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Summary

® Despite the vital role in carbon (C) sequestration and nutrient retention, variations
and patterns in root C and nitrogen (N) stoichiometry of the first five root orders
across woody plant species remains unclear.

® \We compiled a dataset to explore variations and patterns of root C and N
stoichiometry in the first five orders of 218 woody plant species.

® Across the five orders, root N concentrations were greater in deciduous, broadleaf,
and arbuscular mycorrhizal species than in evergreen, coniferous species, and
ectomycorrhizal associations species, respectively. Contrasting trends were found for
root C:N ratios. Most root branch orders showed clear latitudinal and altitudinal trends
in root C and N stoichiometry. There were opposite patterns in N concentrations
between latitude and altitude. Such variations were mainly driven by plant species,
and climatic factors together.

® Our results indicate divergent C and N use strategies among plant types and
convergence and divergence in the patterns of C and N stoichiometry between latitude
and altitude across the first five root orders. These findings provide important data on
the root economics spectrum and biogeochemical models to improve understanding
and prediction of climate change effects on C and nutrient dynamics in terrestrial
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ecosystems.
Key words: woody plants, fine roots, carbon and nitrogen stoichiometry, root branch

order, biogeography, plant functional groups.

Introduction

Carbon (C) and nitrogen (N) are two basic elements of life that are essential for plant
growth and ecosystem function (Zhang et al., 2020). Plant root networks modulate a
broad spectrum of ecological processes, from soil formation to the cycling of nutrients,
including C and N, through their acquisition of water and nutrients (Jackson et al.,
1997; McCormack et al., 2015; Adamczyk et al., 2019; Ding et al., 2020). Root C and
N stoichiometry largely reflect physiological constraints, evolutionary, and ecological
adaptation strategies of plants, as well as their responses to climate change (Agren,
2004; Zhang et al., 2020). Root C and N concentrations usually represent the
assimilation investment and metabolic activity of plants, respectively (Zadworny et al.,
2015; Razaq et al., 2017; Zadworny et al., 2017). Thus, a more complete knowledge
of the biogeographical patterns of root C and N stoichiometry can improve our
understanding of the evolutionary history and environmental adaptations of woody
plant species.

Fine roots (< 2 mm in diameter) have tended to be regarded as a homogenous
mass compartment (Jackson et al., 1997; Strand et al., 2008); however, this
classification does not account for the diversity of form and function of root systems,

and ignores the related roles in structure and function (Pregitzer et al., 1997; Pregitzer
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et al., 2002). An increasing number of observations have indicated that plant roots are
highly branched, structurally and functionally heterogeneous systems, and have also
demonstrated associations between root trait function and branch order, rather than
the diameter of fine roots (Goebel et al., 2011; Mucha et al., 2019), based on
separation of roots into shorter-lived absorptive (orders 1 and 2) and longer-lived
transportive (orders 3 to 5) roots (Guo et al., 2008; McCormack et al., 2015; Kou et
al., 2018). Divergences in root traits between absorptive and transport roots, such as
morphology, physiology and structure, may mediate root C and N accumulation and
use efficiency (McCormack et al., 2015; Kou et al., 2018). Therefore, a better
understanding of variations and patterns of root C and N stoichiometry across branch
orders in woody plants is critical for accurately modeling and predicting belowground
ecological processes in terrestrial ecosystems.

Plant growth forms have been considered as part of the plant economic spectrum,
and their traits could mediate the concentrations of C and N and their ratios (C:N) in
plants (Freschet et al., 2013; Roumet et al., 2016; Valverde-Barrantes & Blackwood,
2016). The leaf economic spectrum showed that resource-acquisitive species often
exhibited high leaf N concentrations relative to resource-conservative species (Wright
et al., 2004). The results from previous studies indicate that broadleaf plants and
deciduous plants tend to show trait syndromes related to a resource-acquisition
strategy as compared to coniferous and evergreen plants, respectively (Vergutz et al.,
2012; Tian et al., 2018; Zhang et al.,, 2020; Li et al.,, 2021). Thus, leaf N
concentrations are greater in broadleaf and/or deciduous plants than in coniferous
and/or evergreen plants, but the opposite is true for C:N ratios (Vergutz et al., 2012;

Tian et al., 2018). Plant roots are likely to exhibit similar patterns observed in plant
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leaves (Zhao et al., 2016) because they are also at the plant-environment interface of
resource exchange (Reich & Cornelissen, 2014).

