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ameter decreased with mean annual tem-
perature and mean annual precipitation.

ARTICLE INFO

Editor: Zhaozhong Feng

Keywords:

Fine root traits

Root biomass

Root diameter

N deposition duration
N deposition level
Abiotic factors

GRAPHICAL ABSTRACT

Effect of nitrogen deposition duration Effect of nitrogen deposition level
Root nitrogen '-;‘E* ':5
Root phosphorus >—él9—‘ L i
Root carbon @ b
RootC: N '—Gi—' *i‘:r'
Root C : P = e
Root N : P »;L »iﬁ*
Specific root length »Q:-A >.:¢
Specific root area E—.—* '—.ﬂ:'
Root diameter »-6« I’
Root tissue density QE +
Root biomass >—e—-: k.é'
Root production >—|’—4 »Q‘*
Root respiration '—:C—* 'i—.—'
Fungal colonization| ———&—— E '—;—0—'
-40 0 40 -40 0 40

The effect of nitrogen deposition on fine root traits (%)

ABSTRACT

Nitrogen (N) deposition has complex effects on vegetation dynamics and nutrient cycling in terrestrial ecosystems.
However, how N deposition alters fine root traits remains unclear in forest ecosystems. Here, we carried out a synthesis
based on 890 paired observations of 14 fine root traits from 79 articles to assess the effects of N deposition on fine root
traits. The results showed that N deposition mainly affected root nutrient content and stoichiometry. Specifically, N
deposition increased the root N content, root carbon: phosphorus (C:P) and root nitrogen: phosphorus (N:P) ratio,
but decreased the root P content and root C:N ratio. Moreover, N deposition increased fine root respiration, but had
no significant effect on other root morphological and physiological traits. N deposition effects on fine root biomass,
root tissue density and fungal colonization decreased with N deposition duration. Compared to fine root P content,
N deposition effects on fine root C content and C:P ratio increased with N deposition level. Moreover, the interaction
between N deposition level and duration significantly affected fine root biomass. N deposition effects on fine-root bio-
mass decreased with greater N deposition duration, especially in high N deposition experiments. Moreover, the effect
of N deposition on root diameter decreased with mean annual temperature and mean annual precipitation. N form,
forest type and soil depth significantly affect the effect of N deposition on fine root C:P. Therefore, the effects of N de-
position on fine root traits were not only determined by N deposition level, duration and their interactions, but also
regulated by abiotic factors. These findings highlight the diverse responses of fine root traits to N deposition have
strong implications for forest ecosystems soil carbon stocks in a world of increasing N deposition associated with
decreased root-derived carbon inputs and increases in fine-root respiration.
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1. Introduction

Anthropogenic activities have greatly changed nutrient cycling in ter-
restrial ecosystems, especially the nitrogen (N) cycle at the global scale
(Vitousek et al., 1997). In the past decades, atmospheric N deposition in ter-
restrial ecosystem has sharply increased (Galloway et al., 2008; Reay et al.,
2008), which caused a large amount of N entering in terrestrial ecosystems
(Reay et al., 2008; Mo et al., 2008). N deposition not only affects species
composition, plant growth and carbon allocations (Bobbink et al., 2010),
but also ecosystem C and nutrient cycles (Chapin et al., 2009; Lu et al.,
2014; Yuan and Chen, 2015; Lu et al., 2018; Tian et al., 2019). Forest eco-
system covers around 30 % of the global surface area and sequesters >70 %
of total C of terrestrial ecosystems (Cai and Chang, 2020). Increasing N
deposition will pose strong threats to forest biodiversity and its ecosystem
function (Galloway et al., 2004; van Groenigen et al., 2017; Bobbink
et al., 2010). However, previous studies associated in N deposition mostly
focused on aboveground processes, how belowground processes of forest
ecosystems response to N deposition remain relatively unknown.

Fine root (diameter < 2 mm) is the key plant organ for water and nutri-
ents acquiring (Cornelissen et al., 2003; Weemstra et al., 2016; Li et al.,
2017). Fine root functional traits are attributes related to its morphology,
chemistry and physiology, which are the results of long-term plant adapta-
tion and response to the environment (Freschet et al., 2021). Moreover, fine
root biomass turnover accounts for approximately 30 % of the net primary
productivity at the global scale (Jackson et al., 1997) and is a dominant
organic C input into soil (Adamczyk et al., 2019; Keller et al., 2021).
Many studies have indicated that N deposition has significant effects on
fine root functional traits and fine root biomass, which potentially affect
carbon and nutrient cycles. Therefore, exploring the responses of fine root
traits of forest ecosystems to N deposition is central to predicting the re-
sponse of forest ecosystems to N deposition.

