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Sarah Uher. Landscape and Soil Properties as Predictors of Fine Root Traits.  

(Dr. Sunshine Van Bael, Department of Ecology and Evolutionary Biology) 

Fine roots are important to plant physiology and nutrient cycling in ecosystems. Fine root 

function can be inferred from morphological and architectural traits, which vary across and 

within species and biomes. Environmental gradients have been studied in relation to fine root 

traits, however, our understanding of fine roots across soil and landscape gradients is limited. 

Here, we present fine root morphological and architectural data of three tropical tree species 

across landscape and soil gradients that expands our understanding of fine root plasticity across 

environmental gradients. We measured fine root specific root length (SRL), average diameter, 

root tissue density (RTD), and branching frequency of Cordia alliodora, Handroanthus 

chrysanthus, and Iriartea deltoidea. Soil pH, bulk density (BD), and moisture were measured to 

establish soil gradients. Measurements were taken in tropical pasture and primary forest 

landscapes to establish a landscape gradient. We found that landscape only predicted diameter, 

with slightly higher diameter in the pasture. Diameter and SRL were most consistently predicted 

by soil pH and BD. These interactions differed between species and landscape, potentially 

indicating different mechanisms of fine root determination within different species and 

landscape, although these results could be the effect of inadequate sampling size or variable 

consideration. Nonetheless, this study underscores our poor understanding of tropical fine roots, 

especially in landscape-change contexts and across soil property gradients. Future studies should 

investigate the role of soil nutrient fractions, organic matter content, and fungal symbionts in 

contributing to fine root plasticity across environmental gradients.    
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INTRODUCTION 

 An important but understudied component of tropical rainforest productivity is roots. 

Fine roots are key to plant physiology, resource acquisition, nutrient cycling (Barley et al. 1970), 

and inputs to the belowground carbon sink (Cusack et al. 2018). Nutrient and water uptake is 

facilitated by fine roots (Barley et al. 1970), making fine roots critical to plant survival and 

growth. Since autotrophic plants are the foundation of food webs (Elser et al. 2000), fine roots 

are essential for the maintenance of trophic interactions. Furthermore, high rates of energy 

investment and turnover in fine roots account for a significant portion (~22-33%) of net primary 

productivity (NPP) in terrestrial ecosystems (Robinson et al., 2003; Vogt et al. 1986; Pregitzer 

2008), representing a below-ground carbon input. The importance of fine roots highlights the 

need to characterize their traits and understand their function. Investigation of fine root traits will 

improve our understanding of plant survival strategies and their interaction with local landscapes 

and global nutrient cycles.  

 Traditionally, studies have defined acquisitive fine roots as having a diameter <2mm. 

However, fine root diameter differs between species (Pregitzer et al. 2002; Comas & Eissenstat 

2009), rendering the 2mm cutoff as less accurate for interspecific studies. Instead, branching 

position of roots – quantified by root order, with the first order being the most distal roots – is a 

more accurate measure of root function, with lower order roots being more likely to be 

absorptive fine roots (McCormack et al. 2015). This renders some previous studies as potentially 

misleading and calls for a consistent definition of fine roots in future studies. Here, we define 

fine roots as roots belonging to the first three orders as determined by the morphometric 

classification protocol outlined by Fitter et al. (1982).  
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Fine root trait measurements include morphology and architecture. Root morphology 

describes structural characteristics of roots, and includes specific root length (SRL), average 

diameter, and root tissue density (RTD). These indices are reflective of the amount of energy 

invested in below-ground roots, i.e. NPP, which may contribute significantly to carbon 

sequestration (Rasse et al. 2005; Clemmenson et al. 2013). Root architecture refers to how root 

systems occupy space in soil and can be measured by branching frequency. Morphological and 

architectural traits can be indicative of root functionality. For example, acquisitive roots are 

characterized by high SRL, low diameter, and high branching, while conservative roots exhibit 

low SRL, high diameter, and low branching (Fort, Jouany, & Cruz 2013; Weemstra et al. 2016; 

2020). Tradeoffs between these root traits represent a root economics spectrum (RES), and have 

been the subject of several studies (e.g. Freschet et al. 2017; Dallstream, Weemstra, & Soper 

2023; Kramer-Walter et al. 2016; Iverson 2014; Reich 2014; Weemstra et al. 2016; 2020). 