According to the root economic spectrum, root N concentrations may be higher
in acquisitive species than conservative species (Reich & Cornelissen, 2014;
Weemstra et al., 2016), indicating mycorrhizal association is an important factor
shaping root C and N stoichiometry (Bergmann et al., 2020). Plants with arbuscular
mycorrhizal associations are more likely to show trait syndromes associated with a
resource-acquisition strategy relative to plants with ectomycorrhizal associations
(Phillips et al., 2013). Therefore, plants with arbuscular mycorrhizal associations
should bear higher N concentrations and lower C:N ratios than that with
ectomycorrhizal associations (Reich & Cornelissen, 2014). However, current accounts
of root C and N stoichiometry variation in plant types at a wide scale are most often
limited to diameter-based, focusing between woody and herbaceous species (Yuan et
al., 2011; Wang et al., 2020), and few studies have examined differences among
contrasting woody functional groups. A recent global analysis shows variation in
diameter-based root decomposition between contrasting plant functional groups,
indicating divergence in root chemistry, such as ratios of C:N, between plant types
(See et al., 2019); however, how plant functional group and root branch order
modulate root C and N stoichiometry across large-scale for woody plant species
remains unclear.

Both latitude and altitude may affect root stoichiometry via changes in climate
conditions (e.g., temperature and precipitation) and plant species. Previous studies
have reported the geographical patterns of diameter-based root C, N, and P
stoichiometry in terrestrial plants (Yuan et al., 2011; Zhang et al., 2017; Wang et al.,

2020; Zhang et al., 2020). Two possible hypotheses have been proposed to explain
5
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these variations (Reich & Oleksyn, 2004). Wang et al. (2020) observed that the fine-
root (diameters < 2 mm) N concentrations increased with increasing latitude,
supporting the temperature-plant physiological hypothesis, which states that plant N
concentrations increase with latitude to compensate for decreased rates of metabolic
reactions (Reich & Oleksyn, 2004). On the contrary, the temperature-biogeochemistry
hypothesis (Reich & Oleksyn, 2004) indicates that N uptake is inhibited at lower
temperatures due to reduced microbial activity and decomposition of soil organic
matter, which is supported by the results that N concentrations of fine-root diameters
< 2 mm are negatively correlated to altitude (He et al., 2016). However, these
hypotheses have not been comprehensively tested using order-based data. Besides,
global change studies have demonstrated that root nutrient concentrations in lower-
order roots are more sensitive to environmental changes (e.g., warming) as compared
to higher-order roots (Yin et al., 2014; Pu et al., 2016), pointing at potential
divergences in geographical patterns of root C and N stoichiometry between lower-
and higher-order roots. To our knowledge, however, an analysis of the order-based
geographical patterns of C and N stoichiometry across woody plant species at a large
scale is lacking.

In this study, we compiled a dataset, comprising 218 woody plant species
distributed on a broad spatial scale, to compare root C and N stoichiometry of the first
five orders between plant functional group types (taxonomical grouping, leaf habit,
type of mycorrhizal association) and among geographic location and climate
conditions. The questions addressed are the following: (1) Are there differences in
root C and N stoichiometry of the first five branch orders between contrasting plant
functional types? (2) What are the dominant factors regulating geographical patterns

of order-based C and N stoichiometry across woody plant species? (3) Do lower-
6
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(orders 1 and 2) and higher-order (3 - 5 orders) roots respond differently to
geographical factors (e.g., latitude and altitude)? We hypothesized that, for woody
plant species, (1) Root C concentration, and C:N ratio would increase and N
concentration would decrease with increasing root branch order, and root N
concentration would be higher and C:N ratio would be lower in broadleaf, deciduous,
and arbuscular mycorrhizal species than in coniferous, evergreen, and
ectomycorrhizal species, respectively; and (2) the order-based geographical patterns
would be mainly driven by plant species and/or climate factors (e.g., mean annual
temperature, mean annual precipitation, aridity index, and solar radiation); and (3)
root C and N stoichiometry of lower-order roots would be more responsive to

geographical factors as compared to higher-order roots.

Materials and Methods

Data compilation

We assembled a meta-dataset of root C and N stoichiometry of the first five branch
orders across woody plant species based on the Fine-Root Ecology Database (lversen
et al., 2017), and using published site-referenced observations available via the Web
of Science and Chinese CNKI up to 2021. Overall, our database contained 4180
records for 218 woody plant species distributed across 85 study sites worldwide,
comprising 1170 root C, 1685 root N, and 1325 root C:N ratio observations (Notes
S1).

