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Abstract

Key message Homeostatic regulation coefficient (H) exists for trees and the tree species with higher H are more stable
in physiological and growth responses to nutrient addition.

Abstract Stoichiometric homeostasis, indicated by the homeostasis regulation coefficient (H), is closely related to evolution-
ary stage, and can reflect physiological and biochemical adaption of organisms to environmental changes. However, stoichio-
metric homeostasis is seldom studied in trees. In this case study, three tree species, two angiosperms (Quercus acutissima
and Sapium sebiferum) and one gymnosperm (Metasequoia glyptostroboides), were chosen to calculate the H of nitrogen
(Hy), phosphorus (Hp), and nitrogen:phosphorus (Hy.p) after soil N and P addition. The responses of physiology, growth, and
biomass to nutrients addition were also determined. The value of H ranged from 5.03 to 21.28 for all organs of the three tree
species. H was significantly different among tree species (P=0.010), and was all higher than that of herbs, which may result
from phylogenetic differences (angiosperms:gymnosperms) and life form differences (trees:herbs). While having the largest
H value, Q. acutissima had the smallest response ratio of physiology (effective quantum yield of PSII), growth (height, root
collar diameter), and biomass to soil N and P addition, which indicated that species with stronger stoichiometric homeostasis
showed better adaption to environment changes. Our results successfully expanded the stoichiometric homeostasis theory
to trees, and provided a link between stoichiometric homeostasis and response of plant traits to environmental changes.
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Introduction

Ecological stoichiometry is the study of the balance of mul-
tiple chemical elements [mainly nitrogen (N) and phospho-
rus (P)] and energy in ecological interactions (Elser et al.
2000; Reich and Oleksyn 2004; Elser and Hamilton 2007;

Communicated by U. Luettge. Zhang et al. 2017). Stoichiometric homeostasis, the central
concept of ecological stoichiometry, is defined as the abilit
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more stable (Hessen et al. 2004; Yu et al. 2011; Peng et al.
2016).

In early studies, stoichiometric homeostasis has been
focused on algae (Rhee 1978; Hall et al. 2005), fungi and
bacteria (Makino et al. 2003; Danger and Chauvet 2013),
and animals (DeMott and Pape 2005; Persson et al. 2010),
and in recent years, on seed plants (Yu et al. 2010, 2015;
Dijkstra et al. 2012; Wang et al. 2016b; Gu et al. 2017). In
general, the stoichiometric homeostasis is closely related
to evolutionary stage (Williams and Silva 1996; Demars
and Edwards 2007; Stock and Verboom 2012; Yu et al.
2014): plants are found to be more homeostatic than algae
and fungi, but lower than animals (Sterner and Elser 2002;
Jaenike and Markow 2003; Makino et al. 2003; Yu et al.
2011). For seed plants, the largest and most diverse groups
within the plant kingdom, the stoichiometric homeostasis
theory has been mostly investigated and validated in herbs
(Yu et al. 2010, 2011, 2015; Xing et al. 2016; Jiang et al.
2014, 2017), and it remains unknown if the stoichiometric
homeostasis theory is underlying success of other growth
forms (shrubs or trees) (Yu et al. 2015). Also, it is not clear if
there exist differences in stoichiometric homeostasis among
life forms (e.g., trees, shrub, and herb), phylogenesis (e.g.,
angiosperms and gymnosperms) and among different organs
of plants.

Stoichiometric homeostasis also reflects physiological,
biochemical, and growth adaption of organisms to environ-
mental changes (Hessen et al. 2004; Elser et al. 2010; Xing
et al. 2016), which is related to the ecological strategies and
fitness of the species (Gusewell and Bollens 2003). Previ-
ous studies found that species or communities with stronger
homeostasis would have higher stability. For example, plant
H for nitrogen (Hy) and N:P (Hy.p) were found to be posi-
tively related to species dominance (calculated by biomass)
in grassland ecosystems (Yu et al. 2010, 2015; Dijkstra et al.
2012); and community H was also positively correlated with
community production and stability (Yu et al. 2010; Gu et al.
2017). Moreover, stoichiometric homeostasis has been vali-
dated primarily to be predictive of species responsiveness,
expressed by response ratio (RR), to environmental changes,
such as RR of species relative cover to soil water limitation
and addition (Yu et al. 2015), and RR of species biomass
to temperature increase (Gu et al. 2017). However, we are
not clear if stoichiometric homeostasis can be predictive of
the response of plant physiology to environmental changes
(Zeng et al. 2013).