Between and within species and biomes, fine root morphology and architecture are 

variable, (Iverson 2014; Ma et al. 2018; Siefert et al. 2015), possibly reflecting differing needs of 

species and strategies of co-existence within landscapes (Dallstream, Weemstra, & Soper 2023). 

Furthermore, root trait variability is thought to be highest in the tropics (Ma et al. 2018; Chen et 

al. 2013). Morphology of fine roots, including SRL, diameter, and tissue density, differ between 

species and have been found to be phylogenetically conserved (Pregitzer et al. 2002; Weemstra 

et al. 2020; Kong et al. 2014; Valverde-Barrantes et al. 2017). Fine root architecture, 

characterized by branching patterns, also differs between species (Comas and Eissenstat 2009), 

but is weakly conserved across phylogenetic lineages (Kong et al. 2014), suggesting that root 

architecture may be a plastic trait influenced by environmental factors. Environmental conditions 

may also influence phylogenetically conserved morphological traits, as species-specific 
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morphological traits have been shown to vary across biomes (Iverson 2014; Ma et al. 2018; 

Addo-Danso et al. 2020) and environmental gradients (Robles-Aguilar et al. 2019; Li et al. 2020; 

Pierick et al. 2021; Pierret et al. 2021; Freschet et al. 2017; Pierret et al. 2007; Fort et al. 2017; 

Weemstra et al. 2021). If fine roots exhibit plasticity – i.e. vary across landscape gradients – 

plants may be able to alter their rooting strategies to cope with landscape and climatic shifts. 

Few studies have examined root trait variation across environmental gradients, limiting 

our understanding of the role and relative importance of environmental determinants of fine root 

traits. Nonetheless, studies have investigated elevational gradients (Pierick et al 2021; Weemstra 

et al. 2021), water availability (Fort et al. 2017), nutrient concentration (Hodge 2004), and soil 

properties (Freschet et al. 2017; Li et al. 2020; Robles-Aguilar et al. 2019) in relation to root 

traits. Furthermore, most studies have looked at general patterns across species rather than 

species-specific relationships with environmental factors (Dallstream, Weemstra, & Soper 2023). 

Species-specific studies may reveal fine grain patterns otherwise undetectable in across-species 

studies and provide insight into how co-ocurring species differentially invest in fine root 

production. This study will help us better understand species-specific fine root traits across an 

environmental gradient by looking at fine root traits of 3 tree species across variable soil 

conditions.  

A limited number of studies have specifically examined the relationship between soil 

characteristics and root traits (e.g. Freschet et al. 2017; Li et al. 2020; Robles-Aguilar et al. 2019; 

Craine et al. 2001; Kramer-Walter et al. 2016). Soil moisture content and pH interact with 

nutrient availability and microbial communities (Chapin et al. 2002; Maire et al. 2015), which in 

turn have relationships with root traits (Hodge 2004). In part determined by soil pH, bulk density 

(BD), and moisture, soil fertility has been shown to have a negative relationship with RTD, 
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branching frequency, and SRL, and a positive relationship with fine root diameter (Craine et al. 

2001; Kramer-Walter et al. 2016). Furthermore, Robles-Aguilar et al. (2019) revealed a negative 

relationship between pH and SRL in Lupinus angustifolius, while Freschet et al. (2017) found a 

negative relationship between pH and RTD at a global scale. Soil BD has had a positive 

relationship with RTD and diameter, and a negative relationship with SRL (Freschet et al. 2017; 

Clark, Whalley & Barraclough 2003). While studies have investigated these relationships, there 

are many unresolved questions as to how local soil properties interact with root systems. This 

study hopes to contribute data which will help resolve general and species-specific determinants 

of fine root traits.  

