbohydrates to the fungus to benefit from the high absorptive capacities of hyphae 75 

(Bergmann et al., 2020). A spectrum of strategies thus emerges: at one end, plants invest heavily in fine-root traits that 

enhance independent nutrient uptake, while at the other end they rely more on fungal partners to exchange nutrients for 

carbon. 

Empirically-based concepts connecting patterns to processes such as the spectrum of form and function (Díaz et al., 2015) 

are very useful for dynamic vegetation models (DVM), which depend on generalized representations of ecology. DVMs are 80 

software simulators of plant community, physiology and edaphic processes, used to conduct experiments which are difficult 

or inviable to produce in field settings, such as characterizations over large temporal and spatial scales from complex 

treatments (Prentice et al., 2004; Sitch et al., 2008; Quillet et al., 2009). Aboveground plant trait variation has been 

implemented in DVMs using the 'leaf economics spectrum,' a framework that classifies leaves based on a trade-off between 

rapid growth and resource conservation (Wright et al., 2004). Including such frameworks in DVMs has provided insights 85 

into nutrient dynamics and community resilience (i.e., Sakschewski et al., 2015, 2016; Dantas de Paula et al., 2021). By 

contrast, belowground processes, despite their critical ecological roles, remain underrepresented in these models (Langan et 

al., 2017; Sakschewski et al., 2021). Particularly, despite mycorrhizas being fundamental to plant growth, not many attempts 

have been made to explicitly include them in DVMs (Dantas de Paula et al., 2019, 2021; He et al., 2021; Kou-Giesbrecht et 

al., 2021; Thurner et al., 2023). None of these approaches was using trait-based models, meaning that the coexistence of 90 

species with lower and higher mycorrhiza colonization rates was not present, and results were highly parameter-dependent. 

Since data on mycorrhiza physiology and structure are scarce and complex to measure (Godbold et al., 2006; Van Der 

Heijden et al., 2008), these models may be producing results that are unrealistic. Nevertheless, including  variation in fine-

root traits and mycorrhizal colonization in DVMs holds the potential to improve  predictions of vegetation response to 

climate change, as was the case with leaf and wood traits (Sakschewski et al., 2016).Due to their increased absorption 95 

capabilities, mycorrhiza can effectively support plant survival in harsher environments, increasing resilience to disturbances 

such as droughts (Das & Sarkar, 2024). 
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Here, we derived parameters from the literature and field measurements to implement fine-root trait variations and the fungal 

collaboration gradient (FCG) in a trait-based DVM (LPJ-GUESS-NTD). This DVM includes N and P cycles, the latter of 

which is particularly important for tropical forests (Du et al., 2020). Previously, an LPJ-GUESS-NTD version that included 100 

aboveground trait diversity, N and P cycling, and a simple mycorrhizal representation was applied in a well-researched 

elevation gradient in tropical mountane forest (TMF) biodiversity hotspot sites in the southern Ecuadorian Andes. The model 

reproduced an observed gradient of aboveground vegetation traits and C processes along the elevation gradient, showing that 

nutrient dynamics might play a very important role in vegetation changes and C cycling along this gradient (Dantas de Paula 

et al., 2021). However, variation in fine-root traits was not accounted for, and mycorrhizal symbioses were highly simplified 105 

and prescribed. Such an approach can only yield limited site-specific insights about belowground traits and mycorrhiza. To 

address these gaps, this study develops a dynamic approach that integrates detailed fine-root trait and fungal interaction data 

into DVMs for broader ecological applications. It builds upon more detailed ecophysiological processes whose 

understanding is, as of yet, generalizable for DVM applications but which could be essential for linking above- and 

belowground plant traits. We applied the new model version to the Andes TMF and tested it against field observations of 110 

fine root and Arbuscular mycorrhizal fungi (AMF) measurements along the altitudinal gradient (Homeier & Leuschner, 

2021; Pierick et al., 2021). This local setting was chosen not only to build on previous results but also because we could 

apply the FCG using only one mycorrhiza type (AMF). We aim here to test with our model implementation the general 

hypothesis that the FCG is an important factor behind the observed fine-root trait distribution, forest biomass and 

productivity. , More specifically, we hypothesize that (1) in line with the mycorrhizal colonization gradient and field 115 

measurements of fine-root traits, as available nutrients decrease with elevation, simulated community average values of SRL 

decrease, diameters increase and colonization rates by AMF increase when the FCG is active. Next, we removed the 

mycorrhizal fungi in a simulated exclusion experiment, and (2)expect that in the absence of AMF, plant biomass and 

productivity would differ from observations, and SRL between the different sites of the elevation gradient would be similar. 

In other words, this latter result would imply that AMF drives morphological fine-root diversity.   120 

3. Materials and Methods 

3.1. Site description 

To test our hypotheses and to drive and evaluate our simulations, we used site-level data from three different elevations 

(1,000, 2,000 and 3,000 m a.s.l.) in the Cordillera Real on the eastern range of the south Ecuadorian Andes. These three sites 

harbour old-growth forests and are located within or close to the Podocarpus National Park, where a wealth of biotic and 125 

abiotic measurements have been carried out since the early 2000’s (Beck et al., 2008; Bendix et al., 2013, 2021). The terrain 

is predominantly steep and rugged, characterized by ridges and valleys. The primary parent materials for soil formation 

include Paleozoic metamorphosed schists and sandstones, interspersed with quartz veins. Cambisols are the most prevalent 

soil type at lower elevations, while Planosols and Histosols dominate at higher elevations around 2,450 meters (Wilcke et al., 
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2008). The main recurring disturbance in the area are landslides (Wilcke et al., 2003). The annual mean temperature among 130 

elevations decreases from around 20° C (1000 m) to ~10° C at (3000 m), and annual precipitation increases from 2230 mm 

(1000 m), and 1950 mm (2000 m), to 4500 mm (3000 m) (Moser et al., 2007; Dietrich et al., 2016; Bendix et al., 2021). Due 

to several abiotic and biotic factors, of which temperature is the most relevant, decomposition and mineralization of organic 

matter declines with elevation along this range, resulting in an increase of the thickness of the organic layer from around 5 

cm in the 1,000 m site to more than 50 cm in the 3,000 m site. Conversely, inorganic nutrient stocks, studied as plants’ main 135 

nutrition source, decrease with elevation. In particular, nitrogen (both inorganic forms N; Ni = NH4-N + NO3-N) stocks vary 

from 5.14 kg Ni ha
-1

 at 1,000 m, 13.02 kg Ni ha
-1

 at 2,000 m and 0.64 kg Ni ha
-1

 at 3,000 m on average (Velescu & Wilcke, 

2020; Dantas de Paula et al., 2021). Bray extractable inorganic phosphorus (Pi) measurements show no significant 

differences between elevation sites (Dietrich et al., 2016), suggesting that P limitation may play a minor or co-limiting role 

to N in this gradient (Homeier et al., 2012). Nutrient availability and the resulting limitation to plant growth along the 140 

elevation gradient are considered an important driver of the diversity of ecosystem processes and species functional traits in 

this region: for example, with increasing elevation, forest productivity and biomass stocks decrease (Homeier & Leuschner, 

2021), and the community trait distribution becomes more conservative (Homeier et al., 2021; Pierick et al., 2023, 2024) 

(e.g. lower specific leaf area, lower fine-root nutrients).  

Extensive floristic inventories in the area allowed the distinction of three main forest types: The studied forest types are 145 

classified as evergreen premontane forest (1000 m), evergreen lower montane forest (2000 m), and evergreen upper montane 

forest (3000 m); floristic composition changes rapidly with elevation, as most tree species in the study area are only found in 

narrow elevational belts (Homeier et al., 2008). The evergreen premontane rain forest at the lowermost study site reaches 40 

m in height with common tree families being Fabaceae, Moraceae, Myristicaceae, Rubiaceae and Sapotaceae. It is replaced 

at 1300–2100 m by smaller-statured lower montane rain forest with Euphorbiaceae, Lauraceae, Melastomataceae and 150 

Rubiaceae as characteristic tree families, and above 2100 m by upper montane rain forest with a canopy height rarely 

exceeding 8–10 m. Common tree families of the latter forest type are Aquifoliaceae, Clusiaceae, Cunoniaceae and 

Melastomataceae. With increasing elevation, forest biomass and productivity decrease whereas root-shoot ratio increases 

(Homeier & Leuschner, 2021).Concerning the belowground perspective, which is the main focus of this work, it is known 

among these sites that with increasing elevation, average SRL decreases from around 3,000 cm g
-1

 at 1,000 m to 1,500 cm g
-1

 155 

at 3,000 (Pierick et al., 2023). The percentage of root length colonized by arbuscular mycorrhizal fungi (AMF), which 

interacts with almost all species in the study area (Kottke & Haug, 2004), increases from an average of 25% at the lowest 

elevation to 61% at the highest (Camenzind et al., 2016). This altitudinal trend, as well as nutrient addition experiments in 

the sites (Camenzind et al., 2014) suggest that AMF has an important role in plant N uptake in our studied TMF. This is in 

contrast with the common view that AMF is mostly relevant for P, which has been challenged (Hodge & Storer, 2015). 160 

Principal component patterns for SRL, fine-root diameter, tissue density and N content (Pierick et al., 2021, 2024) are very 

similar to the global ones described in Bergmann et al., (2020), where fine-root tissue density and N form one axis (i.e. fast-

slow gradient) and SRL with fine-root diameter another, in line with the FCG. 
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3.2. Model description 165 

To simulate the trait distributions in the Andes Tropical Montane Forest (TMF), we use the LPJ-GUESS DGVM (Smith et 

al., 2014) with the NTD (nutrient-trait dynamics) implementation (Dantas de Paula et al., 2021). This model includes 

individual representations of each tree, a Farquar-based photosynthesis implementation, detailed tree population dynamics 

(establishment, mortality, disturbances), and abiotic competition processes (light, water, nutrients, space; Smith et al., 2001, 

2014). In the NTD version of LPJ-GUESS (see Dantas de Paula et al., 2021) for the full description), plant diversity is 170 

included through trait variation, as random values of specific leaf area (SLA) and wood specific gravity (WSG), when new 

tree saplings are established. These traits are related to further traits, and the trait-trait relationships define major trade-off 

axes, such as SLA to tissue C:N ratios. For the model in this study, most trait-trait relationships and tissue stoichiometry 

were not parameterized from global data but from measurements at the study site (Dantas de Paula et al., 2021). The trait 

combinations each plant receives in establishment impact its competitive success compared to other individuals in any 175 

specific environment, with less adapted individuals suffering, e.g., having lower growth than competitors and, therefore, 

higher growth efficiency mortality (the mortality component in the model related to negative net primary productivity –NPP- 

values). 