Here, we proposed two hypotheses: (1) constant homeo-
static regulation coefficient (H) exists for trees and differs
among tree species; (2) tree species with higher H are more
stable in physiological and growth responses to soil N and
P addition. To verify the two hypotheses, we selected three
tree species (Quercus acutissima Carruth., Sapium sebiferum
[L.] Small, and Metasequoia glyptostroboides Hu & W.C.
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Cheng) seedlings to calculate the H value through N and P
addition, and to analyze the response of physiology, growth,
and biomass to alterations in soil N or P.

Materials and methods
Experimental materials and design

Two angiosperms (Q. acutissima and S. sebiferum) and one
gymnosperm (M. glyptostroboides), which are distributed
widely in subtropical China, were selected. Four hundred
seedlings for each species, from the nursery at Research
Institute of Subtropical Forestry in Hangzhou, China, were
chosen and transplanted to plastic pots, 26 cm in diameter
and 30 cm deep, in February 2016. The soil pH and the
bulk density are 6.07 and 1.04 g cm™, respectively, and
soil is composed of 35% sand, 37% silt, and 28% clay. A
total of 5.5 kg soil, with low organic matter (2.83 g kg™,
available nitrogen (3.42 mg kg~!) and available phosphorus
(4.08 mg kg™!), was filled into each pot. All transplanted
seedlings were acclimated for 1 month in a greenhouse. Two
hundred and sixteen average seedlings were then selected for
each species for study.

N and P addition experiments were designed: N addition
as urea (0, 0.25, 0.5, 0.75, 1, 1.5 g N per pot) and P addi-
tion using calcium superphosphate (0, 0.2,0.4,0.8,1.2,2 g
P per pot). The fertilizer was dissolved in 0.5 L of water
and then evenly sprayed on the soil surface of the pot. Each
treatment had three replicates, each replicate had 6 plants,
and a total of 216 pots (3 replicates X 6 plants X 6 nutrient
levels x 2 experiments) were used for each tree species. For
each treatment, the prescribed amount of fertilizer per plot
was added in three installments: 40% on the day of experi-
ment started, 30% on the 20th day after experiment started,
and 30% on the 40th day after experiment started. A pallet
was placed under each pot, and any water drained to the
pallet during watering was poured back to pot to prevent the
loss of nutrition in the basin. All treatments are identical
except for nutrients addition.

Measurements and sampling

Seedling height and root collar diameter (RCD) were
recorded with a ruler and digital vernier caliper, respectively,
before the experiment and each month after the experiment
started (Supplementary Appendix Tables 1, 2). Chlorophyll
fluorescence parameters were measured with a portable
fluorometer (PAM 2100, Walz, Germany) on dark-adapted
leaves in the 5th month after the experiment started.

All experimental trees were harvested in the 6th month after
the experiment started. Roots, stems and leaves were sepa-
rated, weighed, sampled, oven dried at 60 °C for 3 days to
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constant weight, and reweighed to determine dry mass. Sub-
sequently, the dried samples were ground and homogenized
in a mill, after which they were stored in a sealed plastic bag
until analysis.

Plant N and P concentrations (mg g~') were determined by
the Semimicro—Kjeldahl method and colorimetrically by the
phosphomolybdic blue method, respectively (Lu 2000). The
soil available N and P concentrations were calculated based
on N and P added.