Soil characteristics, such as pH, bulk density (BD), and moisture content, have been 

found to change upon land-use conversion. Specifically, deforestation of tropical rainforests have 

been shown to increase pH and BD, while decreasing soil organic carbon (Nye and Greenland 

1964; Veldkamp 1994). If land use change affects soil properties, and soil properties can predict 

root traits, it can be expected that root traits will differ between land-use types, such as between 

primary forest and pasture. However, no studies to our knowledge have investigated how co-

occurring land-use and soil changes might impact fine root traits. This question is especially 

pressing in tropical regions, which have been prone to land use conversion (Keenan 2015); the 

Chocó Rainforest, a diversity hotspot in Northwestern Ecuador, has been more than 90% 

deforested over the last several decades (Dodson & Gentry 1991). Furthermore, high soil 

variation exists in the tropics (Townsend, Asner, & Cleveland 2008), making tropical regions an 

ideal location to study the interaction between soil properties and fine root traits. As such, it is 

important to investigate the impact of tropical deforestation on fine roots, including the impact 

on the relationship between soil and root traits.    
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In this study, we aim to characterize fine root traits in three tropical species – 

Handroanthus chrysanthus, Cordia alliodora, and Iriartea deltoidea – across different 

landscapes – pasture and primary rainforest – in the Chocó Rainforest. We look at variation of 

root traits across landscape and soil gradients to investigate plant survival strategies and below-

ground carbon input across taxa and land conditions. Fine roots of H. chrysanthus have been 

considered in studies investigating response to drought (Santos et al. 2022), while C. alliodora 

fine roots have been studied in the context of slash and burn deforestation and cacao plantations 

(Muñoz & Beer 2001). I. deltoidea fine roots were included in a carbon content analysis of the 

Arecaceae family (Cambronero et al. 2021). However, these studies defined fine roots as having 

a diameter <2mm, potentially misrepresenting fine roots as a functional group. Furthermore, 

these studies only looked at fine root biomass and surface area and did not include soil 

characteristics as predictors of these metrics. This study attempts to fill these gaps by providing 

the first thorough investigation of fine roots in these species. Specifically, we examined fine root 

RTD, SRL, and average diameter as metrics of root morphology, and branching frequency to 

measure fine root architecture. These traits were analyzed in relation to the soil properties of pH, 

BD, and percent moisture content to identify soil predictors of root traits.  

It is expected that fine root traits will differ between species. Furthermore, morphology is 

expected to remain consistent within species across land use and soil types, while architecture is 

predicted to differ. If soil is not found to be a significant predictor of fine root traits, it may be 

the case that these species are unable to adapt to changing soil conditions, or that they do not 

need to. This study will uncover how, and when these species modify their rooting strategies and 

below-ground carbon investments to survive in a rapidly changing landscape.  
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METHODS 

Study site 

Roots were sampled from trees in the Chocó Rainforest on property owned by the 

Ecuadorian NGO, Fundación para la Conservación le los Andes Tropicales (FCAT). Samples 

were collected in June and July of 2022. The region varies in temperature from 23 to 27 °C and 

receives an average of over 2,000 mm rain annually. Elevation in this region ranges from 200m 

to 550m. Samples were collected from H. chrysanthus, C. alliodora, and I. deltoidea trees in old 

pasture and primary forest. Old pasture was used for cattle for over a decade, while primary 

forest had been minimally altered in the past 50 years. Local community members helped to 

identify and confirm tree species and land use age. 

Tree species were selected based on their frequency in the old pasture; the 3 most 

common tree species were selected for sampling in this study. Six individuals from each species 

were sampled from each land use type. A total of 35 individuals were sampled; only five H. 

chrysanthus could be located in the primary forest.  

Root sampling and processing 

Approximately 2-3g of fine roots were collected from the first 10cm of soil. Collections 

were done within 5 meters from the base of H. chrysanthus and C. alliodora, and within 1 meter 

from the base of I. deltoidea. Roots were always traced back to the trunk of the individual of 

interest. 

 Traditionally, absorptive fine roots are defined as having a diameter <2mm. However, 

since branching position is more indicative of root functionality than is diameter (McCormack et 

al. 2015), we define absorptive fine roots as roots from the first three root orders. Roots from the 
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first three root orders were sampled, using the morphometric classification protocol as outlined 

by Fitter et al. (1982). Samples inclusive of only the first one or two orders were also included.  

Samples were stored in a plastic bag and transported to the lab at the FCAT Research 

Station. Roots were stored in tap water and placed in the fridge within 7 hours of collection. 

