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Resource resorption from senescing leaves is an important strategy for internal nutrient
recycling in plants. However, our understanding of whether the responses of resource
remobilization to mire types (fens vs. bogs) differ among various plant growth forms
remains unclear. We thus assessed resource remobilization among various growth forms
in fens and bogs in the Hani peatland in the Changbai Mountains, northeastern China. We
analyzed and compared the concentrations of non-structural carbohydrates (NSCs),
nitrogen (N), phosphorus (P), and potassium (K) in leaves and roots collected in
August (mid-season) and September (end-season), and calculated the resource
remobilization efficiency (RRE) of four species belonging to four growth forms grown in
both fens and bogs. The deciduous dwarf trees (Betula fruticosa) and perennial grass
(Phragmites australis) had relative higher leaf RRE than the moss (Sphagnum
magellanicum). Although leaf nutrient RRE did not differ between fens and bogs, the
deciduous dwarf trees had a higher leaf NSC RRE in bogs than in fens, and the moss NSC
RRE was lower in bogs than in fens. Our results suggest that reallocation of mobile
carbohydrates seems to be more sensitive to the growth condition than nutrients (N, P,
and K) under nutrient-poor inhabits, which may be one of the reasons leading to nutrient
limitation in peatlands.

Keywords: mires, non-structural carbohydrates, nitrogen, phosphorus, potassium, reallocation, storage, plant
growth form

INTRODUCTION

Peatlands are usually classified into two categories: ombrogenous bogs and geogenous fens
(Bridgham et al., 1996; Jonasson and Shaver, 1999). These peatlands types are characterized by
high water tables, low nutrient availability, and dominant plant species (Aerts et al., 1999; Bridgham
et al., 1996). The imbalance and shortage of nutrients can differ considerably between fens and bogs
(Ohlson, 1995; Jonasson and Shaver, 1999), mainly due to the hydrological distinction (Waughman,
1980). Fens are fed by precipitation, mineral- and nutrient-rich surface water, and groundwater
(Aerts & Chapin, 1999), whereas bogs lack groundwater input and receive nutrients mainly from
precipitation (Charman, 2002), leading to different growth forms that occur in fens and bogs. Fens
are often dominated by deciduous shrubs or dwarf shrubs and graminoids (mainly Carex and
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Cladium species), while bogs are dominated by Sphagnummosses
and evergreen shrubs or dwarf shrubs and trees (Maimer et al.,
1992; Bridgham et al., 1996). Previous studies have shown that
plants in fens and bogs are often limited by nutrient availability
(Charman, 2002; Wang et al., 2014; Li et al., 2019). This raises the
question of how plants respond to low nutrient availability in fens
and bogs.

Effective resource resorption from senescing leaves is an
important strategy for internal nutrient recycling (Killingbeck,
1996), which reduces plants’ dependence on external nutrient
supply from the environment (Aerts and Chapin, 1999). It has
been estimated that, in general, half of nitrogen (N) and
phosphorus (P) contained in mature leaves would be
withdrawn during senescence (Aerts, 1996). Vergutz et al.
(2012) calculated that the mean nutrient resorption efficiency
was over 60% for N and P and 70% for K of global terrestrial
plants. The patterns of resource remobilization differ among
various growth forms. A large-scale study found that
differences of leaf nutrient-use efficiency in plant growth
forms are more important than differences in mire type (fen
vs. bog) (Aerts et al., 1999). Greater allocation to storage in
deciduous than in evergreen species reflects the lower
opportunity cost in deciduous species that experience a more
pronounced asynchrony of supply and demand (Chapin et al.,
1990). For example, storage of carbohydrates is particularly
important for deciduous species that do not have green tissues
in early season and relay on carbon storage for regrowth (Epron
et al., 2012). Similarly, Aerts (1996) found that nitrogen
resorption efficiency was significantly higher in deciduous
species and graminoids than in evergreen species and forbs,
while P resorption efficiency did not differ between these
growth forms. Yuan and Chen (2009) had observed consistent
differences between deciduous and evergreen species. However,
Vergutz et al. (2012) reported that graminoid had much higher
nutrient resorption efficiency, due to the smaller non-leaf pools,
leading to a greater need for nutrient resorption compared to
other growth forms. Moreover, several studies highlighted that
roots or rhizome played a crucial role as resource storage tissues
of deciduous species and herbaceous plants (Granéli et al., 1992;
Millard et al., 2001; Cong et al., 2019). In contrast, evergreen
species directly retained resources in over-wintering leaves rather
than recycled back to roots (Wyka et al., 2016).