Data analysis and statistics

To estimate the strength of plant homeostasis for a given meas-
urement of plant nutrient concentrations, we used a regres-
sion analysis to fit the data to the homeostatic model equation
(Sterner and Elser 2002):

y=cx1/H,

where y is the N or P concentration or N:P ratio of plants, x
is N or P concentration or N:P in the environment, x is the
total soil available N or P concentrations or N:P in this study,
c is a constant, and H is homeostatic regulation coefficient.
The values of H and ¢ were obtained when we analyzed the
relationship between y and x using a regression analysis.

The growth of seedling height, root collar diameter, and
biomass were calculated based upon the differences of height,
root collar diameter, and biomass before and after the experi-
ment, respectively. PSII photochemistry is considered to be
the most sensitive part of the photosynthetic pathway to envi-
ronmental stress (Zha et al. 2017), and effective quantum yield
of PSII (Y(I)) is an important parameter of photochemical
reaction which reflects actual efficiency of PSII (Feng et al.
2015). Therefore, we selected Y(II) as a physiological index in
this study. The basic parameters such as RCD, seedling height
and Y(II) of the three tree species were shown in the Supple-
mentary Appendix Table 3. In this experiment, the response
of plant physiology and growth indices for the three tree spe-
cies to soil N and P addition were expressed by the response
ratio (RR) of (Y(II)), growth (height, RCD) and biomass. This
was determined using the following equation modified by Yu
et al. (2015):

RR = (T« — CK)/CK,
where T, is the maximum value of each index for the tree
species under soil N and P addition, and CK is the value of
each index for the tree species in the control.

Plant nitrogen use efficiency (NUE) and phosphorus use
efficiency (PUE) were calculated as follows (Cao and Zhang

2000):

ax

Total biomass
Total nitrogen (phosphorus) absorption’

NUE (PUE) =

where total biomass was the sum of the biomass of leaves,
stems and roots (g), and total nitrogen (phosphorus) absorp-
tion was the sum of nutrient uptake by the three organs (mg).

Three-way ANOVA was used to test the variations of H
across species, organs, and elements (i.e., N, P, N:P). Statisti-
cal analyses were performed using the software IBM SPSS
Statistics 20 (2011, ver. 20; SPSS Inc., USA).

Results

Stoichiometric homeostasis regulation coefficient
for three tree species

The homeostasis regulation coefficient of N (Hy) varied from
5.03 to 14.71, with ranges from 7.46, 5.03, 5.71 for M. glyp-
tostroboides to 13.33, 14.71, 8.77 for Q. acutissima for leaf,
stem and root, respectively (Fig. 1, Table 1). The homeostasis
regulation coefficient of N:P (Hy.p) showed more variations
than N, ranged from 6.58 to 21.28, with minimum values of
6.58, 10.87, 7.52 for S. sebiferum, and maximum values of
21.28, 17.09, 13.51 for Q. acutissima for leaf, stem and root,
respectively (Fig. 3). The homeostasis regulation coefficient
of P (Hp) was not well fitted, except for leaf of Q. acutissima
(Hp=16.67) (Fig. 2a).

H differed significantly among the three tree species
(P=0.010; Table 2), and the Hy.p was larger than Hy for the
three tree species (P=0.043; Table 2). Moreover, the H varied
insignificantly among organs (P=0.475; Table 2).

Response ratio of leaf chlorophyll fluorescence
to soil N and P addition

Response ratio of effective quantum yield of PSII [RRy ;)] was
found to be significantly different among the three tree species
(P=0.000), and Q. acutissima had the lowest RRy, to soil N
and P addition (Fig. 4).

Response ratio of growth and biomass to soil N
and P addition

Response ratio of height (RRy;,p), root collar diameter
(RRgcp), and biomass (RRg;,mass) Were all significantly dif-
ferent among the three tree species (P=0.010, P=0.023,
P =0.002, respectively). Q. acutissima also had lowest
RRgiomass ad RRy - under soil N and P addition (Figs. 5, 6).