Soil organic matter (SOM) dynamics were adopted from the CENTURY model (Parton et al., 1988, 1993, 2010), with 

organic matter pools and the N and P cycles also included. Organic matter enters the SOM model through vegetation litter 180 

input, and total soil organic C for a particular point in time can be estimated by summing up all C in SOM pools. The C:N 

and C:P ratio of litter, its size (e.g. leaf versus coarse woody debris), soil temperature, soil humidity, and available soil 

nutrients influence SOM decomposition rates, soil C accumulation and nutrient dynamics. Tissue C:N and C:P ratios also 

determine nutrient demand, which must be met by root uptake, otherwise photosynthesis and growth become limited by N 

and/or P. Nutrient limitation also drives increased C allocation to roots, and higher nutrient uptake than demand drives 185 

increased C allocation to leaves. LPJ-GUESS-NTD included a simple implementation of AMF-mediated plant nutrient 

uptake (Dantas de Paula et al., 2021), which was required to reconcile measured available soil nutrient concentrations with 

observed vegetation structure and trait distributions. This representation was based on Kirschbaum & Paul, (2002), in which 

vegetation demand for N and P are met by additional uptake from the surface microbial pool. However, this approach had 

several limitations, among which there was (1) no representation of individual AMF mass per plant, i.e. a “big mushroom” 190 

approach (analogous to the “big leaf” approach (Luo et al., 2018)); (2) a fixed AMF colonization rate for all individuals; (3) 

no C costs for AMF-mediated nutrient acquisition. Also, fine-root traits were fixed among individuals, meaning that the total 

fine-root surface area for nutrient uptake depended only on fine-root biomass, and fine-root morphological traits such as SRL 

were not considered. This previous implementation therefore did not provide a realistic relationship between C invested into 

nutrient acquisition (as fine roots or mycorrhizae) and effective acquisition capacity. Although fine-root biomass in general 195 

terms translates into higher nutrient or water uptake capacity, there is high variation for same biomass values, and this is 
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thought to result from fine-root morphological trait variation (Kokko et al., 1993). Even though fine-root architecture (i.e. 

root distribution along different soil layers) and rooting depth are considered in our and other models (Langan et al., 2017; 

Sakschewski et al., 2021), to our knowledge morphological traits such as fine-root diameter and SRL have not been 

implemented. 200 

 

3.3. Implementation of the fungal collaboration gradient 

We consider that fine-root surface area is a better proxy for uptake capacity than fine-root biomass. We consider fine roots as 

those having a diameter of less than 2 mm, as defined in our reference field samples (Pierick et al., 2021, 2024). The 

inclusion of SRL as an individual trait permits the calculation of the total fine-root surface area using the equation: 205 

 

𝐴𝑟𝑜𝑜𝑡 = 𝑆𝑅𝐿 𝑑𝑟𝑜𝑜𝑡  𝜋 𝐶𝑟𝑜𝑜𝑡 ,                 (1) 

 

where 𝐴𝑟𝑜𝑜𝑡 is the total fine (absorptive) fine-root surface area (m
2
), SRL is in m/kgC roots, droot is fine-root diameter in m 

calculated from SRL (see below), and Croot is fine-root C biomass (kg C m
-2

). Individuals with higher values of SRL and 210 

thinner roots (low diameter) have larger values of Aroot (since SRL and droot have a non-linear relationship) per fine-root 

mass. The relationship between SRL and droot was produced using species data measured in our study site (Pierick et al., 

2021). 

We included SRL as a randomized trait in the tree's individual establishment, in addition to the model´s existing traits SLA 

and WSG, as well as AMF C mass as a mass pool for each tree. In this updated model version, AMF biomass and area (CAMF 215 

and AAMF) are implemented as an extension of the root system for each tree individual. For herbaceous vegetation, 

individuals are not distinguished in LPJ-GUESS. Accordingly, CAMF and AAMF are not individual-based for herbaceous 

vegetation, with only one pool for C3 and one pool for C4 herbaceous vegetation. The total hyphal surface area for each 

individual’s AMF is calculated as in equation (1), substituting Aroot, droot and Croot for AAMF, dAMF and CAMF, respectively, and 

SRL for specific hyphal length (SHL). Values for SHL and dAMF (Table A1) are fixed for all individuals (no fungal trait 220 

variation) and based on Raven et al., (2004). Due to their very thin hyphae, AMF typically has specific surface areas that are 

several times larger than those of fine roots with the same C mass Raven et al., (2004). The total soil area a plant individual 

can explore for nutrients is thus equivalent to Aroot + AAMF. Cooperation with AMF benefits a plant individual, increasing the 

surface area for its nutrient uptake to levels which cannot be reached by its fine roots alone. However, cooperation with 

AMF implies in fungal CAMF costs which must be borne by the plant. We expect then that in more nutrient limited 225 

environments, such as in higher elevation areas, mycorrhiza colonization will be high. On the other hand, in lower elevation 

sites where light competition plays a large role, investment in mycorrhiza will not lead to higher fitness, leading to lower 

colonization rates. 
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AMF C dynamics for each individual’s CAMF were implemented similarly to the structural plant C compartments, i.e., leaf, 

wood, and fine roots. AMF respiration is included and depends on the current daily CAMF and a fixed AMF C:N ratio value 230 

(Orwin et al., 2011). C is allocated to AMF biomass (CAMF) at each timestep , and calculated as: 

 

∆𝐶𝐴𝑀𝐹 =  ∆𝐶𝑖𝑛𝑐 ∙ 𝑟𝑚𝑎𝑥 ∙ 𝑚𝑐𝑜𝑙  ,                  (2) 

 

where ∆Cinc is the total biomass increment for this individual in this timestep (NPP – respiration) and rmax is a calibrated 235 

parameter defining the maximum fraction of ∆Cinc (0 - 1) transferred to AMF for growth. The individual’s mycorrhizal 

colonization rate mcol (0 – 1) was defined from a correlation from droot based on global trait data from the GROOT database 

(Guerrero-Ramírez et al., 2020), since our study area had no species-level (only site-level) measurements of mycorrhizal 

colonization rates. Based on the global mcol – droot relationship, we assume that increasing colonization rates will result in a 

larger C transfer from plant to AMF, in other words, increased C costs. The parameter rmax is therefore calibrated to establish 240 

the incline of the assumed linear relationship between AMF colonization and C increment. We explore its values from 0-1 to 

determine values in which maximum benefit for the plant occurs. A graphic visualization of the relationship between mcol 

and rmax can be seen in Fig. A1. 

In the new model, ecological filtering determines which AMF colonization rates are optimal, leading to the highest biomass 

growth rates under given environmental conditions. Those tree individuals with the optimal AMF colonization then 245 

outcompete other individuals. Competition occurs for light, water, N and P. This approach to C transfer between plants and 

AMF differs from those in which N and P are exchanged for fixed or varying costs of C (Fisher et al., 2010; Allen et al., 

2020; Reichert et al., 2023) in favor of a more explicit representation of AMF physiology. Although fungal C demand is 

represented here, we did not include N or P demand and uptake of the mycorrhiza themselves. Thus, all nutrients absorbed 

by the AMF hyphae in the model are transferred to the plant (Fig. 1).  250 
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Figure 1. Full Schematic of LPJ-GUESS-NTD including the new fine root and mycorrhiza implementations in relation to (Dantas 

de Paula et al., 2021). For more details, refer to that publication. In the present study, Arbuscular Mycorrhiza Fungi (AMF) was 

added as an individual component of a plant. Aroot and its analog AAMF, as described by equation (1) and ∆CAMF from equation (2) 255 
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are indicated. Dark green and red elements represent soil organic matter (SOM) pools, while the purple hexagons represent 

mineral (plant available) pools. 

 

Relevant to our model approach for the FCG implementation is the advantage posed by the AMF’s higher nutrient 

absorption area and uptake capacity. Literature research has yielded little data on the necessary Michaelis-Menten equation 260 

parameters for model runs: the maximum uptake rate of N and P (Vmax) and the half-saturation constant (Km) (Silveira & 

Cardoso, 2004; Pérez-Tienda et al., 2012). These values represent respectively the amount of nutrients taken up per fine-root 

mass for each time step and how well the uptake occurs under low concentrations. Values for AMF indicated that due to 

different N and P form transport systems, fungi differ in their uptake dynamics to fine roots (Silveira & Cardoso, 2004; Wu 

et al., 2020). Particularly in the Km values, as AMF can absorb N and P under much lower concentrations than fine roots 265 

(Table A1). 

Another relevant parameter in the simulations was the turnover rate of AMF extra radical mycelium. This has been 

recognized as a complex field measurement, with estimations as low as five to six days (Staddon et al., 2003) and nine days 

(Godbold et al., 2006). However, here we consider the extra radical mycelium longevity of 80 days as proposed by Raven et 

al., (2018), based on the elongation rate of up to 3 mm d
-1

 for AMF hyphae (Olsson & Johnson, 2005; Smith & Read, 2010). 270 

Graphs of the data used in the trade-offs and the equations used in the trait-trait relationships, can be seen in Fig. S2. 

 

3.4. Model drivers and evaluation data 

Each of our three elevation sites was simulated with distinct daily data of temperature, precipitation, and radiation, 

interpolated from measured monthly average values from climate station data at each elevation site between 1999 and 2018 275 

(Peters & Richter, 2009; Rollenbeck et al., 2015; Bendix, 2020). Soil data and parameters were taken from the World Soil 

database (FAO/IIASA/ISRIC/ISS-CAS/JRC, 2012); N and P deposition rates used were from Dantas de Paula et al., (2021); 

which were measured weekly during the same 1999 – 2018 period. Details on how driver data influences ecosystem 

processes can be found at Smith et al., (2014) and Dantas de Paula et al., (2021). 

Minimum and maximum SLA, WSG and SRL values for initialization of tree individuals at establishment were defined 280 

using measured values from the field (Báez & Homeier, 2018; Homeier et al., 2021; Pierick et al., 2023). These minimum 

and maximum observed trait values consider all three elevation sites as one since we do not include dispersal or 

establishment limitation along this elevational range. Regarding the trade-off relationship of the traits SLA, WSG, and SRL, 

we use for the first two the same correlations defined in (Dantas de Paula et al., 2021). For SRL, we derive droot from it, 

using the dataset of Pierick et al., (2023), and AMF colonization rates from droot and mcol values from the GRooT database 285 

(Guerrero-Ramírez et al., 2020). Equations, R
2
 values, and graphs can be seen in Fig. 2. Model parameterizations can be 

found in Table A1. 
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3.5. Modeling protocol and scenarios 

Following the standard LPJ-GUESS procedure (Smith et al., 2014), the LPJ-GUESS-NTD model was initialized from the 290 

bare ground and allowed to spin up for 500 years using the driving data to build vegetation and soil C, N and P stocks. 

Following the spin-up period, a further 200 years was simulated for generating the modelled results by repeating the 

observed climate data to represent long-term mean conditions. We repeated this process for two defined scenarios: (1) no 

AMF collaboration (AMF-off), in which the parameter for maximum C transfer to AMF rmax is set to zero, and Atotal  equals 

Aroot; (2) AMF collaboration (AMF-on), considering the new implementations defined in the current study and where uptake 295 

of nutrients depends on Aroot + Aamf (Fig. 2). Each simulation was set to represent a total area of 10 hectares, and the whole 

procedure was replicated 30 times to average random effects. 

