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Abstract This study aims to investigate the effects of
region and three regional dominated mangrove species
(Avicennia marina, Aegiceras corniculatum and Kandelia
candel) on the distribution of inorganic nitrogen and
phosphorus. Measurement of the inorganic nitrogen and
phosphorus and enzymatic activities was carried out in
soils covered by three mangrove species in the Quanzhou
Bay estuarine wetlands, a typical coastal wetland in China.
Species with a higher biomass in upstream and midstream
absorb more nitrogen from soils, and the retention of the
available phosphorus in the soils of different regions causes
the regional variation of phosphorus. In areas dominated by
A. marina, nitrate nitrogen is lower while available phos-
phorus is higher. Meanwhile, nitrate nitrogen and available
phosphorus are higher in the soils covered by K. candel.
Moreover, all three species affect the elemental and
enzymic stoichiometry. The mangrove species influences
the diversity of the elemental and enzymic stoichiometric
relationship through differential microenvironments, which
induce the biodiversity of wetland ecosystems. Thus, this
study may facilitate a better understanding of the trans-
formation ability of mangroves to nitrogen and phosphorus
and will therefore be beneficial for providing a basis for the
ecological restoration of estuarine wetlands.
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1 Introduction

Coastal areas make up only 4 % of the earth’s surface, but
more than 1/3 of the world’s population resides in these
areas. The coastal ecosystem provides many important
services for humanity, such as food, timber, raw chemical
materials, and physical sites for tourism and education.
However, human activities such as rapid industrialization,
urbanization, and global warming largely reduce these
areas and strongly disrupt coastal ecosystem functions
(Comeaux et al. 2012). In recent years, plenty of industrial
and agricultural wastewater and sanitary sewage have been
converged in estuary and gulf regions. This situation leads
to large quantities of nitrogen and phosphorus entering
coastal ecosystems, which is the main reason for the
deterioration of water quality in coastal regions (Chatterjee
et al. 2009; Nobi et al. 2010). The restoration of disturbed
wetlands is an urgent issue concerning sustainable devel-
opment of coastal ecosystems and has gained the attention
of many researchers (Marchand et al. 2006; Spencer and
Harvey 2012; Yang et al. 2008). Therefore, understanding
the interaction mechanisms between plant and soils of the
wetlands, especially in relation to nitrogen and phosphorus,
has provided basic knowledge for us to protect and restore
coastal ecosystems (Halpern et al. 2007).

The mangrove ecosystem has a varied sediment com-
position, and different cover of mangrove plants results in
different sediment conditions (Tam and Wong 1995).
Mangrove plants absorb nutrient elements from sediment
soil by rhizosphere for plant growth and metabolism. The
distribution features of nutritional elements, such as
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ammonium nitrogen, nitrate nitrogen, and available phos-
phorus in sediment soil, has an important influence on
nutrients’ retention, transfer, and transformation. Low soil
fertility leads to the slow growth of mangrove plants. One
of the primary reasons for the high productivity of man-
groves in nutrient poor sites (especially with low N) is the
high nutrient use efficiency (Alongi et al. 2005; Kao et al.
2001). Redox conditions, soil salinity, flood frequency, and
soil aeration play important roles in determining the degree
of soil fertility (Krauss et al. 2006; Reef et al. 2010; Ye
et al. 2001), and the distribution of mangrove plants has a
close relationship with the distribution of nutrient elements
in the soil sediment (Chen and Twilley 1999).

In natural wetlands, levels of nitrogen input and its
distribution characteristics significantly influence the
cyclic process of the substance of the ecosystem. Sur-
rounding nutritional elements such as inorganic nitrogen
and phosphorus play key roles in driving plant distribution
patterns and plant succession in wetlands (Crain et al.
2004; Li et al. 2008). Soil enzymes catalyze soil bio-
chemical reactions involved in almost all important
metabolic processes of soils, thereby regulating the bio-
geochemical cyclic process of nitrogen and phosphorus in
the ecosystem(Huang and Morris 2003; Jackson et al.
2009; Prenger and Reddy 2004; Robroek et al. 2009;
Turner 2010). Wetlands are a sensitive area in coastal
regions where physicochemical and biological properties
such as pH, salinity, root systems, and organic matters are
easily affected by the surrounding environment (Sins-
abaugh 2010; Williams et al. 2000).