@ Springer
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Table 1 The homeostatic regulation coefficient (H) for different species in the present study and previous studies

References

Root

Stem

Leaf

Life form

HN:P

Hp

Hy

HN:P

Hp

Hy

HN:P

Hp

Hy

Trees

This study

7.52-13.51

5.71-8.77

10.87-17.09

5.03-14.71

6.58-21.28

7.46-13.33

Three trees

Herbs

Yu et al. (2010, 2011)
Jiang et al. (2014)
Peng et al. (2016)
Xing et al. (2016)

2.62-10.29
0.63-19.23
1.82-11.11

2.60-5.60
<5.00

3.53-7.68
1.50-7.67
3.03-4.76

Twelve herbs
Three herbs
One herb
Four herbs

1.10-5.25 1.00-3.83

1.12-3.96

0.60-4.25

0.33-14.12

0.18-1.56

2.00-14.22
2.17-7.14

Dijkstra et al. (2012)

4.28-9.60

Five herbs

Discussion

Stoichiometric homeostasis regulation coefficient
for trees

Stoichiometric homeostasis, such as elements’ stoichi-
ometry, is associated closely with evolutionary stage
(Williams and Silva 1996; Stock and Verboom 2012; Yu
et al. 2014; Halvorson and Small 2016). In this study, the
homeostatic regulation coefficient (H) was calculated with
the stoichiometric H model (Sterner and Elser 2002) for
the three tree species through N and P addition. The val-
ues ranged from 5.03 to 14.71 for Hy and from 6.58 to
21.28 for Hy.p among the three tree species. Ranges of
leaf Hy (7.46-13.33), leaf Hy.p (6.58-21.28) and root Hy
(5.71-8.77), root Hy.p (7.52-13.51) for the three tree spe-
cies were higher than those of herbs in grasslands (leaf
Hy: 2.50-8.80; leaf Hy.p: 3.00-12.16; root Hy: 2.95-9.00;
root Hy.p: 2.19-14.00) (Yu et al. 2011), than herbs in wet-
lands (leaf Hy: 1.50-7.67; leaf Hy.p: 0.63-19.23; root Hy:
1.12-3.96; root Hy.p: 1.00-3.83) (Jiang et al. 2014), and
than other herbs in previous studies (Table 1). Woody
plants showed lower variation in leaf N and P concentra-
tions and N:P than herbs (Zhao et al. 2014), which may
be influenced by distinct life strategies among life forms.
Slow-growing woody species are likely to be competitors
or stress tolerators with relatively conservative stoichio-
metric traits; however, fast-growing herbs exhibit more
flexibility for leaf stoichiometric traits (Gusewell 2004).

Stoichiometric homeostasis also varied among tree spe-
cies. The H values for Q. acutissima and S. sebiferum are
higher than those for M. glyptostroboides, which is proba-
bly resulting from the phylogenetic differences among tree
species. Angiosperms have a rapid resource acquisition
(fast return) strategy and, therefore, it is easier to adapt to
a changing environment compared to gymnosperms, which
have a resource retention (slow return) strategy (Royer
et al. 2010). These differences in resource acquisition and
retention are all owing to phylogenetic differences in con-
ducting tissues (Gomez Ros et al. 2007).

Stoichiometric homeostasis appeared to exhibit differ-
ent degrees among organs for the same plant, which reflect
a fundamental tradeoff in nutrient investment and alloca-
tion (Yu et al. 2011; Gu et al. 2017). Leaves are the main
photosynthetic organs in plants and thus it is eminently
important for growth and biomass accumulation; there-
fore, nutrient concentrations were constrained in a certain
range to provide the optimal physiological traits (Aerts
and Chapin 2000; Lambers et al. 2008; Yan et al. 2016).
Roots, acting as nutrient reservoirs, supply enough N and
P to above ground organs when plants are lack of nutri-
ent, and store excess N and P when plant are not lack of
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Fig. 1 Relationships between seedling N concentrations and soil
available N contents for three tree species. a Leaf. Q. acutissima:
y=14.188x973  H=13.33, R>=0.334, P=0.012; S. sebiferum:
y=10.759"12"", H=7.87, R?*=0.329, P=0.013; M. glyptos-
troboides: y=13.627x"13%°, H=7.46, R>=0.602, P=0.000. b Stem.
Q. acutissima: y=4.1562x"0%% H=14.71, R*=0.289, P=0.021;