In past decades, field experiments of N addition have been widely used
to study fine root traits response to N deposition, but no consistent conclu-
sion has been reached for woody plants. Generally, fine root C:N ratio of
woody plants decreased with N deposition due to the increased soil N avail-
ability and enhanced plant N absorption (Li et al., 2015; Ma et al., 2021).
For the morphological traits, some studies have shown that N deposition
decreased fine root diameter and increased specific root length (SRL)
(Wang et al., 2013; Wang et al., 2019), which suggested that fine roots
can regulate their morphological traits to adapt N deposition. However,
other studies showed that N deposition had no significant effects on fine
root morphological traits (Li et al., 2015; Ma et al., 2021). The responses
of N deposition on fine root biomass and production are also inconsistent
since negative (Nadelhoffer, 2000; Hendricks et al., 2006; Jourdan et al.,
2008), positive (Kou et al., 2018) or no significant responses (Peng et al.,
2017) have all been observed. These inconsistencies results might be
attributed to different N deposition level and the duration of N deposition.
However, how N deposition level, the duration of N deposition and their
interactions affect fine root traits response to N deposition in forest ecosys-
tems has been rarely evaluated at the global scale.

N deposition level and N deposition duration affect fine root traits. A
lower level of N deposition has been shown to cause higher root tissue den-
sity (RTD) (Gong and Zhao, 2019), while higher N levels had the opposite
effect (Wang et al., 2018). Meanwhile, fine root biomass commonly de-
creased after short-term N deposition (Mo et al., 2008), and increased
after long-term N deposition (Ostertag, 2001). While, in a temperate forest,
fine root biomass had no significant change after 15-year N deposition with
alow N deposition level (3 g N m~2 yro 1) (Burton et al., 2012). These re-
sults indicate that N deposition level and duration have interaction effects
on fine root traits. Given the various combinations of natural N deposition
levels and deposition durations across the globe (Ackerman et al., 2019), a
better understanding of their joint effects on fine root traits would improve
our ability to accurately predict carbon and nutrient cycles under future N
deposition.

The effects of N deposition on fine root traits could vary with climate
factors (e. g. mean annual temperature and mean annual precipitation).
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Since different biomes have distinct climate conditions, the effects of N de-
position on fine root traits can be different among biomes (Vogt et al.,
1996). N deposition increased fine root biomass in boreal forest, but had
no effect in other forest ecosystems (Li et al., 2015). Meanwhile, N deposi-
tion increased fine root diameter in boreal forests (Yan et al., 2017), but had
no effect in subtropical bamboo forests (Chen et al., 2017). Assessing how
climate factors regulate the effects of N deposition on fine root traits is crit-
ical to predict the impact of N deposition on root dynamics and soil C cycles
in different biomes.

Two previous studies have been conducted to explore the effect of N de-
position on fine root traits (Li et al., 2015; Ma et al., 2021), and these studies
have improved our understanding of fine root trait expression under N de-
position. But these studies didn't disentangle the effects of N deposition
from different forest ecosystem types, N forms and soil depths, and didn't
discuss the effects of N deposition level and N deposition duration on fine
root traits. To comprehensively understand the relationships between fine
root traits of woody plants and N deposition under natural conditions, we
conduct a meta-analysis with newly reported studies and a larger number
of fine root traits (14 traits).

We hypothesized that (1) N deposition could significantly affect fine
root nutrient content and stoichiometric ratios due to the enhanced plant
N absorption; (2) fine root biomass decreased with N deposition duration,
and the decreasing trend was much stronger at higher N deposition,
which could be a result of enhanced soil environmental stress; and (3) the
effects of N deposition on fine root traits decreased with MAT due to the rel-
atively higher N limitation in temperate forest and higher P limitation in
tropical forest.

