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1. Introduction
  

	 Forests are complex natural ecosystems that play 
a crucial role in maintaining environmental stability, 
capturing CO2, storing water, and supporting biodiversity 
(Bastin et al. 2019; Harris et al. 2021; Alam et al. 
2023). Forest root systems also serve as indicators of 
soil fertility and ecosystem stability (Abe et al. 2021; 
Staszel-Szlachta et al. 2024). However, forests in 
Indonesia continue to decline due to land conversion 
into plantations, agriculture, and settlements. Land-
use change not only fragments habitats and reduces 
biodiversity (Margono et al. 2014) but also degrades 

soil quality by lowering organic carbon and nutrient 
availability (Widyati et al. 2022). The intensification of 
land use into rubber and oil palm monocultures drives 
deforestation and land-cover change (Gaveau et al. 
2016; Setiawan et al. 2016), alters soil nutrient and soil 
organic matter (Allen et al. 2015; Widyati et al. 2022), 
and modifies fine-root dynamics (Violita et al. 2016).
	 Fine roots (diameter ≤ 2 mm) have traditionally 
been regarded as uniform in their absorption function 
(Jackson et al. 1997). Still, a new approach classifies 
them based on their specific functions, namely 
absorptive and transportive roots (McCormack et al. 
2015). Absorptive roots play a role in the acquisition of 
water and nutrients, often associated with mycorrhizae, 
while transportive roots support the transportation and 
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temporary storage of resources (Wang et al. 2021; Li et 
al. 2023). According to the Root Economic Spectrum 
(RES), fine root resource acquisition strategies can be 
divided into two types: acquisitive and conservative 
(Weemstra et al. 2016). Acquisitive roots express traits 
such as high specific root length (SRL), large specific 
root area (SRA), low tissue density, thin diameters, and 
short lifespan, traits associated with rapid exploration 
and turnover, while conservative strategies emphasize 
persistence and resource efficiency, with thicker roots, 
lower SRL and SRA, denser tissues, and longer lifespan 
(Reich 2014; Maracahipes et al. 2018; McCormack 
and Iversen 2019; Hogan et al. 2020; de la Riva et al. 
2021). These patterns offer important insights into how 
plants optimize belowground allocation in response to 
environmental constraints.
	 Several studies have shown that forest conversion 
influences fine root characteristics. Pransiska et al. 
(2016) reported that land-use intensification to jungle 
rubber, rubber plantations, and oil palm affects root 
biomass, root morphology, and soil organic matter 
content. Pierik et al. (2021) also found that rooting 
strategies shift toward more conservative traits in upland 
environments compared to lowland areas.
	 Information regarding fine root strategies in resource 
acquisition across converted tropical land-use systems 
in Indonesia remains limited. Kotowska et al. (2022) 
highlighted that shifts from conservative to acquisitive 
land-use strategies in forests are not always consistent. 
To advance understanding of this pattern, this study 
investigated four land-use types representing a gradient 
of land-use intensification from natural systems to 
monocultures: forest (natural forest vegetation), jungle 
rubber (rubber trees grown among forest vegetation as an 
agroforestry transition), rubber plantations (monoculture 
rubber), and oil palm plantations (monoculture oil palm). 
The objectives of this study are: (1) to assess the impact 
of land-use intensification on fine root morphology and 
water content, and (2) to analyze the types of fine root 
acquisition strategies in converted tropical land-use 
systems.
	  
2. Materials and Methods
	
2.1. Study Site and Land-Use Systems
	 This study was conducted between August 2022 
and June 2023 in two lowland tropical rainforest 
regions in Jambi Province, Sumatra, Indonesia: 
Harapan (02°11′24″S, 103°20′24″E) and Bukit 
Duabelas (01°56′24″S to 02°08′24″S, 102°34′48″E to 

102°50′60″E), ranging in elevation from 40 to 100 m 
above sea level (Kotowska et al. 2022). The region has 
a mean annual air temperature of 26.7±0.2°C and annual 
precipitation of 2,235±385 mm (mean ± SD; Drescher et 
al. 2016). In the Harapan region, the dominant soil type 
was classified as sandy loamy Acrisol, whereas in Bukit 
Duabelas it was clayey Acrisol (Kotowska et al. 2022). 
These sites are part of the long-term ecological research 
network under the CRC990/EFForTS (Ecological 
and Socioeconomic Functions of Tropical Lowland 
Rainforest Transformation Systems) project.
	 Four land-use types were selected to represent a 
gradient of land-use intensification: (1) natural forest, 
(2) jungle rubber (traditional agroforestry system), (3) 
rubber plantations (Hevea brasiliensis), and (4) oil palm 
plantations (Elaeis guineensis) (Figure 1). Permanent 
50 × 50 m plots were established in each system across 
both landscapes. In total, twenty plots (five plots per 
land-use system) were included in the study. Due to the 
availability and condition of long-term research plots 
during fieldwork, not all land-use systems were equally 
represented across both landscapes. Rubber trees ranged 
from 15–40 years old in jungle rubber and 7–16 years in 
monocultures, while oil palm trees were 8–15 years old. 
Plantation systems were intensively managed: oil palm 
plots received annual inputs of 150–300 kg ha–1 of NPK, 
KCl, and/or urea fertilizers, while rubber monocultures 
received 100–200 kg ha–1 per year, applied in two doses 
(Allen et al. 2015; Euler et al. 2016; Kotowska et al. 
2022).