 

 

Figure 2. Scenarios used in this study to evaluate the role of the fungal collaboration gradient in shaping Specific Root Length 300 
(SRL) distributions. In the top scenario (AMF-off), transfer of C to Arbuscular Mycorrhiza Fungi (AMF) is deactivated (rmax = 0) 

and plants depend only on roots to acquire nutrients. In the scenario below (AMF-on) transfer of C is active (rmax = 0.5) and AMF 

participates in nutrient acquisition. 
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3.6. Model evaluation 305 

To assess model results, we compared them to the trait and forest structure measurements also used in Dantas de Paula et al., 

(2021), in addition to SRL, fine-root diameter, and AMF colonization data reported from Pierick et al., (2021) and 

Camenzind et al., (2016). The trait distributions from these same sources as well as mean values for SLA, WSG, SRL, and 

fine-root AMF colonization, were also used to evaluate the simulated trait distribution results for each of the three elevation 

sites. 310 

 

3.7. Sensitivity Analysis to infer maximum carbon fraction transferred to AMF 

We included a sensitivity analysis of the parameter rmax (the fraction of plant NPP allocated to its growth in each timestep 

transferred to AMF when colonization rate is 100%, or a rate of 1), which is the only parameter that is calibrated and not 

based on observations. The sensitivity analysis allowed us to assess the full range of possible rmax values (0 - 1), and identify 315 

optima of this parameter which maximizes plant productivity and plant-fungi interactions. Given the lack of experimental 

data and relationships, we assumed here a linear response between AMF colonization rate and rmax (see equation (2)).  

We executed 30 simulations for each elevation site with the rmax parameter varying from 0 to 1 and examined the effects on 

traits and ecosystem processes, as well as the total rate of transfer of C from plant to fungi, and C cost per N or P uptake.  

 320 

4. Results 

4.1. Sensitivity analysis of the rmax parameter 

With increasing maximum C transfer rate from plant to AMF (rmax), the model simulated an increase in average biomass and 

productivity for all sites (Figs. 3a-b), and an increasing community average AMF colonization rate (Fig. 3c), reflecting the 

alleviation of N and P limitation (Figs. A3e-f) and increasing benefit for plants in interacting with fungi. This pattern 325 

continued until an rmax of 0.25-0.5, when productivity and biomass reach their highest values. At that point, average 

community AMF colonization reach a maximum, having values which are closest to observations. With increasing rmax, 

average colonization rates decrease, indicating a decoupling of plant and fungi. For this reason, we picked a value of 0.5 rmax 

for subsequent analysis. We consider the simulations with a rmax of 0.5 as the value where the largest benefit for the plant, 

when interaction with AMF occurs, and consider the AMF-on scenario to be rmax = 0.5. More details and results for the 330 

sensitivity analysis of rmax can be seen in the appendix A. 
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Figure 3. Sensitivity analysis of the parameter rmax, maximum C allocation to growth for mycorrhiza. Each point represents 200-335 
year averages using a particular rmax. Whiskers indicate +/- SD from the 200 years of each run. Red lines: 1,000 m. Green lines: 

2,000 m. Blue lines: 3,000 m. 

 

4.2. Influence of the fungal collaboration gradient on plant traits 

The decrease in SRL and increase in AMF colonization rates observed in the field data along the three elevation gradients 340 

were reproduced by the model in the AMF-on scenario. Simulated SRL and AMF colonization rates were within the 

confidence interval of field measurements for the 1,000 and 2,000 meter a.s.l. sites (Fig. 4a-b), ranging from 4,929.31 – 

3,339.07 cm g-1 (SRL) and 0.29 – 48 (AMF col.) as can be seen in Table 1. When AMF was deactivated, no differences 

between elevations were found for simulated SRL and AMF colonization (Fig. 4a, b).  

The distribution graphs of SRL showed clearly how the fine-root traits are shaped by the relationship with AMF for this 345 

environment (Fig. 5a). When the FCG was active (AMF-on), the SRL distribution was much closer to the observed 

distribution than AMF-off (Fig. 5a). The resulting AMF-off SRL pattern was very similar to the initial uniform random 

distribution at the establishment, with a lack of trends and no differences in SRL between the three elevational sites. Viewing 

SLA in this form as well, it can be seen that the AMF-off community was significantly more conservative (ranging from 

47.96 – 75.18 cm² g
-1

) than AMF-on (ranging from 88.79 – 104.97 cm² g
-1

) (Table 1). A similar pattern was found regarding 350 

leaf stoichiometry, as C:N and C:P ratios reflected SLA values and also became more conservative (larger values, with 
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higher proportion of C) when AMF was deactivated (Table 1). WSG, on the other hand, was unaffected by the different 

AMF scenarios. Model performance thus improved in the AMF-on scenario, reducing median absolute errors for SRL in 

comparison with the AMF-off. SLA on the other hand was slightly worse with the activation of AMF uptake (Table A2, 

Figure A5). 355 

 

  

  1000 2000 3000 

 

 
AMF-on AMF-off AMF-on AMF-off AMF-on AMF-off 

  Units mean SD mean SD mean SD mean SD mean SD mean SD 

Vegetation Biomass Mg ha
-1

 126.19 5.07 119.33 6.46 135.92 7.51 83.99 5.80 84.90 4.85 16.49 2.62 

NPP Mg ha
-1

 y
-1

 
6.30 0.10 5.21 0.12 6.51 0.17 3.75 0.10 4.28 0.09 1.16 0.06 

Soil C stocks Mg ha-1 
29.53 0.42 24.08 0.56 43.53 0.75 24.91 0.60 49.57 1.26 15.65 0.55 

net N mineralization kg ha
-1

 y
-1

 37.80 0.86 41.46 0.63 39.72 0.90 29.03 0.73 22.23 0.71 10.58 0.28 

SLA cm² g
-1

 104.97 3.69 75.18 2.54 100.12 3.53 59.17 1.90 88.79 5.05 47.96 1.07 

SRL cm g-1 4929.31 195.32 5975.69 156.66 3996.16 182.40 5885.44 165.88 3339.07 194.90 5943.29 105.32 

AMF colonization - 0.29 0.02 - - 0.39 0.02 - - 0.48 0.02 - - 

C:N leaf - 39.56 1.01 46.45 0.73 42.34 1.09 51.49 0.70 44.49 1.05 52.31 0.78 

C:P leaf - 852.30 26.16 1001.23 18.52 974.52 30.98 1256.29 21.02 1069.53 32.24 1342.42 22.99 

C:N litter - 32.87 0.67 41.63 0.61 35.16 0.99 46.85 0.64 37.39 0.84 47.85 0.74 

C:P litter - 678.48 16.47 877.86 14.87 776.20 26.75 1136.88 19.22 875.47 25.88 1245.15 20.93 

 

Table 1. Simulated results for the two AMF treatment scenario AMF-on (0.5 rmax) and AMF-off (0.0 rmax) along the three 

elevation sites (1,000 m.a.s.l., 2,000 m.a.s.l., 3,000 m.a.s.l.). T-tests (N = 30) between AMF-on and AMF-off scenarios 

presented significant differences for all variables, as well as t-tests between elevations (1,000 compared to 2,000 and 1,000 360 

compared to 3,000), except for SRL, which between elevations did not present significant differences. 
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Figure 4. Results of simulated and observed C-related values for the elevation gradient, (a) specific root length – SRL, (b) AMF 365 
colonization rate, (c) biomass (sum of above and belowground) and (d) NPP – annual net primary production,. Scenarios are 

AMF-on  – C allocation to growth rmax = 0.5; AMF-off – C allocation to growth rmax = 0.0. Grey bars are field measurements, with 

whiskers indicating confidence intervals. 

 



16 

 

 370 

Figure 5. Trait density distributions for (a) specific root length - SRL and (b) specific leaf area - SLA: Scenarios are AMF-on  – C 

allocation to growth rmax = 0.5; AMF-off – C allocation to growth rmax = 0.0. Vertical dashed lines are mean values for each 

scenario. 

 

4.3. Influence of the fungal collaboration gradient on carbon stocks and productivity 375 

Simulation results with activated AMF (AMF-on scenario, rmax = 0.5) exhibited on average higher biomass and productivity 

values than AMF-off. Simulated biomass in AMF-on simulations were all within observed bounds whereas with AMF-off, 

only the 1000m site produced biomass within observed bounds (Fig. 4). Biomass differences between the AMF-on and 

AMF-off scenarios were the largest for the 3,000 m elevation site, where the former had 84.9 Mg C ha
-1

 +/- 4.85 SD and the 

latter 16.49 Mg C ha
-1

 +/- 2.62 SD, an 80.6% reduction (Fig. 4c, Table 1). Similar differences were found regarding NPP 380 

between both scenarios and when compared to observations, AMF-on yielded better NPP estimates, in particular for the 

3,000 m site (Fig. 4d).  

Average soil C stocks increased in the AMF-on scenario from 29.53 at 1,000 m to 49.57 Mg ha-1 at 3,000 m, while in the 

AMF-off scenario it decreased from 24.08 to 15.65 Mg ha
-1

 (Table 1). Although Net N mineralization rates where slightly 

higher in the AMF-off (41.46 kg ha
-1

 y
-1

) in comparison with the AMF-on (37.80 kg ha
-1

 y
-1

) in the 1,000 site, it decreased to 385 

more than half in the 3,000 site, from 22.23 to 10.58 kg ha
-1

 y
-1

 (Table 1). Litter stoichiometric properties reflected leaf C:N 

and C:P ratios, becoming more carbon rich (Table 1). 
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Total AMF biomass peaked at the 2,000 m elevation site with around 0.45 Mg C ha
-1

, and was lowest at the 1,000 m 

elevation site with 0.35 Mg C ha
-1

 (Fig. A3b). However in relative terms to total vegetation biomass, AMF increased with 

elevation, reaching around 0.4% of total plant biomass stocks at the highest elevation site (Fig A4).  390 

 

5. Discussion 

Trait-based dynamic vegetation models (DVM) represent an important tool which can be used to test theoretical frameworks 

of functional diversity. Our simulated results suggest that the fungal collaboration gradient (FCG) is a major driver of fine-

root functional diversity and ecosystem processes. We were able to compare three contrasting environments across altitudes, 395 

and the simulations largely followed field observations in magnitude and trend, but only when the FCG was activated in the 

model. These results have important implications for understanding the role of fine-root trait syndromes in driving 

ecosystem processes, as well as for conservation strategies and ecosystem management. 

 

5.1. The importance and implications of the fungal collaboration gradient for fine-root trait diversity and 400 

ecosystem processes 

Our results show that the FCG is a relevant concept for linking fine-root trait diversity and ecosystem functioning. The FCG 

allowed realistic fine-root trait distributions to emerge from the simulations. The FCG also has an important role in 

vegetation productivity and the organic C cycle. The lower productivity and biomass of AMF-off communities suggest that 

the lack of mycorrhiza is detrimental to plant nutrition and productivity at the higher elevations in our study regions. The 405 

deactivation of C transfer from plant to mycorrhiza represents a long-term fungal suppression experiment from an empirical 

ecology perspective. These are incredibly valuable in establishing the causality of interactions, but they are understandably 

difficult to perform under natural conditions in long-standing ecosystems. Field studies which tested either the removal of 

mycorrhiza or their inoculation show responses proportional on their relevance for the dominant plant species in an 

ecosystem (Lin et al., 2015). When mycorrhizas are relevant for a community, we can expect that fungal suppression will 410 

significantly reduce total biomass, as for example, in O’Connor et al., (2002). In that study, a heavily AMF-colonized herb 

species had a reduction of 60% of biomass after the application of fungicide, which is comparable with the 80% reduction in 

our highest elevation site. A meta-analysis of AMF experimental inoculation effects to plant growth found that on average 

AMF increase biomass in 47% (Wu et al., 2024). Some small-scale field studies that suppressed fungal colonization in 

intraspecifically diverse plant populations through molecular, rather than chemical, methods are perhaps able to more cleanly 415 

determine the role of AMF on biomass, and have supported altered biomass and competitive ability of plants in the absence 

of the ability to associate with AMF (McGale et al., 2020; Groten et al., 2023).  
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The presence of AMF at the higher elevation sites was not enough to drive the biomass in the 3,000 m sites to the same 

values found at 1,000 m, as observed. As evaluated in a climatic sensitivity analysis in a previous LPJ-GUESS-NTD 

publication, the gradient of biomass and productivity in our study sites is driven ultimately by temperature impacts on 420 

nutrient cycling (Dantas de Paula et al., 2021). In the model, lower decomposition rates result is less nutrient mineralization 

and availability, which is exacerbated by changes in leaf and litter traits (more C in relation to N and P, tougher leaves which 

decompose poorly), and limit productivity and biomass. Field studies complement this, indicating that with elevation more 

biomass is allocated belowground suggesting higher competition for nutrients (Leuschner et al., 2013). 