Various relationships between nutrient availability and
nutrient resorption were found. Some species growing in
nutrient-poor habitats have higher resource remobilization
efficiency (RRE) than those in moderate habitats (Pensa and
Sellin, 2003; Yuan et al., 2005). A large-scale study found that bog
species had a higher P use efficiency than fen species (Aerts et al.,
1999). High RRE may help plants to obtain a competitive
advantage in the infertile habitats (Pugnaire and Chapin,
1993). However, some evidence showed no major differences
in nutrient resorption between plants in infertile and fertile soils
(Aerts, 1996; Yuan and Chen, 2009). Hence, response of RRE to
nutrient availability remains controversial.

In this study, we investigated and compared resource
remobilization among various growth forms in fens and bogs
in the Hani peatland in the Changbai Mountains. We measured

tissue concentrations of non-structural carbohydrates (NSCs), N,
P, and K at the peak-growing season and at the end of growing
season, and calculated and compared the RRE of species grown in
both fens and bogs, to answer the following questions: (1)
whether the RRE varies with growth forms and (2) whether
the RRE differs between bogs and fens.

MATERIALS AND METHODS

Study Sites
The study was conducted at the Hani Peatland (42°13′N,
126°31′E) located in the west Changbai Mountain region in
northeastern China. The area has a continental monsoon
climate with a mean annual air temperature of 2.5–3.6°C (Bu
et al., 2011). The annual precipitation ranges from 757 to 930 mm
(Li et al., 2019). The peatland has a mean peat depth of 4 m; the
deepest record was 9.6 m (Qiao, 1993). The peatland plants
consist of dwarf trees (mainly Betula fruticosa Pall.), dwarf
shrubs (mainly Rhododendron tomentosum Harmaja, and
Vaccinium uliginosum L.), herbs [Carex lasiocarpa Ehrh.,
Phragmites australis (Clav.), Eriophorum polystachion L., and
Smilacina japonica A. Gray], and peat mosses including
Sphagnum magellanicum and S. palustre L. (Bu et al., 2017).

Field Sampling
To compare RRE patterns of plants growing in fens and bogs, four
plant species that grow in both fens and bogs were selected. The
four species included B. fruticosa Pall. (deciduous dwarf tree), P.
australis (Clav.) (perennial grass), C. lasiocarpa Ehrh. (perennial
grass), and S. magellanicum (moss). We selected five fens plots
(n = 5) and four bogs plots (n = 4); within each plot, there were all
the four species selected. We collected leaves and roots (<0.5 cm
in diameter) from six to eight individuals for each plant species
within each plot and pooled them for a mixed leaf sample and
root sample for each plot. However, for S. magellanicum, we
collected branch leaves only, because it does not have proper
roots. For leaf samples, mature and healthy leaves were collected
on August 6, 2020 (mid-season), while only freshly yellow/fallen
leaves were selected on September 16 (end-season), to minimize
growth-form differences in leaf phenology among plant species.
Also, to diminish the effects of diurnal temperature range and
sunlight differences, all samples were collected at noon, placed in
a cool box with ice, and transported immediately to the laboratory
(Cong et al., 2019). Tissue samples were heated in a microwave
oven at 600W for 40 s to minimize the physiological activities,
and dried at 65°C to a constant weight (Li et al., 2008). All samples
were ground to powder with a ball mill (MM400, Retsch,
Germany), and stored after being sealed with silica gel at 4°C
prior to analyses.