2. Materials and methods
2.1. Data collection

We collected publications through the Web of science (www.
isiknowledge.com) and China National Knowledge Infrastructure (CNKI;
www.cnki.net) before March 2021. The search terms were as follows:
(“nitrogen addition” OR “nitrogen deposition” OR “nitrogen fertilization”
OR “nitrogen enrichment” OR “nitrogen application” OR “nitrogen
elevated” OR “nitrogen supply” OR “nitrogen input”) AND (“root” OR
“fine root” OR “belowground”) AND (“biomass” OR “nitrogen” OR
“phosphorus” OR “carbon” OR “stoichiometric ratio” OR “diameter” OR
“morphology” OR “production” OR “respiration” OR “area” OR “physiol-
ogy” OR “fungal colonization”). Afterward, we screened the articles accord-
ing to the following criteria: (1) only forest ecosystems (woody plants) were
considered; (2) only fine roots (diameter < 2 mm) were considered;
(3) only field manipulative experiments were included, greenhouse and
pot experiments were excluded; (4) if a study had multifactorial treatments
(e.g., warming, precipitation change, multiple nutrient addition), only the
control and N addition treatments were considered; (5) the articles should
reported the mean value, standard deviation and number of replications for
the control and treatments or these data can be retrieved directly from
graphs using GetData Graph Digitizer (version 2.25).

In our dataset, we collected 14 fine root traits: root N content, root phos-
phorus (P) content, root C content, root C:N ratio, root C:P ratio, root N:P
ratio, specific root length (SRL), root tissue density (RTD), specific root
area (SRA), root diameter, root production, root biomass, root respiration
and fungal colonization. Root biomass and root production were estimated
either by a soil auger or by ingrowth core. The morphological trait of fine
roots (such as diameter and area) was scanned by scanner and then calcu-
lated by WinRHIZO Pro (Regent Instruments, Quebec, Canada) or other
software (e.g. ImagelJ).

Data associated in N deposition level (N kgha ™! yr~1), N deposition du-
ration (year 1), background N deposition and forest types were also col-
lected. The forest was classified into four different forest types (tropical
forest, subtropical forest, temperate forest and boreal forest) according to
the information provided in each study. We also collected the geographic
coordinates (latitude and longitude), mean annual temperature (MAT, °C)
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and mean annual precipitation (MAP, mm yr~ Y for each study. Based on
the geographic locations, any missing MAT or MAP data were extracted
using the raster R package from WorldClim version 2 (Fick and Hijmans,
2017).

2.2. Data analysis

The overall effects of N deposition on fine root traits were evaluated
using the log-transformed response ratio (InRR) as the effect size. The
equation is:

INRR = In (X;/X.) = InX,— InX. 1)

(Hedges et al., 1999)where X, and X_ are the mean values of a fine root traits
in the N deposition treatment and control, respectively. The InRR and its CIs
(95 %) were transformed into percentages as effect size according to:

Effect size (%) = (e™F — 1) x 100 % (2)

To evaluate the effects of N deposition level, N deposition duration
and forest type on the N response for each fine root trait we then constructed
a complete linear mixed effect model. This model was in the following
structure:

InRR = B + B, L.+ B,D + B3Z + B, L. x D 3)
+BsL X Z+BeD xZ+B;L x D X Z 4 gy + €

where 3, (n from 0 to 7) are coefficients, L is the N deposition level, D is the N
deposition duration, Z is the forest type, 754y is each individual “study” as a
random factor, and ¢ is the sampling error. In this model, we scaled L and D
(observed values minus the mean and divided by one SD) to better compare
fine root trait responses to L and D (Chen and Chen, 2019; Chen et al., 2020;
Wang et al., 2021). As a result, in the mixed effect model, 8, was the overall
InRR for fine root trait responses to N deposition at the mean levels of L and
D (Cohen et al., 2013; Wang et al., 2021), and 8; and 3, were the effect sizes
of fine root trait responses to L and D, respectively. We used maximum
likelihood (ML) in the Im4 package to fit the linear mixed model. In this
linear mixed model, the Wresponse ratio Was considered as the weight for
each study in the function of “Imer” in Ime4 (Bates et al., 2017) because
meta-analysis should consider the weight of replications in each study
when calculate the effect size (Ma and Chen, 2016; Wang et al., 2021).
More importantly, weighting based on sampling variances could assign ex-
treme importance to only a few individual observations, and consequently
average InRR would be determined predominantly by a small number of
studies (Wang et al., 2021). Thus, the weights were calculated based on pre-
vious studies (Chen and Chen, 2019; Chen et al., 2020; Wang et al., 2021):

Wresponse ratio — (Nc X Nt)/(Nc + Nt) (4)

where the Wiesponse ratio iS the weight associated with each InRR and N,
and N are the replication numbers for the control and the N deposition
treatment, respectively.