Related to this impact on plant growth are the effects of AMF to soil C stocks and nutrient dynamics. This is a complex topic 425 

since in the literature the presence of AMF has been related to reduction (Wurzburger & Brookshire, 2017) or increase 

(Rillig et al., 2001) of soil organic C. Our modelling approach can provide insights to this contrasting effect – AMF may 

both increase plant productivity (by alleviating nutrient limitation) which would tend to increase soil C stocks, while at the 

same time driving more labile litter and accelerating decomposition rates which would reduce soil C. Since LPJ-GUESS-

NTD includes both litter deposition and stoichiometry (which is a direct consequence of plant trait variation), the balance 430 

between increase in soil C input and higher soil C turnover can be effectively disentangled depending on the simulated site. 

For the particular area simulated in this study, our model suggests that AMF drives higher soil C stocks due to its support of 

a higher plant productivity (Table 1), particularly at the highest elevation site. This occurs in spite of AMF-off having lower 

net N mineralization rates and higher C:N and C:P litter (Table 1), which promotes lower decomposition and thus soil C 

accumulation. Exploring if the model could reproduce patterns of lower soil C stocks with AMF presence in other regions 435 

would be both an important model performance test and help to estimate how global average soil C stocks are affected by 

AMF. Therefore, the value and necessity of a DVM, as implemented here, are evident in expanding our understanding of 

these results across diverse natural ecosystems and sites. Moreover, this approach is crucial at a scale that is urgently needed 

in the context of climate change, particularly for conservation efforts.  

Our modelling approach also reveals linkages between belowground and aboveground traits. For our simulations, we 440 

observed that more nutrient-limited environments had both low specific leaf area (SLA) and low SRL (high diameter). In 

addition, deactivating AMF (AMF-off) resulted in communities with significantly lower SLA values. In other words, 

constraining fine-root diversity (i.e. by excluding AMF) in our model resulted in aboveground changes in leaf traits and a 

reduction in aboveground trait diversity (SLA range). These results reveal that belowground traits and the FCG can 

significantly influence aboveground vegetation traits across different altitudes in a tropical system. This is new information 445 

for this system and is rarely explored in trait research or DVMs, likely because the complex interactions are hard to untangle 

in field experiments or observational studies. 

Field studies in our elevation gradient sites agree with our modelling results and hypothesis that plant-microbial competition 

for N acquisition intensifies with altitude. For instance, experimental additions of N (50 kg N ha
-1

 y
-1

) and P (10 kg P ha
-1

 y
-

1
) during 5 years resulted in increased CH4 uptake for the 2,000 and 3,000 m.a.s.l. sites, indicating strong nutrient 450 

competition (Martinson et al., 2021). Also, To expand on this, future studies should integrate field and laboratory 
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experiments across different ecosystems and altitudinal gradients. Some methods offer promising avenues to improve our 

understanding of plant nutritional status and plant-soil competition for nutrients. For instance, stable isotope tracing (e.g., 
15

N 

labelling) can help track N uptake by plants and microbes, while enzyme activity assays can reveal microbial nutrient 

acquisition strategies under varying temperature conditions (Dunn et al., 2006). Additionally, soil sterilization bioassays can 455 

offer insights into the role of soil microbes affecting plant performance (Waring et al., 2016), whilst metagenomics and 

metatranscriptomics can provide insights into shifts in microbial communities and their functional roles in nutrient cycling 

(Mendes et al., 2017). Expanding empirical research in these areas will be essential to refine our understanding of plant-

microbial interactions in response to changing environmental conditions. 

While microbial competition for nutrients can limit plant nutrient acquisition, free-living microbial decomposers play a 460 

crucial role in breaking down evolved organic matter and mineral-associated organic matter, thereby releasing soluble 

nutrients to plants synchronizing supply and demand (Fontaine et al., 2024). These microbes, including saprotrophic fungi 

and bacteria, drive nutrient mineralization processes that can enhance plant nutrient uptake, particularly in nutrient-limited 

environments such as our studied elevation gradient. In our sites, the N cycle is closely coupled (i.e., gross N mineralization 

is equal to NH4 immobilization, and gross nitrification is equal to NO3 immobilization), and experimental nutrient additions 465 

can alter this equilibrium (Baldos et al., 2015). This is particularly alarming due to the observed increase of anthropogenic N 

deposition in these areas (Wilcke et al., 2013). Other global environmental changes such as CO2 and temperature increase 

may impact plant controls on soil organic matter dynamics which are mediated by microbes through priming effects, leading 

to the loss of nutrients and ecosystem degradation (Bernard et al., 2022). Balancing the interactions between decomposer 

activity and plant-microbial competition is, therefore, essential for understanding nutrient dynamics along environmental 470 

gradients. 

5.2. Model advancements and perspectives on plant-fungal interactions 

We have presented a relatively simple and effective implementation of the root collaboration gradient, which can be included 

in other DVMs. A crucial step in the model development was to translate fine root and hyphal mass into the total surface 

area through specific root and hyphal length (Eq. 1). Implementing the fine-root surface area calculation based on a varying 475 

length-to-mass variable within observed ranges allowed the modelled fine roots to function using observational fine-root 

physiological parameters for uptake kinetics (Table A1). Fine-root surface area, in particular at the highest elevation site, is 

clearly too low to support nutrient uptake and vegetation growth without mycorrhiza. As the model implementation of fine-

root nutrient absorption was changed from based solely on fine-root mass to fine-root surface area, it became clear that 

mycorrhizal associations (using observed physiological parameters) were necessary to support observed vegetation biomass 480 

under observed soil nutrient concentrations and nutrient demands, especially for the highest elevation site in our study. 

Our approach for linking plant C expenditure to nutrient acquisition differs from other approaches since we (1) explicitly 

consider fungal C mass and turnover in the model, allowing for its future measurement and validation in the field; (2) plant C 

investment into mycorrhiza is divided into fungal growth and tissue respiration and (3) costs for nutrient uptake are not 

Formatted: Subscript
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predetermined in the model but dynamic, varying not only between plant individuals due to fine-root traits (i.e. AMF 485 

colonization rates) but also within an individual`s life history since C must be allocated to sustain fungal respiration 

(dependent on fungal C mass which varies with time). In addition, we consider individual plants in our model, which 

compete for nutrients that result from a dynamic organic matter submodel, and consider feedbacks from plant tissue 

stoichiometry. Finally, LPJ-GUESS-NTD is a trait-based DVM and not PFT-based (Plant Functional Type, where simulated 

individuals from the same category have the same traits), allowing the exploration of plant functional diversity. 490 

Modelled C costs per N or P uptake (Fig. A3) increase with elevation, as expected due to the lower nutrient content of the 

soils in the highest sites. These costs are model-emergent, and are outcomes of C investment processes in AMF tissue 

growth and respiration and nutrient acquisition through uptake depending on plant and fungi structure and physiology. The 

approach used in our study is thus different from the ones followed by other models (Allen et al., 2020; Reichert et al., 

2023), where `C costs of nutrient uptake or their ranges are defined a priori. The costs defined here are thus connected to 495 

other processes within the model, and reflect field-measured parameters for AMF dynamics and structure as defined in Table 

A1. 

 

5.3. Model limitations and links to observations 

Gaps in the current understanding of plant-fungal interactions present a challenge in modeling their processes (Makarov, 500 

2019; Hawkins et al., 2023), and limit the projection of their effect on larger-scale processes such as the C cycle. Key 

processes which are poorly constrained by data are fine root and mycorrhiza uptake of nutrients, C transfer between plant 

and fungi, their tissue turnover rates and longevity, mycorrhiza C:N ratios (impacts mycorrhiza respiration and total C costs) 

and the N and P demand of mycorrhiza tissue. In addition to parametrization, field data is also invaluable for model 

evaluation. With regards to this study, our modeled total AMF mass per hectare reached values of up to 0.45 Mg C ha
-1

, 505 

representing around 0.5% of total plant biomass, assuming an extraradical mycelium (ERM) longevity of 80 days. Godbold 

et al., (2006) estimated higher values of around 1.1 Mg C ha
-1

 for the EuroFACE sites, and an ERM longevity of 9 days. 

These values may however be at an upper range of observations, as Parihar et al., (2020) found AMF biomass values 

between 0.054 and 0.9 Mg C ha
-1

, which supports our choice of AMF turnover parameter in Table A1. In any case, ERM 

longevity and total fungal biomass are invariably linked, meaning that increases in the former will result in increases in the 510 

latter. Therefore, more measurements of both would be invaluable for models to parameterize these two important 

components of AMF dynamics. Such data, while in many cases difficult and costly to measure, could be very important for 

future simulations and foster collaborations between modellers and experimental and field ecologists. For example, by 

exploring the parameter ranges of turnover (as we have done with C investment, varying the rmax parameter), models can 

estimate which AMF turnover values produce viable plant communities, which then can be tested against field estimations. 515 

This would be particularly important for large spatial and temporal scale estimations of increasing atmospheric CO2 effects 

on soil C stocks, since AMF turnover rates influence soil C (Treseder & Allen, 2000). 
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The new empirical relationships between SRL, fine-root diameter and AMF colonization included in the LPJ-GUESS-NTD 

model for this study have led to satisfactory results. However, the relationship between AMF colonization rate and fine-root 

diameter as estimated in the field, showed considerable variation (Fig. 2). This indicates that although the relationship 520 

between fine-root diameter and AMF colonization is considerable, there is much room for improved understanding on this 

topic. More thorough studies involving fine-root anatomy, physiology and traits may uncover further relationships and 

variation axes which would be invaluable to help improve vegetation models.  

How realistic is our modelled relationship between AMF colonization and plant C transfer? In the lack of field-based 

empirical evidence, particularly for the type of environment we simulate, our modelling study represents a theoretical 525 

estimate of the link between mycorrhizal colonization rates and C transfer from plant to AMF as a fraction of NPP. The 

sensitivity analysis suggests a general agreement of equation (2) to observations with an rmax = 0.5. The value used for our 

simulations of rmax = 0.5 resulted in around 30% of NPP (Fig. 3d) or 20% of GPP allocated to AMF (including AMF 

respiration, Fig. A3g). This value is higher than the average values suggested in the literature (Chapin III et al., 2011). 