nutrient; therefore, roots had lower H than organs above-
ground (Cernusak et al. 2010; Yan et al. 2016). While,
leaves and stems had higher, but insignificant, H compared
to roots in this study that may be the reservoir role of roots
not needing to act at the seedling stage (Yang 2011; Peng
et al. 2016).

Previous studies reported that smaller variations in plant
N:P when compared to plant N and P concentrations across

(b) ® Q. acutissima
18 1 S. sebiferum
o M. glyptostroboides

—
[\S)
1

Stem N (mg g!)
)

10 60 110 160 210 260 310
Soil available N (mg kg!)

S. sebiferum: y=4.0558x"*11" H=7.09, R*=0.299, P=0.019; M.
glyptostroboides: y=3.9964x"1"2 H=5.03, R*=0.602, P=0.000.
¢ Root. Q. acutissima: y=3.5673x"""%  H=877, R*=0.401,
P=0.005; S. sebiferum: y=42104x"1°  H=6.13, R*=0.400,
P=0.005; M. glyptostroboides: —y=4.5542x"174 H=5171,
R*=0.438, P=0.003

plant species in a given site and for the same species across
sites (Han et al. 2005; Wu et al. 2014), due to the similar
biochemical pathways of N and P (Sterner and Elser 2002).
Therefore, plant N:P was more constant than plant N and
P concentrations (Yu et al. 2011; Jiang et al. 2014). In our
study, Hy.p was also significantly higher than Hy. However,
Hp was not obtained except in the leaves of Q. acutissima in
this study, which may be because plant P concentration is

@ Springer
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Fig.2 Relationships between seedling P concentrations and soil
available P contents for three tree species. a Leaf. Q. acutissima:
y=1.1044x"%% H=16.67 R*=0.298 P=0.019. No H was detected

more variable than N concentrations and N:P, which indi-
cated that seedlings growth was mainly limited by soil N,
not soil P (Reich and Oleksyn 2004; Yuan et al. 2011; Gu
et al. 2017; Zhang et al. 2017).

Our results and previous studies together indicated
that the value of H for trees and herbs were also higher
than phytoplankton (average H =1.88) (Persson et al.
2010), suggesting a stronger stoichiometric homeosta-
sis in higher plants than in lower plants. These results
verified our first hypothesis that H exists for trees and
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for S. sebiferum and M. glyptostroboides. b Stem. No H was detected
for each tree species. ¢ Root. No H was detected for each tree species

differs among tree species, thus extended the stoichio-
metric homeostasis theory to trees. Whether mature trees
have same homeostasis regulation coefficients to seed-
lings remains unclear. It seems reasonable that mature
trees could exhibit similar stoichiometric homeostasis to
seedlings, because they have similar nutrient absorption
and transport pathways. The stoichiometric homeostasis
of mature trees will be validated in our future experi-
ment. Moreover, we also confirmed that trees were more
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homeostatic than herbs, and stoichiometric homeosta-
sis was closely related to life form and phylogenesis in
plants.
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Stoichiometric homeostasis relations
to responsiveness of tree physiology, growth,
and biomass to soil N and P addition

Plant H was found to be positively correlated with species
dominance, and stability in a grassland ecosystem (Yu et al.
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Table2 The ANOVA results for the effects of species, organs, and
elements on H in the experiments

Species Organs Elements

1478 +4.18 Leaf 11.18+5.53 N 8.46+3.37
9.38+4.37 Stem 11.95+5.12 N:P 12.77+4.84

Q. acutissima

S. sebiferum

M. glyptos- 7.68+1.69 Root 8.71+2.96
troboides

Species F=6.288, df=2, P=0.010

Organs F=0.783, df=2, P=0475

Elements F=4.807,df=1, P=0.043

Values of H are expressed by mean +SD. The degrees of freedom (df)
for the numerator are given in the table