Therefore, in this study, we investigated the influence of
region and regional dominant mangrove species (Avicennia
marina, Aegiceras corniculatum and Kandelia candel) on
the distribution of ammonium nitrogen, nitrate nitrogen,
and available phosphorus in the estuarine wetlands.
Enzymatic activity is an important factor regulating dis-
tribution of nutrients in soils, and the differentiation of the
microenvironment would improve the biodiversity of
wetland ecosystems. Previous studies mainly focused on
the speciation and ecological risk of heavy metals and the
heterogeneity of elements such as salinity and pH in this
region (Wang et al. 2010; Yu et al. 2008; Wu et al. 2009).
Until now, there was no report about the interaction
between nutrients and enzymes in mangrove ecosystems in
the Quanzhou Bay estuarine wetlands. Thus, to further
understand how the interaction mechanism between nutri-
ents and enzymes affects the diversity of nutritional mode
and enzymic stoichiometry, we analyzed the correlation
between ammonium nitrogen, nitrate nitrogen, available
phosphorus, hydrolase and oxidases in the soils under
different mangrove species. This study will facilitate a
better understanding about the influence and interaction
mechanism regulating the elemental and enzymic

stoichiometric relationship in the soils covered by man-
grove species, and it is beneficial in providing a basis for
ecological restoration in coastal districts.

2 Materials and methods
2.1 Study site and plant species

Quanzhou Bay, Fujian, China, is situated at 118°38'-
118°52'E and 24°47'-24°58' and covers an area of
136.42 km?”. The study site has a tidal flat area of 568.5 hm*
and has an area of 308.4 km? that is covered with water. It is
dominated by a subtropical climate, with a mean annual
temperature of 20.4 °C. The lowest mean temperature of
11.9 °C occurs in January and the highest of 28.3 °C in July.
The mean annual precipitation is 1095.4 mm, and the annual
sunshine is at 2200 h, with alternating arid and humid sea-
sons. Soil salinity and pH in downstream are higher than
those in midstream and upstream (Wu and Liu 2011). A.
marina, A. corniculatum and K. candel are the dominant
plants in the estuarine wetlands.

2.2 Soil sampling and analysis

Three mangrove species were selected from typical sites
where the experimental mangrove plant species grow for
this study (Fig. 1). These were Aegiceras corniculatum
(Ac), Kandelia candel (Kc) and bared lands (Bl) in
upstream; Aegiceras corniculatum (Ac), Avicennia marina
(Am) and bared lands (Bl) in midstream; Aegiceras cor-
niculatum (Ac), Kandelia candel (Kc), Avicennia marina
(Am), and bared lands (B/) in downstream. In each region,
three similar soil cores were randomly selected with a
bucket auger (5 cm inner diameter), and the sampling sites
were kept at least 10 m away from each other. Soil samples
were taken from 0 to 10, 10 to 20, 20 to 30, 30 to 40, and
40 to 50 cm depths, respectively, on 15-17 April 2007
(Spring), 8-10 November 2007 (Autumn), 6-10 January
2008 (Winter) and 1-3 August 2008 (Summer). Plant
debris and roots were removed from each sample. Some
soil samples were collected, air-dried, ground, and sieved
using a 2-mm mesh size. Part of fresh soil samples were
also put into the refrigerator, prepared for the analysis of
chemical compositions.