2.2. Fine Root Sampling and Classification
	 Fine roots with diameters ≤ 2 mm were collected 
using the root-tracing method. Target trees were selected 
based on stem tagging records, with a minimum diameter 
at breast height (dbh) of ≥ 10 cm. A total of 59 individuals 
were sampled to represent dominant species and capture 
the diversity of each land-use system. Tree selection was 
guided by vegetation inventory data, prioritizing species 
with the highest frequency of occurrence, ensuring 
that sampled individuals reflected the representative 
community within each system. Root samples were 
collected from three to five dominant trees per plot in 
forest and jungle rubber systems, depending on tree 
availability and condition. In jungle rubber, sampling 
included both dominant forest trees and one Hevea 
brasiliensis per plot to represent its mixed community 
composition, reflecting the characteristics of a traditional 
mixed-species agroforestry system. In rubber and oil 
palm plantations, which were more homogeneous, 
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samples were collected from one representative tree 
per plot, either Hevea brasiliensis or Elaeis guineensis. 
Thus, the higher number of sampled trees in forest 
and jungle rubber reflects their greater structural 
and compositional heterogeneity. In contrast, in the 
structurally homogeneous monoculture plantations, 
a single representative tree per 50 × 50 m plot was 
sufficient to characterize stand-level fine root traits while 
avoiding unnecessary pseudoreplication within plots.
	 Tracing began at the starting point, identified as a 
fine root segment (2 mm diameter) directly connected 
to the main root at the tree base. Fine roots were 
carefully traced to their terminal tips through manual 
soil excavation with simple hand tools, such as a small 
shovel or garden fork. Only intact root segments with 
complete branching were collected. If the traced root was 
broken or incomplete, the tracing process was repeated 
on another side of the same tree until an undamaged 
segment with full branching was obtained. Collected 
root segments were cut with scissors, placed in labelled 
plastic bags, and transported to the laboratory. In the 
laboratory, roots were washed over a 1.25 mm sieve 
under running water until free of adhering soil. When 
compact soil particles were present, roots were soaked 
in deionized water, then rinsed. Clean roots were stored 
in Petri dishes filled with deionized water to maintain 
freshness prior to classification.
	 Root classification was based on branching order 
following McCormack et al. (2015). First to third order 

roots were categorized as absorptive, while fourth and 
fifth order roots were classified as transportive.

2.3. Root Trait Measurements
	 Root segments were spread in a transparent tray 
filled with water and scanned using a root scanner. 
Scanned images were analyzed using WinRHIZO Pro 
2020a software (Regent Instruments Inc.) to quantify 
morphological traits, including root segment length, 
surface area, root diameter, and tip root. Functional traits 
were measured separately for absorptive and transportive 
roots, including:

•	 Root length (cm)
•	 Root length per area (RLA; cm m–2)
•	 Tip length (cm)
•	 Specific root length (SRL; m g–1)
•	 Specific root area (SRA; cm2 g–1)
•	 Fine root diameter (FRD; mm)
•	 Root tissue density (RTD; g cm–3)
•	 Water content (%), calculated as:

Figure 1. Maps of the research location

wet weight - dry weight
wet weight

× 100%

	 Samples were oven-dried at 70°C until a constant dry 
weight was achieved.

2.4. Statistical Analysis
	 Statistical analyses were conducted using RStudio 
software (version 2024.12.1-563). All data were 
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transformed using a square-root transformation. Model 
assumptions were verified using both visual diagnostics 
and formal tests. Normality was visually inspected using 
Q–Q plots, and further tested with the Shapiro–Wilk 
test. Homogeneity of variances (homoscedasticity) was 
assessed using residuals versus fitted plots and formally 
tested with Levene’s test. Linear Mixed-Effects Models 
(LMM) were used to test the effect of land-use system 
(forest, jungle rubber, rubber, oil palm) on fine root traits. 
Land-use was included as a fixed effect, and plot identity 
as a random effect. Because the two study landscapes 
(Harapan and Bukit Duabelas) differ in soil type and 
not all land-use systems were equally represented 
across them, we additionally tested models including 
landscape as a random intercept. Results were consistent 
across model structures, indicating that our inferences 
on land-use patterns are robust to model specification. 
Models were fitted using the lme4 package (Bates et al. 
2015), and fixed-effect significance was assessed with 
the lmerTest package (Kuznetsova et al. 2017). Pairwise 
comparisons were conducted using Tukey’s HSD test 
based on estimated marginal means with the emmeans 
(Lenth et al. 2023) and multcompView (Graves et al. 
2019) packages. Principal Component Analysis (PCA) 
was applied to community-level trait means to examine 
multivariate relationships among morphological traits 
and water content, using the prcomp function.

3. Results

3.1. Fine Root Morphological Variation and 
Water Content Across Land-Use Systems
3.1.1. Length and Root Length per Area (RLA)
	 Absorptive root length declined significantly with 
increasing land-use intensity. Fine roots in oil palm 
plantations (2.13±0.11 cm) were significantly shorter 
than those in the forest (2.74±0.12 cm) and jungle 
rubber (2.73±0.12 cm). At the same time, no significant 
difference was found between forest and jungle rubber 
(p>0.05) (Figure 2A). Transportive root length also 
showed a significant decline with land-use intensification, 
with roots in oil palm (1.62±0.11 cm) being significantly 
shorter than in jungle rubber (1.97±0.08 cm) (p<0.05). No 
other pairwise differences were significant. Root length 
per area (RLA) also decreased significantly, with forest 
(0.10±0.01 cm m–2) showing higher values than rubber 
plantations (0.08±0.00 cm m–2) (p<0.05). In contrast, 
transportive root RLA did not differ significantly across 
land-use systems (p>0.05) (Figure 2B).

3.1.2. Fine Root Tip Length
	 Fine root tip length was significantly greater in 
oil palm (1.89±0.15 cm) than in rubber plantations 
(1.29±0.07 cm) (p<0.05), while no significant differences 
were observed among the other land-use types. 

Figure 2. Mean fine root length (A) and root length per area (RLA) (B) comparing absorptive and transportive roots across four land-use 
systems: forest (F), jungle rubber (JR), rubber (R), and oil palm (O). Different letters above each boxplot indicate significant 
differences among land-use types (p<0.05; Tukey’s HSD test following linear mixed models). Data were square-root transformed
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Transportive root tip length did not differ significantly 
across the four systems (Figure 3).