Analysis of NSC
Dried plant material (30 mg) was put into a 10-ml centrifuge tube
and mixed with 5 ml of 80% ethanol. The mixture was incubated
at 80°C in a water shaker (SHA-C, Jintan Jingda Instrument
Manufacturing Co., Ltd., Jintan, China) for 30 min, cooled to
ambient temperature, and then centrifuged at 4,000 rpm for

Frontiers in Earth Science | www.frontiersin.org February 2022 | Volume 9 | Article 8277212

Cong et al. Plant Resource Remobilization Efficiency

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


10 min. The precipitates were re-extracted twice with 80%
ethanol to extract the soluble sugars (Li et al., 2018). The
ethanol-insoluble pellets were used for starch extraction, and
the combined supernatants were saved for soluble sugars analysis
by the anthronemethod (Dubois et al., 1956). Glucose was used as
a standard. Starch was extracted from the ethanol-insoluble
residue placed at an 80°C water bath to remove the ethanol by
evaporation. The ethanol-insoluble residues were boiled in 2 ml
of distilled water for 15 min. After cooling to room temperature,
2 ml of 9.2 M HClO4 was added to hydrolyze the starch for
15 min and 4 ml of distilled water was added to the samples. The
mixture was centrifuged at 4,000 rpm for 10 min. Thereafter, the
solid residues were extracted once more with 2 ml of 4.6 M
HClO4. Soluble sugars and starch concentrations were both
determined using a spectrophotometer (TU-1810, Beijing
Purkinje General Instrument Co., Ltd., Beijing, China) at
620 nm (Wang et al., 2018). Starch concentration was
calculated by the glucose concentration by a conversion factor
of 0.9. The soluble sugars, starch, and NSC concentrations were
expressed on a dry matter basis (% d.m.).

Analysis of Nitrogen, Phosphorus, and
Potassium
Oven-dried plant samples (0.1 g) were digested in concentrated
H2SO4 and H2O2 (Parkinson and Allen, 1975). Nitrogen (N)
concentration was then determined with an automatic chemical
analyzer (SmartChem 140, AMS-Alliance Instruments, Rome,
Italy), using the indophenol blue colorimetric method.
Phosphorus (P) was measured colorimetrically by the
ammonium molybdate-ascorbic acid method (Murphy and
Riley, 1962) on a spectrophotometer (TU-1810, Beijing
Purkinje General Instrument Co., Ltd., Beijing, China).
Potassium (K) concentration was determined on a flame
photometer (FP6410, Shanghai Precise Scientific Instrument
Co., Ltd., Shanghai, China).

METHODS FOR RESOURCE
REMOBILIZATION EVALUATION

Remobilization efficiency (R) was determined by the resource
concentrations at the mid-season and at the end of growing
season. Therefore, remobilization efficiency (%) of each tissue was
calculated according to Eq. 1 (Killingbeck, 1996):

R% � Cs − Ca

Ca
× 100% � (Cs

Ca
− 1) × 100% (1)

where Cs and Ca represent the concentrations of NSC, N, P, or K
of each tissue at the end-season (September) and at the mid-
season (August), respectively. A negative R value (Cs < Ca)
indicates resource transfer from that tissue, while a positive
value (Cs > Ca) indicates resource accumulation in that tissue.
A smaller negative R value suggests higher remobilization
efficiency, whereas a larger positive R value suggests higher
accumulation efficiency.

Data Analysis
We defined NSC as the sum of soluble sugars and starch within
each sample (Li et al., 2001; Li et al., 2002; Zhu et al., 2012). Data
of NSC, soluble sugars, starch, and nutrients (i.e., N, P, and K)
were confirmed for normality by Kolmogorov–Smirnov tests
before statistical analysis. The above-mentioned data were
analyzed using three-way ANOVAs with mire types, species,
and time as fixed factors. Within each sampling time, two-way
ANOVAs, with mire types and species as factors, were repeatedly
performed to detect differences in parameters studied. Three-way
ANOVAs with main factors of mire types, species, and tissue
types were performed to test the trends in the remobilization
efficiency of NSC, N, P, and K. Overall differences between fens
and bogs species were analyzed using independent t-test.

