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Abstract
Purpose There is increased recognition of the importance of mangroves worldwide, with efforts being
made to sustainably manage these ecosystems for forestry and fishery use. Although successive
monitoring of mangrove growth after planting has been conducted in some afforestation stands,
measurements of soil environmental changes accompanying the plant growth have not been made in
most stands. In this study, we observed the interactive relationship between the growth of mangrove,
Rhizophora stylosa, and soil chemical properties at an afforestation stand on Tarawa atoll, Kiribati.

Methods We first estimated root biomass in the stand. Next, we measured the concentrations of
dissolved phosphorus, nitrogen, and other ions (Br−, Ca2+, K+, Na+, Cl−, and SO4

2−) in soil pore water, as
well as the isotopic ratio of leaf carbon and nitrogen in patches of different plant ages.

Results Differences in salt stress among the patches were reflected in leaf δ13C, suggesting it would be a
good indicator of the physiological response of mangrove plants to salinity. Estimated root biomass was
positively related with phosphate and nitrate concentrations in soil pore water, indicating the formation of
a rhizosphere environment with the occurrence of root–microorganism interactions. Leaf δ15N analysis
suggested that the discrimination of nitrogen isotopes during nitrification and/or uptake of NH4

+ and

NO3
− occurs in accordance with plant growth.

Conclusions Our findings revealed the changes that occur in the chemical properties of mangrove leaves
and soil pore water after mangrove plantation on a yearly basis, which can improve our understanding of
environmental succession during the formation of mangrove ecosystems.

Introduction
The most distinctive feature of tropical tidal flats is that woody plants form deep forests called
mangroves, whereas in temperate and cool regions herbaceous plants dominate tidal flats (Tomlinson
2016). Over the past few decades, mangroves have drawn a lot of interests from researchers in various
fields, because these ecosystems offer a variety of benefits, such as timber productions, fisheries, nutrient
cycling, and biodiversity (Baba et al. 2013). There is increased recognition of the importance of
mangroves worldwide, and efforts have been made to sustainably manage these ecosystems for forestry
and fishery use.

The carbon sequestration function of mangrove ecosystems has received attention from the perspective
of climate change. Many reports suggest that mangrove soils contain a large amount of carbon (Donato
et al. 2011; Atwood et al. 2017; Inoue 2018; Sanderman et al. 2018). Because the growth rates of
mangrove plants, such as leaf and root production rates, are not that high compared with those of other
terrestrial woody plants (Lin and Sternberg 1993; Farnsworth et al. 1996; Ball et al. 1997; Ellison and
Farnstworth 1997; Lόpez-Hoffman et al. 2006; Inoue et al. 2022), the high carbon content of the soils may
be related to the low rate of organic matter decomposition in the flooded saline soils (Miyajima and
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Hamaguchi 2018). The mangrove ecosystem’s strong ability to sequester carbon could efficiently
mitigate global warming, and thus mangrove afforestation and reforestation have been promoted in
many tropical coastal areas (Kainuma et al. 2013). In addition, mangroves’ protective function against
coastal events such as storm waves and surges, whose frequency and magnitude are likely to increase
under global warming, is another important feature helping to adapt the effects of climate change (Chang
and Mori 2021).

With the promotion of mangrove afforestation and reforestation in many countries has come an increase
in empirical knowledge regarding planting procedures and subsequent management (Field 1996;
Kainuma et al. 2013; Ong and Gong 2013). Although successive monitoring of plant growth after planting
has been conducted in some afforestation stands (Samson and Rollon 2008; Sillanpää et al. 2017), the
soil environmental changes accompanying plant growth have not been measured in most stands. On the
other hand, some field studies in natural mangrove forests have suggested that mangrove roots interact
with nitrogen-fixing bacteria (Inoue et al. 2011a; Inoue et al. 2019; Inoue et al. 2020) and arbuscular
mycorrhiza (Akaji et al. 2022). A cultivation experiment has revealed increases in phosphate ion (PO4

−)

and ferrous ion (Fe2+) concentrations in mangrove-rooted soil pore water (Inoue et al. 2011b), and a field
study has noted high nitrate ion (NO3

−) concentration near mangrove roots (Inoue et al. 2011a). These
studies suggest that changes in soil biochemical properties can occur in mangrove afforestation areas.
Indeed, such changes are the beginning of the formation of nutrient cycling in mangrove plantations,
which will be closely related with primary production of the forests and thus forestry and fishery
resources.

