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Linking relative growth rates to biomass allocation: the responses of the grass

Leymus chinensis to nitrogen addition

Relacién entre las tasas relativas de crecimiento y la distribucién de biomasa: respuestas de la

graminea Leymus chinensis ala adicién de nitrégeno

Li*?YY, X-T Li!, Z-W Wang!, C Zhou**, X-G Han'

Abstract. Relative growth rate (RGR) of plants is a key com-
ponent of fitness. Theoretically, the RGR of plants would be closely
related with biomass allocation. Our mechanistic understanding of
the relationship between RGR and biomass allocation under global
change scenarios is still limited. We examined the responses of RGR
and biomass allocation of Leymus chinensis, a dominant grass in the
temperate steppe of northern China, to a wide range of N addi-
tion. We found that N addition increased RGR of L. chinensis up to
a threshold of 10 g N/m? While leaf and stem weight ratios were
positively correlated with N addition rates, root weight ratio showed
a negative correlation. The RGR of total biomass was positively cor-
related with both leaf and stem weight ratios, but negatively cor-
related with root weight ratios. The positive responses of leaf and
stem biomass allocation, or the negative responses of root biomass
allocation to N addition determined enhancements or reductions,
respectively, of RGR on L. chinensis. The increased RGR of L. chi-
nensis to N addition gave a direct and robust explanation for the in-
creased of dominance of this species under field N-addition studies.
Our results have important implications for projecting the growth
status of L. chinensis under scenarios of increased N deposition in
northern China.

Keywords: Plant functional traits; Nitrogen deposition; Growth
dynamics; Temperate steppe; Allometry.

Resumen. La tasa relativa de crecimiento (RGR) de las plantas
es un componente clave en la adaptacion de las plantas al ambiente.
Teoricamente, la RGR de las plantas estaria muy relacionada con la
distribucién de biomasa. Nuestro entendimiento de los mecanismos
de la relacién entre RGR y la distribucién de biomasa todavia es
limitado en relacién al cambio global. Las respuestas de la RGR y la
distribucién de biomasa a un amplio rango de adicién de N se exa-
minaron en Leymus chinensis, una graminea dominante en la estepa
templada del norte de China. La adicién de N increment6 la RGR
de L. chinensis hasta un limite de 10 g N/m?. Mientras las relacio-
nes del peso de hojas y tallos se correlacionaron positivamente con
las tasas de adicion de N, la relacién del peso de raiz mostré una
correlacién negativa. La RGR de la biomasa total se correlaciond
positivamente con las relaciones del peso de hojas y tallos, pero nega-
tivamente con las relaciones del peso de raiz. Las respuestas positivas
de la distribucién de biomasa a hojas y tallos, o la respuesta negativa
de distribucién de biomasa a las raices, a la adicién de N determiné
incrementos o reducciones, respectivamente, de la RGR en L. chinen-
sis. La mayor RGR de L. chinensis a la adicién de N dio una expli-
cacién directa y robusta por la mayor dominancia de esta especie en
estudios de adicién nitrogenada a campo. Nuestros resultados tienen
importantes implicancias para proyectar el nivel de crecimiento de
L. chinensis bajo un escenario de una mayor deposiciéon de N en el
norte de China.

Palabras clave: Caracteristicas funcionales de las plantas; Depo-
sicion de N; Dindmica del crecimiento; Estepa templada; Alometria.
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INTRODUCTION

As a comprehensive and conventional trait of plants, rela-
tive growth rate (RGR) is an important component of fitness
(Mcgraw & Garbutt, 1990), which integrates morphophysio-
logical traits of plants (Li et al., 1998). The RGR is a key trait
for explaining the distribution of species along environmen-
tal gradients (Poorter, 1999), and predicting species-specific
aboveground net primary productivity (Lambers et al., 1998).
Consequently, RGR plays an important role in determining
plant competitive strategies (Biere, 1996; Scheepens et al.,
2010; Gremer et al., 2013). There is increasing evidence for
the inter-specific variation of RGR among different species
(Poorter, 1989; Poorter et al., 1990; Villar et al., 1998; Ryser
& Wahl, 2001; Ruiz-Robleto & Villar, 2005). This makes it
an important issue in ecology to scale up from the properties
of individual species to ecosystem processes. At the species
level, the RGR is closely correlated with the trade-off between
leaf area ratio and net assimilation rate (Poorter & Remkes,
1990; Shipley, 2002, 2006) or the changes of biomass alloca-
tion patterns (Poorter & Lambers, 1991; van den Boogaard
et al., 1996; Villar et al., 1998; Ruiz-Robleto & Villar, 2005).
However, studies focusing on the intra-specific variation in
RGR have been largely ignored. Furthermore, improving our
understanding of plant functional traits at the species-specific
level will fulfill knowledge gaps on trait-based community
ecology (Violle et al., 2012).