3.1.3 Specific Root Length (SRL) and Specific 
Root Area (SRA)
	 In general, specific root length (SRL) and specific 
root area (SRA) of absorptive roots tended to decrease 
from natural forest to intensively managed agricultural 
systems (Figure 4A). By contrast, SRL in transportive 
roots did not show a consistent trend among land-use 
types, while SRA remained relatively stable across 
all systems (Figure 4B). Nevertheless, differences in 
SRL and SRA among the four land-use systems were 
not statistically significant for either absorptive or 
transportive roots (p>0.05).

3.1.4. Fine Root Diameter (FRD) and Root 
Tissue Density (RTD)
	 Fine root diameter (FRD) and root tissue density 
(RTD) of absorptive fine roots tended to increase along 
the intensification gradient. In contrast, in transportive 
roots, both traits showed a decreasing trend (Figure 5A 
and B). However, there were no significant differences 

in FRD or RTD among the land-use types for either root 
category (p>0.05).

3.1.5. Water Content 
	 The water content of the absorptive roots tended 
to decrease with the intensification of land-use, while 
the transportive roots were relatively stable (Figure 
6). However, these differences were not statistically 
significant (p>0.05).

3.2. Principal Component Analysis of the 
Morphology of Fine Root Traits and Water 
Content
	 PCA revealed the dominant axes of root trait 
differentiation, with the first two components capturing 
the principal gradients of variation. In absorptive roots, 
PC1 (47.7%) and PC2 (30.2%) explained 77.9% of the 
total variance (Figure 7A). The negative side of PC1 was 
driven by acquisitive traits, including specific root area 
(SRA, –0.477), specific root length (SRL, –0.419), root 
length (–0.402), and water content (–0.388). In contrast, 
the positive side was characterized by conservative 
traits, such as root tissue density (RTD, +0.368) and 

Figure 3. Mean fine root tip length comparing absorptive and transportive roots across four land-use systems: forest (F), jungle rubber (JR), 
rubber (R), and oil palm (O). Different letters above each boxplot indicate significant differences among land-use types (p < 0.05; 
Tukey’s HSD test following linear mixed models). Data were square-root transformed.
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Figure 4. Mean specific root length (SRL) (A) and specific root area (SRA) comparing absorptive and transportive roots across four land-
use systems: forest (F), jungle rubber (JR), rubber (R), and oil palm (O). Different letters above each boxplot indicate significant 
differences among land-use types (p<0.05; Tukey’s HSD test following linear mixed models). Data were square-root transformed

Figure 5. Mean fine root diameter (FRD) (A) and root tissue density (RTD) (B) comparing absorptive and transportive roots across four 
land-use systems: forest (F), jungle rubber (JR), rubber (R), and oil palm (O). Different letters above each boxplot indicate 
significant differences among land-use types (p<0.05; Tukey’s HSD test following linear mixed models). Data were square-root 
transformed

fine root diameter (FRD, +0.223). Along PC2, FRD 
(+0.560) and water content (+0.388) loaded positively, 
whereas tip length (–0.456) and RTD (–0.382) loaded 
negatively. In the ordination space, forest and jungle 
rubber clustered toward the acquisitive side of PC1, with 
jungle rubber positioned slightly closer to the center but 
still overlapping with forest. Rubber plantations shifted 
toward the conservative quadrant associated with FRD, 
while oil palm plots grouped on the positive side of 
PC1 with FRD and RTD, showing broad dispersion and 
therefore higher within-system variability.

	 For transportive roots, PC1 (42.0%) and PC2 
(26.5%) explained 68.5% of the total variance (Figure 
7B). Length-related traits such as SRL (+0.511), SRA 
(+0.505), and root length (+0.365) loaded positively 
on PC1, whereas FRD (–0.349) and RTD (–0.343) 
were associated with the negative side. PC2 further 
separated water content (+0.368) and FRD (+0.381) on 
the positive axis from RTD (–0.482) and root length 
per area (RLA, –0.466) on the negative axis. Unlike 
absorptive roots, transportive roots did not exhibit a clear 
separation among land-use systems. Forest and jungle 
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Figure 6. Mean water content comparing absorptive and transportive roots across four land-use systems: forest (F), jungle rubber (JR), 
rubber (R), and oil palm (O). Different letters above each boxplot indicate significant differences among land-use types (p<0.05; 
Tukey’s HSD test following linear mixed models). Data were square-root transformed

Figure 7. Principal component analysis (PCA) biplots of community-level mean fine root morphological traits and water content for (A) 
absorptive roots and (B) transportive roots across four land-use systems (Forest, Jungle rubber, Rubber, and Oil palm). The 
first two principal components (PC1 and PC2) explain 77.9% of the total variance (A) and 68.5% of the total variance (B), 
respectively. Arrows indicate the direction and strength of each root trait variable
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rubber overlapped, clustering toward RTD and RLA, 
while rubber and oil palm samples were more widely 
dispersed across the ordination space without forming 
distinct groups.

