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Abstract

Inundation associated with flooding and sea level rise is predicted to have major impacts on sur-
vival, growth and productivity of mangroves. A manipulative mesocosm experiment was con-
ducted to assess whether nutrient enrichment enhances growth and photosynthesis of water-
logged and salinity stressed seedlings of the mangrove Heritiera littoralis Dryand. Seedlings were
fertilized with a three-component granular farm NPK (Nitrogen-Phosphorous-Potassium, 20:20:20)
at varied loads under waterlogging with four levels of salinity. Growth was assessed through bio-
mass accumulation, and photosynthesis through photosynthetic quantum yield and leaf Chl con-
tent. When seedlings were exposed to both nutrient enrichment and increased salinity, a signifi-
cant shift of biomass to roots was observed. Seedlings had low value of Chl a/b ratio and photo-
synthetic distraction resulting in mortality was high in the highest salinity and nutrient levels.
These results are useful in explaining failure of regeneration in natural stands of riverine and
freshwater bound mangroves following unprecedented flooding events that accrue land based
nutrient loads into estuaries and deltas.
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1. Introduction

Mangroves inhabit the land-sea interface where tidal inundation and salinity gradients are a natural phenomenon.
Nonetheless, inundations and salinity are among the problems that confront mangroves when their optimal lev-
els are exceeded, often causing a proliferation of anaerobic microbes and draining of essential nutrients [1]-[3].
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Nutrient additions are reported to enhance growth, but many in-situ and ex-situ experiments have indicated
mixed results [1] [2]. The effect of disrupted inundation, salinity gradients and deficiency of nutrients is exacer-
bated by other edaphic factors like sedimentation and a number of atmospheric factors like temperature, humid-
ity, and light [2] [4], affecting mangrove ecological and physiological traits [5] [6].

In nature, many environmental effects are commonly interactive [7], such that species responses are compli-
cated when the impact of one factor is either strengthened or weakened by the variation of another factor; or the
combined influence of two or three stressors pushes an individual or population beyond a critical threshold that
would not be reached as a result of a single stress factor [8]. For example, [5] reported that a five-day continuous
waterlogging did not affect photosynthetic performance of Avicennia marina trees in low salinities. On the other
hand, [9] found that photosynthesis and survival rates of A. marina, Bruguiera gymnorrhiza and Heritiera litto-
ralis declined with increasing salinity and prolonged submergence. [10] observed that, although B. sexangula
and Rhizophora mangle had contrasting strategies to cope with stressful salinity and light, growth was equally
favoured by low salinity and light. Another observation by [4] indicated that the interactive effects of salinity
and light in the greenhouse were comparable to the field observation where photosynthesis and growth increased
more with light and low salinity.

Reported enhanced growth in mangroves due to availability of nutrients [1] [2] [11]-[17], favours more
above-ground shoot at the expense of below-ground root biomass [18]. [3] compared three mangrove species,
Laguncularia racemosa, A. germinans and Rhizophora mangle, and observed that frequent and prolonged
flooding with constant nutrient and salinity had a species specific effect on growth, whereby shoot biomass was
enhanced than roots for only L. racemosa. [19] observed that although nutrient enrichment enhanced growth
rates, it increased vulnerability of mangroves to environmental stresses such as salinity due to distortion in eco-
physiological traits like plant-water relations. They observed high mortality of mangroves where nutrient en-
richment and high salinity were coincident with low precipitation. With regard to sedimentation, [20] reported
that photosynthesis and growth of mangroves were enhanced where low sedimentation coincided with high nu-
trients. In contrast, [16] observed that nutrient enrichment significantly enhanced growth and photosynthesis at
the high than low sedimentation sites.

These contrasting observations continue to limit our precise understanding of the factors controlling succes-
sive regeneration especially in degraded mangrove forests at local scales as suggested by [7] [14]. In this study,
a mesocosm experiment was set to evaluate whether nutrient enrichment would influence growth and photosyn-
thesis of waterlogged and salinity stressed seedlings of the H. littoralis which is a common riverine species
where freshwater influence is dominant. It was hypothesized that, nutrient enrichment would counteract the ef-
fect of prolonged waterlogging with increasing salinity to enhance growth and photosynthesis. Measurement of
photosynthetic quantum yield and Chl content was completed to evaluate the photosynthetic functioning and
analysis of biomass accumulation patterns to determine the growth articulation.

2. Materials and Methods
2.1. Mangrove Seedlings

Seeds of H. littoralis and forest sediment were collected from a natural mangrove stand in Ruvu River Estuary
on the mainland coast of Tanzania and shipped to the experimental site at Buyu, along the west coast of Zanzi-
bar Island. Pore water samples collected from sites where propagating plant materials and forest sediment were
collected from indicated that salinity ranges from freshwater to 15 with a decreasing trend upstream. Before
sowing, seeds were sorted for quality and evenness, selecting those with relatively similar dimensions, averaging
4 cm in thickness. Seeds were directly sown without pre-treatment (loosely covered by sediment and embryo
facing down) on a nursery made of a 3:1 mixture of the forest sediment and washed beach sand, under an open
air shaded nursery with average light of 325 + 40 umol photon m%s™ mimicking the field canopy shade at
midday. The nursery was watered twice a day (morning and evening) with freshwater from a nearby natural well.
First germinates were observed after approximately 30 days. These were allowed to grow for three months. Each
seedling was then transferred into a 10 litre plastic bucket (28 cm height x 25 cm diameter, with 10 holes of 1
cm diameter made on the base). The buckets were filled halfway with the same mixture of forest sediment and
washed beach sand described above.