Biomass allocation, defined as the relative amount of bio-
mass allocated to different organs at any one time (Poorter et
al., 2012), varies considerably across environments. Numerous
observations show a functional equilibrium of biomass alloca-
tion. It means that plants will allocate relatively more biomass
to roots if their growth is limited by belowground factors
(e.g., nutrients, water). However, they will allocate relatively
more biomass to shoots if they are limited by aboveground
factors (e.g. light, carbon) (Poorter et al., 2012). Biomass al-
location is a strong driver for the capacity of plants to use
resources (Evans, 1972), such as carbon, water and nutrients.
Moreover, plant biomass allocation patterns are sensitive to
global change factors. A quantitative understanding of bio-
mass allocation patterns has not only theoretical implications
in ecology and evolution but also practical implications in ag-
ricultural practices (Poorter et al., 2012).

It is theoretically established that there is a close relation-
ship between biomass allocation and relative growth rate
(Poorter, 1989; Poorter et al., 1990; Villar et al., 1998; Ruiz-
Robleto & Villar, 2005). Our quantitative understanding of
the relationship between biomass allocation to different plant
organs and RGR, however, is still poor. It is generally assumed
that plants could coordinate the biomass investment among
their organs so that a tight balance could be achieved among
different organs (Poorter & Nagel, 2000). In an inter-specific
study based on 20 Aegilops species, it was shown that RGR
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was positively correlated with stem weight ratio, negatively
correlated with root weight ratio, and not correlated with leaf
weight ratio (Villar et al., 1998). Other studies, however, have
shown that RGR was positively related with leaf weight ratio
across various species (Walters et al., 1993a). While a negative
correlation between biomass allocation to roots and growth
rate is theoretically expected in resource-enriched environ-
ments (Gleeson & Tilman, 1992), there is rarely empirical
evidence for this expectation (Gleeson & Tilman, 1994). The
divergence between the theoretical prediction and the empiri-
cal evidence, and the mixed results from different studies, sug-
gests that more studies are critically needed to get a better
understanding of the relationship between biomass allocation
and the relative growth rate of plants.

Nitrogen (N) is the primary limiting factor for plant
growth in most terrestrial ecosystems (LeBauer & Treseder,
2008). With the increasing anthropogenic activities, more re-
active N is available in soils through atmospheric N deposi-
tion (Gruber & Galloway, 2008). There is increasing evidence
that the increasing N availability exerts an important control
on community assemblage through its species-specific effects
on plant growth (Clark et al., 2007). It is still unclear, however,
whether the changes of N availability would alter the rela-
tionship between biomass allocation and relative growth rate.
Stem weight ratios will increase under N-enriched condition
due to the increases of light limitation (Hautier et al., 2009).
At the same time, however, less biomass would be allocated
to roots as a result (Tilman, 1988; Sims et al., 2012). In a
greenhouse experiment focusing on wild rice, it was reported
that the alteration of biomass allocation would partly account
for the positive responses of RGR to N addition (Sims et al.,
2012). Whether such changes will occur in other species, es-
pecially those growing in natural ecosystems, is still an open
question.

In this study, we examined the effects of N addition on
biomass allocation and relative growth rate of L. chinensis, a
dominant perennial grass in the Eurasian temperate steppe,
in a greenhouse experiment using a wide range of N addi-
tion rates. Results from this study will improve our under-
standing of the growth and potential competition response
of this dominant species under a scenario of an increasing N
availability in the study region. We hypothesized that (1) al-
location of biomass across the N addition gradient is greater
to leaves and stems, and lower to roots; (2) the relationship
between leaf or root weight ratio wersus relative growth rate is
positive or negative, respectively, and (3) RGR increases with
increasing N availability.