It can be difficult to decipher the plant root effects on soil chemistry in natural mangrove forests, in which
many complex factors such as input from inland river water, leaching from accumulated organic matter,
and unknown site history influence soil chemical properties. On Kiribati atoll, there is a mangrove
afforestation stand for which we have detailed information, including what species, how many
individuals, when, and where the material was planted. Furthermore, the atoll does not have a river, and
the topographic relief of the afforestation stand is almost uniform, making it easier to detect the
quantitative effects of mangrove plant roots on soil chemistry in the stand.

We conducted a field survey on the mangrove afforestation stand in Kiribati, where Rhizophora stylosa
Griff. has been planted since 2005, with the aim of clarifying the following questions: What are the
survival and growth of planted mangroves in the afforestation stand? Does mangrove root growth affect
dissolved phosphorus and nitrogen in soil pore water of the stand? Do soil properties reflect mangrove
leaf properties, such as δ13C and δ15N? To answer these questions, we first collected data on tree age,
tree height, diameter, and density and then used the data to estimate root biomass by using an allometric
equation. We then measured dissolved phosphorus and nitrogen concentrations in soil pore water in
patches of different plant ages. Based on our analysis of the relationships among the variables, we
discuss interactions between plant growth and soil chemical properties in the mangrove afforestation
stand on Kiribati atoll.
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Materials And Methods

Study site
The survey was conducted at a mangrove afforestation stand on Tarawa atoll, Republic of Kiribati, in the
Pacific (1°27'N, 172°58'E) (Fig. 1a, b). According to the Climatic Research Unit of the University of East
Anglia, mean annual temperature and precipitation at Tarawa during 1991–2020 were 27.5°C and 1037
mm year− 1 (https://climateknowledgeportal.worldbank.org/country/kiribati/climate-data-historical). The
afforestation stand is located on the west inner bay side of Bonriki in Tarawa (Fig. 1c, d). The sand at the
stand is typical of tidal flats in central Pacific atolls, mostly consisting of fine particles of carbonate. On
the opposite side of the afforestation stand in between the causeway (Ananau Causeway) were
abandoned ponds filled with rainwater (Fig. 1d). According to interviews with local people, the ponds had
been abandoned since at least 2000 and not used for anything.
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Table 1
Tree age, size, density, and flowering of the Rhizophora stylosa afforestation stand on Tarawa, Republic

of Kiribati in September 2019
Patch

ID

Year and month
planted

Tree
age

(years)

Mean*

height

(cm)

Mean*

diameter

(mm)

Tree
density

(m− 2)

Occurrence of
flowering

Pore
water

sampling

in this
study

1 2005/9 14.0 - - - # -

2 2008/3 11.5 - - - # -

3 2008/9 11.0 - - - # -

4 2008/9 11.0 223.9 ± 
32.8

24.5 ± 
3.3

8.5 # ‡

5 2009/3 10.5 - - - - -

6 2009/9 10.0 274.6 ± 
18.3

25.4 ± 
4.3

6.6 # -

7 2010/3 9.5 277.6 ± 
29.1

23.9 ± 
4.1

11.6 # -

8 2011/2 8.6 150.9 ± 
23.7

22.8 ± 
3.5

14.3 # -

9 2011† 8.0–
9.0

- - - - -

10 2012/9 7.0 198.0 ± 
18.3

21.3 ± 
2.7

14.3 # ‡

11 2013/2 6.6 197.2 ± 
37.3

20.0 ± 
2.4

14.9 # -

12 2013/10 5.9 97.6 ± 
18.0

19.4 ± 
2.2

6.3   -

13 2014/1 5.7 147.1 ± 
25.4

18.4 ± 
2.6

11.4 # -

14 2014/9 5.0 88.9 ± 
7.1

17.0 ± 
2.7

3.8   -

15 2015/1 4.7 130.2 ± 
18.0

18.6 ± 
1.9

10.1 # ‡

16 2015/1 4.7 - - - # -

17 2015/10 4.1 - - - - -

18 2016/1 3.7 - - -   -
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Patch

ID

Year and month
planted

Tree
age

(years)

Mean*

height

(cm)

Mean*

diameter

(mm)

Tree
density

(m− 2)

Occurrence of
flowering

Pore
water

sampling

in this
study

19 2016/9 3.0 82.1 ± 
7.3

16.9 ± 
2.7

6.0   ‡

20 2017/9 2.0 - - -   -

*Mori et al. (2022), † : No record on the month planted, - : Not measured, # : Occurred in September
2019, ‡ : Done