4. Discussion

	 Land-use intensification from forest to jungle 
rubber, then to rubber and oil palm plantations, leads 
to significant environmental changes that affect fine 
root morphology and function. Root length in both 
absorptive and transportive classes declined along 
the land-use intensification gradient. In absorptive 
roots, oil palm plots had significantly shorter fine 
roots than forest and jungle rubber (p<0.05), whereas 
forest and jungle rubber did not differ. Root length 
per area (RLA) showed a similar decline, with higher 
values in forest than in rubber (p<0.05), while RLA of 
transportive roots did not differ among systems. These 
patterns mirror the decline in total fine root length 
following forest conversion reported by Saputra et al. 
2020 and the drop in root length density across the 
forest plantation gradient documented by Sahner et al. 
(2015). Such morphological shifts likely reflect soil 
structural degradation, declines in soil organic carbon 
stocks following conversion (Guillaume et al. 2016), 
and elevated nutrient leaching under intensified land 
use (Kurniawan et al. 2018). Similar adaptive shifts in 
root morphology have been documented along other 
environmental gradients, such as elevation (Cornejo et 
al. 2020).
	 Transportive root length also declined under 
more intensive management, with jungle rubber 
showing significantly longer transportive roots than 
oil palm (p<0.05). Interestingly, in our dataset, the 
mean transportive root length in jungle rubber was 
comparable to, and in some cases slightly exceeded, 
that of natural forest. This pattern may be explained by 
the mixed-species composition of jungle rubber, where 
rubber trees (Hevea brasiliensis) co-occur with remnant 
and secondary forest species (Pransiska et al. 2016; 
Kotowska et al. 2022; Penot 2024). Such mixtures 
can create more heterogeneous belowground resource 
distributions and intensify root competition, leading to 
greater variability in root traits at the community level 
(Mommer et al. 2012; Rajaniemi 2022). As a result, 
the relatively high transportive root length observed 
in jungle rubber plots likely reflects community-level 
responses to species mixing rather than a simple effect 
of land-use intensity. The greater root length observed 

in less intensive systems may reflect increased 
belowground competition and the need to explore 
larger soil volumes to obtain limited water and nutrients 
(Meinen et al. 2009). In contrast, the compacted soils 
and slower decomposition in oil palm plantations likely 
inhibit root elongation (Guillaume et al. 2016; Violita 
et al. 2016; Lynch 2019), prompting plants to develop 
shorter fine roots as an energy-saving strategy, while 
maintaining their uptake capacity (Kong et al. 2014).
	 Fine root tip length also responded to land-use 
intensification. Oil palm produced longer absorptive 
root tips than rubber with a significant difference 
(p<0.05). Oil palm roots are suspected to lack root 
hairs, which rely on meristematic and elongation zone 
activity to expand their absorptive surface (Intara et 
al. 2018). Thin-walled parenchyma, slow lignification, 
and the abundance of fine roots with xylem diameters 
<2 mm further promote root tip extension in oil palm 
(Sim and Zaharah 2014; Intara et al. 2018). In contrast, 
earlier lignification in the apical zone of rubber roots 
may restrict root elongation, resulting in shorter root 
tips (Maeght et al. 2015).
	 Other fine root traits showed less pronounced 
differences among systems. Specific root length (SRL) 
of absorptive roots in jungle rubber tended to be higher 
than in natural forest and showed the widest range of 
values. However, mean SRL did not differ significantly 
among land-use types. This pattern is consistent with 
the mixed-species composition of jungle rubber, where 
rubber trees co-occur with remnant and secondary 
forest species that often express more acquisitive fine 
root traits (Caplan et al. 2019; Wambsganss et al. 2021; 
Rajaniemi 2022). Along the intensification gradient, 
SRL and specific root area (SRA) of absorptive roots 
tended to decline with increasing land-use intensity, 
broadly aligning with previous findings (Pransiska et 
al. 2016; Kotowska et al. 2022). Fine roots with high 
SRL reflect efficient uptake of water and nutrients in 
ecosystems with high plant diversity (Wambsganss 
et al. 2021). By contrast, in transportive roots, SRL 
did not show a consistent trend among systems, and 
SRA remained relatively stable, which may reflect 
adaptation of transport tissues to limited resource 
availability (Kong et al. 2019). However, these 
differences were not statistically significant, suggesting 
that plants with sufficient resource supply may maintain 
relatively stable root morphologies despite land-use 
intensification (Addo-Danso et al. 2019). Increases in 
fine root diameter (FRD) and root tissue density (RTD) 
of absorptive roots along the intensity gradient, though 
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not statistically significant, may indicate adaptation to 
drier, nutrient-poor soils, where thicker, denser roots 
are longer-lived and more efficient at resource uptake 
(Kong et al. 2019). 
	 Fine root water content tended to decrease in 
absorptive roots, whereas transportive roots remained 
relatively stable, and neither pattern was statistically 
significant. Water content reflects the capacity for 
turgor regulation and water transport efficiency 
(Ievinsh 2023). The humid microclimate and dense soil 
cover in primary forests help maintain fine root water 
content (De Frenne et al. 2021). In contrast, oil palm 
plantations with higher transpiration rates and uneven 
water supply may exhibit reduced root water-holding 
capacity (Akram et al. 2022). Water content did not 
differ significantly among land-use types, and this 
overall stability is expected under the humid conditions 
of the study region, where plants can maintain similar 
fine root hydration even when their root lengths differ.
Although community-mean FRD and RTD did not 
differ among land-use types, forests and jungle rubber 
tended to maintain longer absorptive and transportive 
roots than rubber and oil palm. This pattern suggests 
that tissue-level structural traits within the <2 mm 
fine root class are relatively conserved. In contrast, 
spatial deployment traits, such as root length and soil 
exploration, remain more plastic and responsive to the 
competitive and compositional context of the plant 
community (Valverde-Barrantes et al. 2015; Sun et 
al. 2017). In diverse forest and jungle rubber stands, 
the coexistence of multiple tree species with more 
acquisitive strategies likely promotes complementary 
belowground foraging, as species differ in fine root 
deployment rather than tissue structure, with several 
species investing in long, highly branched fine roots 
at similar diameters to exploit heterogeneous nutrient 
and water patches more completely (Brassard et al. 
2011; Eissenstat et al. 2015; McCormack et al. 2015). 
By contrast, rubber and oil palm monocultures are 
dominated by a narrower set of conservative root 
strategies, producing shorter fine root systems despite 
similar average diameter and tissue density (Sahner et 
al. 2015; Pransiska et al. 2016; Kotowska et al. 2022; 
Tonra et al. 2025).
	 PCA revealed contrasting multivariate patterns in 
absorptive and transportive fine roots along the land-
use gradient from forest to monoculture systems of 
rubber and oil palm. In absorptive roots, the first two 
axes captured a clear gradient from acquisitive to 
conservative strategies (Figure 7A). Traits linked to 