Řezáčová et al., (2017) suggested that the average GPP expenditure of plants to AMF is less than 10%, implying less than 530 

20% of NPP. However, most results exist for crops. Wild plants such as those in our study, can allocate substantially more C 

to AMF (Hawkins et al., 2023). We conclude that the high rmax values in our results, might be realistic under severe nutrient 

limitation and fine-root AMF colonization of around 50%, as observed in our highest elevation site (Pierick et al., 2023). 

More field research of this maximum transfer rate (having e.g. measurements of NPP, AMF C transfer and fine-root intra- 

and extraradical colonization) would be invaluable to better constrain this important component of NPP, as well as a 535 

confirmation of whether the relationship between C transfer and colonization rate is in fact linear, as assumed here. A better 

understanding of this link would be invaluable for management practices to improve estimations of plot-level plant to soil C 

transfer and AMF biomass.  

 

5.4. Future directions in model development, expansion of our approach and model application 540 

Our exploration of fine-root traits and the FCG was limited to three sites in the tropical mountain forests of Ecuador. These 

areas were chosen due to data availability, and are limited in spatial scope, but we argue that our results are relevant in 

general since (1) the axis of trait variation observed for our sites (Pierick et al., 2021, 2023) followed closely by those 

estimated globally (Bergmann et al., 2020), and (2) AMF is by far the predominant mycorrhizal type both phylogenetically 

(70% of plant species), in land cover (55%), and in the global NPP contribution from their plant hosts (63%; Hawkins et al. 545 

2023). 

Other nutrient acquisition strategies may be more relevant regionally. Although in our studied sites foraging strategies 

involving AMF are prevalent in nutrient-poor areas, in strongly P-limited areas of the Amazon lowlands nutrient acquisition 

strategies such as the exudation of phosphatases or organic acids might also play a significant role (Reichert et al., 2023). 

The implementation of exudation C-investment strategies may be necessary to account for increased fitness in nutrient poor 550 
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environments and allocation of C belowground, as up to 16% of NPP was found to be allocated to the production of organic 

acids in a P-limited environment (Aoki et al., 2012).  

The inclusion of other mycorrhizal types could also be important for correctly simulating certain environments. The second 

most important mycorrhizal type, ectomycorrhizal fungi (EMF), is dominant in the boreal and some tropical regions and 

dominates in 25% of the Earth’s terrestrial ecosystems (Hawkins et al., 2023). EMFs can receive on average higher fractions 555 

of plant productivity as C transfers (Hawkins et al., 2023), have different pathways for nutrient uptake (Phillips et al., 2013), 

and may have a distinct effect on the soil and vegetation C dynamics (Terrer et al., 2021). Since EMF can actively extract 

nutrients from non-labile sources, they may allow higher plant productivity than AMF for environments where labile sources 

are extremely poor, and affect simulated soil C stocks and fluxes. For instance, one modelling study showed how EMF 

presence can affect C storage (Moore et al., 2015). Regarding the FCG, EMF are expected to follow the SRL trends as AMF 560 

(Bergmann et al., 2020), meaning that the main difference for future EMF model implementations might be to account for 

organic nutrient acquisition kinetics. The inclusion of EMF into DVMs should consider important differences to a AMF 

implementation. First, the access EMF has to organic sources requires the production of specialized enzymes, which are not 

present in AMF. This means that total cost borne by plants for nutrient acquisition may be higher in EMF symbiosis, as 

confirmed empirically (Hawkins et al., 2023). Second, kinetic uptake parameters, fungal tissue C:N ratios (which in our 565 

model impacts mycorrhiza respiration), turnover rates as well as SHL traits should differ due to distinct EMF physiology and 

morphology. Within the trait-varying approach, one possible implementation could be randomizing the individual’s 

preference for AMF or EMF (or no mycorrhiza) during establishment (but not for grasslands, which are AMF exclusive). 

This can be an interesting prospect to test whether AMF or EMF dominance could emerge in a global model following 

climatic and edaphic conditions, where AMF would dominate in areas with predominantly mineral soils and EMF where soil 570 

organic matter has higher stocks or fluxes (Read, 1991). Also, if AMF and EMF effects on soil C stocks differ under 

increasing CO2, as been suggested (Terrer et al., 2021), and if mycorrhiza are indeed the primary controls of the CO2 

fertilization effect (Terrer et al., 2016).  

Large-scale simulations and future projections are expected next steps for trait-based DVMs, such as the one included in this 

study. Global or regional maps of key vegetation traits have recently been published using several methods, such as 575 

combining machine learning and remote sensing, and represent a new way of showcasing worldwide variation in plant 

attributes (Moreno-Martínez et al., 2018). These maps can be used in turn to evaluate similar maps from trait-based DVMs, 

which can provide further ecological information that cannot be sensed from satellites, i.e., on belowground traits and 

processes. Regarding future projections, an obvious follow-up study to this one would be changes in fine-root traits and 

fungal collaboration under climate change scenarios. An analysis of data from Free Air CO2 Enhancement (FACE) 580 

experiments showed that the mycorrhiza type may determine the extent of CO2 fertilization effects (Terrer et al., 2018, 

2021), which is a significant uncertainty in future projections of vegetation and organic C cycle changes (Hickler et al., 

2015; Walker et al., 2021). More explicit treatments of mycorrhiza in DGVMs and land surface models might reduce this 

uncertainty. 
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Finally, our study can provide important insights into the recent discussion on the importance of AMF for ecosystem 585 

management, in spite of its limitations. First, the relevance of AMF abundance and diversity for agriculture has been argued 

for (Rillig et al., 2019) and against (Ryan & Graham, 2002), particularly when criteria for AMF benefits are defined either as 

yield or sustainability. In this regard, our modelling study confirms the strong and long term influence of AMF to plant 

biomass and productivity for environments where nutrients are the most limiting factor, but weaker effects where they are 

not. Second, the shift in both SRL and SLA distributions when AMF is deactivated suggest that plant communities may 590 

differ significantly when mycorrhizal symbiosis is absent, particularly towards conservative, conservative assemblages. Our 

model is thus in line with suggestions from ecosystem restoration practices: the introduction of AMF inoculation can both 

impact plant growth and community composition (Lin et al., 2015). In order to better explore from a model perspective AMF 

influence to the whole ecosystem, the implementation and evaluation through simulated experiments of several key 

processes such as soil aggregation, seedling survival, resistance to pathogens and resistance to invasive species as well as a 595 

thorough analysis of AMF effects to soil stocks and fluxes, would be invaluable (Rillig et al., 2019). 

6. Conclusions 

Even though fine-root traits and AMF are strongly linked and thought to impact ecosystem functioning, variation in fine-root 

traits has hardly been addressed in process-based DVMs and C cycle models. Here, we present a parsimonious, generalized 

approach for implementing fine-root trait diversity and the fungal collaboration gradient in a widely used DVM. With local 600 

data from a tropical montane biodiversity hotspot, we show that the model can reproduce fine-root traits, AMF colonization 

and aboveground vegetation features along a nutrient-limitation gradient. Model results confirm an expected crucial role of 

AMF for nutrient uptake and vegetation productivity at the high elevation, strongly nutrient-limited site. The model also 

reveals potential linkages between fine-root traits, AMF colonization and aboveground vegetation traits. We also show how 

trait-based DVMs can be a powerful tool for testing ecological hypotheses concerning complex interactions in ecosystems. 605 

Future research and model development, however, should focus more on belowground traits and their interaction with 

mycorrhiza and aboveground traits. Belowground processes and nutrient dynamics might, in the future, become even more 

important because plants will be even more important due to enhanced photosynthetic activity as atmospheric CO2 

concentrations continue to rise. 

 610 

7. Appendix A 

Evaluating carbon transfer from plant to fungi 

Increasing transfer of C from plants to fungi reduced nutrient limitation in our simulations (Figs. A3e-f), total vegetation 

biomass and productivity (Figs. 3a-b). The analysis of how the average fine-root traits (SRL and AMF colonization) changed 

with increasing maximum C costs, rmax (Figs. 3c and A3a) reveals a clear cost-benefit pattern in which too little or too much 615 
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C transfer, here also related to fungal colonization, is detrimental to plant productivity. Too little C transfer (rmax < 0.5) 

resulted in low total AMF biomass (Fig. A3b). For rmax values above 0.5, individuals with this high C transfer and higher 

AMF colonization rates are outcompeted, driving down community average AMF colonization rates (Fig. 3c). This occurs 

since the increasingly large AMF mass these plants would need to support offer no further benefit in nutrient limitation 

alleviation. The resulting AMF simulated biomass from an rmax of 0.5 and above (between around 0.35 and 0.45 MgC ha
-1

, 620 

Fig. A3b) fell within the 0.054 - 0.9 Mg C ha
-1

 of observations (Parihar et al., 2020). Since AMF biomass is an emergent 

property of the model (i.e. not prescribed), this fit within observations indicates that our assumptions and prescribed 

parameters (such as AMF turnover) produce a realistic representation of AMF function.  

 

 625 

Variable Description Unit Value(s) Reference 

Traits 

sla_min* 
minimum randomized 

specific leaf area 
cm² g

-1
 15.5 (Báez & Homeier, 2018) 

sla_max* 
maximum randomized 

specific leaf area 
cm² g

-1
 273.5  (Báez & Homeier, 2018) 

wsg_min* 
minimum randomized 

wood specific gravity 
g cm

-3
 0.158  (Báez & Homeier, 2018) 

wsg_max* 
maximum randomized 

wood specific gravity 
g cm

-3
 1.02  (Báez & Homeier, 2018) 

srl_min* 
minimum randomized 

specific root legth 
cm g

-1
 191.2 (Pierick et al. 2021) 

srl_max* 
maximum randomized 

specific root legth 
cm g

-1
 11,712.80 (Pierick et al. 2021) 

rmax 

fraction of individual´s 

NPP allocated to 

growth to be 

transferred to AMF at 

100% colonization rate 

- 0.5 this study 
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longevity_myc

o 
AMF longevity d 80 (Raven et al. 2018) 

cton_myco 

AMF C:N ratio, used 

for calculating 

respiration. 

- 15 (Orwin at al. 2011) 

shl_myco 
Fixed specific hyphal 

length for AMF 
cm g

-1
 1.33 10

8
 (Raven et al. 2018) 

d_myco hyphae diameter cm 2 10
-4

 (Raven et al. 2018) 

Michaelis-Menten kinetics 

nuptoroot 

Max. inorganic N (Ni = 

NH4+NO3-) mass 

uptake per fine-root C 

mass per day 

gN gC
-1

 d
-1

 3.57 10
-3

 (Rothstein et al., 2000) 

puptoroot 

Max. PO4 mass uptake 

per fine-root C mass 

per day 

gP gC
-1

 d
-1

 5.9 10
-4

 (Silveira & Cardoso, 2004) 

KmN_volume 

Half saturation 

concentration for Ni 

uptake 

kg l
-1

 2.1 10
-6

 (Rothstein et al., 2000) 

KmP_volume 

Half saturation 

concentration for PO4 

uptake 

kg l
-1

 2.15 10
-7

 (Silveira & Cardoso, 2004) 

nuptomyco 

Max. inorganic N (Ni = 

NH4+NO3-) mass 

uptake per amf C mass 

per day 

gN gC
-1

 d
-1

 7 10
-3

 (Pérez-Tienda et al., 2012) 

puptomyco 

Max. PO4 mass uptake 

per fine AMF C mass 

per day 

gP gC
-1

 d
-1

 9.13 10
-4

 (Silveira & Cardoso, 2004) 

KmN_volume

_myco 

Half saturation 

concentration for AMF 
kg l

-1
 4.5 10

-9
 (Pérez-Tienda et al., 2012) 
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Ni uptake 

KmP_volume_

myco 

Half saturation 

concentration for AMF 

PO4 uptake 

kg l
-1

 1.63 10
-7

 (Silveira & Cardoso, 2004) 

 

Table A1. Model parameters relevant to the new implementations of LPJ-GUESS-NTD. Variables with asterisks were measured in 

our study sites. 