Almost every year since 2005, propagules of R. stylosa collected from the natural forest at Tanaea have
been planted on the afforestation site by the International Society for Mangrove Ecosystems (ISME) (Fig.
1d). Propagules have been densely planted, with three propagules per group planted at a spacing of 50
cm × 50 cm, in order to avoid failure during early growth due to strong soil water evaporation (Baba
2011). This dense planting method has been empirically established and used in many mangrove
afforestation efforts in other countries (Kainuma et al. 2013). In 2019, the stand was about 10,500 m2

and had 19 patches with plants of different ages (Fig. 1e, Fig. S1). Using records of the number of
planted propagules and planting location and date for all patches, we made an age map of the
afforestation stand (Table 1, Fig. 1e).

Measurement of tree size and survival rate
Tree size and survival rate were measured in 11 of the 19 patches differing in plant age. We used the data
of tree height (H, cm) and diameter (D, cm) reported in Mori et al. (2022), which were measured in 2019
(Table 1). In each patch, two or three 2 m × 2 m square subplots were randomly chosen, and the number
of trees surviving within each subplot was measured.

Root biomass (W, kg dry weight m− 2) was estimated by using of the allometric equation for R. stylosa
(Comley and McGuinness 2005):

W = ∑ n
i=00.261D1.86

i /A (1),

where i indicates individual tree, and A indicates the subplot area (4 m2).

Tree density was obtained by dividing the number of surviving trees (S) by the subplot area. Occurrence
of flowering was recorded in all 19 patches.

Sampling and analysis of leaves and soil pore water
Leaf samples were taken in the 11 patches where tree size (H and D) and survival (S) were measured. The
second youngest pair of leaves, which were mature, were collected from five randomly selected

( )
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individuals in each patch. The sampled leaves were stored in dry silica gel during the 5-day transport to
the laboratory in Japan. In the laboratory, the leaves were dried at 80°C until their weight become
constant. The dried leaves were then ground into fine powder, 10 mg of each sample was wrapped in tin
foil, and nitrogen and carbon contents were measured with an elemental analyzer (Flash EA 1112,
Thermo Electron Corp., Minneapolis, MN, USA). The precision (SD for N > 5) of N wt% and C wt% was < 
0.01% and 0.1%, respectively. Each sample was measured three times and the mean value was
determined.

Another 2–3 mg of leaf powder sample was wrapped in an aluminum cup, and 15N and 13C contents
were measured by using a continuous-flow isotope ratio mass spectrometer coupled with an elemental
analyzer (CF/IRMS, system: FlashEA1112/ConfloIII/Deltaplus Advantage, Thermo Finnigan, San Jose,
CA, USA). Stable isotope ratios are expressed in δ notation as the difference in parts per thousand (‰)
from the standard (atmospheric N2 for δ15N and PDB for δ13C):

δ15N = [(15N/14N)sample / (15N/14N)standard – 1] × 1000 (2)

δ13C = [(13C/12C)sample / (13C/12C)standard – 1] × 1000 (3)

We used D,L-alanine (δ15N = − 1.7‰, δ13C = − 23.47‰, N wt% = 15.73, C wt% = 40.45) and glycine (δ15N
= 2.6‰, δ13C = − 19.24‰, N wt% = 18.65, C wt% = 31.97) as internal laboratory standards. The precision
(SD for N > 5) of the 15N and 13C isotopic ratio was ± 0.3–0.5‰ and ± 0.1–0.15‰, respectively.

Soil pore water was collected from 4 of the 19 planted patches and from a control patch where
mangroves were not planted (control, 4, 10, 15, and 19 in Fig. 1e). At low tide, five soil samples containing
pore water were collected by using a stainless core sampler (6 cm diameter × 25 cm length). For each
core, the sample at 20–25 cm soil depth was placed in a plastic bag and stored in an ice-filled container
(kept at 0°C). Twenty milliliters of each sample were transferred into a centrifugal device with a 0.45 µm
pore membrane (MAPM45C68, Pall Corp., Tokyo, Japan), which was run at 3000 rpm for 5 min to collect
soil pore water. The obtained soil pore water was passed through a 0.2-µm pore filter (DISMIC-25CS, Toyo
Roshi, Tokyo, Japan) and stored at 4°C until analysis.