The concentration of nitrate nitrogen (NO3; —N) and
ammonium nitrogen (NH,"-N) were determined by
extracting the samples with 0.01 M CaCl, at a 1:5 soil:
extracting-solution ratio (w/v) followed by Continuous-
Flow Analyzers (Auto Analyzer 3, Bran+Luebbe Co.,
Germany). The concentration of the available phosphorus
(A-P) of the soil samples was determined by extracting the
samples with 0.5 M NaHCO; (pH 8.3) at a 1:20 soil:
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Fig. 1 Map of the study area

extracting-solution ratio (w/v) followed by Continuous-
Flow Analyzers (Auto Analyzer 3, Bran+Luebbe Co.,
Germany). Routine soil chemical parameters, including
urease (U), phosphatase (P-P), polyphenol oxidase (PPO),
and catalase (CAT) were analyzed using the methods
suggested by Guan (1986). The urease activity (Eu) was
represented as the amount of organic matter into the NHj in
100 g air-dried soil after incubation for 24 h and upon
30 °C; Phosphatase activity (Epp) was represented as the
number of milligrams of P,O5 in 100 g air-dried soil after
incubation for 24 h; Catalas activity (Ecat) was represented
as the number of milliliters of 0.1 mol L™! KMnO, con-
sumed by 1.00 g air-dried soil after incubation for 20 min;
Polyphenol oxidase activity (Eppo) was described as the
number of milliliters of gallic acid released by 1.0 g soil
after incubation for 2 h.

2.3 Statistical analysis
The mean and standard errors were calculated for each

treatment. One-way ANOVA and pair-wise comparison
tests (Turkey’s test) were used to compare the contents of
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the nutritional elements of different mangrove plants.
Relationships among nutritional elements, hydrolytic
enzymes, and oxidizes were determined using correlation
analysis. All statistical analyses were performed using
SPSS 17.0 (SPSS Inc.,192 Chicago, IL, USA).

3 Results

3.1 Regional variation in inorganic nitrogen
and phosphate

The average concentration of ammonium nitrogen, nitrate
nitrogen, and available phosphorus in upstream, midstream,
and downstream is shown in Fig. 2. It can be seen that there
were no significant differences in the content of ammonium
nitrogen among different regional soils. The average content
of nitrate nitrogen in downstream was higher than that in
upstream and midstream, but there was no clear difference
between upstream and midstream. The distribution of A-P
followed the series midstream > downstream > upstream
in the Quanzhou Bay wetland soils.
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Fig. 2 Effects of region on a ammonium nitrogen (NH,"—N), b nitrate nitrogen (NO3; —N) and ¢ available phosphorus (A-P) in Quanzhou Bay
estuarine wetland soil. Letters above bars show significant differences among regions

3.2 Variations in inorganic nitrogen and phosphate
of soils under different plant species

The content of ammonium nitrogen of soil under Ac and
Am was relatively higher than that under K¢ and B/ but had
no significant difference among these three mangrove
species (Fig. 3). The average content of nitrate nitrogen of
soils under Ac and Kc was higher than those under Am and
Bl. Content of A-P of soils covered by mangrove plants
was significant higher than those without plants, and the
content of A-P followed the series Am > Kc > Ac.

3.3 Variations in enzyme activities of soils
under different plant species

The U activity in the soils under vegetation was signifi-
cantly higher than that in the soils without vegetation with
no significant difference among the three species. Similar
to the U activity, the P-P activity in the soil under man-
grove species was significantly higher than those without
soil, and P-P activity in the soil under Ac was significantly
higher than those in the soils under the other two species.
The CAT activity in the soil under Am was significantly

higher than that in the soils under the other two species and
in the soil without species. No significant difference in PPO
activity was observed among the soils under the three
mangrove species (Table 1).

3.4 Available N/P ratio of soils under different plant
species

Mangrove species significantly modified the available N/P
ratio, and this ratio relationship varied from species to
species (Table 2). The available N/P ratio in the soil
without vegetation was the highest, with a value of 1.05,
compared with Ac, Kc and Am. Soil under K¢ acquired the
highest available N/P ratio of 0.93, significantly higher
than that of the soil under Ac (0.86) and Am (0.74).

3.5 Correlation among nutritional elements
under different plant species

There was no significant relationship between NO; —N and
A-P in the soils covered by mangrove species, but a posi-
tive correlation between these two elements was found in
Bl (Table 3). NO3; —N had a significant positive correlation
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Fig. 3 Effects of specie on a ammonium nitrogen (NH,"-N), b nitrate nitrogen (NO3 -N) and ¢ available phosphorus (A-P) in Quanzhou Bay
estuarine wetland soil. Letters above bars show significant differences among species
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with A-P in the soil without mangrove species and no
significant correlation pattern between these two factors in
the soils covered by Ac, Kc and Am.

