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A B S T R A C T

Root trait dynamics can reflect the adjustment in the strategy of plant roots in resource acquisition and energy
storage when responding to climatic fluctuations. Under global change, the responses of root traits in climate
sensitive ecosystems, e.g. high-elevation and cold Alpine ecosystems, remain unclear. To identify how climatic
fluctuations drive the variations in the root traits in a Tibetan alpine grassland, we intensively investigated the
temporal dynamic of root traits by biweekly measuring root length, root biomass and specific root length for
three continuous years. The SRL showed strong seasonal patterns across three years, which did not support SRL
considered as a constant in previous root system modeling, while as hypothesized, mean SRL in non-growing
seasons was significantly higher than that in growing seasons by 17 %. The accumulative air temperature of
growing or non-growing season exerted synchronic effects on the changes in root traits. Nevertheless, pre-
cipitation was observed to have the lag effects on root traits, showing that January-April accumulative pre-
cipitation was a major driver for the variations in the root length and root biomass respectively peaking in July
and June each year. Distinguishingly, root length relied on the lag effect of precipitation; however, for root
biomass, the continuous accumulative precipitation together with peak month, i.e. the January-June accumu-
lative precipitation, was also significantly vital. Our results would have an important implication for predicting
responses of belowground carbon cycling to global climate change.

1. Introduction

Root systems are vital for plants in carbohydrate storage and nu-
trients absorption, and thus root growth and turnover directly involve
various belowground carbon and nutrient processes in terrestrial eco-
systems (Matamala et al., 2003; McCormack et al., 2017; Norby and
Jackson, 2000). Under global change, therefore, the responses of plant
root traits have been increasingly focused on (Fort et al., 2015;
McCormack and Guo, 2014; Mueller et al., 2016; Zhou et al., 2019). In
different types of ecosystem, the effects of climatic variables on root
traits would differ (Erktan et al., 2018). Moreover, root traits in

growing season are proposed to be differential from those in non-
growing season, and this difference can be more evident in the eco-
systems with stronger climatic fluctuations between seasons (Gellesch
et al., 2017). Therefore, although seasonal dynamics of root traits have
been documented mostly in tropical/subtropical and temperate eco-
systems (Miyatani et al., 2018; Montagnoli et al., 2019), it is still ne-
cessary to do more investigation because how different root traits will
be between growing and non-growing seasons in climate-change sen-
sitive ecosystems (e.g. cold ecosystems) is rarely reported and thus
remains unclear.

The dynamics in root traits have been studied mainly during the
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period when root activity is high, e.g. plant growing season (Fort et al.,
2017), whereas much less attention has been drawn to them during the
period when the roots are inactive, e.g. non-growing season, particu-
larly the frozen winter. In addition, harsh condition for field work,
especially the extreme condition such as high-elevation and cold alpine
ecosystems, brings more difficulties for investigating non-growing
season root traits. Morphological adaptations of the fine roots enable
plants to optimize their nutrients even under harsh environmental
condition (Ostonen et al., 2007a, b). Although non-growing season root
activity is very low, it still has an ecological implication for a com-
prehensive understanding of the root traits in sensitive ecosystems in
response to global change.

To understand how plants adjust the strategy of root growth in re-
source acquisition and energy storage from one to another season,
specific root length (SRL, root length per unit root mass) is taken into
consideration as one of essential root traits (Kramer-Walter et al., 2016;
Ostonen et al., 2007b). Specific root length integrates root benefit in
nutrients acquisition and cost in construction, and can comprehensively
reflect root physiological status and dynamics in response to inter-
seasonal climatic changes (Miyatani et al., 2018). Many previous stu-
dies and models equated SRL with a constant (Eissenstat et al., 2000;
Eissenstat and Yanai, 1997; Ostonen et al., 2007b), and assumed that
the seasonal patterns of root length were similar to those of root bio-
mass. However, Ostonen, et al. (2007b) reported that SRL can be in-
dicative of environmental changes (e.g. precipitation and temperature),
suggesting that SRL may have seasonal dynamics in response to the
seasonal shifts in a specific regional ecosystem. During growing season
with the optimal temperature and precipitation, plants tend to increase
biomass and length in the fine root system dominantly through nutrient
acquisition (Poorter and Ryser, 2015). During non-growing season,
particularly under the harsh environmental condition, there is only the
consumption for roots to maintain the basic metabolism without pho-
tosynthate input (Wang et al., 2014). Therefore, we hypothesized that
SRL could be a seasonal dynamic parameter rather than a constant, and
it would be higher in non-growing season when compared with that in
growing season in a cold ecosystem.