Dissolved total nitrogen (DTN), dissolved organic nitrogen (DON), NH4
+, NO3

−, dissolved total phosphorus

(DTP), dissolved organic phosphorus (DOP), and PO4
− were measured using a colorimetric auto analyzer

(Traacs 800, Bran + Luebbe, Tokyo, Japan). Six species of other major ions (Br−, Ca2+, K+, Na+, Cl−, and
SO4

2−) were analyzed via ion chromatography (DX-320, EG40, Dionex, Tokyo, Japan). Analytical precision

(SD for N = 5) was better than 0.21 mg L− 1 for NH4
+-N, 3.3 µg L− 1 for NO3

−-N, and 0.1–0.3 µg L− 1 for

PO4
−-P. The detection limits for major ions were 0.26 mg L− 1 for Na+; 0.08–0.10 mg L− 1 for Ca2+, Mg2+,

Cl−; 0.04 mg L− 1 for SO4
2−; and 0.01–0.03 mg L− 1 for others.

Statistical analysis
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Tree size, survival rate, leaf carbon and nitrogen contents, and soil pore water characteristics were
measured in 11 patches differing in plant age in the mangrove afforestation stand on Tarawa. The
statistical analyses were performed using R v. 3.5.2 (R Core Team 2018). To explain the relationship
between variables (tree age, estimated root biomass, soil salinity, nutrient concentration in soil pore water,
leaf carbon, leaf δ13C, leaf nitrogen, and leaf δ15N), we conducted a generalized linear mixed model
(GLMM) analysis in which individual patches were treated as random factors. A gamma distribution with
inverse link function was used with the “glmer” function from the “lme4” R package (Bates et al. 2015) for
data shown in Figs. 2–5. A Gaussian distribution with identity link functions was used with the “lmer”
function from the “lme4” R package for data shown in Figs. 6 and 7. Centering was conducted for
explanatory variables. For nutrient concentrations, an order of magnitude lower than the detection limit
was assigned for the value of zero. Candidate models that differed with respect to the combination of
explanatory variables (null, linear, and second-order regression) were ranked based on their Akaike
Information Criterion (AIC) scores, and the model that exhibited the lowest score among prior candidate
models was selected as the best-fit model for the response variable (Burnham and Anderson 2002).

Results

Tree size, survival, and flowering
Mean tree height and diameter both increased with the increment of tree age (Table 1). In the patch with
7.0-year-old trees, mean height was almost 200 cm and mean diameter more than 2 cm; flowering first
occurred when trees had reached 4.7 years of age (Table 1). The surviving tree density ranged from 3.8 to
14.9 m− 2 and varied among the patches (Table 1). The estimated root biomass per area derived by
Eq. (1) ranged from 3.2 to 17.4 kg m− 2 and was highest in the 8.6-year-old trees (patch 8). The selected
model for the estimated root biomass was a function of tree age (Fig. 2, Table S1).

Salinity
Although the afforestation stand appeared to be uniformly flat, the Na+ concentration of soil pore water
ranged from 11.1 to 14.8 g L− 1 among the patches (Fig. 3). There were good correlations between
concentrations of Na+ and other sea water-related ions (Br−, Ca2+, Cl−, K+, Mg2+, and SO4

2−), indicating
that the salinity condition due to sea water incursion differed slightly among the patches (Fig. S2).
Among the 5 patches where we collected soil pore water, the Na+ concentration of soil pore water was
highest in the patch with 7.0-year-old trees (patch 10). The fitted curve for Na+ concentration of soil pore
water was a function of estimated root biomass, indicating that salinity became higher in afforested
patches with higher mangrove root biomass (Fig. 3, Table S1), but it was not clear whether tree growth
caused the salinity increment or not.

Dissolved phosphorus and nitrogen in soil pore water



Page 9/22

Of the dissolved total phosphorus (DTP) in soil pore water, the organic phosphorus (DOP) concentration
was 1.2–9.7 times higher than the inorganic phosphorus (PO4

−-P) concentration (Fig. 4a–c). The PO4
−-P

concentration in soil pore water increased significantly with the increment of estimated mangrove root
biomass, but there was no relationship between mangrove root biomass and the DOP concentration (Fig.
4b and c, Table S1). The PO4

−-P:DTP-P ratio in soil pore water increased significantly with the increment
of estimated root biomass (Fig. 4d, Table S1).