 

 630 

Figure A1. Relationship between the rmax parameter and NPP transfer to mycorrhiza. 
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Figure A2. Complete scheme of model trait-trait relationships (trade-offs) after the inclusion of the fine-root traits and 

collaboration gradient. Traits in blue boxes are randomized uniformly at establishment according to a fixed range. Green boxes 635 
represent traits whose trade-offs were defined using measurements only from our study site, and red boxes were defined using 

data from the literature. SLA: specific leaf area, WSG: wood specific gravity; SRL: specific root length. 

 

  1000 2000 3000 

 

AMF-on AMF-off AMF-on AMF-off AMF-on AMF-off 

SRL 2691.32 3068.88 2299.13 3820.19 1035.64 4482.34 

SLA 36.37 38.71 38.90 29.60 37.96 21.86 

 

Table A2. Median Absolute Error measures between the scenarios (AMF-on and AMF-off) and field data for the three elevation sites. 640 
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Figure A3. Sensitivity analysis of the parameter rmax, maximum C allocation to growth for mycorrhiza. Each point represents 200 

year averages using a particular rmax. Whiskers indicate +/- SD from the 200 years of each run. Red lines: 1,000 m. Green lines: 

2,000 m. Blue lines: 3,000 m. 
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 645 

 

Figure A4. Simulated proportion of AMF to total vegetation biomass for the three elevation sites. 

 

 

Figure A5. Boxplots of a. specific leaf area (SLA) and b. specific root length (SRL) for the two simulation scenarios (AMF-650 

on and AMF-off) and field measurements. 
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9. Author contribution 

Mateus Dantas de Paula: design of the research; performance of the research; data analysis and interpretation; writing the 

manuscript 

Tatiana Reichert: performance of the research; data analysis and interpretation; writing the manuscript 660 

Laynara F. Lugli: performance of the research; data analysis and interpretation; writing the manuscript 

Erica McGale: performance of the research; writing the manuscript 

Kerstin Pierick: performance of the research; data analysis and interpretation; writing the manuscript 

João Paulo Darela Filho: performance of the research; data analysis and interpretation; writing the manuscript 

Liam Langan: data analysis and interpretation; writing the manuscript 665 

Jürgen Homeier: performance of the research; data analysis and interpretation; writing the manuscript 

Anja Rammig: performance of the research; data analysis and interpretation; writing the manuscript 

Thomas Hickler: design of the research; performance of the research; data analysis and interpretation; writing the manuscript 

10. Competing interests 

The authors declare that they have no conflict of interest. 670 

 

11. Acknowledgements 

We are grateful to the DFG (German Research Foundation) for funding this study in the scope of the Research Unit 

FOR2730 RESPECT. We thank the Ecuadorian Ministry of Water and the Environment (MAAE) for the permission to 

conduct research, and to the foundation Nature and Culture International (NCI) for logistical support. LFL acknowledges the 675 

Bavarian State Chancellery (Project Amazon-FLUX). 

http://vhrz669.hrz.uni-marburg.de/tmf_respect/data_pre.do?cmd=showall
https://zenodo.org/records/13772012


31 

 

12. References 

Allen K, Fisher JB, Phillips RP, Powers JS, Brzostek ER. 2020. Modeling the Carbon Cost of Plant Nitrogen and 

Phosphorus Uptake Across Temperate and Tropical Forests. Frontiers in Forests and Global Change 3: 1–12. 

Aoki M, Fujii K, Kitayama K. 2012. Environmental Control of Root Exudation of Low-Molecular Weight Organic Acids 680 

in Tropical Rainforests. Ecosystems 15: 1194–1203. 

Báez S, Homeier J. 2018. Functional traits determine tree growth and ecosystem productivity of a tropical montane forest: 

Insights from a long-term nutrient manipulation experiment. Global Change Biology 24: 399–409. 

Baldos AP, Corre MD, Veldkamp E. 2015. Response of N cycling to nutrient inputs in forest soils across a 1000-3000 m 

elevation gradient in the Ecuadorian Andes. Ecology 96: 749–761. 685 

Bardgett RD, Mommer L, Vries FT De. 2014. Going underground : root traits as drivers of ecosystem processes. Trends in 

Ecology & Evolution 29: 692–699. 

Beck E, Bendix J, Kottke I, Makeschin F, Mosandl R. 2008. Gradients in a Tropical Mountain Ecosystem of Ecuador (E 

Beck, J Bendix, I Kottke, F Makeschin, and R Mosandl, Eds.). Springer-Verlag Berlin Heidelberg. 

Beillouin D, Corbeels M, Demenois J, Berre D, Boyer A, Fallot A, Feder F, Cardinael R. 2023. A global meta-analysis 690 

of soil organic carbon in the Anthropocene. Nature Communications 14: 1–10. 

Bendix J. 2020. Climate Station Data Cajanuma Paramo - daily estimate 1998 - 2018. DFG-FOR816 Data Warehouse 

http://www.tropicalmountainforest.org/data_pre.do?citid=1858. 

Bendix J, Aguire N, Beck E, Bräuning A, Brandl R, Breuer L, Böhning-Gaese K, Dantas De Paula M, Hickler T, 

Homeier J, et al. 2021. A research framework for projecting ecosystem change in highly diverse tropical mountain 695 

ecosystems. Oecologia 195: 589–600. 

Bendix J, Beck E, Bräuning A, Makeschin F, Mosandl R, Scheu S, Wilcke W. 2013. Ecosystem Services, Biodiversity 

and Environmental Change in a Tropical Mountain Ecosystem of South Ecuador. Berlin/Heidelberg: Springer. 

Bennett AE, Groten K. 2022. The Costs and Benefits of Plant-Arbuscular Mycorrhizal Fungal Interactions. Annual Review 

of Plant Biology 73: 649–672. 700 

Bergmann J, Weigelt A, Van Der Plas F, Laughli DC, Kuype TW, Guerrero-Ramirez N, Valverde-Barrantes OJ, 

Bruelheide H, Fresche GT, Iverse CM, et al. 2020. The fungal collaboration gradient dominates the root economics space 

in plants. Science Advances 27: 1–23. 

Bernard L, Basile-Doelsch I, Derrien D, Fanin N, Fontaine S, Guenet B, Karimi B, Marsden C, Maron PA. 2022. 

Advancing the mechanistic understanding of the priming effect on soil organic matter mineralisation. Functional Ecology 705 

36: 1355–1377. 

Camenzind T, Hempel S, Homeier J, Horn S, Velescu A, Wilcke W, Rillig MC. 2014. Nitrogen and phosphorus 

additions impact arbuscular mycorrhizal abundance and molecular diversity in a tropical montane forest. Global Change 

Biology 20: 3646–3659. 



32 

 

Camenzind T, Homeier J, Dietrich K, Hempel S, Hertel D, Krohn A, Leuschner C, Oelmann Y, Olsson PA, Suárez 710 

JP, et al. 2016. Opposing effects of nitrogen versus phosphorus additions on mycorrhizal fungal abundance along an 

elevational gradient in tropical montane forests. Soil Biology and Biochemistry 94: 37–47. 

Carmona CP, Bueno CG, Toussaint A, Träger S, Díaz S, Moora M, Munson AD, Pärtel M, Zobel M, Tamme R. 2021. 

Fine-root traits in the global spectrum of plant form and function. Nature 597: 683–687. 

Chapin III FS, Matson PA, Vitousek P. 2011. Principles of terrestrial ecosystem ecology. New York, NY: Springer. 715 

Chave J, Coomes D, Jansen S, Lewis SL, Swenson NG, Zanne AE. 2009. Towards a worldwide wood economics 

spectrum. Ecology Letters 12: 351–366. 

Dantas de Paula M, Forrest M, Langan L, Bendix J, Homeier J, Velescu A, Wilcke W, Hickler T. 2021. Nutrient 

cycling drives plant community trait assembly and ecosystem functioning in a tropical mountain biodiversity hotspot. New 

Phytologist 232: 551–566. 720 

Dantas de Paula M, Gómez Giménez M, Niamir A, Thurner M, Hickler T. 2019. Combining European Earth 

Observation products with Dynamic Global Vegetation Models for estimating Essential Biodiversity Variables. International 

Journal of Digital Earth 0: 1–16. 

Das S, Sarkar S. 2024. Arbuscular mycorrhizal fungal contribution towards plant resilience to drought conditions. Frontiers 

in Fungal Biology 5: 1–10. 725 

Díaz S, Kattge J, Cornelissen JHC, Wright IJ, Lavorel S, Dray S, Reu B, Kleyer M, Wirth C, Colin Prentice I, et al. 

2015. The global spectrum of plant form and function. Nature 529: 167–171. 

Dietrich K, Spoeri E, Oelmann Y. 2016. Nutrient addition modifies phosphatase activities along an altitudinal gradient in a 

tropical montane forest in Southern Ecuador. Frontiers in Earth Science 4: 1–9. 

Du E, Terrer C, Pellegrini AFA, Ahlström A, van Lissa CJ, Zhao X, Xia N, Wu X, Jackson RB. 2020. Global patterns 730 

of terrestrial nitrogen and phosphorus limitation. Nature Geoscience 13: 221–226. 

Dunn RM, Mikola J, Bol R, Bardgett RD. 2006. Influence of microbial activity on plant-microbial competition for organic 

and inorganic nitrogen. Plant and Soil 289: 321–334. 

FAO/IIASA/ISRIC/ISS-CAS/JRC. 2012. Harmonized World Soil Database (version 1.2). 

Finér L, Ohashi M, Noguchi K, Hirano Y. 2011. Fine root production and turnover in forest ecosystems in relation to 735 

stand and environmental characteristics. Forest Ecology and Management 262: 2008–2023. 

Fisher JB, Sitch S, Malhi Y, Fisher RA, Huntingford C, Tan S-Y. 2010. Carbon cost of plant nitrogen acquisition: A 

mechanistic, globally applicable model of plant nitrogen uptake, retranslocation, and fixation. Global Biogeochemical Cycles 

24: n/a-n/a. 

Fontaine S, Abbadie L, Aubert M, Barot S, Bloor JMG, Derrien D, Duchene O, Gross N, Henneron L, Le Roux X, et 740 

al. 2024. Plant–soil synchrony in nutrient cycles: Learning from ecosystems to design sustainable agrosystems. Global 

Change Biology 30: 1–24. 