3.6 Correlation between nutritional elements,
hydrolytic enzymes, and oxidases
under different plant species

The relationship between nutritional elements and enzymes
in the test soils was unique for each mangrove species
(Table 4). A significant correlation was observed between
NH,*-N and P-P, PPO and CAT, NO; -N and U, A-P and
U, and CAT in Bl. However, the mangrove species modi-
fied the relationship between PPO and NH,"—N in the soils
under Kc¢ and Am, between U and NO; -N in the soils
under Ac and Kc, and between A-P and P-P in the soils
under Ac, Kc and Am. These results showed that mangrove
species contributed to the differential distribution of
nutritional elements and enzymes.

4 Discussion
4.1 Effect of regions on the distribution of nutrients

The pH and salinity play important roles on the utilization

was insignificant in different districts. This suggests that
salinity and pH were not the main factors influencing the
regional variation of NH,"—N but high heterogeneity of pH
and salinity among upstream, midstream and downstream

Table 3 Correlation coefficients (Pearson) among nutritional ele-
ments in soils under different mangrove species

NH,-N NO; -N

Ac NO; -N —0.046

(n = 180) A-P —0.204" 0.015
Kc NO;™-N —0.170

(n = 120) A-P —0.019 0.190
Am NO; =N 0.227"

(n = 120) A-P 0.110 0.159
Bl NO; -N 0.139

(n = 180) A-P —0.235"" 0.257"

* Correlation is significant at the 0.05 level (2-tailed)
** Correlation is significant at the 0.01 level (2-tailed)

Table 4 Correlation coefficients (Pearson) between nutritional ele-
ments, hydrolytic enzymes, and oxidases in soils under different
mangrove species

+ NH, =N NO; -N A-P
strategy of plants for NH, —N (Clarkson and Warne 1979;
Lavoie et al. 1992). However, as shown in Fig. 2, the  Ac U 0.303 " 0.134 0.196
present study demonstrated that the difference of NH,"-N (n = 180) P-pP 0.075 0.139 0.4317
PPO —-0.214" 0.244™ 0.008
Table 1 Activities of urease (U), phosphatase (P-P), polyphenol CAT 0.167" —0.187" —0.103
oxidase (PPO), and catalase (CAT) in soils under different mangrove Kc U 0.509"" 0.134 0.062
Species (n = 120) P-P 0.739" 0.142 0.581°"
U (Ew) P-P (Epp) CAT (Ecat)  PPO (Eppo) PPO —0.035 0.112 02727
Ac 790 £020b 627 £0.17c 040 + 0.0la 18.44 & 0.71a CAT 0-506 0.007 —0409°
(n = 180) (0 = 150) (0 = 165) (= 165) Am U 0.537** 0.440 0,196**
Ke 895+031b 599+0.11b 034+00la 1925+ 102a =120 PP 0.690 0-247 0-862
@ = 120) @ = 120) @ = 120) (@ = 110) PPO ~0.009 0.376 ~0.005
Am 899 £ 029 5.58 £ 0.09b 0.54 £ 0.03b 18.80 £ 0.96a CAT 0.066 0'054** 0'017**
@ = 120) @ = 120) @ = 120) @ = 120) BI U 0.007** 0.416 0.594*
Bl 567+019% 419+014a 038 +00la 1757+ 1120 =180 PP 0-789 0-110 0.220
(n = 180) (n = 80) (n = 140) (n = 135) PPO —0.237** 0.228 0.104**
CAT 0.328 0.012 —0.285
The mean values followed by different letters in the same column — -
differ significantly at p < 0.05, according to one-way ANOVA and ~ * Correlation is significant at the 0.05 level (2-tailed)
t test ** Correlation is significant at the 0.01 level (2-tailed)
Table 2 Available N/P ratio in Species Ac Ke Am Bl
soils under different mangrove
species N/P ratio 0.86 = 0.01b 0.93 + 0.01b 0.74 + 0.03a 1.05 £ 0.01c