MATERIALS AND METHODS

Experimental design. The experiment was conducted in
a greenhouse at the Institute of Applied Ecology, Chinese
Academy of Sciences in Shenyang (41.8° N, 123.4° E), China.



Responses of Leymus chinensis to N addition

285

The greenhouse was covered with shade cloth to minimize
excessive heating and no artificial light was provided. The
greenhouse was temperature-controlled; day/night tempera-
tures averaged 25/20 °C for the duration of the experiment.
The mean annual temperature is 8.3 °C, with the mean maxi-
mum monthly temperature of 36 °C in July and the mean
minimum monthly temperature of =29 °C in January. Mean
annual precipitation is 500 mm, occurring mainly from July to
August (accounting for 62.5% of the total).

'The experiment lasted 100 days, from July to November
2012. The experiment contained six treatments, correspond-
ing to six levels of N addition rates (0, 2, 5, 10, 20 and 30 g
N/m?, respectively). Soils were collected from natural grass-
land in Xilingol league, Inner Mongolia. All soils were passed
through a 2-mm sieve to remove rocks and organic debris, and
finally thoroughly mixed. Nitrogen was mixed into the soils in
the form of NH,NO, before soils were added to the pots, with
the amount of N added in each pot being calculated follow-
ing every treatment. Three kilogram of fresh soil were added
to each plastic pot (15-cm diameter, 36-cm depth) with foam
plugs inserted into the drainage holes to keep soil within the
pot.

Seeds of L. chinensiswere collected from the field in autumn
2011. Sowing rates were based on previously determined ger-
mination rates. From 4 to 10 seeds were sown per pot on 21
July 2012. Pots were checked daily for seedling emergence.
Seedlings began to emerge 10 d after sowing. Two weeks after
the first seedling emergence, seedlings were thinned to a com-
mon density, leaving only one seedling per pot. All pots were
watered as needed between treatment applications to main-
tain soils near field capacity. The first harvest was conducted
after the cotyledons had fully emerged and the first true leaves
were observed. The other harvests were conducted at a 10-day
interval after the first harvest. For each treatment, there were
60 pots, so that each harvest involved 10 pots. There were 360
pots in the whole experiment (6 treatments x 6 harvests x 10
replicates = 360 pots).

The experiment was conducted based on a randomized
complete block design with N availability as the only factor.
Ten replications for each harvest of all the six treatments were
arranged in 10 blocks in the experiment. Pot positions were
randomized within each block. To minimize effects of envi-
ronmental differences in the growth room, pots within each
block were rotated every two days.

Plant measurements. One pot from each of the 10 blocks
was randomly selected for biomass measurements by harvest-
ing at 10-day intervals from 20 August to 16 November. At
each destructive harvest, the soil was carefully rinsed until the
roots disentangled. Plant material in each pot was separated
into leaves, stems, and roots. The plant samples were then ov-
en-dried at 80 °C for 48 h, and finally weighed with a digital
balance (Mettler AE 100).

Calculations and statistical analysis. Leaf weight ratio
was quantified as the proportion of the total plant biomass
allocated to leaf tissue. The same procedure was followed to
calculate the stem and root weight ratios. The RGR is the
quantity of biomass produced per unit of existing biomass at
time (t,) per unit of time and was calculated as:

RGR=InW -InW /t -t, (Evans 1972),

12 1
where W, is the weight of each of six individual plants at
t,,and W, is the mean weight of the six harvested plants at t .
In this study, we quantified the RGR of L. chinensis based
on the data from the fifth and sixth harvest. Root-to-shoot
dry mass ratio was also determined. The relationship between
biomass allocation, relative growth rate, and N addition rates
was studied by regression analysis. We set p<0.05 as the sig-
nificance level.