Godbold DL, Hoosbeek MR, Lukac M, Cotrufo MF, Janssens IA, Ceulemans R, Polle A, Velthorst EJ, Scarascia-



33 

 

Mugnozza G, De Angelis P, et al. 2006. Mycorrhizal hyphal turnover as a dominant process for carbon input into soil 

organic matter. Plant and Soil 281: 15–24. 745 

Groten K, Yon F, Baldwin IT. 2023. Arbuscular mycorrhizal fungi influence the intraspecific competitive ability of plants 

under field and glasshouse conditions. Planta 258: 1–17. 

Gu J, Xu Y, Dong X, Wang H, Wang Z. 2014. Root diameter variations explained by anatomy and phylogeny of 50 

tropical and temperate tree species. Tree Physiology 34: 415–425. 

Guerrero-Ramírez NR, Mommer L, Freschet GT, Iversen CM, McCormack ML, Kattge J, Poorter H, van der Plas 750 

F, Bergmann J, Kuyper TW, et al. 2020. Global root traits (GRooT) database. Global Ecology and Biogeography 00: 1–

13. 

Hawkins H, Cargill RIM, Nuland ME Van, Hagen SC, Field KJ, Sheldrake M, Soudzilovskaia NA, Kiers ET. 2023. 

Mycorrhizal mycelium as a global carbon pool. Current Biology 33: R560–R573. 

He H, Jansson PE, Gärdenäs AI. 2021. CoupModel (v6.0): An ecosystem model for coupled phosphorus, nitrogen, and 755 

carbon dynamics - Evaluated against empirical data from a climatic and fertility gradient in Sweden. Geoscientific Model 

Development 14: 735–761. 

Van Der Heijden MGA, Bardgett RD, Van Straalen NM. 2008. The unseen majority: Soil microbes as drivers of plant 

diversity and productivity in terrestrial ecosystems. Ecology Letters 11: 296–310. 

Hickler T, Rammig A, Werner C. 2015. Modelling CO2 impacts on forest productivity. Current Forestry Reports 1: 69–760 

80. 

Hodge A, Storer K. 2015. Arbuscular mycorrhiza and nitrogen: Implications for individual plants through to ecosystems. 

Plant and Soil 386: 1–19. 

Homeier J, Hertel D, Camenzind T, Cumbicus NL, Maraun M, Martinson GO, Poma LN, Rillig MC, Sandmann D, 

Scheu S, et al. 2012. Tropical Andean Forests Are Highly Susceptible to Nutrient Inputs-Rapid Effects of Experimental N 765 

and P Addition to an Ecuadorian Montane Forest. PLoS ONE 7: e47128. 

Homeier J, Leuschner C. 2021. Factors controlling the productivity of tropical Andean forests: Climate and soil are more 

important than tree diversity. Biogeosciences 18: 1525–1541. 

Homeier J, Seeler T, Pierick K, Leuschner C. 2021. Leaf trait variation in species-rich tropical Andean forests. Scientific 

Reports 11: 1–11. 770 

Homeier J, Werner FA, Gradstein SR, Breckle S, Richter M. 2008. Potential vegetation and floristic composition of 

Andean forests in South Ecuador, with a focus on the RBSF. In: Beck E, J B, I K, F M, R M, eds. Gradients in a Tropical 

Mountain Ecosystem of Ecuador. Berlin, Heidelberg, New York: Springer Verlag, 87–100. 

Jackson RB, Mooney HA, Schulze ED. 1997. A global budget for fine root biomass, surface area, and nutrient contents. 

Proceedings of the National Academy of Sciences of the United States of America 94: 7362–7366. 775 

Kakouridis A, Hagen JA, Kan MP, Mambelli S, Feldman LJ, Herman DJ, Weber PK, Pett-Ridge J, Firestone MK. 

2022. Routes to roots: direct evidence of water transport by arbuscular mycorrhizal fungi to host plants. New Phytologist 



34 

 

236: 210–221. 

Kattge J, Bönisch G, Díaz S, Lavorel S, Prentice IC, Leadley P, Tautenhahn S, Werner GDA, Aakala T, Abedi M, et 

al. 2020. TRY plant trait database – enhanced coverage and open access. Global Change Biology 26: 119–188. 780 

Kirschbaum MUF, Paul KI. 2002. Modelling C and N dynamics in forest soils with a modified version of the CENTURY 

model. Soil Biology and Biochemistry 34: 341–354. 

Kokko EG, Volkmar KM, Gowen BE, Entz T. 1993. Determination of total root surface area in soil core samples by 

image analysis. Soil and Tillage Research 26: 33–43. 

Kong D, Ma C, Zhang Q, Li L, Chen X, Zeng H, Guo D. 2014. Leading dimensions in absorptive root trait variation 785 

across 96 subtropical forest species. New Phytologist 203: 863–872. 

Kottke I, Haug I. 2004. The significance of mycorrhizal diversity of trees in the tropical mountain forest of southern 

Ecuador. Lyonia 7: 49–56. 

Kou-Giesbrecht S, Malyshev S, Martínez Cano I, Pacala SW, Shevliakova E, Bytnerowicz TA, Menge DNL. 2021. A 

novel representation of biological nitrogen fixation and competitive dynamics between nitrogen-fixing and non-fixing plants 790 

in a land model (GFDL LM4.1-BNF). Biogeosciences 18: 4143–4183. 

Langan L, Higgins SI, Scheiter S. 2017. Climate-biomes, pedo-biomes or pyro-biomes: which world view explains the 

tropical forest–savanna boundary in South America? Journal of Biogeography 44: 2319–2330. 

Leuschner C, Zach A, Moser G, Soethe N, Graefe S, Hertel D, Iost S, Ro M, Horna V, Wolf K. 2013. The Carbon 

Balance of Tropical Mountain Forests Along an Altitudinal Transect. In: Bendix J, ed. Ecosystem Services, Biodiversity and 795 

Environmental Change in a Tropical Mountain Ecosystem of South Ecuador. Springer-Verlag Berlin Heidelberg, 117–139. 

Lin G, Mccormack ML, Guo D. 2015. Arbuscular mycorrhizal fungal effects on plant competition and community 

structure. Journal of Ecology 103: 1224–1232. 

Luo X, Chen JM, Liu J, Black TA, Croft H, Staebler R, He L, Arain MA, Chen B, Mo G, et al. 2018. Comparison of 

Big-Leaf, Two-Big-Leaf, and Two-Leaf Upscaling Schemes for Evapotranspiration Estimation Using Coupled Carbon-800 

Water Modeling. Journal of Geophysical Research: Biogeosciences 123: 207–225. 

Makarov MI. 2019. The Role of Mycorrhiza in Transformation of Nitrogen Compounds in Soil and Nitrogen Nutrition of 

Plants: A Review. Eurasian Soil Science 52: 193–205. 

Martinson GO, Müller AK, Matson AL, Corre MD, Veldkamp E. 2021. Nitrogen and Phosphorus Control Soil Methane 

Uptake in Tropical Montane Forests. Journal of Geophysical Research: Biogeosciences 126: 1–14. 805 

McCormack ML, Dickie IA, Eissenstat DM, Fahey TJ, Fernandez CW, Guo D, Helmisaari HS, Hobbie EA, Iversen 

CM, Jackson RB, et al. 2015. Redefining fine roots improves understanding of below-ground contributions to terrestrial 

biosphere processes. New Phytologist 207: 505–518. 

McGale E, Valim H, Mittal D, Jimenez JM, Halitschke R, Schuman MC, Baldwin IT. 2020. Determining the scale at 

which variation in a single gene changes population yields. eLife 9: 1–30. 810 

Mendes LW, Braga LPP, Navarrete AA, Souza DG de, Silva GGZ, Tsai SM. 2017. Using Metagenomics to Connect 



35 

 

Microbial Community Biodiversity and Functions. Current Issues in Molecular Biology 24: 103–118. 

Moore JAM, Jiang J, Post WM, Classen AT. 2015. Decomposition by ectomycorrhizal fungi alters soil carbon storage in 

a simulation model. Ecosphere 6: 1–16. 

Moreno-Martínez Á, Camps-Valls G, Kattge J, Robinson N, Reichstein M, van Bodegom P, Kramer K, Cornelissen 815 

JHC, Reich P, Bahn M, et al. 2018. A methodology to derive global maps of leaf traits using remote sensing and climate 

data. Remote Sensing of Environment 218: 69–88. 

Moser G, Hertel D, Leuschner C, Moser G, Hertel D, Leuschner C. 2007. Altitudinal Change in LAI and Stand Forests: 

a Transect Study in Ecuador Leaf Biomass in Tropical Montane and a Pan-Tropical Meta-Analysis. 10: 924–935. 

Nie M, Lu M, Bell J, Raut S, Pendall E. 2013. Altered root traits due to elevated CO2: A meta-analysis. Global Ecology 820 

and Biogeography 22: 1095–1105. 

O’Connor PJ, Smith SE, Smith FA. 2002. Arbuscular mycorrhizas influence plant diversity and community structure in a 

semiarid herbland. New Phytologist 154: 209–218. 

Olsson PA, Johnson NC. 2005. Tracking carbon from the atmosphere to the rhizosphere. Ecology Letters 8: 1264–1270. 

Orwin KH, Kirschbaum MUF, St John MG, Dickie IA. 2011. Organic nutrient uptake by mycorrhizal fungi enhances 825 

ecosystem carbon storage: A model-based assessment. Ecology Letters 14: 493–502. 

Parihar M, Rakshit A, Meena VS, Gupta VK, Rana K, Choudhary M, Tiwari G, Mishra PK, Pattanayak A, Bisht JK, 

et al. 2020. The potential of arbuscular mycorrhizal fungi in C cycling: a review. Archives of Microbiology 202: 1581–1596. 

Parton WJ, Hanson PJ, Swanston C, Torn M, Trumbore SE, Riley W, Kelly R. 2010. ForCent model development and 

testing using the Enriched Background Isotope Study experiment. Journal of Geophysical Research: Biogeosciences 115: 1–830 

15. 

Parton WJ, Scurlock JMO, Ojima DS, Gilmanov TG, Scholes RJ, Schimel DS, Kirchner T, Menaut J ‐C, Seastedt T, 

Garcia Moya E, et al. 1993. Observations and modeling of biomass and soil organic matter dynamics for the grassland 

biome worldwide. Global Biogeochemical Cycles 7: 785–809. 

Parton WJ, Stewart JWB, Cole C V. 1988. Dynamics of C, N, P and S in grassland soils: a model. Biogeochemistry 5: 835 

109–131. 

Pérez-Tienda J, Valderas A, Camañes G, García-Agustín P, Ferrol N. 2012. Kinetics of NH4+uptake by the arbuscular 

mycorrhizal fungus Rhizophagus irregularis. Mycorrhiza 22: 485–491. 

Peters T, Richter M. 2009. Climate Station Data at Bombuscaro. DFG-FOR816 Data Warehouse 

http://www.tropicalmountainforest.org/data_pre.do?citid=501. 840 

Phillips RP, Brzostek E, Midgley MG. 2013. The mycorrhizal-associated nutrient economy: A new framework for 

predicting carbon-nutrient couplings in temperate forests. New Phytologist 199: 41–51. 

Pierick K, Leuschner C, Homeier J. 2021. Topography as a factor driving small-scale variation in tree fine root traits and 

root functional diversity in a species-rich tropical montane forest. New Phytologist 230: 129–138. 