high specific root length and specific root area, longer 
fine roots, and higher tissue hydration aligned with 
the acquisitive end. This combination reflects thinner, 
longer, and more hydrated roots that enhance soil 
exploration and rapid, efficient uptake of water and 
nutrients (Valverde-Barrantes et al. 2017; Zhu et al. 
2021; Valverde-Barrantes 2022). In contrast, fine root 
diameter and root tissue density indicated investment 
in denser, longer-lived tissues that emphasize structural 
resilience and extended tissue lifespan (McCormack et 
al. 2015; Hou et al. 2024).
	 In the ordination space, forests and jungle rubber 
tended to cluster toward the acquisitive quadrant, 
consistent with greater uptake efficiency, whereas 
rubber and oil palm shifted toward the conservative 
quadrant characterized by thicker and denser roots 
(McCormack et al. 2015; Weemstra et al. 2020). Jungle 
rubber remained close to forests, suggesting that this 
agroforestry system retains forest-like uptake strategies. 
Group ellipses partially overlapped, and several 
univariate contrasts were not significant; therefore, the 
PCA patterns are interpreted as descriptive gradients 
rather than inferential evidence of group separation.
	 For transportive roots, the main axes were opposed 
to elongation-related traits, such as specific root 
length, specific root area, and root length. In contrast, 
tissue density and fine root diameter were opposed 
to diameter metrics. Water content varied along a 
secondary dimension (Figure 7B). Unlike the absorptive 
compartment, land-use groups broadly overlapped 
in the transportive compartment, indicating weaker 
separation among systems. This configuration aligns 
with the hydraulic efficiency-to-safety continuum. 
In general, larger diameters and higher water content 
are thought to be associated with greater axial 
conductivity, whereas denser, more lignified tissues 
reinforce structural integrity, stabilising transport under 
stress (Hafner et al. 2019; Reyt et al. 2021; Sha et al. 
2024). In our study, FRD and water content did not 
differ significantly among land-use types, so this axis 
is interpreted as a conceptual hydraulic-efficiency-to-
safety continuum rather than as a direct contrast among 
groups. Accordingly, the PCA of transportive roots 
aligns less clearly with the canonical Root Economics 
Spectrum. Instead, it reflects multidimensional variation 
constrained by conduction and support roles, which 
yields comparatively conservative tissue properties 
and a more limited response to land-use conversion 
(McCormack et al. 2015; Sanaei et al. 2025).
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	 Overall, these results highlight the nuanced 
responses of fine root morphology and function to 
land-use intensification in tropical landscapes. Land-
use intensification has the potential to shift root 
strategy from acquisitive to conservative, particularly 
in absorptive roots. The shift in morphological 
characteristics of transportive roots is less clearly 
visible because the primary function of those roots 
is primarily to function as transport channels and 
temporary storage of resources, not for the acquisition 
of water and nutrients.

Acknowledgements 

	 This research was conducted under the German–
Indonesian Collaborative Research Center 
CRC 990/EFForTS, supported by the Deutsche 
Forschungsgemeinschaft (DFG; Project ID 192626868–
SFB 990). The authors gratefully acknowledge Team 
B04 for their essential contributions to field sampling 
and logistical coordination.

References

Abe, T., Kudo, T., Saito, K., Takashima, A., Miyamoto, A., 2021. Plant 
indicator species for the conservation of priority forest in an 
insular forestry area, Yambaru, Okinawa Island. J For Res. 26, 
181–191. https://doi.org/10.1080/13416979.2020.1858535

Addo-Danso, S.D., Defrenne, C.E., McCormack, M.L., Ostonen, 
I., Addo-Danso, A., Foli, E.G., Borden, K.A., Isaac, M.E., 
Prescott, C.E., 2019. Fine-root morphological trait variation 
in tropical forest ecosystems: an evidence synthesis. Plant 
Ecol. 221, 1–13. https://doi.org/10.1007/s11258-019-00986-
1

Akram, H., Lefi, D.F., Herrick, J.E., Lydiasari, H., Schütze, N., 2022. 
Water requirements for oil palm grown on marginal lands: a 
simulation approach. Agric Water Manag. 262, 1–11. https://
doi.org/10.1016/j.agwat.2021.107292

Alam, S.A., Kivinen, S., Kujala, H., Tanhuanpää, T., Forsius, M., 
2023. Integrating carbon sequestration and biodiversity 
impacts in forested ecosystems: concepts, cases, and policies. 
Ambio. 52, 1687–1696. https://doi.org/10.1007/s13280-023-
01931-3

Allen, K., Corre, M.D., Tjoa, A., Veldkamp, E., 2015. Soil nitrogen-
cycling responses to conversion of lowland forests to oil palm 
and rubber plantations in Sumatra, Indonesia. PLOS ONE. 10, 
1–21. https://doi.org/10.1371/journal.pone.0133325

Bastin, J.F., Finegold, Y., Garcia, C.A., Mollicone, D., Rezende, M., 
Routh, D., Zohner, C.M., Crowther, T.W., 2019. The global 
tree restoration potential. Science. 365, 76–79. https://doi.
org/10.1126/science.aax0848

Bates, D., Mächler, M., Bolker, B., Walker, S., 2015. Fitting linear 
mixed-effects models using lme4. J Stat Softw. 67, 1–48. 
https://doi.org/10.18637/jss.v067.i01

Brassard, B.W., Chen, H.Y.H., Bergeron, Y., Paré, D., 2011.
Differences in fine root productivity between mixed- and 
single-species stands. Funct Ecol. 25, 238–246. https://doi.
org/10.1111/j.1365-2435.2010.01769.x

Caplan, J.S., Meiners, S.J., Flores-Moreno, H., McCormack, M.L., 
2019. Fine-root traits are linked to species dynamics in a 
successional plant community. Ecology. 100, e02588. https://
doi.org/10.1002/ecy.2588