To ensure consistency and robustness in the inclusion of data, records were
selected based on the following criteria: as conducted in previous individual studies
mainly focused on the C and N stoichiometry across the first five root branch orders,

we focused on species data comprising observations for all individual branches of the
7
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first five root orders to quantify the differences between different root orders,
especially absorptive (orders 1 and 2) and transport roots (orders 4 and 5), and also to
ensure sufficient sample size. The designation of root branch order in the original
studies followed the topological nomenclature developed in previous studies
(Pregitzer et al.,1997; Pregitzer et al., 2002), namely, root tips as first-order branches,
the root from which two first-order roots branched was classified as second-order, and
so on; data derived from natural conditions; and, where appropriate, seasonal data
were averaged across seasons. Original data were extracted directly from tables of
published articles and from figures using the Get Data Graph Digitizer (Version 2.24,
Russian Federation).

Geographic location (latitude; longitude; altitude) and climate (mean annual
temperature, MAT; mean annual precipitation, MAP; aridity index; solar radiation)
factors for each study site were extracted from the original literature, where possible.
When geographical information was not provided, we extrapolated relevant data for
the same study site reported in another publication, and when climate data were not
reported, we extracted MAT, MAP, and solar radiation data from the WorldClim
Version 2.0 (http://worldclim.org/version2) and aridity index data from CGIAR-CSI
(http://www.cgiar-csi.org) based on study site geographical coordinates. The final
database represented sites distributed across wide geographical (18.50-69.63°N;
84.48°W-128.57°E), altitudinal (40—4000 m a.s.l.), and climate (MAT: -1.69—
24.50 °C; MAP: 35-2651 mm) ranges (Fig. S1; Notes S1).

In our database, all species names were confirmed using The Plant List
(http://www.theplantlist.org), and based on their leaf traits (Kong et al., 2019; See et
al., 2019), the woody plant species were categorized into two functional groups,

comprising taxonomical grouping (196 broadleaf species and 22 coniferous species),
8
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leaf habit (80 deciduous species and 138 evergreen species). Meanwhile, the type of
mycorrhizal association of the tree species was obtained from the primary studies as
well as from mycorrhizal classification databases (Maherali et al., 2016; Brundrett,
2017), and the mycorrhizal association included arbuscular mycorrhiza (98 species)

and ectomycorrhiza (36 species) in this study (Notes S1).

Statistical analysis

Data were log-transformed before analysis to improve the homogeneity of variances.
To assess the mean differences in C and N stoichiometry among root orders and each
individual root order differences in C and N concentrations and C:N ratios between
plant functional groups, we first ran linear mixed models by fitting each predictor
variable as a fixed effects factor, and the identity of original studies and species were
treated as random effects to enhance data independence.

The linear mixed model also was performed to assess the responses of C and N
stoichiometry to root branch orders between contrasting plant functional groups by
comparing the 95% confidence intervals of the regression slope. The slope indicates
the change in direction and rate of functional group C and N stoichiometry with
increasing root branch order, and the difference between contrasting plant functional
groups was considered insignificant if the bounds of the 95% confidence intervals of
the slope overlapped each other (Zhang et al., 2020). The linear mixed models were
fitted by the restricted maximum likelihood estimation using the R package Ime4
version 1.1-29 (Zhang et al., 2020).

In order to estimate the effect of phylogenetic relationships on root C and N

stoichiometry of the first five root orders across woody plant species, we constructed
9
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an updated phylogeny for all recorded species. We extracted the phylogeny of the 218
species contained in our study from the mega-tree GBOTB.extended to construct a
phylogenetic tree by using the R package V. phylomaker version 0.1.0 (Jin & Qian,
2019). The phylosignal function in the R package picante version 1.8.2 was performed
to analysis the phylogenetic signal, and the parametric Pagel’s A indices were used to
assess the strength of phylogenetic signals for root C and N stoichiometry (Valverde-
barrantes et al., 2017). To reduce the bias from the phylogenetic auto-correlation, we
performed a phylogenetic generalized least squares (PGLS) model to estimate the
strength and direction of geographical (latitude; altitude) and climate (MAT; MAP;
aridity index; solar radiation) patterns of C and N stoichiometry among the first five
branch orders by using the R package Caper version 1.0.1 (Holdaway et al., 2011).
Due to the limited data at high latitudes (only two points) and altitudes (only five
points) (Notes S1), the PGLS models were conducted at given latitudinal (< 52 °) and
altitudinal (< 1000 m) ranges to reduce the uncertainty of the results.

Relative effects of species, plant functional group, and geographical and climate
factors on C and N concentrations and C:N ratio of the first five branch orders were
tested by hierarchical partitioning method with redundancy analysis using the R
package rdacca.hp version 1.0.8, where the total variance of each factor explained is
composed of independent and interaction effects of each factor (Lai et al., 2022).