RESULT'S

Biomass allocation. Total biomass of L. chinensis was sig-
nificantly increased across the N addition gradient, from 0.32
+ 0.03 g in the treatment with no N addition to 0.69 + 0.09
g in the treatment with the highest rate of N addition (Fig.
1). Both aboveground and belowground biomasses were in-
creased across the N addition gradient (Fig. 1). The aboveg-
round biomass was more sensitive to N addition than the be-
lowground biomass. This was indicated by the greater slope of
the regression between aboveground biomass and N addition
rates. The root: shoot ratio was negatively correlated with N
addition (Fig. 2). The root:shoot ratio showed a high sensitiv-
ity to N addition as indicated by the sharp decrease at the low
N addition rates (Fig. 2). Leaf weight ratio and stem weight
ratio were positively correlated with N addition rates, whereas
root weight ratio was negatively correlated with N addition
rates (Fig. 3). In the treatment receiving no N addition, the
relative contribution of root to total biomass was higher than
that for leaves. In contrast, the relative contribution of leaves
to total biomass was significantly higher than that of roots in
the treatment receiving the highest rate of N addition (Fig. 3).
Across the whole N addition gradient, the relative contribu-
tion of stems to total biomass was much lower than that of
leaves and roots (Fig. 3).

Relative growth rate. Nitrogen addition significantly en-
hanced the relative growth rate of leaf, stem and root tissue,
and total biomass of L. chinensis (Fig. 4), up to a threshold of
10 g N/m? Across the N addition gradient, RGR of leaves
was the highest, and that of stem the lowest, among the three
organs examined in this study (Fig. 4). The relative growth
rate of total biomass was positively correlated with both leaf
and stem weight ratios, but negatively correlated with root
weight ratios (Fig. 5).
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Fig. 1. Changes of aboveground, belowground, and total bio-
masses with N addition in Leymus chinensis. Each value is the
mean +1 S.E. of n=10.

Fig. 1. Cambios en las biomasas aérea, radical y total con la adicion de
N en Leymus chinensis. Cada valor es el promedio +1 E.E. de n=10.

Fig. 3. Effects of N addition on leaf (LWR), stem (SWR) and root
(RWR) weight ratios in Leymus chinensis.

Fig. 3. Efectos de la adicion de N en las relaciones de peso de hojas
(LWR), tallos (SWR) y raices (RWR) en Leymus chinensis.
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Fig. 2. Effects of nitrogen addition on root:shoot ratios of Leymus
chinensis. Each value is the mean +1 S.E. of n=10.

Fig. 2. Efectos de la adicién de N en las relaciones raiz:tallo en Ley-
mus chinensis. Cada valor es el promedio +1 E.E. de n=10.

DISCUSSION

As the primary limiting factor for plant growth in the tem-
perate steppe, N availability exerts strong impacts on both
biomass allocation and relative growth rate of the dominant
species, L. chinensis. Growth dynamics and biomass allocation
patterns are quite sensitive to the changes of soil N availabil-
ity. Our study presented robust evidence for the effects of in-
creased N availability on the plasticity of plant growth, with
great implications for grassland management under a scenario
of increasing atmospheric N deposition.
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Fig. 4. Effects of N addition on relative growth rates of leaf, stem,
root, and total biomass in Leymus chinensis.

Fig. 4. Efectos de la adicion de N en las tasas relativas de crecimiento
de la biomasa de hojas, tallos, raices y total en Leymus chinensis.

Obur results clearly demonstrated strong positive effects of
N addition on both aboveground and belowground biomasses,
and thus on total biomass of L. chinensis. A positive relation-
ship between aboveground biomass and N addition was also
found for Echinolaena inflexa (C, grass) in a Brazilian savanna
(Bustamante et al., 2012). A meta-analysis of data from 304
studies across 456 terrestrial plant species showed that plant
biomass significantly increases with N availability in herba-
ceous species (Xia & Wan, 2008). The positive responses of
both aboveground and belowground biomasses of L. chinensis
to N addition (as found in this study) suggest that growth
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Fig. 5. Relationship between leaf weight ratio (LWR), stem weight ratio
(SWR) or root weight ratio (RWR) versus relative growth rate (RGR) of
Leymus chinensis. Each value is the mean =1 S.E. of n=10.
Fig. 5. Relacion entre las relaciones del peso de hojas (LWR), tallos
(SWR) o raices (RWR) v la tasa relativa de crecimiento (RGR) en Ley-
mus chinensis. Cada valor es el promedio +1 E.E. de n=10.

of this dominant species in the temperate steppe is strongly
limited by N availability. Although the N limitation level has
been well established for temperate steppes at a community
level (Bai et al., 2010), our results present direct evidence for
N limitation at a population level in L. chinensis.