RESULTS

Plant NSCs and Nutrients in Bogs and Fens
Leaf concentrations of NSCs (i.e., soluble sugars and starch) and
nutrients (i.e., N, P, and K) varied significantly with species and
sampling time (Table 1), while only leaf soluble sugars and NSCT

were significantly affected by mire types (Table 1). Species
interacted with sampling time to significantly influence leaf
soluble sugars, NSCT, and nutrients, whereas mire types
interacted with species to affect leaf K and with sampling time
to influence leaf sugars and NSCT (Table 1). Within the August
sampling date, leaf NSCs (except for leaf starch with a p = 0.081)
and nutrients varied significantly with species (Table 2; Figures
1A–C, Figures 2A–C), while only leaf sugars, NSCT and K
significantly differed between fens and bogs (Table 2),
showing higher levels in bogs than in fens for all the four
species (Figures 1A,C, and Figure 2C). At the end-season in
September, leaf NSCs and nutrients differed among species only
but did not change with mire type (Table 3; Figures 1A–C,
Figures 2A–C). Generally, B. fruticosa (S1) had the highest level
of NSCs and S. magellanicum (S4) showed the lowest levels of leaf
NSCs in August (Figures 1A–C), whereas P. australis (S2) had
the highest leaf nutrient levels and S. magellanicum (S4) showed
the lowest leaf nutrient levels in August (Figures 2A–C).

Root concentrations of NSCs and nutrients (except for root P
with a p = 0.762) varied significantly with mire types and species
(Table 1), whereas root soluble sugars, NSCT, N, and P were
significantly affected by sampling time (Table 1). Mire types
interacted with sampling time to did not differ for all parameters,
while species interacted with mire types to significantly influence
root starch, N, and P and with sampling time to influence root
sugars, NSCT, N, and P (Table 1). Within the August sampling
date, root NSCs and nutrients varied significantly with species
(Table 2; Figures 1D–F, Figures 2D–F), while only root sugars,
NSCT, and N significantly differed between fens and bogs
(Table 2), showing higher NSCT and K in bogs than in fens
for all the 3 species (Figures 1D–F, and Figure 2F), but lower N
and K in bogs than in fens for P. australis (S2) (Figures 2D,E). At
the end-season in September, root NSCT (except for root starch
with a p = 0.804) and nutrients differed among species, while only
root starch, NSCT, and N significantly differed between fens and
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bogs (Table 3; Figures 1D–F, Figures 2D–F). Species interacted
with mire types to significantly influence root N and K (Table 3).
Generally, B. fruticosa (S1) had the highest level of NSCT in
August (Figures 1D–F), whereas P. australis (S2) had the highest
root nutrient levels and B. fruticosa (S1) showed the lowest root
nutrient levels in August (Figures 2D–F).

Carbohydrate and Nutrients Remobilization
Mire types and mire types×species interaction only significantly
affected the remobilization efficiency of NSC (Table 4). The NSC
remobilization efficiency in B. fruticosa (S1) leaves was
significantly higher in bogs than in fens (Figure 3A). In
contrast, S. magellanicum (S4) leaves had lower NSC
remobilization efficiency in bogs compared with fens
(Figure 3A). Both species and tissue types, and their
interaction had significant effects on NSC and nutrient
remobilization efficiency (Table 4). At the end of the growing
season, leaves resources in four species were reallocated and even
for NSC accumulation in C. lasiocarpa (S3) and S. magellanicum
(S4) (Figures 3A–D). However, roots accumulated NSC, but

reallocated N, P, and K to other tissues, except for an N
accumulation in C. lasiocarpa (S3) (Figures 3E–H). Generally,
leaves resources remobilization efficiency were highest in P.
australis (S2) and intermediate in B. fruticosa (S1) (Figures
3A–D). While B. fruticosa (S1) had the lowest root NSC
remobilization efficiency and P. australis (S2) had the highest
RRE (Figure 3E).

DISCUSSION

Growth Form-Dependent Reallocation of
Mobile Carbohydrates and Nutrients
At the end of growing season, mobile carbohydrates translocated
from senescing leaves (Figure 3A), whereas NSCs were stored in
roots (Figure 3E). P. australis and B. fruticosa leaves reallocated
NSC to roots (Figures 3A,E), leading to decreased leaf NSC
concentrations (Figure 1A) but increased root concentrations
(Figure 1D), which indicated that roots were the main NSC
storage tissue in these two species. Our results supported the view

TABLE 1 | Effects of mire types, species, sampling time, and their interactions on concentrations of NSCs (i.e., sugars, starch, and NSCT) and nutrients (i.e., N, P, and K) in
plant leaves and roots, tested with three-way nested ANOVAs. F and p values are given.