The mean values followed by different letters in the same row differ significantly at P < 0.05, according to

one-way ANOVA and t-test
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in the wetland was reported in our previous studies (Wu
and Liu 2011). The average content of NO; —N in down-
stream was higher than those in upstream and midstream.
The difference in concentration may result from the dif-
ference exogenous input or output quantity in different
regions, and the absorption difference among species is
also a possible reason to induce the variation. The plant
with the highest biomass in midstream is about 2/3, and in
downstream it is about 1/2 that in upstream. Species with
higher biomass in upstream and midstream absorb more
nitrogen, which decreases the amount of nitrogen retention
in soils. Similarly, the content of A-P in soils depends on
the retention and the absorption of phosphorus by plants or
sedimentary soils (Chu et al. 2000; Ramose et al. 2007).
The present study demonstrated that soil A-P in upstream
was significantly lower than those in midstream and
downstream, suggesting that the effect of retention was
higher than that of the absorption in the Quanzhou Bay
estuarine wetlands. The low content of soil A-P in
upstream resulted from relative shorter time for retention
and more absorption on phosphorus by plants.

4.2 Effect of species on the distribution of nutrients

Biological species difference affects the stoichiometry of
nutrient elements in an ecosystem (Klausmeier et al. 2008;
Price 2005). In the present study, the average content of
NO; -N and A-P varied from species to species. The dif-
ference in absorption may account for the variation of
NO3; -N. Kc belongs to a fast-growing model in plant height
with arate of 62.00 cm/year, while Ac and Am were 9.70 cm/
year and 8.27 cm/year. Similar to plant height parameters,
Kc also has the largest crown diameter growth rate with
20.05 cm/year, compared with 3.43 cm/year under Ac and
1.81 cm/year under Am in this region (Wu and Liu2011). Am
was planted in 1970s, Ac in the end of the 20th century, while
Kc has the shortest planting time, as it was planted in this
region in 2005. Due to the difference in planting density and
planting time, the biomass of K¢, Ac, and Am was estimated
to be about 160, 300, and 450 kg/acre, respectively. Com-
pared with Ac and K¢, Am has a longer planting time in this
region and has a better developed root system, making Am
absorb more nitrogen from wetland soils than the other two
species. While bare land was easily disturbed by the activi-
ties of humans and animals, the microbial biomass in these
soils is lower than those covered with vegetation (Chaudhuri
et al. 2009), therefore, low levels of nitrifying bacteria led to
the low content of NO; -N. Biomass contributes to
improving phosphatase activity (Pancholy and Rice 1973)
due to supplying enough nutritional elements and because of
the good ventilation caused by the developed root system,
which promotes metabolism and respiration rate of
microorganisms (Taylor et al. 2002). Thus, the content of

A-P in the soil under Am was higher than that under the other
two species because of its developed root system and greater
biomass. As for the content of A-P in the soil under Kc,
although it had a shorter planting time, its rapid growth rate
could decrease the biomass effect on the distribution of A-P.
Interestingly, average content of A-P in the soils covered by
mangrove plants was significantly higher than those without
mangrove species. This may be due to the root exudates
produced by mangrove plants, which have the ability to
facilitate the activation of available phosphorus.

4.3 Nutritional mode and stoichiometry

The variations of available N/P ratio among species may
result from the difference of biomass. This ratio under the
soils without vegetation reached 1.05, while that in soils
covered by Am was only 0.74, indicating that the utilization
of mangrove species for nitrogen was greater than phos-
phorus. Biomass difference among species induced by plant
time regulated the stoichiometry of nutrients. With a rela-
tively longer plant time, Ac and Am had a greater biomass,
making available N/P ratio in the soil under these two veg-
etation low. The recently grown Kc, with a lower biomass,
makes available N/P ratio under it higher; therefore, the
expanded acreage and prolonged growth time may con-
tribute to aggravating the degree of restriction for nitrogen.
Biomass is an important factor regulating the urease and
phosphatase activity (Pancholy and Rice 1973). The differ-
ence of biomass among Ac, Kc and Am led to the variation of
the urease and phosphatase activity, affecting the content
difference of NH,"—N and A-P in soils under these vegeta-
tions, which modified the available N/P ratio pattern among
species. Compared with the soils covered by mangrove
species, the content of A-P in the soil without vegetation was
the lowest (Fig. 3), making it have the highest available N/P.
Greater biomass induced by longer plant time dispropor-
tionately increased the content of NH, —N and A-P in soils
covered by Am, which led to the low available N/P ratio in it.
The shortest plant time resulted in the lower biomass of K¢
than in the other two species, yielding a lower content of
NH,*-N and A-P, which is regulated by soil enzymes related
to biomass. However, the rapid growth rate significantly
increased the content of NO; —N (Fig. 3), and therefore,
variations of NO3; —N were the major reason for making the
available N/P ratio highest.