In our database, 218 species were used to quantify the differences of root C and
N stoichiometry in general among plant functional groups, and 215 and 198 species
were used to analyse the latitudinal and altitudinal patterns of root C and N
stoichiometry, respectively. Detailed information on how many replicates were used
in the analyses for each species is provided in Notes S2. All statistical analyses were

performed using R software (version 4.2.0; R Development Core Team, Vienna,
10
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Austria), and graphs were constructed by using Origin 2019 (OriginLab Co) and R

package ggplot2 version 3.3.6.

Results

Functional group divergence in root C and N stoichiometry

There was a unimodal frequency distribution of root C and N stoichiometry across the
first five branch root orders of 218 woody plant species (Fig. 1). Across all the
observations, the mean C and N concentrations and C:N ratios in the five branch
orders were 462.90 g/kg and 14.76 g/kg and 41.19, respectively (Fig. 1a-c). Their
coefficient of variation (CV %) was 10.3%, 41.4%, and 44.9%, respectively (Fig. la-
c). There were increasing trends from the first- to fifth-order roots in mean C
concentration (439.89 to 478.04 g/kg) and C:N ratio (26.34 to 57.50). However, root
N concentrations were approximately 1.9 times greater in first-order than in fifth-
order roots (Fig. la—c). Regardless of branch order, root N concentrations in
deciduous plants, broadleaf plants, and those with arbuscular mycorrhizal associations
were greater than in evergreen plants, coniferous plants, and plants with
ectomycorrhizal associations, respectively (Fig. le, i, ). The opposite trends were
observed for C:N ratios (Fig. 1f, j, m). Additionally, the slope sign and magnitude of
root C and N stoichiometry with increasing root branch order were similar between

contrasting functional groups (Table 1).
Latitudinal and altitudinal patterns in root C and N stoichiometry

There were clear latitudinal and altitudinal trends in woody plant root C and N
stoichiometry across most of the root branch orders (Fig. 2). Both root C
concentrations of the five branch orders and N concentrations of the first two orders

were positively related to latitude (p < 0.05; Fig. 2a, b). Irrespective of branch orders,
11
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root C concentrations and C:N ratios increased but root N concentrations decreased
with increasing altitude (p < 0.05; Fig. 2d—f). In general, the change rates of root C
and N stoichiometry with increasing latitude or altitude did not differ between the first

five root orders (Fig. 2; Table S1).
Climate and phylogenetic effects on root C and N stoichiometry

The PGLS models showed that both the C concentrations of the first five root orders
and the N concentrations of the first two orders were negatively related to MAT (p <
0.05; Fig. S2a, b; Table S2). Root C concentrations of the three to five orders also
negatively correlated with MAP (p < 0.05; Fig. S2d; Table S2). Across the five
branch orders, aridity index was positively associated with C concentrations (except
for the first two orders) and C:N ratios, but was a negative correlation with N
concentrations (p < 0.05; Fig. S3a-c; Table S3). Solar radiation was positively related
to root C concentrations of the fourth-order roots only (p < 0.05; Fig. S3d; Table S3).
Regardless of branch order, the parametric indices based on evolutionary models
(Pagel’s 1) showed intermediate phylogenetic signals in root C and N concentrations
and C:N ratios (Table S4), indicating that the root C and N stoichiometry were

strongly constrained by phylogeny.
Relative effects of species, geography, climate, and plant types

The hierarchical partitioning analysis showed that the combined effects of species,
geographic and climate factors, and plant functional groups explained 18.6—55.8%,
16.2—34.1%, and 0—39.7% of the variations in root C and N concentrations and C:N
ratios across woody plants, respectively (Fig. 3). Species, geographic and climate
factors, and plant functional groups individual effects accounted for 8.0—36.8%,

2.5-6.7%, 6.6—10.9%, and 1.2—-3.2% of the variations in C concentrations explained

12

95U9017 SUOWILLIOD SAITe81D 3|ced ! dde au) Ag pausenob afe sopie O 9Sn J0 SaINJ J0) Aleid18U1JUO 8|1 UO (SUOTIPUOD-PUe-SWLRIALI0D" A8 | 1M Ale.d 1jeul|Uoy/:Sdiy) SUORIpUOD pue swis | auy1 38S *[£202/S0/TE] Uo Akiqiqaulluo A1 ‘Jend wniusz - zjoywpH Ad 0288T Ydu/TTTT 0T/I0p/L0D A8 IM Aleidjeutjuo yduy/:sdny wo.j pepeojumoq ‘el ‘/ET869YT



by models (Fig. 3a), 0-21.1%, 0—1.7%, 8.0—10.3%, and 4.7-6.2% of the variations in
N concentrations explained by models (Fig. 3b), and 0-14.6%, 1.0-3.2%, 4.3-16.1%,
and 1.8-6.3% of the variations in C:N ratios explained by models (Fig. 3c). In general,
the effects of species on root C and N concentrations were the strongest of all, and
climate factors tended to explain variation in C and N stoichiometry either

independently or through the interactions with plant species (Fig. 3).