Cornejo, N.S., Hertel, D., Becker, J.N., Hemp, A., Leuschner, C., 2020. 
Biomass, morphology, and dynamics of the fine root system 
across a 3,000-M elevation gradient on Kilimanjaro. Front 
Plant Sci. 11, 1–16. https://doi.org/10.3389/fpls.2020.00013

De Frenne, P., Lenoir, J., Luoto, M., Scheffers, B.R., Zellweger, 
F., Aalto, J., Ashcroft, M.B., Christiansen, D.M., Decocq, 
G., De Pauw, K., 2021. Forest microclimates and climate 
change: importance, drivers, and future research agenda. 
Glob Change Biol. 27, 2279–2297. https://doi.org/10.1111/
gcb.15569

de la Riva, E.G., Querejeta, J.I., Villar, R., Pérez-Ramos, I.M., 
Marañón, T., Díaz, J.G., Marín S.D.T., Prieto, I., 2021. 
The economics spectrum drives root trait strategies in 
Mediterranean vegetation. Front Plant Sci. 12, 1–10. https://
doi.org/10.3389/fpls.2021.773118

Drescher, M., Rembold, K., Allen, K., Beckschäfer, P., Buchori, D., 
Clough, Y., Faust, H., Gunawan, D., Hertel, D., Hidayati, 
N.A., 2016. Ecological and socio-economic functions 
across tropical land use systems after rainforest conversion. 
Philos Trans R Soc Lond B Biol Sci. 371, 1–8. https://doi.
org/10.1098/rstb.2015.0275

Eissenstat, D.M., Kucharski, J.M., Zadworny, M., Adams, T.S., 
Koide, R.T., 2015. Linking root traits to nutrient foraging 
in arbuscular mycorrhizal trees in a temperate forest. New 
Phytol. 208, 114–124. https://doi.org/10.1111/nph.13451

Euler, M., Hoffmann, M.P., Fathoni, Z., Schwarze, S., 2016. Exploring 
yield gaps in smallholder oil palm production systems in 
eastern Sumatra, Indonesia. Agric Syst. 146, 111–119. https://
doi.org/10.1016/j.agsy.2016.04.007

Gaveau, D.L.A., Pirard, R., Salim, M.A., Tonoto, P., Yaen, H., Parks, 
S.A., Carmenta R., 2016. Overlapping land claims, fire and 
deforestation across Borneo. Conserv Lett. 9, 257–264. 
https://doi.org/10.1111/conl.12256

Graves, S., Piepho, H.P., Selzer L., Dorai-Raj, S., 2019. 
multcompview: visualizations of paired comparisons. R 
package version 0.1-8. Available at: https://cran.r-project.org/
package=multcompView. [Date accessed: 8 February 2025]

Guillaume, T., Holtkamp, A.M., Damris, M., Brümmer, B., Kuzyakov, 
Y., 2016. Soil degradation in oil palm and rubber plantations 
under land resource scarcity. Agric Ecosyst Environ. 232, 
110–118. https://doi.org/10.1016/j.agee.2016.07.002

Hafner, B.D., Hesse, B.D., Bauerle, T.L., Grams, T.E.E., 2019. Water 
potential gradient, root conduit size and root xylem hydraulic 
conductivity determine the extent of hydraulic redistribution 
in temperate trees. Funct Ecol. 34, 561–574. https://doi.
org/10.1111/1365-2435.13508

Harris, N.L., Goldman, E.D., Gibbes, S., Ducey, M., Lagomasino, 
D., Potapov, P., Kapos, V., Adame, P., Hansen, M.C., Giri, 
C., 2021. Global maps of twenty-first century forest carbon 
fluxes. Nat Clim Change. 11, 1–7. https://doi.org/10.1038/
s41558-020-00976-6

Hogan, J.A., Valverde-Barrantes, O.J., Ding, Q., Xu, H., Baraloto, C., 
2020. Morphological variation of fine root systems and leaves 
in primary and secondary tropical forests of Hainan Island. 
Ann For Sci. 77, 1–21. https://doi.org/10.1007/s13595-020-
00977-7

Hou, J., McCormack, M.L., Reich, P.B., Sun, T., Phillips, R.P., 
Lambers, H., Chen, H.Y.H., Ding, Y., Comas, L.H., Valverde-
Barrantes, O.J., Solly, E.F., Freschet, G.T., 2024. Linking fine 
root lifespan to root chemical and morphological traits—A 
global analysis. Proc Natl Acad Sci. 121, e2320623121. 
https://doi.org/10.1073/pnas.2320623121

Ievinsh, G., 2023. Water content of plant tissues: so simple that 
almost forgotten?. Plants. 12, 1–34. https://doi.org/10.3390/
plants12061238

Intara, Y.I., Nusantara, A.D., Supanjani., Caniago, Z., Ekawita, R., 
2018. Oil palm roots architecture in response to soil humidity. 
Int J Oil Palm. 1, 79–89. 

Jackson, R.B., Mooney, H.A., Schulze, E.D., 1997. A global budget 
for fine root biomass, surface area, and nutrient contents.  
Proc Natl Acad Sci U S A. 94, 7362–7366. https://doi.
org/10.1073/pnas.94.14.7362

HAYATI J Biosci                                                                                                               
Vol. 33 No. 3, May 2026 643



Kong D., Ma C., Zhang Q., Li L., Chen X., Zeng H., Guo D., 2014. 
Leading dimensions in absorptive root trait variation across 
96 subtropical forest species. New Phytol. 203, 863–872. 
https://doi.org/10.1111/nph.12842

Kong, D., Wang, J., Wu, H., Valverde-Barrantes, O.J., Wang, R., 
Zeng, H., Kardol, P., Zhang, H., Feng, Y., 2019. Nonlinearity 
of root trait relationships and the root economics spectrum. 
Nat Commun. 10, 1–9. https://doi.org/10.1038/s41467-019-
10245-6