Of the dissolved total nitrogen (DTN) in soil pore water, the organic nitrogen (DON) concentration was
mostly lower than the inorganic nitrogen (NH4

+-N and NO3
−-N) concentration: the DON concentration was

0.1–2.8 times that of the inorganic nitrogen concentration (Fig. 5a–d). The NO3
−-N concentration in soil

pore water increased as a quadratic function of the estimated mangrove root biomass, whereas no
relationship existed between mangrove root biomass and NH4

+-N and DON concentrations (Fig. 5b–d).

The NO3
−-N:NH4

+-N ratio in soil pore water increased as a quadratic function of the estimated root
biomass (Fig. 5e, Table S1).

Leaf carbon and nitrogen isotopic signatures
There was no relationship between tree age and leaf δ13C (Fig. 6a, Table S1). However, leaf δ13C was
significantly higher at the patches where the Na+ concentration of soil pore water was high, suggesting
that the salinity condition had affected stomatal conductance of mangrove leaves in the stand (Fig. 7a).
The selected model was a quadratic function of Na+ concentration in soil pore water (Table S1). As for
leaf carbon content, no relation with tree age was found (Fig. 6c, Table S1).

Leaf δ15N increased with tree age (Fig. 6b, Table S1), and it was significantly higher at the patches where
the Na+ concentration of soil pore water was high (Fig. 7b) and where the NO3

−-N:NH4
+-N ratio of soil

pore water was high (Fig. 7c). Thus, it appears that the nitrogen source for plant growth had changed
with tree age and/or sea water had affected leaf δ15N in the stand. The null model was selected for the
relationship between leaf nitrogen content and tree age (Fig. 6d, Table S1), whereas the leaf C:N ratio
increased with tree age (Fig. 6e, Table S1), suggesting a limitation of nitrogen uptake occurred with tree
ageing in the stand.

Discussion

Interaction between salinity and mangrove growth
It has been long debated whether mangrove plants require salinity for their growth or not (Wang et al.
2011; Tomlinson 2016). Some studies have shown that mangrove plants grow in fresh water for long
periods both under cultivation (McMillan 1971; Atreya et al. 2009) and field conditions (Van Steenis 1984;
Woodroffe 1988; Aburto-Oropeza et al. 2021), whereas others have reported that mangrove plants are
unable to grow without salinity over the long term (Downton 1982; Clough 1984; Werner and Stelzer
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1990). Still other studies suggest that mangrove plants, including Rhizophora species, optimize their
growth rate under moderately saline conditions (i.e., 5–50% sea water, depending on species; Clough
1984; Ball 1988; Lin and Sternberg 1993; Khan and Aziz 2001; Lόpez-Hoffman et al. 2006; Wang et al.
2011). Salinity of the soil pore water in this study was much higher, ranging from 83–111% that of sea
water, which exceeds the previously suggested salinity for optimum growth. Thus, the growth of
mangrove plants in the stand was likely suppressed by high salt stress. Such a high salinity may be due
to the absence of freshwater input from a river and strong water evaporation during low tide, which are
typical features of tidal flats on tropical atoll islands. Salinity stress causes low stomatal conductance,
which results in low carbon uptake and transpiration rates at leaves (Ball and Farquhar 1984; Khan and
Aziz 2001; Parida et al. 2004). Stomatal conductance can be estimated by leaf δ13C, which increases
under low intercellular/ambient ratios of CO2 partial pressure (Ehleringer and Cooper 1988, Hanba et al.

2010). The increase of leaf δ13C under high Na+ concentration in soil pore water (Fig. 7a) suggests that
discrimination of carbon isotopes was suppressed because of low stomatal conductance. The selected
model for the relationship between Na+ concentration in soil pore water and leaf δ13C was a quadratic
function of Na+ concentration (Table S1). These findings suggest that a decline of the CO2 assimilation

rate suppressed the enhancement of leaf δ13C at the highest Na+ concentration.