Discussion

Root C and N stoichiometry in woody plant functional groups

Previous studies have showed that root nutrient concentrations of woody plant species
vary with branch orders (Pregitzer et al., 2002; Guo et al., 2004). Similarly, our
results demonstrated that, irrespective of plant functional group, both root C
concentrations and C:N ratio increased but N concentrations decreased with
increasing root branch order (Fig. 1). Our analyses show that the aggregation of plant
species into functional groups is a useful approach to improve understanding of C and
N stoichiometry across the first five root branch orders. In this case, we found greater
root N concentrations in deciduous plants than in evergreen plants, regardless of
branch order (Fig. 1e). This may be because deciduous plants often have more rapid
rates of nutrient return, photosynthesis, and growth as compared to evergreen species
(Reich & Cornelissen, 2014; Augusto et al., 2015; Huang et al., 2018; See et al.,
2019). We also found that N concentrations were lower in coniferous than broadleaf
plants (Fig. 1i). The lower specific root length of conifers reflects their lower nutrient
absorption capacity (Wang et al., 2018) and lower decomposition rate, which may
increase soil acidification and aluminum toxicity and hinder meristem differentiation

and root growth (Zadworny et al., 2017). In addition, we found that root N
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concentrations were greater in woody plants with arbuscular mycorrhizal associations
than in those associated with ectomycorrhiza associations (Fig. 1l). A possible
explanation is that the maintenance of plants with ectomycorrhiza associations usually
requires higher C investment relative to arbuscular mycorrhizal species, which could
lead to lower root biomass, inorganic N acquisition rates, and nutrient absorption
capacity, but higher root tissue density and more conservative root trait syndromes in
ectomycorrhizal associations species compared to arbuscular mycorrhizal species
(Chen et al., 2016; Liese et al., 2018; Valverde-Barrantes et al., 2018). However, the
trends in root C:N ratios were opposite to N concentrations between contrasting plant
functional groups (Fig. 1f, j, m), indicating that evergreen plants, coniferous plants,
and plants with ectomycorrhizal associations may manifest resource-conservative
strategies and higher N use efficiencies as compared to deciduous plants, broadleaf
plants, and plants with arbuscular mycorrhizal (Devi & Garkoti, 2013; Phillips et al.,
2013; Zhang et al., 2020; Li et al., 2021).

The function-dominant hypothesis states that plant functional traits in organs
may converge in change direction to ensure the cooperation among organs, but may
diverge in change rates to perform their specific functions (Zhang et al., 2020). A
recent study confirmed this hypothesis through the C:N ratios of different organs of
2139 species (Zhang et al., 2020), but whether this phenomenon exists in different
parts of the same organ remains poorly understood. Previous studies have suggested
that there are significant differences in root traits, such as structure and function,
between lower-order roots (orders 1 and 2) and higher-order roots (orders 3 to 5) (Guo
et al., 2008; McCormack et al., 2015; Kong et al., 2021). However, we found that the
change in the direction and rate of root C and N stoichiometry along root order is

similar between contrasting plant functional groups (Table 1). Such findings do not
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support the function-dominant hypothesis in the same organ. This is mainly because
plants may transfer nutrients between lower-order and higher-order roots to maintain
basic physiological activities, structural support, and defense (Zadworny et al., 2015;
Aubrey & Teskey, 2018; Zadworny et al., 2017). Thus, taken together, these results
support our first hypothesis, that both plant functional group and root branch order are

two determinants regulating root C and N stoichiometry across woody plant species.

Geographical patterns of root C and N stoichiometry in the first five

root branch orders

Similar to the geographical patterns observed in both plant leaves (Reich & Oleksyn,
2004; Hu et al., 2021) and diameter-based roots (Wang et al., 2020; Zhang et al.,
2020), we found that most root branch orders in woody plant species showed clear
latitudinal and altitudinal trends in C and N stoichiometry (Fig. 2). For example, root
N concentrations in the first two orders were positively associated with latitude (Fig.
2b), which is consistent with the results noted in the diameter-based fine-roots
(diameter < 2 mm) (Wang et al., 2020). This is mainly because high N concentrations
can enhance plant metabolism to compensate for decreased rates of metabolic
reactions at low temperatures, which is in agreement with the temperature-plant
physiological hypothesis (Reich & Oleksyn, 2004). Additionally, a global analysis of
diameter-based root traits also showed that plant species from high-latitude areas have
higher specific root length, N concentrations, and thinner diameters as compared to
those from tropical zones, representing traits of resource-acquisitive (Freschet et al.,
2017). However, we found that N concentrations were negatively correlated with
altitude in the present case (Fig. 2e), which may to some extent support the