Determination of root order and scanning of roots were done in the lab within 48 hours of sample 

collection. Some roots were broken while excavating in the field, in which case we could not 

definitively assign root orders. In cases where the root had clearly broken, we conservatively 

assigned root order by assuming that the first root order may have broken off in the field. What 

therefore would have been the first root order in a sample which appeared to be broken was 

assigned as the second order. Areas where roots were broken were often indicated by a hair-like 

‘root tip.’ This pseudo-root tip was cut off prior to scanning as to not negatively skew average 

root diameter.  

A random subset of sampled fine roots were selected for scanning using an Epson 

Perfection V850 Pro scanner. Scanned roots were dried and weighed for determination of SRL 

and RTD. Root scans were cleaned up using Adobe Photoshop. Edited scans were analyzed 

using RhizoVision to extract average root diameter, branching frequency, total root length, and 

root volume. To obtain SRL and RTD, total root length and volume as determined by 

RhizoVision was divided by dry root mass, respectively. 

Soil sampling and processing 

A soil corer was used to collect two soil cores within 1 meter from the tree base for pH, 

nutrient, moisture, and bulk density (BD) analysis. One core was used for BD and moisture 

analysis, while the other core was used for pH analysis. Both cores were from the first 10cm of 

soil. 
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The core used for BD and moisture analysis was cut to a volume of a 5cm high 5cm wide 

cylinder. The wet mass of this core was taken before allowing the core to dry at 150ºC for 24 

hours. The mass was taken again post-drying to determine moisture content and BD. BD was 

calculated by dividing the dry mass by the volume of the 5cm-high cylinder. BD was measured 

in units g/cm3.  

For pH analysis, the soil sample was first homogenized by kneading in a plastic bag. A 

slurry was made using 10mL of DI water and 5g of soil sieved to 2mm. pH was measured using 

a glass pH probe, which was calibrated after every ~10 samples.  

Statistics 

Data analysis was performed in R. Linear mixed effects models, linear models, type III 

ANOVAs and t-tests were used to determine how soil characteristics and root traits differed 

between landscapes (forest vs. pasture). They were also used to evaluate how fine root traits 

differed among and within species between landscapes and soil properties. To account for any 

within-species root trait variance between forest and pasture, landscape was included as a fixed 

effect in linear mixed effect models evaluating differences in root traits between species. Species 

was included as a random effect when testing across species, and individual tree ID was included 

as a random effect when testing for within species differences in root traits across landscapes and 

soil properties.  

Model residuals where checked for homoscedasticity and normality using functions 

plot(), qqnorm(), and qqline(). When residual variance was not homogenous, heterogeneous 

variances were modeled by specifying a correlation structure with function varIdent(). In some 

models, the response variable was log transformed to produce better normality. Plots were made 

in R using package ggplot2.  
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RESULTS 

Root Traits Differ Between Species 

 Tree species showed significantly different morphological and architectural traits 

(p<0.0001). PCA analysis showed that all species grouped along root trait axes, with 87% of the 

variation explained by PC1 and PC2. Branching frequency and RTD appear to be inversely 

correlated, and a similar relationship exists between SRL and average dimeter (Figure 1). 

 

Pairwise comparisons between species revealed that SRL significantly differs among all 

species pairings (df=31, p<0.005). Average diameter was significantly lower in C. alliodora 

compared to both H. chrysanthus and I. deltoidea (df=31, p<0.0001), but was not different 

between H. chrysanthus and I. deltoidea (df=31, t=-1.652, p=0.24). RTD was significantly 

higher in H. chrysanthus compared to both C. alliodora and I. deltoidea (df=31, p<0.0001), but 

did not differ between C. alliodora and I. deltoidea (df=31, t=2.044, p=0.12). Branching 

FIGURE 1.  Fine root traits clustered by species along root trait axes. SRL = specific root length, 
tissueDensity = root tissue density, avgDiameter = average diameter, branchFreq = branching 
frequency.  