After creating the complete mixed model, we selected the most parsimo-
nious model using the function "dredge" in the MuMin package (Barton,
2018). The model selection criteria were as follows: (1) the model should
retain the N deposition level (L) and N deposition duration (D) to test
their effects on fine root traits; (2) the model with the lowest AIC value
was chosen as the most parsimonious model; and (3) forest types were ex-
cluded in all models (Wang et al., 2021) as L and D were key aspects of
the N deposition to be tested. Publication bias was examined by a funnel
of test asymmetry on our mixed effect models (Pellegrini et al., 2018).
There was no significant publication bias in any tests (Table S5), which sug-
gested no publication biases that might have prejudiced our results toward
significant effects (Peng and Chen, 2021).

To graphically illustrate whether the effect of N deposition duration on
InRR differs with N deposition level, we explored the linear relationships
between N deposition duration and the effect size of fine root traits at
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different N deposition levels. N deposition levels were divided into low
(<100 kg N ha™! yr~ 1), medium (=100 and <200 kg N ha~! yr™ 1), and
high (=200 kg N ha™! yr 1) levels following Li et al. (2015). Moreover,
we also explored the relationship between the N deposition level and the
effect size of the N deposition level on fine root traits when they were
significant.

To evaluate how climate and other variables influence the effects of N
deposition on fine root traits, we used a linear mixed model in the Ime4
package. The MAT, MAP, forest type, N form and soil depths was fixed fac-
tor and each study was a random factor. Pearson correlation analyses were
also conducted to quantify the relationships between InRR and MAT or
MAP. Moreover, mixed model was also used to evaluate the effect of back-
ground N deposition on the effect size of N deposition on fine-root traits.
The background nitrogen deposition was treated as a fixed factor, and
each study was a random factor in the linear mixed model. All statistical
analyses were performed in R 3.6.1. (R Core Team., 2019).

3. Results
3.1. Summary of the dataset

In our collection of studies, N deposition experiments were conducted
worldwide (Fig. 1). The dataset of fine root traits included 890 paired
observations and 14 fine root traits in 79 published studies. The forest fell
into four distinct forest types: tropical (12 studies), subtropical (25 studies),
temperature (38 studies) and boreal (4 studies). For the 14 fine root traits,
the number of observations followed the rank of fine root biomass (n =
191) > root diameter (n = 124) > specific root length (SRL) (n = 111) >
root N content (n = 110) > root tissue density (RTD) (n = 83) > root C:N
ratio (n = 55) > root respiration (n = 34) = root production (n = 34) >
fungal colonization (n = 31) > root P content (n = 27) > root N:P ratio
(n = 25) > root C content (n = 24) > root C:P ratio (n = 22) > specific
root area (SRA) (n = 19).

3.2. Overall effects of nitrogen deposition on fine root traits

N deposition mainly affects fine root chemical traits and stoichiometric
ratio. Fine root N content increased by 14.76 % (95 % CIs, 8.60 % to
20.92 %, P < 0.001, n = 111), while the root P content decreased by
20.76 % (95 % CIs, —39.31 % to —2.21 %, P < 0.05, n = 27) under N de-
position. The fine root C:P ratio increased by 21.29 % (95 % Cls, 10.34 %
to 32.23 %, P < 0.05, n = 22) under N deposition (Fig. 2). N deposition
increased the fine root N:P ratio by 16.56 % (8.11 % to 25 %, P < 0.001,
n = 25), but decreased the fine root C:N ratio by 9.51 % (95 % ClIs,
—18.90 % to —0.12 %, P < 0.05,n = 55, Table S4). N deposition increased
fine root respiration by 12.05 % (2.52 % to 21.55 %, P < 0.05, n = 34,
Fig. 2). However, N deposition had no significant effects on fine root C
content, morphological traits (SRL, RTD, SRA and root diameter) and
fungal colonization (Fig. 2).