Kotowska, M.M., Samhita, S., Hertel, D., Triadiati, T., Beyer, F., 
Allen, K., Link, R.M., Leuschner, C., 2022. Consequences 
of tropical rainforest conversion to tree plantations on fine 
root dynamics and functional traits. Oikos. 2023, e08898. 
https://doi.org/10.1111/oik.08898

Kurniawan, S., Corre, M.D., Matson, A.L., Schulte-Bisping, H., 
Utami, S.R., Veldkamp, E., 2018. Conversion of tropical 
forests to smallholder rubber and oil palm plantations impacts 
nutrient leaching losses and nutrient retention efficiency in 
highly weathered soils. Biogeosciences. 15, 5131–5154. 
http://doi.org/10.5194/bg-15-5131-2018

Kuznetsova, A., Brockhoff, P.B., Christensen, R.H., 2017. lmerTest 
package: Tests in linear mixed effects models. J Stat Softw. 
82, 1-26. https://doi.org/10.18637/jss.v082.i13

Lenth, R.V., Buerkner, P., Herve, M., Jung, M., Love, J., Miguez, 
F., Riebl, H., Singmann, H., 2023. emmeans: Estimated 
Marginal Means, aka Least-Squares Means. R package 
version 1.8.8. Available at: https://CRAN.R-project.org/
package=emmeans. [Date accessed: 8 February 2025]

Li, J., Le, X., Chen, X., Yu, Y., Li, Y., Wang, Z., Guo, D., Kong, 
D., 2023. The allocation of anatomical traits determines the 
trade-off between fine root resource acquisition-transport 
function. Oecologia. 202, 845–854. https://doi.org/10.1007/
s00442-023-05443-5

Lynch, J.P., 2019. Root phenotypes for improved nutrient capture: 
an underexploited opportunity for global agriculture. New 
Phytol. 223, 548–564. https://doi.org/10.1111/nph.15738

Maeght, J.L., Clément, C., Dassonville, N., Hollande, E., Personne, 
M., 2015. Seasonal patterns of fine root production and 
turnover in a mature rubber tree (Hevea brasiliensis Müll. 
Arg.) stand. Front Plant Sci. 6, 1-11. https://doi.org/10.3389/
fpls.2015.01022

Maracahipes, L., Oliveira, J., Reis, S.M., Lenza, E., 2018. Temporal 
changes in species composition, diversity, and woody 
vegetation structure of Savana in the Cerrado-Amazon 
transition zone. Acta Bot Bras. 32, 1–10. http://doi.
org/10.1590/0102-33062017abb0316

Margono, B.A., Potapov, P.V., Turubanova, S., Hansen, M.C., 
Tyukavina, A., Thau, D., Stehman, S.V., Goetz, S.J., Loveland, 
T.R., Kommareddy, A., 2014. Primary forest cover loss in 
Indonesia over 2000-2012. Nat Clim Change. 4, 730–735. 
https://doi.org/10.1038/nclimate2277

McCormack, M.L., Dickie, I.A., Eissenstat, D.M., Fahey, T.J., 
Fernandez, C.W., Guo, D., Helmisaari, H.S., Hobbie, E.A., 
Iversen, C.M., Jackson, R.B., 2015. Redefining fine roots 
improves understanding of below-ground contributions to 
terrestrial biosphere processes. New Phytol. 207, 505–518. 
https://doi.org/10.1111/nph.13363

McCormack, M.L., Iversen, C.M., 2019. Physical and functional 
constraints on viable belowground acquisition strategies. 
Front. Plant Sci. 10, 1–12. https://doi.org/10.3389/
fpls.2019.01215

Meinen, C., Hertel, D., Leuschner, C., 2009. Root growth and 
recovery in temperate broad-leaved forest stands differing 
in tree species diversity. Ecosystems. 12, 1103–1116. https://
doi.org/10.1007/s10021-009-9271-3

Mommer, L., van Ruijven, J., Jansen, C., van de Steeg, H.M., de 
Kroon, H., 2012. Interactive effects of nutrient heterogeneity 
and competition: implications for root foraging theory? 
Funct Ecol. 26, 66–73. https://doi.org/10.1111/j.1365-
2435.2011.01916.x

Penot, É., 2024. From Jungle Rubber to Rubber Agroforestry Systems: 
History of Rubber Agroforestry Practices in the World. 
Éditions Quæ, Versailles.

Pierik, K., Leuschner, C., Homeier, J., 2021. Topography as a factor 
driving small-scale variation on tree fine root traits and 
root functional diversity in a species-rich tropical montane 
forest. New Phytol. 230, 129–138. https://doi.org/10.1111/
nph.17136

Pransiska, Y., Triadiati, T., Tjitrosoedirjo, S., Hertel, D., Kotowska, 
M.M., 2016. Forest conversion impacts on the fine and coarse 
root systems, and soil organic matter in tropical lowlands 
of Sumatera (Indonesia). For Ecol Manage. 379, 288–298. 
https://doi.org/10.1016/j.foreco.2016.07.038

Rajaniemi, T.K., 2022. Root allocation and foraging precision in 
heterogeneous soils. Basic Appl Ecol. 60, 25–33. https://doi.
org/10.1016/j.baae.2022.02.001

Reich, P.B., 2014. The world-wide ‘fast–slow’ plant economics 
spectrum: a traits manifesto. J Ecol. 102, 275-301. https://
doi.org/10.1111/1365-2745.12211

Reyt, G., Ramakrishna, P., Salas-González, I., Fujita, S., Love, 
A., Tiemessen, D., Lapierre, C., Morreel, K., et al. 2021. 
Two chemically distinct root lignin barriers control solute 
and water balance. Nat Commun. 12, 2320. https://doi.
org/10.1038/s41467-021-22550-0

Sahner, J., Budi, S.W., Barus, H., Edy, N., Meyer, M., Corre, M.D., 
Polle, A., 2015. Degradation of root community traits as 
indicator for transformation of tropical lowland rain forests 
into oil palm and rubber plantations. PLOS ONE. 10, 1–19. 
https://doi.org/10.1371/journal.pone.0138077