temperature-biogeochemistry hypothesis (Reich & Oleksyn, 2004). Similar results are
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found in tropical montane forests (Pierick et al., 2022) and subtropical forests (He et
al., 2016). A current study has suggested that root diameter and tissue density
generally increased, but specific root length and nutrient concentrations decreased
with increasing altitude, implying that plants exhibit a conservative resource-use
strategy to adapt to the nutrient limitation at high altitude biome (Pierick et al., 2022).
Thus, the contrasting patterns of root N concentrations between latitude and altitude
may be attributed to the specific traits (e.g., root morphology and physiological
activities) and complexity of species diversity (Wu et al., 2016; Freschet et al., 2017;
Pierick et al., 2022). In order to adapt to the complex and diverse micro-habitats in the
ecosystems, woody plants may form special and diverse ecological adaptation
strategies, but additional evidence is needed. We also found that C concentrations
were positively correlated with latitude and altitude (Fig. 2a, d), which is similar to an
existing study that non-structural carbohydrate concentrations increased with
increasing latitude (Li et al., 2016). Similar to prior findings (He et al., 2016;
Zadworny et al., 2017), C:N ratios were positively related to altitude (Fig. 2f),
potentially because plants can improve N use efficiency to adapt to adverse
environmental conditions, such as low temperatures (Zhang et al., 2020).

Plant functional traits generally do not vary independently in changing

environments (Watson & Szathmary, 2016) because the traits share genetic controls,

or they have linked roles in functions (Fajardo & Piper, 2011). Contrary to what we
expected, the change direction and rates of C and N stoichiometry along increasing
latitude or altitude did not differ between root orders (Fig. 2; Table S1). A previous
study has indicated that root C:N ratios decreased with increasing MAT among both
absorptive and transport roots and exhibited similar R-squares (Zadworny et al., 2017),
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supported the results in our study. Further, warming experiments also found that the
effects of warming on root C and N concentrations (Yin et al., 2014) and root

respiration (Jia et al., 2011) were consistent among root branch orders.

Drivers of root C and N stoichiometry in the first five root branch

orders

Plant functional traits are basically controlled by internal and external variables
(Valverde-barrantes et al., 2017; Wang et al., 2020). In this study, plant species and
climatic factors generally accounted for more variation in C and N stoichiometry
across the first five root branch orders (except for the explanation of C:N ratios by
plant species) than either geographical factors or plant functional groups (Fig. 3). In
line with the species composition hypothesis (Reich & Oleksyn, 2004), plant species
was one of the most important factors regulating the variations of root C and N
stoichiometry. Firstly, woody plants may adapt to heterogeneous resources and
environments by altering root traits (Kong et al., 2014). The large coefficients of
variation of root C and N stoichiometry noted in this study could to some degree
reflect this process (Fig. 1; Notes S1). Secondly, there were significant phylogenetic
signals of root C and N stoichiometry across the five branch orders of 218 woody
plant species (Table S4). This result is agrees with the findings by Valverde-barrantes
et al. (2017), who reported that phylogeny was the primary factor structuring the
distribution of root traits among species. Notably, climatic factors tended to explain
variation in C and N stoichiometry either independently or through interactions with
plant species (Fig. 3). This is probably because climate can drive plant species
composition and distributions (Hou et al., 2021), and alters soil nutrient pools (Reich

& Oleksyn, 2004) that then impact fine-root C and N stoichiometry (Wang et al.,
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2020). However, due to the limitation of our analysis, there are potential confounding
effects between species and other factors that call for further in-depth investigation.
The PGLS models also showed that MAT and MAP often negatively affected
root C concentrations (except MAP pattern for the first two orders) across the five
branch orders (Fig. S2a, d), which is similar to the results observed in non-structural
carbohydrates concentrations (Li et al., 2016). The N concentrations of the first two
orders were negatively related to MAT (Fig. S2b), which is in agreement with the
observed latitudinal pattern in our study. Similar results were also found in a previous
study (Zhao et al., 2019). Aridity index exerted negative effects on root N
concentrations (Fig. S3b), implying that plant root growth and N uptake are inhibited

by drought conditions (Foyer & Shigeoka, 2011; Shi et al., 2017).