We observed that salinity was higher at the patches where estimated root biomass was higher (Fig. 3),
but we cannot exclude the possibility that the afforestation had begun where salinity was originally high.
The other possibility is that growth of plants itself had created high salinity of soil pore water. First, more
sea water may be retained in a rooted soil structure than in an unrooted soil under low tide conditions,
which could explain the observed salinity. Second, some mangrove plant species have adapted to a
saline environment by salt exclusion at the roots, salt secretion through salt glands, and salt
sequestration into senescent leaves (Scholander et al. 1962; Scholander 1968; Tomlinson 2016).
Rhizophora species do not have salt glands, but they keep the salinity of xylem sap water low by
ultrafiltration at the membranes of root cells (Scholander et al. 1966), which are able to filter up to 99% of
salt from the surrounding soil pore water (Scholander 1968). This could concentrate salinity around roots
(Passioura et al. 1992). The strong correlations between Na+ and other sea water–related elements in the
soil pore water (Fig. S2) suggests that observed high salinity in the stand was due mainly to the fact that
more sea water may be retained in a rooted soil structure. The effect of salt exclusion at the roots,
however, could concurrently occur at a small scale.

Root growth and dissolved phosphorus in soil pore water
Most phosphorus in soils is immobilized by adsorbing onto Fe- and/or Al-oxides, calcium compounds,
and polymerized organic matter (Raymond et al. 2021), and phosphorus in mangrove sediments is no
exception (Paludan and Morris 1999; Prasad and Ramanthan 2010). The immobilized phosphorus is
released as inorganic phosphorus (PO4

−) by chelation with organic acids from plant roots and/or
phosphorus-solubilizing microorganisms (Gyaneshwar et al. 2002; Raymond et al. 2021). Phosphorus-
solubilizing microorganisms were detected in some mangrove sediments (Vazquez et al. 2000;
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Kothamasi et al. 2006; El-Tarabily and Youssef 2010), and an increase in PO4
− in mangrove-rooted soil

has been reported in a cultivation experiment (Inoue et al. 2011b). Our observation of a positive
relationship between estimated mangrove root biomass and PO4

− concentration in soil pore water

supports these findings. The continuous increment of PO4
− concentration in soil pore water suggests that

phosphorus-related processes, including input (phosphorus mobilization) and output (phosphorus
immobilization and plant uptake), had not reached a static state over 11 years in the stand.

Root growth and dissolved nitrogen in soil pore water
Wetland soils, including mangrove soils, are generally hypoxic, with a greater amount of NH4

+ in soil pore

water than NO3
− (Alongi et al. 1992), as was the case in this study. We observed that the NO3

−

concentration in soil pore water became higher with an increase in the estimated mangrove root biomass,
suggesting the occurrence of nitrification around roots. Mangrove plants have an aerial root system,
which is composed of partially exposed roots with lenticels (small pores on the root surfaces) (Tomlinson
2016). Atmospheric air is taken into the root via the lenticels, diffuses to buried root tips through
aerenchymatous lacunae (Tomlinson 2016; Inoue et al. 2019), and is released to surrounding soils,
producing an oxic–anoxic mosaic (Pi et al. 2009; Pi et al. 2010). This aeration system could stimulate
nitrification in the rhizosphere. In our study stand, NO3

− was detected in patches with trees that were > 4.7

years old with root biomass > 5 kg m− 2. The fact that the selected model for NO3
− in soil water was a

quadratic function of the estimated root biomass suggests that output processes of NO3
− in soil water,

such as denitrification and plant NO3
− uptake, increased with greater root biomass. Some studies have

shown that mangrove plants induce nitrate reductase in the presence of NO3
−, indicating mangrove

plants can assimilate NO3
−-N (Ye et al. 2003; Parida and Das 2004). As observed in many mangroves

(Alongi et al. 1992), the dissolved nitrogen concentration in soil pore water in the Kiribati stand was low
compared with terrestrial wetland soils. The low nitrogen and high plant density could be reflected in the
increment of the C:N ratio of mangrove leaves, suggesting that plant growth was limited by nitrogen
uptake.

Changes of leaf δ15N with tree age
As tree age increased, leaf δ15N rose to about 5‰ in the 11-year-old trees (Fig. 6b), suggesting that the
source of nitrogen for plant growth had changed in accordance with tree age. The fact that leaf δ15N was
higher both where the Na+ concentration and ratio of NO3

−-N:NH4
+-N in soil pore water were high (Fig. 7b,

c) suggests three scenarios: (ⅰ) a contribution of nitrogen sources in sea water and/or (ⅱ) discrimination
of nitrogen isotopes during nitrification and/or (ⅲ) discrimination of nitrogen isotopes during uptake of
NH4