3.3. N deposition level and duration regulating N deposition effects

N deposition duration decreased the effect size of fine root biomass
by 9.70 % (95 % CIs, —18.70 % to —0.69 %, P < 0.01, Fig. 3), the
effect size of fine root tissue density by 4.37 % (95 % ClIs, —8.43 % to
—0.32 %, P < 0.01, Fig. 3), and the effect size of fine root fungal coloniza-
tion by 36.21 % (95 % ClIs, —65.9 % to —6.53 %, P < 0.05, Fig. 3), respec-
tively. However, N deposition duration had no significant effect on
the effect size of other fine root traits (Fig. 3, Table S4). The effect sizes
of root biomass, and fungal colonization were negatively correlated
with N deposition duration (R* = 0.04, P < 0.01; R> = 0.12, P < 0.05,
Fig. 4e, f). Meanwhile, the effect size of root tissue density with N deposi-
tion duration was barely significant (R> = 0.04, P < 0.05, Fig. 4d).

N deposition level decreased the effects size of root P content by
15.69 % (95 % ClIs, —21.61 % to —9.77 %, P < 0.001, Fig. 3, Table S4).
However, the N deposition level increased the effect size of root C content
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Fig. 1. Geographical distribution of the study sites across the 79 references (Schwede et al., 2018). The red dot represents the study site.

and root C:P ratio by 2.49 % and 10.40 % (95 % CIs, 1.05 % to 3.92 %,
P < 0.01; 5.90 % to 14.90 %, P < 0.001; Fig. 3, Table S4), respectively. The
effect sizes of root P content and N deposition level was negatively corre-
lated with N deposition level (R? = 0.59, P < 0.001, Fig. 4a), while the
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Fig. 2. The effect of nitrogen deposition on 14 fine root traits at mean nitrogen
deposition level and nitrogen deposition duration (coefficient of 3, was estimated at
bootstrapped means = 95 % Cls). Dashed lines represent the effect size (InRR) =
0; in the right of figure, numbers within and outside the brackets represent studies
and observations, respectively. When 95 % CIs was cover zero, the effect of
nitrogen deposition was not significant, in contrast it was significant P < 0.05.
Traits of root chemistry, morphology, fine root biomass, dynamics and physiology
are colored in purple, green, red, orange and blue, respectively.

effect sizes of root C content and root C:P ratio were positively related to
N deposition level (R*> = 0.21, P < 0.05; R*> = 0.66, P < 0.001, Fig. 4b, c).

The interaction effect between N deposition level and duration on the
effect size of fine root biomass was also significant (P < 0.01, Fig. 4f,
Table S4). As the N deposition duration increased, the effect size of N
deposition on fine root biomass shifted from positive to negative, and the
shift was much faster under higher N deposition level (Fig. 4f).

3.4. Abiotic factors regulating N deposition effects

The effect sizes of N deposition on fine root C:P ratio (P < 0.001,
Table S3) and diameter (P < 0.01, Table S3) were affected by MAT. The
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Fig. 3. The effect of nitrogen deposition duration and nitrogen deposition level on
14 fine root traits, respectively. Effect size from the coefficients of 8, and f;
(bootstrapped means = 95 % Cls), which was estimated by linear mixed effect
model based on Eq. (3). When 95 % CIs was cover zero, the effect of nitrogen
deposition duration or nitrogen deposition level was not significant, in contrast it
was significant P < 0.05. Traits of root chemistry, morphology, fine root biomass,
dynamics and physiology are colored in purple, green, red, orange and blue,
respectively.
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effect size of root diameter decreased with MAT (R?> = 0.25, P < 0.001,
Fig. 5a).

The effect size of N deposition on fine root diameter was affected by
MAP (P < 0.01, Table S3). The effect size of root diameter decreased with
MAP (R? = 0.17, P < 0.001, Fig. 5b). The effect size of the root C:P ratio
and root diameter were affected by forest type (P < 0.001 and P = 0.01,
Table S2, Fig. S3), while other fine root traits did not show significant re-
sponses to forest type (Table S2). Compared with temperate forests,

60 -

[ J
(a)Roo

-

diameter

Effect size (%)

0 5 10 15 20
Mean annual temperature (°C)

subtropical forests have higher effect size of fine root C:P, but lower effect
size of fine root diameter (Fig. S2).