Conclusions

This study, for the first time, explores the variations and patterns of root C and N
stoichiometry in the first five root branch orders across woody plant species at a large
scale. Both plant functional group and root branch order are two determinants
regulating root C and N stoichiometry across woody plant species, reflecting
divergent root ecological strategies for plants adapting to environmental changes. The
convergence and divergence in the patterns of C and N stoichiometry between latitude
and altitude across the first five root orders are similar to those observed in diameter-
based datasets. The variations in root C and N stoichiometry are mainly driven by
plant species and climate factors; however, the influencing mechanisms and research
on a larger scale require further in-depth investigation. These findings have important

implications for the root economics spectrum and provide critical information for
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improving biogeochemical models to understand and predict the response of

belowground processes in terrestrial ecosystems to climate change.
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Supporting Information

Additional Supporting Information may be found online in the Supporting
Information section at the end of the article.

Fig. S1 Large-scale distribution of fine-root carbon (C) and nitrogen (N)

stoichiometry of the first five orders for woody plants included in this study.
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Fig. S2 Phylogenetic generalized least squares (PGLS) model analysis of relationships
between climatic factors (Mean annual temperature, MAT and Mean annual
precipitation, MAP) and fine-root carbon (C) and nitrogen (N) stoichiometry.

Fig. S3 Phylogenetic generalized least squares (PGLS) model analysis of relationships
between climatic factors (Aridity index and Solar radiation) and fine-root carbon (C)
and nitrogen (N) stoichiometry.

Table S1. Phylogenetic generalized least squares (PGLS) model analysis of the
relationships between fine-root carbon (C) and nitrogen (N) stoichiometry and latitude,
and altitude.

Table S2. Phylogenetic generalized least squares (PGLS) model analysis of the
relationships between fine-root carbon (C) and nitrogen (N) stoichiometry and mean
annual temperature (MAT), and mean annual precipitation (MAP).

Table S3. Phylogenetic generalized least squares (PGLS) model analysis of the
relationships between fine-root carbon (C) and nitrogen (N) stoichiometry and aridity
index, and solar radiation.

Table S4. Phylogenetic conservatism indices for root carbon (C) and nitrogen (N)
stoichiometry across branch orders based on evolutionary models (Pagel’s A).

Notes S1. Dataset of carbon (C) and nitrogen (N) concentrations and C:N ratios of the
first five root branch orders of woody plant species, based on more than 4100
observations at 85 study sites from 51 published articles.

Notes S2. Detailed information on which species and how many samples were
presented by each species was used for our analysis.

Notes S3. A list of 51 articles from which data were extracted for the meta-analysis.
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Table 1. Analysis of relationships between fine-root carbon (C) and nitrogen (N) concentrations, and C:N ratios of contrasting plant functional
groups (e.g., deciduous species and evergreen species; broadleaf species and coniferous species; arbuscular mycorrhiza species (AM) and

ectomycorrhiza species (EM)) and root branch orders based on the linear mixed model.

Variable  Plant functional group n Intercept Slope Lower CI  Upper CI  Marginal R  Conditional R*> p
Leaf habit

C Deciduous 425  2.632 0.009a 0.006 0.012 0.019 0.815 <0.001
Evergreen 745  2.615 0.010a 0.009 0.011 0.082 0.813 <0.001

N Deciduous 700  1.386 -0.075a -0.081 -0.069 0.230 0.757 <0.001
Evergreen 985  1.337 -0.080a -0.083 -0.077 0.202 0.918 <0.001

CN Deciduous 430 1.250 0.072a 0.064 0.081 0.209 0.674 <0.001

’ Evergreen 895 1.294 0.085a 0.081 0.089 0.226 0.890 <0.001

Taxonomical grouping

C Broadleaved 1010 2.623 0.009b 0.008 0.010 0.025 0.858 <0.001
Coniferous 160  2.615 0.015a 0.012 0.018 0.176 0.706 <0.001

N Broadleaved 1420 1.366 -0.077a -0.081 -0.074 0.222 0.836 <0.001
Coniferous 265 1.271 -0.081a -0.086 -0.075 0.284 0.916 <0.001

CN Broadleaved 1015 1.257 0.081a 0.076 0.085 0.228 0.812 <0.001
Coniferous 310 1.385 0.081a 0.074 0.089 0.291 0.815 <0.001
Mycorrhizal association type

C AM 560 2.620 0.011a 0.010 0.013 0.068 0.779 <0.001
EM 235  2.635 0.010a 0.008 0.013 0.103 0.719 <0.001

N AM 900 1.357 -0.073a -0.078 -0.068 0.205 0.792 <0.001
EM 335 1.370 -0.082a -0.087 -0.076 0.238 0.901 <0.001