The Tibetan plateau is the largest and highest plateau on earth,
which covers approximately 2.5 million km2. The alpine grassland is
the main vegetation type on the Tibetan plateau. Stable plant species
composition, which means stable SRL at the community level with little
human disturbance, provides a unique place to monitor fine-root dy-
namics and the effects of fluctuations in climatic factors of a certain
period on root traits (Liu et al., 2018). Nevertheless, root-trait seasonal
dynamics in these under-represented high-elevation and cold ecosys-
tems were rarely reported, as noted above, largely because of harsh
condition for field work during frozen seasons. It is reported that the
accumulative precipitation of an early period was a major driver for the
later peak grassland aboveground biomass (Bai et al., 2004). Would this
phenomenon occur in belowground root system? Accumulative pre-
cipitation of non-growing season can potentially drive root resource
acquisition and energy storage in the later season by altering root traits.
In this study, we were interested to see whether precipitation (or air
temperature) of a certain key period, e.g. non-growing season, could
account for the later fluctuations in fine root traits in a Tibetan alpine
grassland ecosystem. We hypothesized that precipitation (or tempera-
ture) would have a time lag effect on fine root traits.

2. Materials and methods

2.1. Study site

The experiment was conducted at the Haibei National Field
Research Station of Alpine Grassland Ecosystem, which is located in the
northeast of the Tibetan Plateau (101°19’E, 37°36’N, 3215 m a.s.l.). The
site has a typical Plateau continental climate, which is affected by the
southeast monsoon in summer and the Siberian cold in winter. Mean

annual air temperature is -1.1 °C, and mean annual precipitation is 485
mm and over 84 % of it occurs during the growing season (May to
September). The soil is classified as Mat-Gryic Cambisols in Chinese Soil
Taxonomy and as Borolls in USDA Soil Taxonomy with clay content of
65.3 %, bulk density of 0.8 g cm−3, pH of 7.8, total C of 78.2 g kg-1 and
organic C of 63.1 g kg-1 in the top 10-cm layer. The plant community is
dominated by Kobresia humilis, Festuca ovina, Elymus nutans, Poa pra-
tensis, Carexscab rirostris and Scripus distigmaticus. The average above-
ground net primary production was 368.7 (± 45.6) g m-2 yr-1 from
1983 to 2012. The site is flat and has been free of disturbance by human
activities for more than a decade.

2.2. The estimations of fine-root length, biomass and specific root length

Root traits were estimated through a sequential coring method
every two weeks from May 2013 to September 2015. Soil samples
containing roots were randomly taken at 0−10 cm soil depth from each
of five plots (2.2 m × 1.8 m) in the experimental site using a 7-cm
diameter drill. The samples were taken back to the laboratory and
washed carefully by a 0.5 mm sieve through flowing water. All live fine-
roots (diameter< 2 mm) were picked up by distinguishing root color,
shape and flexibility, and were scanned using a Canon scanner (Canon
CanoScan LIDE 220; Canon, Krefeld, Germany) at a resolution of 600
dpi. The scanned images were analyzed by Root snap CI-690 Software
(CID Bio-Science Inc., Camas, WA, USA) to measure root length. After
scanned, all live roots were cleaned using deionized water, dried at 65
°C for 48 h and then weighed for root biomass.

The SRL (m g−1) was calculated following the Eq. (1) for each
sample (Ostonen et al., 2007a, 1999).

= RL RMSRL / (1)

Where RL is the root length (m m−2), and RM is the root mass (g m−2).

2.3. Measurements of root carbon and nitrogen

Dried root samples were ground after weighed. Root carbon and
nitrogen concentrations were determined by an Elemental Analyzer
(Perkin Elmer instruments series II, USA).

2.4. Measurements of soil temperature and moisture

Soil temperature and moisture were monitored hourly using EM-50
devices and 5-TM sensors (Decagon devices, USA) at 5 cm and 10 cm
depths, and were recorded by dataloggers.

2.5. Statistical analysis

All statistical analyses were performed in R 3.2.5. (http://cran.r-
project.org). The effects of season or month on SRL were analyzed by a
one-way ANOVA. Tukey’s HSD was used to determine if there were
significant differences (α = 0.05) between seasons or months.
Correlation analysis was used to examine relationships of SRL and
abiotic or other biotic variables. The regression analysis was performed
to evaluate the effects of precipitation and mean air temperature on
fine-root traits in growing season and in non-growing season with the
‘corr.test’ function in package ‘psych’. The correlations between the
mean fine-root traits of growing/non-growing season and climatic
factors of growing/non-growing season were analyzed by the ‘corr.test’
function in package ‘psych’. The data were visualized by function
‘ggplot’ in package ‘ggplot2’. Based on one of important results from the
former analyses that non-growing season accumulative precipitation
had strong effects on root biomass and length of growing season, we
further performed a series of regression analyses to identify the most
important period accumulative precipitation for the peak root biomass
and length, using the ‘lm’ function in package ‘stats’. The potential
predictor variables mainly included the accumulative precipitations of
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October-April (i.e. non-growing season from the last year October to the
current year April), November-April, December-April, January-April,
January-June and January-July.