B Q. acutissima
1 S. sebiferum Fhe= 80.891
B M. glyptostroboides T P =10.000

0.8

RRyq,

0.4

0.2

Fig.4 RR of leaf chlorophyll fluorescence for three tree species to
soil N and P addition

2.5
u (. acutissima
Fys=10.797 Fag=7.530
2 P=0.010 S. sebiferum P=0.023
B M. glyptostroboides {
g 1.5
S 1 |
54
0.5
0 4

Seedling height Root collar-diameter

Fig.5 RR of growth for three tree species to soil N and P addition

2010) and in a tundra ecosystem (Gu et al. 2017). Mean-
while, species with the highest H responded the least (was
most constant) in relative cover or biomass to environmental
changes, while the species with lowest H responded the most
(Yu et al. 2015; Gu et al. 2017). In this study, the same result
was also found for RR of plant physiology and growth to soil
N and P addition.

Compared to the other two species, ranges of leaf N and
P concentrations were more narrow for Q. acutissima under

@ Springer

Fy4=20.968
P=0.002

B Q.acutissima I
S. sebiferum

M. glyptostroboides

Fig.6 RR of biomass for three tree species to soil N and P addition

soil N and P addition (Supplementary Appendix Table 3).
Leaf N and P concentrations are associated closely to plant
physiology, such as photosynthesis and fluorescence (Dubey
et al. 2017). Since Y(II) is an indicator of the intrinsic effi-
ciency of PSII and can effectively reflect photosynthetic
efficiency, the magnitude and variation characteristics of
its parameter values are often used to judge and speculate
on the resistance of plants to environmental factors (Yang
et al. 2002; Chen et al. 2013; Yao et al. 2013). In this experi-
ment, RRyy, for Q. acutissima was the smallest among the
three tree species which indicated that external environment
stress had less impact on the growth of Q. acutissima than
the other two tree species. Additionally, we also found that
RRyjeigne and RRyep of Q. acutissima were also relatively
low, compared to the other two species. This suggested that
the growth traits of plants presented a similar trend with that
of Y(II), perhaps because the changes of chlorophyll syn-
thesis have effect on the photosynthesis of plants and accu-
mulation of photosynthetic products, which in turn change
the growth of plants and their resistance (Liu and Liu 2010;
Malhi et al. 2015; Wang et al. 2016a). Furthermore, although
the nutrient content of Q. acutissima was relatively low, the
value of NUE and PUE were higher than those of the other
two tree species (Supplementary Appendix Table 4), which
indicates that the adaptability of Q. acutissima is stronger
(Leng et al. 2009). Therefore, Q.acutissima, with the larg-
est H values, remained relatively more stable in physiology,
growth and biomass under soil N and P addition compared
to the other two species. This demonstrated that plants with
stronger stoichiometric homeostasis were more conserva-
tive nutrient users (lower nutrient content), and strong stoi-
chiometric homeostasis might be vital for species in stress
environments, such as over fertilization, and thus might be
crucial ecophysiological mechanisms strengthening their
stability (Yu et al. 2010, 2011). This result is consistent
with previous studies where soil water and air temperature
were manipulated (Yu et al. 2010, 2015; Gu et al. 2017).
Here, we confirmed the second hypothesis that tree species
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with higher H are more stable in physiological and growth
responses to soil N and P addition.

Conclusion

The homeostatic regulation coefficient (H) existed and
showed significant differences for the three tested tree spe-
cies. Q. acutissima, with highest H, was more constant in
responsiveness of physiology, growth and biomass to soil
N and P addition. Our study has successfully extended stoi-
chiometric homeostasis theory to trees, and provides a link
between stoichiometric homeostasis and response of plant
traits to environmental changes. Furthermore, these results
should be authenticated further for other tree species and
other stress environments.
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