Factors Df Soluble sugars Starch NSCT Nitrogen (N) Phosphorus (P) Potassium (K)

F p F p F p F p F p F p

Leaves
Mire types (M) 1 9.526 0.003 3.293 0.075 11.092 0.002 0.052 0.821 0.396 0.532 3.825 0.055
Species (S) 3 98.887 <0.001 7.13 <0.001 113.638 <0.001 129.768 <0.001 12.839 <0.001 72.329 <0.001
Time (T) 1 19.896 <0.001 8.132 0.006 30.214 <0.001 180.551 <0.001 194.279 <0.001 169.386 <0.001
M × S 3 1.146 0.338 1.327 0.275 0.414 0.743 0.201 0.895 0.993 0.403 2.884 0.044
M × T 1 9.536 0.003 <0.001 0.986 8.038 0.006 0.568 0.454 0.048 0.828 3.115 0.083
S × T 3 29.359 <0.001 0.037 0.991 28.384 <0.001 45.623 <0.001 37.713 <0.001 53.595 <0.001
M × S × T 3 2.192 0.099 0.964 0.416 2.516 0.067 1.224 0.309 0.659 0.581 3.039 0.036

Roots
Mire types (M) 1 13.27 0.001 9.729 0.003 17.313 <0.001 11.917 0.001 0.093 0.762 6.731 0.013
Species (S) 3 14.864 <0.001 4.631 0.015 14.873 <0.001 221.578 <0.001 44.162 <0.001 63.949 <0.001
Time (T) 1 37.382 <0.001 0.306 0.583 31.384 <0.001 78.82 <0.001 30.189 <0.001 2.387 0.13
M × S 3 1.662 0.202 4.15 0.023 2.89 0.067 11.404 <0.001 3.766 0.032 3.009 0.06
M × T 1 2.507 0.121 1.43 0.238 1.114 0.297 0.605 0.441 0.257 0.615 0.019 0.892
S × T 3 7.325 0.002 2.023 0.145 7.968 0.001 104.713 <0.001 24.677 <0.001 1.372 0.265
M × S × T 3 2.428 0.1 1.941 0.156 0.978 0.384 1.045 0.361 2.472 0.097 1.498 0.235

Bold values highlight significant effects at p < 0.05.

TABLE 2 | Effects of mire types, species, and their interactions on concentrations of NSCs (i.e., sugars, starch, and NSCT) and nutrients (i.e., N, P, and K) in plant leaves and
roots in August, tested with two-way nested ANOVAs. F and p values are given.

Factors Df Soluble sugars Starch NSCT Nitrogen (N) Phosphorus (P) Potassium (K)

F p F p F p F p F p F p

Leaves
Mire types (M) 1 14.379 0.001 1.083 0.307 14.416 0.001 0.666 0.421 0.358 0.555 5.59 0.025
Species (S) 3 69.478 <0.001 2.493 0.081 76.86 <0.001 225.38 <0.001 44.569 <0.001 83.016 <0.001
M × S 3 1.625 0.206 1.205 0.326 1.259 0.307 1.531 0.228 1.123 0.357 4.349 0.012

Roots
Mire types (M) 1 11.149 0.003 2.729 0.113 10.079 0.005 7.433 0.013 0 0.992 2.995 0.098
Species (S) 2 12.232 <0.001 9.387 0.001 12.57 <0.001 259.686 <0.001 32.711 <0.001 30.646 <0.001
M × S 2 2.029 0.156 6.477 0.006 1.611 0.223 7.835 0.003 4.78 0.019 0.85 0.442