Saputra, D.D., Sari, R.R., Hairiah, K., Roshetko, J.M., Suprayogo, 
D., van Noordwijk, M., 2020. Can cocoa agroforestry restore 
degraded soil structure following conversion from forest to 
agricultural use? Agroforest Syst. 94, 2261–2276. https://doi.
org/10.1007/s10457-020-00548-9

Sanaei, A., van der Plas, F., Chen, H., Davids, S., Eckhardt, S., 
Hennecke, J., Kahl, A., Möller, Y., Richter, R., Schütze, J., 
et al. 2025. Tree growth is better explained by absorptive 
fine root traits than by transport fine root traits. Commun 
Biol. 8, 1–11. https://doi.org/10.1038/s42003-025-07756-y

Setiawan, E.N., Maryudi, A., Purwanto, R.H., Lele, G., 2016. 
Opposing interests in the legalization of non-procedural forest 
conversion to oil palm in Central Kalimantan, Indonesia. 
Land Use Policy. 58, 472–481. https://doi.org/10.1016/j.
landusepol.2016.08.003

Sha, S., Cai, G., Liu, S., Ahmed, M.A., 2024. Roots to the rescue: 
how plants harness hydraulic redistribution to survive drought 
across contrasting soil textures. Adv Biotechnol. 2, 1–13. 
https://doi.org/10.1007/s44307-024-00050-8

Sim, S.L., Zaharah, A.R., 2014. Potassium uptake kinetics by oil 
palm root via radiotracer techniques. Asian J Plant Sci. 13, 
195–197. https://doi.org/10.3923/ajps.2014.195.197

Staszel-Szlachta, K., Lasota, J., Szlachta, A., Błońska, E., 2024. The 
impact of root systems and their exudates in different tree 
species on soil properties and microorganisms in a temperate 
forest ecosystem. BMC Plant Biol. 24, 1–15. https://doi.
org/10.1186/s12870-024-04724-2

Sun, Z., Liu, X., Schmid, B., Bruelheide, H., Bu, W., Ma, K., 
2017. Positive effects of tree species richness on fine-root 
production in a subtropical forest in SE-China. J. Plant Ecol. 
10, 146–157. https://doi.org/10.1093/jpe/rtw094

Tonra, M.S., Sulistijorini, S., Samhita, S., Triadiati, T., 2025. Nutrient 
and water acquisition strategies of oil palm fine roots enriched 
with crops species. HAYATI J. Biosci. 32, 1199–1213. https://
doi.org/10.4308/hjb.32.5.1199-1213

Valverde-Barrantes, O.J., 2022. Dissecting how fine roots function. 
New Phytol. 233, 1539–1541. https://doi.org/10.1111/
nph.17896

644	                                                                                                               	    	        Susilawati S et al.



Valverde-Barrantes, O.J., Freschet, G.T., Roumet, C., Blackwood, 
C.B., 2017. A worldview of root traits: the influence of 
ancestry, growth form, climate and mycorrhizal association 
on the functional trait variation of fine-root tissues in seed 
plants. New Phytol. 215, 1562–1573. https://doi.org/10.1111/
nph.14571

Valverde-Barrantes, O.J., Smemo, K.A., Blackwood, C.B., 2015. Fine 
root morphology is phylogenetically structured, but nitrogen 
is related to the plant economics spectrum in temperate trees. 
Funct Ecol. 29, 796–807. https://doi.org/10.1111/1365-
2435.12384

Violita, V., Triadiati, T., Anas, I., Miftahudin, M., 2016. Fine root 
production and decomposition in lowland rainforest and oil 
palm plantations in Sumatra, Indonesia. HAYATI J Biosci. 
23, 7–12. https://doi.org/10.1016/j.hjb.2015.10.008

Wambsganss, J., Freschet, G.T., Beyer, F., Goldmann, K., Prada-
Salcedo, L.D., Scherer-Lorenzen, M., Bauhus, J., 2021. Tree 
species mixing causes a shift in fine-root soil exploitation 
strategies across European forests. Funct Ecol. 35, 1886–
1902. https://doi.org/10.1111/1365-2435.13856

Wang, J., Defrenne, C.E., McCormack, M.L., Yang, L., Tian, D., Luo, 
Y., Hou, E., Yan, T., Li, Z., Bu, W., Chen, Y., Niu, S., 2021. 
Fine-root functional trait responses to experimental warming: 
a global meta-analysis. New Phytol. 230, 1856–1867. https://
doi.org/10.1111/nph.17279

Weemstra, M., Kiorapostolou, N., van Ruijven, J., Mommer, L., 
de Vries, J., Sterck, F., 2020. The role of fine-root mass, 
specific root length and lifespan in tree performance: a 
whole-tree exploration. Funct Ecol. 34, 575–585. https://
doi.org/10.1111/1365-2435.13520

Weemstra, M., Mommer, L., Visser, E.J.W., van Ruijven, J., 
Kuyper, T.W., Mohren, G.M.J., Sterck, F.J., 2016. Towards 
a multidimensional root trait framework: a tree root review. 
New Phytol. 211, 1159–1169. https://doi.org/10.1111/
nph.14003

Widyati, E., Nuroniah, H.S., Tata, H.L., Mindawati, N., Lisnawati, Y., 
Lelana, N.E., van Noordwijk, M., 2022. Soil degradation due 
to conversion from natural to plantation forests in Indonesia. 
Forests. 13, 1–21. https://doi.org/10.3390/f13111913

Zhu, H., Zhao, J., Gong, L., 2021. The morphological and chemical 
properties of fine roots respond to nitrogen addition in a 
temperate Schrenk’s spruce (Picea schrenkiana) forest. Sci 
Rep. 11, 3839. https://doi.org/10.1038/s41598-021-83151-x

HAYATI J Biosci                                                                                                               
Vol. 33 No. 3, May 2026 645