3. Results

Specific root lengths showed a similar seasonal pattern across the
three years (Fig. 1a). The SRL peaked both in the growing seasons (from
May to September) and in the non-growing seasons (from October to
the next April). The peak value of SRL appeared on 21 July in 2013
(38.1 m g−1) across the growing seasons, and appeared on 6 February
in 2015 (44.6 m g−1) across the non-growing seasons. The minimum
valley value of SRL occurred on 9 June in 2014 (29.3 m g−1) across the
growing seasons.

The mean SRL in the non-growing seasons was significantly higher
than that in the growing seasons by 16.9 % across the three years
(Fig. 1b). Among the five months of growing seasons, monthly mean
SRL was the highest in August (36.3 m g−1) and the lowest in June
(33.0 m g−1) (Fig. 1c).

The SRL had strong negative relationships with soil temperature and

moisture (r2 = 0.57 and 0.26, respectively; Fig. 2). The changes in SRL
were also significantly associated with the shifts in plant root carbon
and nitrogen (Fig. 3). The SRL decreased with an increase in root
carbon concentration (r2 = 0.19), whereas it was positively correlated
with root nitrogen concentration (r2 = 0.30).

Precipitation and mean air temperature showed significant effects
on fine-root traits across the course of study (p<0.001; Fig. 4). These
climatic effects were distinct between growing season and non-growing
season. During growing season, fine-root length, biomass and SRL all
had significant correlations with precipitation (r = 0.45, 0.47 and
-0.27, respectively) and mean air temperature (r = 0.48, 0.47 and
-0.24, respectively). During non-growing season, however, only SRL
showed a significant correlation with precipitation (r = -0.35, p =
0.014) and mean air temperature (r = -0.30, p = 0.037; Fig. 4), as well
as accumulative air temperature (r = 0.86, p = 0.003; Fig. 5), sug-
gesting that fine-root SRL could be a better indicator of environmental
changes rather than root biomass or length alone. Non-growing season
(or growing season) accumulative temperature showed synchronic ef-
fects on root traits of non-growing season (or growing season) (Fig. 5).
It should be noted that the precipitation of non-growing seasons had no

Fig. 1. Seasonal patterns of fine-root specific root length (SRL) from 2013 to 2015 (a), variations of SRL among seasons (b), and variations of SRL among months
during the growing season, i.e. May-September (c). GS, growing season; NGS, non-growing season. Different letters mean significant differences at P<0.05 level.

Fig. 2. Scatterplots for specific root length versus abiotic factors, i.e. soil temperature (a) and soil moisture (b) across the three years.
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Fig. 3. Relationships of specific root length with root carbon (C) concentration (a) and root nitrogen (N) concentration (b).

Fig. 4. Changes in fine-root traits along with precipitation and mean air temperature thorough a year (All), in growing season (GS) and in non-growing season (NGS)
across the three measurement years.
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significant effects on fine-root biomass and length of non-growing
seasons (r2 = 0.00 and 0.03, respectively; Fig. 4), but showed high
relevance to root biomass and length of growing season (r2 = 0.62, p=
0.012, and r2 = 0.81, p = 0.001, respectively; Fig. 5), which suggested
that the total precipitation of non-growing seasons could have a delay
effect on root biomass and length.

To further identify whether non-growing precipitation would have
the time lag effects on root biomass and length, we conducted a series of
regression analyses, and found that the effect of precipitation on root
length differed from that on root biomass (Table 1). The early season
precipitation, i.e. the accumulative precipitation from January to April
(slope = 84.31; r2 = 0.29; p = 0.021), played a key role in the var-
iation in the peak root length, which occurred in July each year,
whereas the accumulative precipitation with peak month precipitation
included, i.e. January-July precipitation, did not show a significant
influence (slope = 22.31, r2 = 0.12, p = 0.16, respectively). For the
changes in the root biomass peaking in June each year, the early ac-
cumulative precipitation of January-April was the major driver as well
(slope = 4.06; r2 = 0.29, p = 0.022), and meanwhile, the accumula-
tive precipitation including the peak month precipitation, i.e. January-
June precipitation was also of importance (slope = 2.25; r2 = 0.25, p
= 0.035; Table 1).