Bold values highlight significant effects at p < 0.05.
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that leaf carbohydrates recycle from leaves to storage tissue at leaf
abscission in perennial plants (Chapin et al., 1990; Cong et al.,
2018), which is most likely associated with the storage of NSC to
ensure winter survival (Tixier et al., 2020) and support new
growth after dormancy (Yan et al., 2016). In contrast, S.
magellanicum directly retain NSC in leaves rather than
translocate carbon compounds to roots (Figure 1A). As
Sphagnum mosses have no anatomically specialized internal
conducting tissue, it has long been believed that mosses do
not have nutrient remobilization processes (Aerts et al., 1999).
However, as suggested previously by Rydin et al. (1989), mobile
carbohydrates of Sphagnum papillosum were translocated from
older parts to the capitulum. Our results confirmed internal
redistribution of carbon compounds in S. magellanicum, and
carbohydrates were stored in leaves due to no real roots for
transport.

We found a growth-form-dependent NSC remobilization
efficiency (Table 4). The result of the observed differences
among species was that P. australis had the highest leaf NSC
remobilization efficiency followed by the deciduous tree B.

fruticosa (S2) (Figure 3A). P. australis also had the highest
root remobilization efficiency followed by C. lasiocarpa
(Figure 3E). The efficiency of NSC relocation from senescing
leaves ranged from 55% to 60% in P. australis (Figure 3A), which
is much higher than 28% reported by Gessner (2001) for the same
species (Chapin et al., 1990; Gessner, 2001). Higher leaf NSC
remobilization efficiency indicated that a major portion of
carbohydrates was translocated to rhizome and roots,
necessarily resulting in greater efficiency of P. australis roots.
To resist environmental stress, such as deep water or late season
frost, rhizome carbohydrates storage was much larger than
needed to ensure establishment of spring shoots for
Phragmites (Granéli et al., 1992). Intermediate leaf NSC
remobilization efficiency of B. fruticosa should be associated
with leaf traits; deciduous tree species produce new leaves at a
low cost, rather than store carbohydrates with a high cost
(Dickson, 1989), which might be due to the frequent
alternation between new leaves and defoliation.

In spite of the different growth forms, nutrients (N, P, and K)
were all remobilized from senescing leaves (Figures 3B–D),

FIGURE 1 | Concentrations (mean ± SE; % of dry matter) of soluble sugars, starch, and NSCT in leaves and roots of plants grown in fens (n = 5) and bogs (n = 4) in
the mid-season and end-season. Different lowercase letters display significant differences between fens and bogs for each species within each time, tested with t-test
(p < 0.05). S1–S4 represent Betula fruticosa Pall., Phragmites australis (Clav.), Carex lasiocarpa Ehrh., and Sphagnum magellanicum, respectively.
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supporting that nutrient remobilization is an important strategy
employed by plants to conserve nutrients (Aerts, 1996; Chapin,
1980) and leaves play a primary role in nutrient remobilization
(Eckstein et al., 1998). About half of N was recycled from
senescing leaves in P. australis and deciduous trees

(Figure 1B). These findings agreed with general perennials of
Aerts (1996), who found that N resorption efficiency varied
approximately 50% across different species or growth forms.
However, N remobilization efficiency of C. lasiocarpa was 20%
(Figure 3B), which is much lower than that value reported by

FIGURE 2 |Concentrations (mean ± SE; % of dry matter) of N, P, and K in leaves and roots of plants grown in fens (n = 5) and bogs (n = 4) in the mid-season
and end-season. Different lowercase letters display significant differences between fens and bogs for each species within each time, tested with t-test (p <
0.05). S1–S4 represent B. fruticosa, P. australis, C. lasiocarpa, and S. magellanicum, respectively.

TABLE 3 | Effects of mire types, species, and their interactions on concentrations of NSCs (i.e., sugars, starch, and NSCT) and nutrients (i.e., N, P, and K) in plant leaves and
roots in September, tested with two-way nested ANOVAs. F and p values are given.