N form had significant effect on the effect size of root P content
(P < 0.001) and root C:P ratio (P < 0.001), but it had no significant effects
on effects size of other fine root traits (Table S1, Fig. S2). Moreover, the
effect size of the root C:P ratio was affected by soil depths (P < 0.001,
Table S6), while effects size of other fine root traits were similar among
soil depths.
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Fig. 5. The relationships between effect size of fine root traits and mean annual temperature (MAT) and mean annual precipitation (MAP) using Pearson linear regression.
In these figures, horizontal dashed lines represent no effect size and blue lines are fitted by Pearson linear regressions with 95 % confidence intervals (CIs) in grey shading.

***P < 0.001.
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4. Discussion
4.1. Effects of N deposition on fine root traits

Our research showed N deposition could significantly increase the fine
root N content and N:P ratio, and decrease P content, which were consistent
with previous studies (Li et al., 2015; Ma et al., 2021). Natural forests are
generally in N limitation (Elser et al., 2007). N deposition increases soil N
availability (Galloway et al., 2004), promoting N absorption by woody
plants (Vanguelova and Pitman, 2019), which in turn increased root N
(Hyvonen et al., 2008). P is an important nutrient for plant growth
(Zambrosi et al., 2015). Previous studies have showed that N deposition
had minimal effect on the fine root P content (Li et al., 2015; Ma et al.,
2021), which was contrary with our result. N deposition can increase soil
exchangeable AI>* (Chen et al., 2017), which may inhibit P uptake at the
root epidermis (Gassmann and Schroeder, 1994). Given the widespread P
limitation in tropical/subtropical ecosystems (Hou et al., 2020), a forest
ecosystem under N deposition is likely to experience aggravated P limita-
tion, causing lower root P content (Zhou et al., 2018a). Generally, the C
content of fine roots was consistent under N deposition (Liu et al., 2021).
In this way, the increased N content and declined P content induced the
lower C:N ratio and higher C:P ratio under N deposition (Chen et al., 2017).

Our research showed N deposition had no significant effects on fine root
biomass and fine root production, which was contrary with some recent
studies finding that fine root biomass and production were significantly
changed under N deposition in forest ecosystems (Nadelhoffer, 2000; Kou
etal., 2015; Ma et al., 2021; Li et al., 2015). The positive effect of N depo-
sition on fine root production was generally explained that N deposition
cause more total C amount allocated for fine root growth, but the negative
effect of N deposition on fine root biomass was attributed to N-induced in-
crease in fine root turnover was greater than the N-induced increase in fine
root production (Ma et al., 2021). The lack of significant response of fine
root biomass and production to N deposition is attributed to two possible
reasons. First, we collected studies from 0 to 15 years with various N depo-
sition levels (Fig. 4f), the effect of N deposition on root biomass might
trade-off between short-term and long-term experiments since fine
root biomass was negatively affected by N deposition duration, shifting
from positive to negative responses as deposition duration increased
(Figs. 3, 4f). Second, plants allocate photosynthetic C to fine root for nutri-
ent acquisition. When plant was not in N limitation with high soil N avail-
ability, the marginal benefit of additional N uptake by their fine roots
may be lower than the cost of the carbohydrates used to maintain the
root system (Smithwick et al., 2013). Thus, long-term N deposition might
potentially suppress fine root production and biomass due to the improved
nutrient conditions (Eissenstat and Yanai, 1997).

N deposition did not significantly affect fine morphological traits in
this study, which was consistent with previous studies (Eissenstat, 1992;
Li et al., 2015; Ma et al., 2021). The key roles of fine roots are to acquire
soil nutrients. The morphological traits have been used to indicate the
root strategies for nutrient acquisition. Thus, the morphological traits of
fine roots are supposed to change due to enhanced soil N availability after
N deposition. The lack of significant response of morphological traits to N
deposition is attributed to three possible reasons. First, the effect of N depo-
sition might trade-off between short-term and long-term experiments. Sec-
ond, long-term N deposition commonly induced soil acidity (Bradford et al.,
2001; Vogt et al., 2006), which may limit the access of woody plants to
nutrients and weaken the effect of N availability on fine root morphological
traits. Third, some other physiological activities might be modified to regu-
late the nutrient acquiring. For example, recent studies showed that woody
plants acquire nutrients by increasing the root acid phosphatase rather than
changing fine root morphological traits under N deposition (Ma et al.,
2021).