 Landscape . 
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frequency did not differ between H. chrysanthus and C. alliodora (df=31, t=-0.372, p=0.927), 

but was significantly higher in I. deltoidea compared to both H. chrysanthus and C. alliodora 

(df=31, p<0.0001). (Figure 2). The range of each fine root measurement can be found in Table 1.  
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Fine Root Trait Variation Across Landscape 

Linear mixed models with species as a 

random effect found no differences between forest 

and pasture in SRL (F=2.84, p=0.10), RTD 

(F=0.20, p=0.65), or branching frequency 

(F=0.48, p=0.50) across all three species. Average 

diameter was significantly different between 

forest and pasture across all three species (F=4.17, 

p=0.05), with slightly greater diameter in the 

pasture (0.8316 ± 0.0428 mm) compared to the 

forest (0.7732 ± 0.0441 mm) (Figure 3).  

 Within each species, linear mixed models with tree ID as a random effect revealed that no 

root traits differed significantly between pasture and forest.   

Variation of Soil Properties 

 Variability in soil traits was found between and within landscapes. Figure 4 shows high 

variability of three soil traits and lack of clustering within landscapes. T-test analyses indicated 

that bulk density significantly differed between forest and pasture (t=-2.6191, df=23.115, 

p=0.0153), as did moisture content (t=2.8489, df=30.506, p=0.007787) (Figure 5). pH was not 

significantly different between forest and pasture (t =0.23403, df=29.411, p=0.8166), but still 

varied considerably within our population sample, with a range from 4.71 to 6.49. BD and 

percent soil moisture were also variable, with a range of 0.41-1.07g/mm3 and 22.40-54.39%, 

respectively. 

Av
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Landscape 
FIGURE 3.  Changes in average root diameter between landscape. 
Average diameter was slightly higher in the pasture, although a high 
degree of overlap in diameter exists between landscape.  

p=0.05 
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FIGURE 4.  Soil property variation. Soil properties did not cluster by landscape. 
percentSoilMoisture = moisture content, soilBD = soil bulk density, soilpH = soil pH.  

FIGURE 5.  Soil property variation between landscape. BD was significantly higher in the pasture, while moisture was 
significantly higher in the forest.   

Landscape 

 
 

Landscape 
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Soil Properties as Predictors of Fine Root Traits 

Across all species, pH predicted diameter (F=4.51, p=0.04), while bulk density predicted 

tissue density (F=5.40, p=0.03) (Figure 6a). Within the pasture, diameter and SRL were 

predicted in opposite directions by pH. Diameter was also marginally by BD across all species in 

the pasture (Figure 6b). In forest landscapes, diameter and SRL were marginally predicted by BD 

in opposite directions (Figure 6c).  

p=0.04 
r=.29 

p=0.04 
r=0.29 

p=0.006  
r=0.50 

p=0.02  
r=-0.44 

p=0.09  
r=-0.33 

p=0.10  
r=0.34 

FIGURE 6.  Soil predictors of fine root traits across 
species a) Across landscape, pH and BD predicted 
diameter and RTD in positive directions, respectively. 
b) In the pasture, pH was a predictor of diameter in a 
positive direction and SRL in a negative direction. c) 
In the forest, BD marginally predicted diameter in a 
negative direction, and SRL in a positive direction.  

 

 

Across landscape 

Within pasture 

Within forest 

a) 

b) 

c) 
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Soil predictors of root traits were variable between species. Within C. alliodora, pH 

significantly predicted SRL in a negative direction (F=7.23, p=0.03) and marginally predicted 

diameter in a positive direction (F=4.815, p=0.059) (Figure 7a). C. alliodora RTD was also 

positively predicted by BD (F=5.42, p=0.048) (Figure 7b).  

  

No soil characteristics were significant predictors of H. chrysanthus or I. deltoidea across 

landscapes. However, when looking within pasture and forest individually, H. chrysanthus root 

traits are significantly predicted by soil parameters in the forest. BD significantly predicted both 

SRL in a positive direction and diameter in a negative direction (Figure 8).   

p=0.03  
r=-0.63 

p=0.06  
r=0.56 

p=0.04 
r=0.57 

FIGURE 7.  Soil predictors of C. alliodora  
fine root traits across landscape a) Soil pH was 
significantly correlated with SRL in a negative 
direction, and marginally predicted diameter in 
a positive direction. b) Soil BD predicted RTD 
in a positive direction.  

a) 

b) 
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SRL and diameter were consistently predicted in opposite directions (Figure 6b, Figure 

6c, Figure 7a, Figure 8). Branching frequency was not predicted by any soil properties, and soil 

moisture content did not predict any root traits. I. deltoidea root traits were not predicted by any 

soil properties across and within landscapes.  