Factors Df Soluble sugars Starch NSCT Nitrogen (N) Phosphorus (P) Potassium (K)

F p F p F p F p F p F p

Leaves
Mire types (M) 1 0 0.999 3.586 0.069 0.18 0.675 0.108 0.745 0.085 0.773 0.024 0.878
Species (S) 3 53.596 <0.001 7.335 0.001 59.697 <0.001 9.849 <0.001 5.81 0.003 30.361 <0.001
M × S 3 1.755 0.179 0.939 0.435 1.863 0.159 0.25 0.861 0.526 0.668 0.707 0.556

Roots
Mire types (M) 1 2.736 0.113 7.041 0.015 7.417 0.013 4.406 0.048 0.034 0.856 4 0.059
Species (S) 2 9.297 0.001 0.22 0.804 9.033 0.001 20.142 <0.001 33.57 <0.001 35.98 <0.001
M × S 2 2.071 0.151 1.287 0.297 2.606 0.098 3.851 0.038 0.131 0.878 4.567 0.023

Bold values highlight significant effects at p < 0.05.
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TABLE 4 | Effects of mire types, species, tissue types, and their interactions on resources remobilization between plant leaves and roots, tested with three-way nested
ANOVAs. F and p values are given. R refers to remobilization efficiency.

Factors Df R NSC R Nitrogen R Phosphorus R Potassium

F p F p F p F p

Mire types (M) 1 22.321 <0.001 0.837 0.365 0.101 0.751 0.041 0.84
Species (S) 3 28.767 <0.001 36.539 <0.001 33.346 <0.001 8.184 <0.001
Tissue types (T) 1 92.608 <0.001 38.7 <0.001 51.364 <0.001 44.075 <0.001
M × S 3 4.357 0.008 0.541 0.657 0.624 0.603 0.567 0.639
M × T 1 1.853 0.18 0.138 0.712 0.235 0.63 0.454 0.504
S × T 2 29.653 <0.001 7.822 0.001 8.848 0.001 7.154 0.002
M × S × T 2 0.9 0.413 0.398 0.674 0.859 0.43 1.833 0.171

FIGURE 3 | Remobilization efficiency (mean ± SE; % of dry matter) of NSC, N, P, and K in leaves and roots of plants grown in fens (n = 5) and bogs (n = 4).
Different lowercase letters display significant differences between fens and bogs for each species within each time, tested with t-test (p < 0.05). S1–S4
represent B. fruticosa, P. australis, C. lasiocarpa, and S. magellanicum, respectively.
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Aerts (1996) for graminoids (mean 59%). Similarly, our results
showed that P remobilization efficiency for B. fruticose and P.
australis were comparable to the value (64.9%) reported by
Vergutz et al. (2012) (Figure 3C). However, leaves had lower
resorption efficiency for K (4–50%), except for P. australis (mean
75%) (Vergutz et al., 2012) (Figure 3D). In addition, N was only
resorbed from leaves of C. lasiocarpa and stored in roots
(Figure 3F), as nitrogen stored in specific tissue with an
individual species due to leaf habit (Millard and Grelet, 2010).
As we have already seen, however, there were significant
differences in leaf nutrient efficiency between growth forms
(Table 4). Leaf nutrient remobilization efficiency was much
higher in deciduous tree and herbs compared with moss
(Figures 3B–D). Thus, these would suggest that high nutrient
remobilization from leaves prior to senescence is characteristic
for most species (Aerts, 1996), whereas Sphagnum mosses have
lower nutrient remobilization efficiency, probably due to their
adaptation to nutrient-poor habitats. Previous studies indicated
that moss species were highly tolerant to nutrient-poor inhabits
(Aerts et al., 1999; Turetsky et al., 2012), even Li et al. (2019)
demonstrated that long-term application of nitrogen did not
increase but decreased the growth of Sphagnum mosses,
implying the reasons of lower nutrient remobilization
efficiency of Sphagnum mosses.