Our results demonstrated that simulated N deposition increased fine
root respiration. This may be attributed to the fact that N deposition signif-
icantly increases the fine root N content, and fine root respiration was pos-
itively controlled by fine root N content (Han and Zhu, 2021).
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4.2. N deposition effects were regulated by N deposition level and duration

The effects of N deposition on fine root biomass, RTD and fungal coloni-
zation changed with the N deposition duration. Short-term (2-3 years) N
deposition increased fine root biomass because short-term N deposition
stimulated the acquisition of N by plants and promoted root production,
thus increasing root biomass (Li et al., 2021a, 2021b, 2021c). However,
long-term N deposition could decrease soil pH (Bradford et al., 2001;
Vogt et al., 2006) and cause the leaching of Ca®>* and Mg®* cations from
soil (Horswill et al., 2008), which suppress fine root production. Moreover,
N deposition could cause other nutrients (e.g., P) deficiency and limitation,
which in turn hinder fine root production (Hietz et al., 2011). Thus, the ef-
fect size of fine root biomass decreased with N deposition duration in our
study. Plant can regulate the morphological and physiological traits of
fine roots to adapt the nutrient and environmental conditions. Plant can
also allocate photosynthetic C to mycorrhizae for nutrient acquisition. In
short-term N deposition, RTD and fungal colonization increased to acquire
more nutrients for plant production. In long-term N deposition, RTD and
the mycelia growth were potentially suppressed due to the improved soil
N availability (Nilsson and Wallander, 2003; Sims et al., 2007; Vitousek
et al., 2010).

The effects of N deposition on the root P content and root C:P ratio var-
ied with the N deposition level, and higher N deposition level caused stron-
ger decrease in root P content and stronger increase in root C:P ratio. These
results are consistent with the results in a bamboo forest (Chen et al., 2017),
and probably due to the stronger soil acidization and increased exchange-
able AI** which prohibit P uptake at higher N deposition levels, soil P
becomes a more limiting nutrient in forest ecosystems as the soil N content
is approaches saturation (Vitousek et al., 2010).

The interaction effects between N deposition level and duration on the
effect sizes of fine root traits have rarely been explored in field manipula-
tion experiments and global synthesis (Li et al., 2015; Ma et al., 2021).
Our results indicated that the effect size of fine root biomass was affected
by their interaction. Above analysis showed that the effect size of N deposi-
tion on fine root biomass decreased with deposition duration, and we
further observed stronger decreasing trend at higher N deposition level
(=200kg Nha~' yr~?, Table S4, Fig. 4f) which could be a combined result
of stronger P or other nutrient limitation and stronger soil environmental
stress at higher N deposition levels (Vitousek et al., 2010; Hietz et al.,
2011). Therefore, long-term and high-level N deposition is detrimental to
plant root health and ecosystem functioning. Meanwhile, long-term and
low-level N deposition have much smaller effects on root traits. A 15-year
N deposition experiment further certified the minimal effect of N deposi-
tion on fine root biomass at low N deposition level (Burton et al., 2012).
These findings have important implications for forest management and
mitigation in the context of future N deposition.

4.3. N deposition effects were regulated by abiotic factors

The morphological traits of fine roots can be easily affected by environ-
mental factors (Zhang et al., 2020). In this study, the response of fine root
diameter to N deposition decreased with MAT and MAP, shifting from a
positive/neutral effect to negative effect as MAT and MAP increased,
while the effect size of the fine root C:P ratio increased with MAT. These re-
sults were consistent with a field experiment showing that the interaction of
warming and N decreased fine root diameter (Xiong et al., 2020). Under
cold and dry conditions, N deposition increased fine root diameter mainly
due to the increased stele (Wang et al., 2018). However, under warmer
and humid conditions, N deposition decreased root diameter (Wang et al.,
2019). In general, forest ecosystems shifted from N limitation to P limita-
tion with decreasing latitude (Reich and Oleksyn, 2004; Yuan et al.,
2011; Augusto et al., 2017; Hou et al., 2020). Therefore, thinner roots
with shorter lifespans may be produced to enlarge the absorptive area per
unit mass to increase nutrient acquisition efficiency under low-P conditions
(Wells and Eissenstat, 2001; McCormack et al., 2012). Additionally,
plant growth is generally limited by nutrients, especially P in warmer
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environments (Du et al., 2020; Hou et al., 2020). Therefore, P limitation
caused a decrease in the fine root P content which caused the effect size
of the fine root C:P ratio increase with temperature.