 

DISCUSSION 

Root trait differences between species 

All fine root traits differed significantly across species. Pairwise t-tests revealed that SRL 

differed amongst all species, while diameter, RTD, and branching frequency had one species 

with significant differences from the other two. The species with significant differences was not 

consistent across root traits, highlighting the variation of root traits across all species, rather than 

one species as a consistent outlier.  

p=0.02  
r=.99 

p=0.04  
r=-0.97 

FIGURE 8.  Soil predictors of H. chrysanthus fine root traits in the forest. Soil BD predicted diameter in a negative direction, and SRL in a 
positive direction.  
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Patterns of root traits in these species reveal a relationship between SRL and diameter. 

The species with the highest SRL – C. alliodora – also had the lowest diameter, while I. 

deltoidea had the lowest SRL and the highest diameter. These findings are consistent with the 

hypothesized tradeoff between SRL and root diameter (Fort, Jouany, & Cruz 2013; Weemstra et 

al. 2016; 2020). However, no clear relationship involving RTD or branching frequency emerged. 

High branching frequency has been hypothesized to co-occur with high SRL and low diameter to 

produce acquisitive fine roots (Weemstra et al. 2016). In this study however, the highest 

branching frequency appeared in I. deltoidea, which also had the lowest SRL and highest 

diameter. These findings suggest that I. deltoidea may utilize increased branching frequency to 

compensate for short, thick roots. This may also indicate that I. deltoidea is limited in producing 

long and fine roots, and therefore increases branching to acquire nutrients within its limited 

morphological plasticity.  

Variation of fine root traits across these species is consistent with previous findings that 

phylogeny is the largest predictor of root trait variance across species (Valverde-Barrantes et al. 

2017; Weemstra et al. 2020; Kong et al. 2014). Furthermore, the high degree of variation found 

in this study points to a potential mechanism that allows species to co-exist in the species-dense 

tropics, especially in relation to nutrient acquisition (Dallstream, Weemstra, & Soper 2023). 

Future work should focus on linking root morphological traits to specific root functions in order 

to better understand how the variability in root traits affects community and ecosystem-scale 

processes.  

Landscape versus soil as predictors of root traits 

While landscape did not robustly predict root trait differences across and within species, 

it is important to consider the non-uniformity of soil between and within landscapes. Variability 
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in soil traits was found between and within landscapes. This is highlighted in Figure 4, which 

shows high variability of three soil traits and lack of clustering within landscapes. Despite this 

lack of clustering, t-test analyses indicated that bulk density and moisture content significantly 

differed between forest and pasture, while pH was not significantly different. This is surprising, 

since previous studies have found soil pH changes after landscape conversion via slash-and-burn 

(Veldkamp et al. 2020). The lack of pH change may be an effect of long-term use, which may 

have allowed the initial pH change to balance out over time. Changes in BD and moisture in the 

pasture can be explained by long term occupation of cattle, which would increase the compaction 

of the soil (i.e. BD), thereby decreasing the ability of soil to hold water. These effects are shown 

in our results, with higher BD and lower moisture content in the pasture compared to primary 

forest.  

 The evident variability of soil pH, BD, and moisture content between and within 

landscapes merits an investigation of the relationship between soil properties and root traits. 

Across all species and landscapes, pH predicted diameter, and bulk density predicted tissue 

density, both with weak positive relationships. This signifies that soil pH and BD may generally 

influence diameter and tissue density respectively, although these weak relationships point to the 

presence of better predictors for these root traits. Nonetheless, the positive relationship between 

pH and diameter indicates that roots may become thicker and more conservative in increasingly 

basic soils. Root-trait conservatism has been found to be a stress response to soil conditions in 

some plants (Robles-Aguilar et ala. 2018; Fort et al. 2017), meaning that basic soils may create a 

stressful environment for these tropical species, which are typically adapted to acidic soils (Fujii 

2014). Moreover, higher RTD with increasing BD was found. This same relationship was 



 

 

18 

reported in Freschnet et al. (2017), and could reflect a need for denser roots in denser soil 

conditions (Bengough et al. 2006).   