CN AM 565  1.265 0.076a 0.069 0.082 0.225 0.739 <0.001
EM 385 1.301 0.079 0.072 0.086 0.235 0.818 <0.001
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Note: The C and N stoichiometry was transformed into a log-scale before analysis. n, sample size; Cl, 95% confidence intervals of the regression slope; Marginal R?,
the model variation explained by the fixed effects; Conditional R2, the model variation explained by both the fixed and random effects; p, the significance of the
linear equations. Different lowercase letters indicate that the difference in root C and N stoichiometry between contrasting plant functional groups was dependent on
root branch orders at the 0.05 level based on the likelihood ratio test.
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Figure captions

Fig. 1 Raincloud plots show the variation in root carbon (C) and nitrogen (N)
stoichiometry of the first five root order branches across woody plant functional
groups (e.g., deciduous species and evergreen species; broadleaf species and
coniferous species; arbuscular mycorrhiza species (AM) and ectomycorrhiza species
(EM)). The lower and upper half of boxplots represent the 25th and 75th percentile,
respectively. The whisker means min and max, the solid lines across each box present
the median, and the hollow circle displays the mean. The distribution and the density
of raw data are shown in half-violin. Different lowercase letters indicate among (a—c)
and within (d—m) root branch order differences at p < 0.05 based on the maximum

likelihood ratio test.

Fig. 2 Phylogenetic generalized least squares (PGLS) model analysis of relationships
between geographical factors (latitude (a—c) and altitude (d—f)) and fine-root carbon
(C) and nitrogen (N) stoichiometry. Brown lines represent linear fitting with PGLS
analysis. Numbers (1-5), colours and symbols represent root order. R?> and S are
coefficients of determination of the equation and slope, respectively; ns denotes no
significant difference between the slope of equation of the first five root orders at p <

0.05 based on the maximum likelihood ratio test.

Fig. 3 Venn diagrams illustrating the relative contribution of climate factors (C: mean
annual temperature, MAT; mean annual precipitation, MAP; aridity index; solar

radiation), plant functional groups (P), species identity (S), and geographical factors
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(G: latitude; altitude) to the variation in root carbon (C) (a) and nitrogen (N) (b), and
C:N ratios (c) of the first five root branch orders for woody plans based on the
hierarchical partitioning method with redundancy analysis. The numbers in each
subset figure show the percentage of total variation explained by the model and
variations explained by the independent effect of (a) species (yellow), (b) climate
(pink), (c) plant functional groups (wathet) and (d) geographical (green), and the joint
effect of (e) species and climate, (f) species and plant functional groups, (g) species
and geographical, (h) plant functional groups and climate, (i) climate and
geographical (j) geographical and plant functional groups (k) species, plant functional
groups and climate, (I) species, climate and geographical, (m) species, geographical
and plant functional groups, (n) plant functional groups, geographical and climate (0)

all four factors.
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Figure captions
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Fig. 1 Raincloud plots show the variation in root carbon (C) and nitrogen (N)
stoichiometry of the first five root order branches across woody plant functional
groups (e.g., deciduous species and evergreen species; broadleaf species and
coniferous species; arbuscular mycorrhiza species (AM) and ectomycorrhiza species
(EM)). The lower and upper half of boxplots represent the 25th and 75th percentile,
respectively. The whisker means min and max, the solid lines across each box present
the median, and the hollow circle displays the mean. The distribution and the density

of raw data are shown in half-violin. Different lowercase letters indicate among (a—c)
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and within (d—m) root branch order differences at p < 0.05 based on the maximum

likelihood ratio test.
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Fig. 2 Phylogenetic generalized least squares (PGLS) model analysis of relationships
between geographical factors (latitude (a—c) and altitude (d—f)) and fine-root carbon

(C) and nitrogen (N) stoichiometry. Brown lines represent linear fitting with PGLS
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analysis. Numbers (1-5), colours and symbols represent root order. R?> and S are
coefficients of determination of the equation and slope, respectively; ns denotes no
significant difference between the slope of equation of the first five root orders at p <

0.05 based on the maximum likelihood ratio test.
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variation in root carbon (C) (a) and nitrogen (N) (b), and C:N ratios (c) of the first five
root branch orders for woody plans based on the hierarchical partitioning method with
redundancy analysis. The numbers in each subset figure show the percentage of total
variation explained by the model and variations explained by the independent effect

of (a) species (yellow), (b) climate (pink), (c) plant functional groups (wathet) and (d)
geographical (green), and the joint effect of (e) species and climate, (f) species and
plant functional groups, (g) species and geographical, (h) plant functional groups and
climate, (i) climate and geographical (j) geographical and plant functional groups (k)
species, plant functional groups and climate, (I) species, climate and geographical, (m)
species, geographical and plant functional groups, (n) plant functional groups,

geographical and climate (o) all four factors.
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