Models of optimal biomass allocation in plants predict
increased leaf weight ratios, and decreased root weight ra-
tios, with increasing nutrient availability (Bloom et al., 1985;
Fichtner & Schulze, 1992; Muller, 2000). One possible reason
is that nitrogen deficiencies result in higher levels of carbon
allocated to roots (Hermans et al., 2006). Cnsistently with
our first hypothesis, we found that the fraction of biomass in
leaves and stems increased, and that of roots decreased, with
increasing N availability. Consequently, root: shoot ratios were
lowered by high N availability. It is generally assumed that
plants would modify their morphology to forage “optimally”
for nutrients and light (Bloom et al., 1985; Tilman, 1988). At
low N availability, plants allocate more biomass to roots to
absorb more nutrients. In contrast, plants would allocate more
biomass aboveground to compete for light at high N avail-
ability. Therefore, N is a strong environmental modulator for
plant biomass allocation.

Many studies have examined the RGR of different plant
species under various nutrient availability conditions (Chapin,
1980). Generally, enhanced soil N availability would increase
plant growth and productivity (Frink et al., 1999). The positive
responses of RGR of L. chinensis to N addition, especially to
N addition with rates lower than 10 g N/m? have great impli-
cations for its competition with neighboring species. Conse-
quently, our results present additional evidence for the finding
from the field experiment, that N addition would increase the
dominance of L. chinensis in the temperate steppe (Bai et al.,
2010). However, there was a threshold for the positive effects
of N addition on RGR of L. chinensis. Our results showed that
the positive effects of N addition would be diminished if rates
of N addition were higher than 10 g N/m? This threshold has
great implications for grassland management, especially for
the fertilization of artificial L. chinensis grasslands.

'The relative growth rate of L. chinensis ranged 2.3-fold across
the whole N addition gradient. We found that LWR was close-
ly correlated with RGR in L. chinensis, which contrast with the
results of Lambers et al. (1998) but is consistent with those of
Poorter & Lambers (1991). Our results suggest that variation
in LWR should play an important role in determining RGR.
Poorter et al. (1990) found a positive correlation between mass-
basis plant photosynthetic rate and RGR. Although leaf-level
photosynthetic rate cannot represent whole plant photosyn-
thetic rate, it might be considered as a potential index reflecting
photosynthetic capacity (Villar et al., 1998). Thus, seedlings al-
locating more biomass to leaves would have higher photosyn-
thetic rates, and consequently higher RGR.

Our results showed a positive relationship between RGR
and stem weight ratio in L. chinensis. Stem is generally con-
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sidered to be a storage and support organ (White & Wei-
dlich, 1974). It has been estimated that the stem weight ratio
would not be an important factor to correlate with RGR (den
Hertog et al., 1998). However, some studies found a positive
correlation between RGR and stem weight ratio (Van den
Boogaard & Villar, 1998). Moreover, Shipley & Peters (1990)
found that species with stems had a higher relative growth
rate than stem-less species. In our study, leaf sheaths were
included in the stem faction. Plants that invest more in leaf
blades would also invest more in leaf sheaths. Another reason
for the positive correlation between RGR and stem weight
ratio might be that plants with higher stem weight ratios were
much taller, indicating an advantage for light interception.

Many studies indicate a positive relationship between nu-
trient uptake rates and RGR (Poorter et al., 1990, Walters
et al., 1993b). The root biomass of L. chinensis was positively
correlated with N addition rate, implying that nutrient up-
take rates would be increased across the whole N addition
gradient in the present study. However, the relative increase
of roots was much lower than that of shoots with increas-
ing N availability. Consequently, we found lower root weight
ratios with higher N addition rates. It has been suggested
that fast-growing species generally allocate less biomass to
roots (Villar et al., 1998). This is supported by our findings
since RGR of L. chinensis was negatively correlated with root
weight ratio.
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