Pierick K, Leuschner C, Link RM, Báez S, Velescu A, Wilcke W, Homeier J. 2024. Above- and belowground strategies 845 



36 

 

of tropical montane tree species are coordinated and driven by small-scale nitrogen availability. Functional Ecology 38: 

1364–1377. 

Pierick K, Link RM, Leuschner C, Homeier J. 2023. Elevational trends of tree fine root traits in species-rich tropical 

Andean forests. Oikos 2023: 1–13. 

Prentice IC, Bondeau A, Cramer W, Harrison SP, Hickler T, Lucht W, Sitch S, Smith B, Sykes MT. 2004. Dynamic 850 

Global Vegetation Modeling: Quantifying Terrestrial Ecosystem Responses to Large-Scale Environmental Change. 

Terrestrial Ecosystems in a Changing World: 175–192. 

Quillet A, Peng C, Garneau M. 2009. Toward dynamic global vegetation models for simulating vegetation – climate 

interactions and feedbacks : recent developments , limitations , and future challenges. 

Rasse DP, Rumpel C, Dignac MF. 2005. Is soil carbon mostly root carbon? Mechanisms for a specific stabilisation. Plant 855 

and Soil 269: 341–356. 

Raven JA, Lambers H, Smith SE, Westoby M. 2004. Costs of acquiring phosphorus by vascular land plants: patterns and 

implications for plant coexistence. New Phytologist: 1–21. 

Raven JA, Lambers H, Smith SE, Westoby M. 2018. Costs of acquiring phosphorus by vascular land plants: patterns and 

implications for plant coexistence. New Phytologist 217: 1420–1427. 860 

Read DJ. 1991. Mycorrhizas in ecosystems. Experientia 47: 376–391. 

Reichert T, Rammig A, Papastefanou P, Lugli LF, Darela Filho JP, Gregor K, Fuchslueger L, Quesada CA, Fleischer 

K. 2023. Modeling the carbon costs of plant phosphorus acquisition in Amazonian forests. Ecological Modelling 485: 

110491. 

Řezáčová V, Konvalinková T, Jansa J. 2017. Carbon Fluxes in Mycorrhizal Plants. In: Varma A, Prasad R, Tuteja N, eds. 865 

Mycorrhiza - Eco-Physiology, Secondary Metabolites, Nanomaterials. Springer International Publishing, 1–21. 

Rillig MC, Aguilar-Trigueros CA, Camenzind T, Cavagnaro TR, Degrune F, Hohmann P, Lammel DR, Mansour I, 

Roy J, van der Heijden MGA, et al. 2019. Why farmers should manage the arbuscular mycorrhizal symbiosis. New 

Phytologist 222: 1171–1175. 

Rillig MC, Wright SF, Nichols KA, Schmidt WF, Torn MS. 2001. Large contribution of arbuscular mycorrhizal fungi to 870 

soil carbon pools in tropical forest soils. Plant and Soil 233: 167–177. 

Rollenbeck RT, Peters T, Emck P, Richter M. 2015. ECSF Climate station best estimate Ver. 2. DFG-FOR816 Data 

Warehouse http://www.tropicalmountainforest.org/data_pre.do?citid=1415. 

Ryan MH, Graham JH. 2002. Is there a role for arbuscular mycorrhizal fungi in production agriculture? Plant and Soil 

244: 263–271. 875 

Sakschewski B, Von Bloh W, Boit A, Poorter L, Peña-Claros M, Heinke J, Joshi J, Thonicke K. 2016. Resilience of 

Amazon forests emerges from plant trait diversity. Nature Climate Change 6: 1032–1036. 

Sakschewski B, von Bloh W, Boit A, Rammig A, Kattge J, Poorter L, Peñuelas J, Thonicke K. 2015. Leaf and stem 

economics spectra drive diversity of functional plant traits in a dynamic global vegetation model. Global Change Biology 21: 



37 

 

2711–2725. 880 

Sakschewski B, Von Bloh W, Drüke M, Sörensson AA, Ruscica R, Langerwisch F, Billing M, Bereswill S, Hirota M, 

Oliveira RS, et al. 2021. Variable tree rooting strategies are key for modelling the distribution, productivity and 

evapotranspiration of tropical evergreen forests. Biogeosciences 18: 4091–4116. 

Santoro M, Cartus O, Carvalhais N, Rozendaal DMA, Avitabile V, Araza A, De Bruin S, Herold M, Quegan S, 

Rodríguez-Veiga P, et al. 2021. The global forest above-ground biomass pool for 2010 estimated from high-resolution 885 

satellite observations. Earth System Science Data 13: 3927–3950. 

Shi J, Wang X, Wang E. 2023. Mycorrhizal Symbiosis in Plant Growth and Stress Adaptation: From Genes to Ecosystems. 

Annual Review of Plant Biology 74: 569–607. 

Shipley B, Lechowicz MJ, Wright I, Reich PB. 2006. Fundamental trade-offs generating the worldwide leaf economics 

spectrum. Ecology 87: 535–541. 890 

Silveira APD da, Cardoso EJBN. 2004. Arbuscular mycorrhiza and kinetic parameters of phosphorus absorption by bean 

plants. Scientia Agricola 61: 203–209. 

Sitch S, Huntingford C, Gedney N, Levy PE, Lomas M, Piao SL, Betts R, Ciais P, Cox P, Friedlingstein P, et al. 2008. 

Evaluation of the terrestrial carbon cycle, future plant geography and climate-carbon cycle feedbacks using five Dynamic 

Global Vegetation Models (DGVMs). Global Change Biology 14: 2015–2039. 895 

Smith B, Prentice IC, Sykes MT. 2001. Representation of vegetation dynamics in the modelling of terrestrial ecosystems: 

comparing two contrasting approaches within European climate space. Global Ecology and Biogeography 10: 621–637. 

Smith SE, Read DJ. 2010. Mycorrhizal symbiosis. Academic press. 

Smith B, Wärlind D, Arneth A, Hickler T, Leadley P, Siltberg J, Zaehle S. 2014. Implications of incorporating N 

cycling and N limitations on primary production in an individual-based dynamic vegetation model. Biogeosciences 11: 900 

2027–2054. 

Staddon PL, Ramsey CB, Ostle N, Ineson P, Fitter AH. 2003. Rapid turnover of hyphae of mycorrhizal fungi determined 

by AMS microanalysis of 14C. Science 300: 1138–1140. 

Terrer C, Phillips R, Hungate B, Rosende J, Pett-Ridge J, Craig M, van Groenigen K, Keenan T, Sulman B, Stocker 

B, et al. 2021. A trade-off between plant and soil carbon storage under elevated CO2. 591. 905 

Terrer C, Vicca S, Hungate BA, Phillips RP, Prentice IC. 2016. Mycorrhizal association as a primary control of the CO2 

fertilization effect. Science 355: 72–74. 

Terrer C, Vicca S, Stocker BD, Hungate BA, Phillips RP, Reich PB, Finzi AC, Prentice IC. 2018. Ecosystem responses 

to elevated CO2 governed by plant–soil interactions and the cost of nitrogen acquisition. New Phytologist 217: 507–522. 

Thurner MA, Caldararu S, Engel J, Rammig A, Zaehle S. 2023. Modelled forest ecosystem carbon-nitrogen dynamics 910 

with integrated mycorrhizal processes under elevated CO2. Biogeosciences Discussions: 1–30. 

Treseder KK, Allen MF. 2000. Mycorrhizal fungi have a potential role in soil carbon storage under elevated CO2 and 

nitrogen deposition. New Phytologist 147: 189–200. 



38 

 

Valverde-Barrantes OJ, Authier L, Schimann H, Baraloto C. 2021. Root anatomy helps to reconcile observed root trait 

syndromes in tropical tree species. American Journal of Botany 108: 744–755. 915 

Velescu A, Wilcke W. 2020. Water fluxes and element concentrations in throughfall in the microcatchment Q2 between 

1998-2016. DFG-FOR816 Data Warehouse http://www.tropicalmountainforest.org/data_pre.do?citid=1861. 

Walker AP, De Kauwe MG, Bastos A, Belmecheri S, Georgiou K, Keeling RF, McMahon SM, Medlyn BE, Moore 

DJP, Norby RJ, et al. 2021. Integrating the evidence for a terrestrial carbon sink caused by increasing atmospheric CO2. 

New Phytologist 229: 2413–2445. 920 

Waring BG, Gei MG, Rosenthal L, Powers JS. 2016. Plant-microbe interactions along a gradient of soil fertility in 

tropical dry forest. Journal of Tropical Ecology 32: 314–323. 

Weemstra M, Kuyper TW, Sterck FJ, Umaña MN. 2022. Incorporating belowground traits: avenues towards a whole-tree 

perspective on performance. Oikos: 1–14. 

Weemstra M, Mommer L, Visser EJW, van Ruijven J, Kuyper TW, Mohren GMJ, Sterck FJ. 2016. Towards a 925 

multidimensional root trait framework: a tree root review. The New phytologist 211: 1159–1169. 

Weigelt A, Mommer L, Andraczek K, Iversen CM, Bergmann J, Bruelheide H, Fan Y, Freschet GT, Guerrero-

Ramírez NR, Kattge J, et al. 2021. An integrated framework of plant form and function: the belowground perspective. New 

Phytologist 232: 42–59. 

Wilcke W, Leimer S, Peters T, Emck P, Rollenbeck R, Trachte K, Valarezo C, Bendix J. 2013. The nitrogen cycle of 930 

tropical montane forest in Ecuador turns inorganic under environmental change. Global Biogeochemical Cycles 27: 1194–

1204. 

Wilcke W, Oelmann Y, Schmitt A, Valarezo C, Zech W, Homeier J. 2008. Soil properties and tree growth along an 

altitudinal transect in Ecuadorian tropical montane forest. Journal of Plant Nutrition and Soil Science 171: 220–230. 

Wilcke W, Valladarez H, Stoyan R, Yasin S, Valarezo C, Zech W. 2003. Soil properties on a chronosequence of 935 

landslides in montane rain forest, Ecuador. Catena 53: 79–95. 

Wright SJ, Kitajima K, Kraft NJB, Reich PB, Wright IJ, Bunker DE, Condit R, Dalling JW, Davies SJ, Díaz S, et al. 

2013. Functional traits and the growth — mortality trade-off in tropical trees. Ecology 91: 3664–3674. 

Wright IJ, Reich PB, Westoby M, Ackerly DD, Baruch Z, Bongers F, Cavender-Bares J, Chapin T, Cornellssen JHC, 

Diemer M, et al. 2004. The worldwide leaf economics spectrum. Nature 428: 821–827. 940 

Wu Y, Chen C, Wang G. 2024. Inoculation with arbuscular mycorrhizal fungi improves plant biomass and nitrogen and 

phosphorus nutrients: a meta-analysis. BMC plant biology 24: 960. 

Wu F, Fang F, Wu N, Li L, Tang M. 2020. Nitrate Transporter Gene Expression and Kinetics of Nitrate Uptake by 

Populus × canadensis ‘Neva’ in Relation to Arbuscular Mycorrhizal Fungi and Nitrogen Availability. Frontiers in 

Microbiology 11: 1–10. 945 

Wurzburger N, Brookshire ENJ. 2017. Experimental evidence that mycorrhizal nitrogen strategies affect soil carbon. 

Ecology 98: 1491–1497. 



39 

 

 