 When examining soil-root interactions within pasture and forest landscapes, soil property 

predictors remained the same as across all landscapes: pH and BD significantly predicted fine 

root traits. However, the root traits predicted were different; Within the pasture, pH predicted 

SRL in addition to diameter, and BD marginally predicted diameter – not RTD, as found across 

all landscapes. BD also marginally predicted SRL in addition to diameter within the forest. The 

difference in root traits predicted by soil between landscapes highlights how the interaction 

between fine roots and soil properties might change with land-use, while the consistency of soil 

predictors highlights the potential importance of pH and BD in mediating root traits.  

 In the pasture, high pH was correlated with a conservative morphology, having increased 

diameter and lower SRL. Interestingly, the opposite relationship was found in Robles-Aguilar et 

al. (2019), where higher pH correlated with more acquisitive roots. This may be a result of 

differences in study species and sites: Robles-Aguilar et al. (2019) looked at Lupinus 

angustifolius – a non-tropical plant – in Australia, while this study looked at three species in the 

Neotropics. Neotropical plant species are well-adapted to acidic conditions, making an increase 

in pH potentially stressful for these plants. Conversely, Lupinus angustifolius is adapted to 

mildly acidic soils, meaning that an increase in pH might relieve the plant from acidic stress, 

especially that associated with low P levels (Robles-Aguilar et al. 2019). As such, it makes sense 

that fine root relationships with pH would differ between geographically distinct species, with 

higher pH being conducive to a conservative root trait response in acid-tolerant species while 

high pH correlates with acquisitive roots in non-acid-tolerant species. Indeed, species-specific 

root trait responses to environmental gradients were found in Weemstra et al. (2021).  
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 In the forest, BD marginally predicted diameter and SRL. The presence of different soil 

predictors between landscapes indicates that there may be different environmental factors within 

each landscape that influence plasticity of fine roots. For example, variable competition in 

magnitude and type between pasture and forest may influence rooting strategies. Nutrient 

concentrations may also differ between landscape, and N and P availability has been shown to 

influence fine root traits (Wurzburger & Wright 2015). If N and P concentrations vary across the 

landscape sampled in this study, it is possible that these variables had influence on fine root 

traits. Indeed, available P can change with pH (Turner & Blackwell 2013; Penn & Camberato 

2019), making it likely that P concentration contributed to fine root variation across a soil pH 

gradient. Predictions addressed here may be supported if other variables are taken into 

consideration, such as nutrient concentration, surrounding vegetation levels and types, and soil 

chemistry.  

A point of interest is how BD predicted tissue density across all landscapes, but not 

within individual landscapes. This is potentially a result of small sample sizes within each 

landscape (pasture n=18, forest n=17). Alternatively, BD may have nearly significantly predicted 

tissue density within pasture and forest, but was cancelled out by other soil properties when 

looking at individual landscapes. Indeed, BD was the best predictor of tissue density in both 

pasture and landscape (p<0.2).  

It is important to note that when SRL and diameter were predicted by the same soil 

property, they were predicted in opposite directions. This is consistent with the hypothesis that 

SRL and diameter reflect a tradeoff within the RES (Reich 2014; Freschet et al. 2017).  

Species-specific interactions between soil properties and fine root traits 
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The interactions between soil properties and fine root traits across all species are reflected 

within individual species. Within C. alliodora, pH predicted SRL and marginally predicted 

diameter across landscapes, with SRL and diameter being predicted in opposite directions to 

produce conservative fine roots with increasing pH. RTD was also predicted by BD across 

landscapes, likely contributing to the significance of the interaction between BD and RTD across 

all species. However, C. alliodora root traits were not predicted by any soil properties within 

either landscape, again reflecting our low sample size, or that soil properties become less 

significant predictors when examining each landscape individually. Inclusion of more 

environmental variables, such as nutrients, may help us answer why these interactions are 

significant across but not within landscapes.  