The present study demonstrated that nutritional mode
and stoichiometry under the influence of plant species in
this district was an interactive process. Biomass increases
urease activity in wetland soils (Pancholy and Rice 1973).
Accordingly, mangrove plants modified the relationship
pattern between NH,"—N and urease in soils covered by
mangrove species. A broad rhizosphere environment
formed by mangrove species also can increase phosphatase
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activity through boosting the soil microbial community
(Song et al. 1990). The present study showed that the
relationship between A-P and P-P in the soils under man-
grove species was significantly different, compared with
that in soil without vegetation, suggesting that plants play
an important role in the transformation of soil inorganic
phosphorus (Table 4). Drying-wetting alternation environ-
ments increase the phosphatase activity through signifi-
cantly stimulating the activity of the soil microbial
community (Song et al. 2007), and the aerobic environment
difference induced by the root system changes the stoi-
chiometric relationship (Liang et al. 2003). Salinity is an
important factor affecting the catalase activity (Sinsabaugh
2010), and the average value of salinity in the soils in this
region was 14.15 mS/cm under Ac, 13.98 mS/cm under Kc,
and 14.72 mS/cm under Am, which had been investigated
in our previous work (Liu and Wu 2011). Therefore, rel-
ative high activities of CAT modified the stoichiometric
relationship between CAT and NH,*—N in the soils under
Ac and Am. The high pH in the rhizosphere environment
can increase the polyphenol oxidase activity (Williams
et al. 2000). In our previous study, we have learned that the
average value of pH in soils was 7.06 under Ac, 6.96 under
Kc and 6.87 under Am in this region (Wu and Liu 2011).
Therefore, the variable pH of soils under different man-
grove species modified the relationship between PPO and
P-P. The difference in root systems among mangrove
species led to the diversification of species in response to
the surrounding environments. Thus, the interactive pattern
between nutrients and enzymes varied from species to
species, and the pattern in the soils under mangrove species
was significantly different from that without plants.

As mentioned above, in this study, differential
microenvironments formed by different mangrove species,
which influenced the distribution of nutrients and enzymes,
had a distinctive difference, characterized by Ac with high
pH, a developed root system, middle biomass, and salinity;
Kc with middle pH, an undeveloped root system, low
biomass, and salinity and; Am with low pH, a developed
root system, high biomass, and salinity. Therefore, these
variations among species led to diverse interactive patterns
among elemental and enzymic stoichiometric relationships.
These patterns and relationships eventually induced the
biodiversity of the wetlands ecosystem.

5 Conclusion

Distribution of inorganic nitrogen and phosphorus under
the influence of the region and three regional dominant
mangrove species (A. corniculatum, K. cande and A.
marina) were studied in the Quanzhou Bay for the first
time. High biomass of mangrove plants in upstream and
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midstream could contribute to lowering the content of
nitrate nitrogen. Mangroves regulate the stoichiometry of
nutrients in this estuarine wetlands ecosystem. The influ-
ence of region and mangrove species on the distribution of
ammonium nitrogen was not significant. However, the
influence on the distribution of nitrate nitrogen and avail-
able phosphorus depended on the mangrove species. Dif-
ferential microenvironment controlled by mangrove
species and the surrounding environment resulted in the
diversity of the elemental and enzymic stoichiometry,
which induced the biodiversity of the wetlands ecosystem.
This study contributes to the understanding of long-term
management and conservation of wetlands, especially the
treatment of nitrogen and phosphorus pollution in coastal
regions.
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