4. Discussion

Specific root length was often used as a constant in ecological
modeling, for example, data transformation from root length to root
biomass (Eissenstat et al., 2000; Eissenstat and Yanai, 1997; Ostonen
et al., 2007b). However, our results showed that there was significant
seasonal dynamics in SRL in this high elevation and cold grassland
ecosystem, indicating that SRL cannot be considered as a constant. It
should be noted, as hypothesized, that mean SRL in the non-growing
season was significantly greater than that in the growing season across

the three measurement years. As the integrative parameter of fine roots,
SRL can reflect how plants ‘manage’ economic benefit of the root
system (Huang and Eissenstat, 2000). For example, during non-growing
season, there is probably only consumption for roots to maintain their
life but almost no photosynthate input (resource acquisition), which
thus results in higher SRL relative to growing season (Geng et al.,
2014). During the non-growing season, only SRL (neither fine-root
biomass nor root length) was significantly associated with the fluctua-
tions in climatic factors. The results suggested fine-root SRL was a
sensitive indicator of climatic changes in Alpine grasslands, which was
consistent with the observation in forest ecosystems (Ostonen et al.,
2007b).

Soil temperature and moisture were key predictors for the responses
of fine-root SRL to climatic fluctuations. During the growing season,
plants under warm and wet conditions would enhance net primary
productivity by improving photosynthesis, which would also input
more carbon into root and further make root diameter bigger (Comas
et al., 2013; Fitters et al., 2018). This explanation was also supported by
the result that root carbon concentration increased with a decrease in
SRL. During non-growing season roots consume carbohydrate without a
supply from aboveground, which led to the elevation in SRL. Dilution
effect could explain why root nitrogen concentration was decreased
with a decrease in SRL during growing season. As a result of rapid
carbon accumulation and input from aboveground to belowground,
root nitrogen concentration would be decreased (Caplan et al., 2019;
Jarrell and Beverly, 1981).

The accumulative air temperature of a certain period exerted syn-
chronic effects on root traits. Nevertheless, the accumulative pre-
cipitation of early season, e.g. the non-growing season, might have a lag
effect on root traits. Our further regression analyses revealed this lag
effect of precipitation on root traits, showing that January-April accu-
mulative precipitation was a major driver for the variations in the root
length and root biomass respectively peaking in July and June each
year. Distinguishingly, root length relied on the lag effect of pre-
cipitation; however, for root biomass, the continuous accumulative
precipitation together with peak month, i.e. the January-June accu-
mulative precipitation, was also significantly vital, which was similar to
the observation on grassland aboveground biomass that the peak bio-
mass occurring in August highly depends on the January-July accu-
mulative precipitation (Bai et al., 2004). The results can be attributed to
plant economic strategy. As the increase in growing-season water
availability, it was not necessary for plants to increase the root length to
capture more water (Brunner et al., 2013; Johnson et al., 2001; Ostonen
et al., 2005; Zhang et al., 2019). Therefore, the accumulative pre-
cipitation of early season played a crucial role in the peak root length.

Fig. 5. The significant (p<0.05) relationships of mean fine-
root parameters of growing/non-growing season with accu-
mulative precipitation and air temperature of growing/non-
growing season. The blue and red lines denoted positive and
negative relationships, respectively (For interpretation of the
references to colour in this figure legend, the reader is referred
to the web version of this article.).

Table 1
The regression analysis results for the effects of the accumulative precipitation
of a certain key period on the variations in peak root length and biomass.
AccumPJan-Apr and AccumPJan-Jun indicate the accumulative precipitation of
January-April and January-June, respectively.

Accumulative
precipitation

Root length (mm m−2) Root biomass (g m−2)

slope p value r 2 slope p value r 2

AccumPJan-Apr 84.312 0.021 0.291 4.064 0.022 0.287
AccumPJan-Jun 40.638 0.070 0.190 2.254 0.035 0.249

The p value in bold indicates the significance at p<0.05.
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However, different from root length growth, plants prefer to benefit
from not only early season precipitation but also synchronic optimal
growth conditions (precipitation and temperature) to enhance the
biomass of root system for energy storage (Caplan et al., 2019; Mueller
et al., 2016).

In conclusion, our results better reflect how climatic factors drive
root dynamics in relation to plant economic strategy, which is rarely
studied with non-growing season in such extreme environmental con-
ditions, e.g. high elevation (> 3200 m a.s.l.) and cold weather with the
minimum air temperature of approximately −30 °C, for three con-
tinuous years. The research we conducted in this underrepresented, yet
broadly important Alpine ecosystem provides precious fine-root data,
and our findings give a valuable insight into the responses of below-
ground carbon in a sensitive terrestrial ecosystem to global climate
change.
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