Effects of Fens and Bogs on Plant Resource
Reallocation
We did not find differences in leaf nutrient remobilization
efficiency between fens and bogs (Table 4; Figures 3B–D);
this result may be caused by the similar habitat characteristics
dominated by high water level for both fens and bogs. A large-
scale analysis indicated that nutrient resorption did not differ
between fens and bogs but varied with species or/and growth
form (Aerts et al., 1999). Nevertheless, Bridgham et al. (1995)
proposed that nutrient remobilization efficiency can be
higher at low nutrient availability, representing an
important adaptation to infertile habitats (Dissanayaka
et al., 2017). For nutrient concentration in mature leaves,
there were no differences in leaf nutrient concentrations
between fens and bogs (Table 2; Figures 2A–C). This
finding partly agreed with the conclusions of Aerts et al.
(1999), who proposed that clear differences between fens and
bogs species occurred in leaves’ P concentrations, but not in
leaves’ N concentrations. However, there were no differences
in nutrient remobilization of fine roots between fens and bogs
(Table 4; Figures 3F–H). At the end of growing season, N
concentrations of fine roots were significantly lower in P.
australis and B. fruticosa in fens than in bogs (Figure 2D). No
such pattern was found for P and K in fine roots (Figures
2F,G). These results suggested that N is the limiting mineral
nutrient for Phragmites and deciduous tree, which also agreed
with investigation on Phragmites in Sweden (Granéli et al.,
1992).

We observed higher NSC remobilization efficiency and
carbohydrates concentration of B. fruticosa leaves in bogs than
in fens (Table 1, 4; Figures 1C, 3A). Thus, there are indications

that translocation of non-structural carbon seems to be more
important under nutrient-poor inhabits than translocation of
nutrients (N, P, and K), suggesting that the species were limited
more by carbon supply than by recycling of nutrients (Chapin
et al., 1990). The availability of carbohydrates is strictly dependent
on and linked to the growth of leaves and shoots, the allocation of
carbohydrates being determined by resource availability, growth
capacity, and maintenance requirement (Marchi et al., 2007).
Many studies have demonstrated that the translocation of
carbohydrates from leaves can be unloaded to storage tissues
that reload to support new leaf and shoot growth in next spring
(Marchi et al., 2005a; Marchi et al., 2005b; Cong et al., 2018; Cong
et al., 2019). Larger NSC remobilization in bogs than in fens
reflected that deciduous trees adapted to nutrient-poor inhabits
may resorbmore carbohydrates from the senescing leaves and have
greater dependence on carbohydrate remobilization. Similarly,
although tissue NSC remobilization efficiency did not differ for
Phragmites between fens and bogs (Figures 3A,E), root starch and
NSC concentrations of Phragmiteswere higher in bogs than in fens
at the end-season (Figures 1E,F). The starch and NSC
concentrations of roots increased in bogs, which may enhance
the ability of Phragmites to adapt to winter environmental changes
(i.e., low nutrient and cold temperature) (Sheen et al., 1999),
because soluble carbon components participate in cell osmotic
regulation and prevent intracellular ice formation by lowering the
freezing point of the cytoplasm (Morin et al., 2007). Furthermore,
Granéli et al. (1992) proposed that the rhizome of Phragmites
stored excess carbohydrates. Since some carbohydrate stores may
become inaccessible to the plant with time due to a winter rhizome
mortality of approximately 30% (Granéli et al., 1992),
carbohydrates remaining in dead cells cannot be retrieved
(Ziegler, 1964). However, Sphagnum leaves had lower NSC
remobilization efficiency in bogs, showing that Sphagnum
mosses from nutrient-poor habitats have not adapted to
oligotrophic environments by having a high NSC remobilization
efficiency.

CONCLUSION

Our study clearly indicated that mobile carbohydrates and
nutrients (N, P, and K) in four plant species (i.e., four growth
forms) grown in both fens and bogs were reallocated from leaves
to storage tissues at the end of the growing season. The NSCs and
nutrient remobilization efficiency differ among different growth
forms. Deciduous dwarf trees (B. fruticosa) and perennial grass
(P. australis) had relative higher leaf resource remobilization
efficiency, and moss (S. magellanicum) showed lower leaf
nutrient remobilization efficiency. Differences in resource
remobilization among plant growth forms seem to be related
to different strategies in utilizing resources (Chapin et al., 1990).
We also found that leaf nutrient remobilization efficiency did not
differ between fens and bogs. Overall, our results suggest that
reallocation of mobile carbohydrates seems to be more sensitive
to the growth condition than nutrients (N, P, and K) under
nutrient-poor inhabits, which may be one of the reasons leading
to nutrient limitation in peatlands.
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