+ and NO3
− affected the leaf δ15N. Scenario (ⅰ), however, was unlikely because the δ15N of sea

sediments are in the range of 4–9‰ (Peters et al. 1978; Wada et al. 1987; Middelburg and Nieuwenhuize
1998). Our data indicated that a 5‰ increment in leaf δ15N occurred by enhancement of 1% Na+ in soil
pore water, meaning that the δ15N of nitrogen sources in sea water were about 50‰ higher than those of
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inland water. With regard to scenario (ⅱ), discrimination of nitrogen isotopes during nitrification (NH4
+ →

NO3
−) under a micro-aerophilic condition results in 15N accumulation in residual NH4

+ (Brandes and

Devol 1997; Freudenthal et al. 2001), and the increment of leaf δ15N could be caused by the uptake of the
NH4

+. As for scenario (ⅲ), discrimination of nitrogen isotopes during uptake of NH4
+ and NO3

−, in which

the δ15N of the plant body is increased with NO3
− uptake, has been reported in other wetland plants

(Mariotti et al. 1982; Handly and Ravan 1992; Yoneyama 1995; Yoneyama et al. 2001; Kohzu et al. 2008).
Further measurements of the pore water δ15N will help to clarify the mechanisms on the leaf δ15N change
in R. stylosa in the afforestation stand.

Conclusions
In this study, we observed the relationships between growth of the mangrove R. stylosa and soil chemical
properties including salinity, dissolved phosphorus, and nitrogen at an afforestation stand on Kiribati
atoll. Although the differences of salinity in the soil pore water among the patches were small (ranging
from 83–111% sea water), our analyses indicated that the difference of the effect of salt stress on leaf
stomatal conductance could be seen by measuring leaf δ13C. Thus, leaf δ13C can serve as a good
indicator of the physiological response of R. stylosa to salinity. Root biomass of R. stylosa was linked to
increments of PO4

− and nitrification, suggesting the formation of a rhizosphere environment where roots
supply organic matter into the soil and root–microorganism interactions occur. Mangrove habitats
generally have low phosphorus and nitrogen contents, such that these functions are adaptive for
mangrove plants. Our leaf δ15N data suggested that discrimination of nitrogen isotopes during
nitrification and/or during uptake of NH4

+ and NO3
− had occurred. Further studies on isotopic nitrogen in

soil pore water should help to reveal the underlying mechanisms of the changes in leaf δ15N.
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Figure 1

Location of the study area. Google Earth image of (a) the Republic of Kiribati atolls, (b) Tarawa atoll, (c)
location of Bonriki (square), (d) locations of afforestation stand and mangrove forest where propagules
were collected (squares), and (e) afforestation stand. Numbers in (e) correspond to the patch ID in Table
1. Hatched areas in (e) indicate that no surviving tree was observed in 2019.

Figure 2

Relationship between tree age and estimated root biomass. Points indicate data of each subplot. Solid
line is fitted model selected by GLMM analysis, and dashed lines indicate 95% prediction intervals.
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Figure 3

Relationship between estimated root biomass and dissolved Na+ concentration in soil pore water. Open
points indicate raw data, and black points indicate mean values. Bars indicate standard deviations (N =
5). Solid line is fitted model selected by GLMM analysis, and dashed lines indicate 95% prediction
intervals.
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Figure 4

Relationship between estimated root biomass and (a) dissolved total phosphorus, (b) dissolved organic
phosphorus, (c) PO4

−-P, and (d) PO4-P:DTP concentration in soil pore water. For other details, see the
legend of Figure 3.

Figure 5

Relationship between estimated root biomass and (a) dissolved total nitrogen, (b) dissolved organic
nitrogen, (c) NH4

+-N, (d) NO3
−-N, (e) NH4

+-N:DTN, (f) NO3
−-N:DTN, and (g) NO3

−-N:NH4
+-N concentration in

soil pore water. For other details, see the legend of Figure 3.
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Figure 6

Relationship between tree age and (a) leaf δ13C (‰), (b) leaf δ15N (‰), (c) leaf carbon (%), (d) leaf
nitrogen (%), and (e) leaf C:N. Grey points indicate raw data, and black points indicate mean values. Bars
indicate standard deviations (N = 5). Solid line is fitted model selected by GLMM analysis, and dashed
lines indicate 95% prediction intervals.
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Figure 7

Relationship between sodium concentration in soil pore water and (a) leaf δ13C (‰) and (b) leaf δ15N
(‰); (c) relationship between NO3-N:NH4-N in soil pore water and leaf δ15N (‰). For other details, see
the legend of Figure 6.
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