Effect size of fine root traits were regulated by forest types, N forms and
soil depths. Soil in subtropical forests tend to be more weathered and
greater P deficiency compared to soil in temperate forests (Hou et al.,
2018), which exacerbating P limitation in subtropical forests. Moreover,
N deposition exacerbated P limitation in subtropical forests, which caused
thinner roots with high efficiency in acquiring soil P (Wells and
Eissenstat, 2001; McCormack et al., 2012). Thus, the effect size of fine
root C: P in subtropical forests higher than temperate forests, but the effect
size of fine root diameter lower than temperate forests. We also found a
more pronounced response of fine root C:P ratio and P to N deposition in
the form of nitrate N alone. This might be because plants preferentially
take up nitrate N (Fenn et al., 2013). We also analyzed the effect of soil
depths on effect size of N deposition for each fine root traits, most of the
traits showed no significant difference among soil depths except fine root
C:P ratio. However, the study sites and observations for depth analysis
were small for each single trait. These results might cause misleading,
and the effect of soil depths on N deposition effect need more field data
in future study.

4.4. Limitations and prospection

There are certainly limitations associated with this study. First, the col-
lected studies were mostly distributed in temperate and subtropical climate
zones. Therefore, the findings of this study need further examination for
tropical and boreal forests. We need to pay more attention to how fine
root traits respond to N deposition in forests of South America and Africa
(especially tropical forests) in the future. Moreover, the collected studies
were mainly from China and the data for root P, root C:P, and root N:P
are entirely from China, which may only reflect the effect of N deposition
on fine-root traits in China. Therefore, the effects of N deposition on these
three fine-root traits need to be examined with additional studies (outside
China) in the future. Second, N deposition does not occur alone under
global change and usually occurs with changes in other factors, such as
warming, drying, and elevated CO.. The effects of many other factors on
fine root traits have been explored by meta-analyses at the global scale
(Nie et al., 2013; Zhou et al., 2018b; Wang et al., 2020), but the interactive
effects of N deposition and these factors are still unclear. Therefore, multi-
factor interactive experiments should be conducted in forest ecosystems to
clearly explore the response of fine root traits to global change. Third, the
data for root P, root C:P, and root N:P are entirely from China, which only
reflects the effect of N deposition on fine-root traits in China. Therefore,
the effects of N deposition on these three fine-root traits need to be exam-
ined with additional studies (outside China) in the future. Finally, linear
mixed model results showed that background N deposition could signifi-
cantly influence the effect of N deposition on some fine root traits for forests
(Table S7). Thus, the background N deposition level should be considered
in future associated researches.

5. Conclusion

This meta-analysis explored the effect of N deposition on fine root traits
across forest ecosystems. In general, N deposition mainly affected root
nutrient contents and stoichiometry. N deposition increased the root N
content, root C:P ratio, root N:P ratio and root respiration, but decreased
the root P content. The effects of N deposition on fine root biomass, RTD
and fungal colonization also changed with the N deposition duration.
Short-term N deposition increased fine root biomass, RTD and fungal colo-
nization, while long-term N deposition decreased these parameters. The
effects of N deposition on the root P content varied with the N deposition
level, and higher N deposition level caused stronger decrease in root P con-
tent. We observed a shift of the effects on root biomass from positive in the
short-term to negative in the long-term in N addition experiments, and the
shift was much faster under high-level N deposition. Moreover, the effect of
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root diameter response to N deposition decreased with MAT and MAP, but
the effect of root C:P ratio increased with MAT. These results indicate that
the effects of N deposition on fine root traits were modulated not only by N
deposition level, duration and their interaction, but also by abiotic factors.
Overall, these results improved our understanding of root dynamics under
N deposition and could improve the model of nutrient cycles under global
change in forest ecosystems.
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