 H. chrysanthus root traits were not predicted by soil characteristics across landscapes. 

However, when looking at H. chrysanthus root traits within the forest, BD becomes a significant 

predictor of SRL and diameter, with higher BD favoring more acquisitive fine root traits. Other 

studies have found the opposite: higher BD has been correlated with thicker and denser roots  

(Freschet et al. 2017; Bengough et al. 2006; Clark, Whalley & Barraclough 2003), likely due to 

the ability of thick roots to better penetrate dense soil (Bengough et al. 2006; Materechera, 

Dexter & Alston 1991). It could be the case that BD does not affect fine root traits in the forest, 

and instead that BD is correlated to another variable that does impact fine root formation. 

Moreover, this interaction was only significant in the forest, reflecting how different variables 

between the pasture and the forest may be important in fine root trait determination.   

 Root traits of I. deltoidea were not significantly predicted by any soil properties. 

Differences in soil predictors of root traits between species emphasizes the need to further study 

species-specific root trait plasticity across environmental gradients. Furthermore, conflicting 
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results between this study and previous studies demand a further investigation into why these 

differences occur. It is possible that this is simply a result of inadequate sampling size, or that 

important variables were left out of this analysis. On the other hand, it is likely the case that 

different interactions exist between fine roots and soil properties between species and tropical 

landscapes, and that we are just beginning to understand these interactions.   

Fine root plasticity across environmental gradients 

 We found that SRL and diameter variances were most consistently predicted by soil 

traits. This goes against findings by Kong et al. (2014), which found that SRL and diameter are 

phylogenetically conserved and therefore not predicted to change across environmental 

gradients. Furthermore, Freschnet et al. (2017) found that SRL and diameter were not correlated 

with any physical soil properties, and were instead related to climatic variables, nutrients, and 

soil chemistry. This highlights the importance of including more environmental variables in 

future studies. However, the analysis done by Freschnet et al. (2017) encompassed several 

species on a global scale, producing coarse-grain results. Here, we examine species-specific 

interactions at a local scale, revealing fine-grain differences in fine root traits across soil 

properties. These results reflect how species-specific investigations within tropical localities can 

reveal fine root plasticity.   

Branching frequency was not significantly predicted by landscape nor any soil properties, 

suggesting a lack of plasticity in fine root architecture. However, Kong et al. (2014) predicted 

that root branching would be plastic across environmental gradients, and other studies have 

supported this claim (Pregitzer 2008; Liese, Alings, & Meier 2017; Kramer-Walter et al. 2016). 

However, these studies focused on soil chemical properties, including nutrient concentration, 
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while this study primarily focused on soil physical properties. This indicates fine root branching 

may be plastic over nutrient gradients, but not over soil physical property gradients.  

 

CONCLUSION 

 Soil is an important factor to consider when investigating fine root variability. Soil pH 

and BD were significant predictors of fine root traits, while landscape was not a consistent 

predictor, although soil characteristics do differ between landscapes. This finding challenges 

generalizations about broad landscape classifications and reflects a reality where these broad 

categories are themselves heterogenous environments. This speaks to the complexity of 

understanding tropical environments and calls for fine-scale characterizations of plant-soil 

dynamics to better predict forest recovery after landscape conversion.  

Soil predictors of root traits changed when looking across landscapes versus within 

pasture and forest. Difference in soil predictors across landscapes calls for a deeper investigation 

of why these differences occur. Furthermore, low r values in many of our models indicate that 

root trait variance is likely better predicted by variables not included in this study. Possible 

explanations include variable competition levels, vegetation types, nutrient concentrations, soil 

chemistry, and symbionts or other microbial factors. It is difficult to make solid conclusions in 

this study due to limits in study sampling. Inclusion of more replicates and variables might allow 

for robust conclusions about the relationships between soil characteristics and root traits across 

species. Including additional soil and environmental variables may reveal new patterns in fine 

root plasticity, while a larger sample size would increase the statistical power of such findings. 

Nonetheless, soil pH and BD did predict fine root SRL, diameter, and RTD. Soil predictors of 

root traits differed between species, highlighting the need to investigate root traits at a species-
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specific level across environmental gradients to better understand root trait plasticity. Contrary to 

previous studies, this study reveals how morphological traits can be plastic across soil gradients, 

while branching remains consistent. Several results were the opposite of the results found in 

understudies, underscoring our lack of understanding of tropical fine root traits and the need for 

additional studies of fine root plasticity across environmental gradients, especially at species-

specific levels in the tropics.  
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