Seedlings in the buckets were watered twice a day using freshwater from the same nearby natural well and
allowed to grow for another three months. On a monthly basis during this growing period, half of the potting
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sediment mixture in each bucket was carefully removed avoiding disturbance to the root system and replaced
with fresh sediment mixture to maintain natural fertility. Before the mesocosm experiment described below, a
sample of five seedlings was carefully uprooted, rinsed in freshwater and divided into shoots (stems and leaves)
and roots, and weights determined before and after oven drying.

2.2. Mesocosm Experiment

Tanks of 100 cm diameter x 60 cm height were used for waterlogging, arranged in three replicates (Figure 1)
under the same shade described above. For each tank, ten buckets were placed, each with one seedling. Granular
farm NPK (20:20:20) was used to fertilize the seedlings in four treatments of no fertilizer (control), 2 g, 5 g and
10 g. The fertilizer was added by evenly spreading the granules on top of the potting sediment in each bucket
containing a seedling. A layer of 1 cm of washed beach sand was then spread on to cover the sediment and fer-
tilizer from being washed away when filling in the tanks for waterlogging.

The tanks were filled with water of different salinity to a level of 10 cm of the seedling stem above the sedi-
ment. All the shoots remained above water. Four salinity levels were applied as ratios of freshwater to seawater,
i.e. 1:0 is 100% freshwater (SWO0), 2:1 is 33% seawater (SW33), 1:2 is 66% seawater (SW66) and 0:1 is 100%
seawater (SW100). Continuous waterlogging lasted 14 days at which 80% of the seedlings were surviving in
SWO and only 30% in SW33, and 10% in SW66 and SW100 with the lowest photosynthetic signals to support
survival.

2.3. Biomass

At the end of experiment, all surviving seedlings were harvested and rinsed in freshwater, separated into shoots
(stem and leaves) and roots and their weights determined before and after oven drying at 60°C to determine
biomass ratios. Root to shoot ratio was determined as the ratio of root (below-ground) to shoot (above-ground)
mass (g g = dimensionless).

2.4. Photosynthesis and Chlorophyll Content
Using a DIVING-PAM fluorometer (Heinz Walz GmbH, Effeltrich, Germany), point measurements of photo-
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Figure 1. Arrangement of treatment tanks, indicating combinations of salinity
and nutrient levels. Ten seedlings were placed in each tank in three replicates.
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chemical yield (Y) were taken daily for the duration of waterlogging. Measurements were taken on five youngest,
fully expanded leaves (usually on and below the penultimate leaf pair on a twig) between midmorning and mid-
day when maximum photosynthesis is expected. All measurements were taken on the lamina, midway between
the base and the tip of leaves. PAM fluorometer automatically calculates the Y as the quantum yield of photo-
system Il (PSII) (also known as Genty-parameter) [21]:

Y =(AF/Fm’)/1000 (1)

where F is the steady state photosynthetic yield measured briefly before the saturating light pulse and Fm’ is the
maximal photosynthetic yield measured during the saturating light pulse.

On the last photosynthesis measurement, measured leaf samples were harvested from each seedling and
quickly processed for extraction and analysis of Chl content. One g of fresh leaf tissues was ground and ho-
mogenized with a mortar and pestle in chilled 10 ml of 100% acetone away from light. The homogenate was
centrifuged for 10 min at 3000 rpm in a Jouan C-312 centrifuge (Jouan Inc., Saint Mazaire, France). The super-
natants were collected for photometric measurements of the absorbance at wavelengths of 661.6 nm and 644.8
nm for Chl a and b respectively using a SHIMADZU UV-1601 UV-VIS Spectrophotometer (SHIMADZU Cor-
poration, Kyoto, Japan). Concentrations of Chl a, b and total Chl (a + b) in pg-ml™ pigment extract solution
were calculated using the equations by [22] as follows:

Concentration of Chl a: Ca=1124x Ay, —2.04x Ay, )
Concentration of Chl b: Cb=20.13x A, —419x Ay, ©)
Concentration of Chl (a + b): Ca+b=7.05xA,,, +18.09xA,,,, 4

where A is the measured absorbance value at the specified wavelength.

2.5. Statistical Analysis

Mean values of biomass and photosynthesis data were computed and used for statistical analysis. Species and
waterlogging were the same throughout the experiment, and therefore there were two main effects of salinity
and nutrients on biomass and photosynthesis in three replicates. Analysis of Variance (ANOVA) with F-tests,
test of homogeneity of variances and post-hoc tests were appropriately employed for statistical tests at signifi-
cance levels of P <0.05 for biomass and photosynthetic yield.

3. Results

3.1. Biomass Accumulation and Allocation

Partitioning of biomass was more sensitive to salinity. There was a significant (P < 0.01) shift of biomass to
roots with increased salinity than nutrient enrichment (Table 1). Elevated salinity counteracted shoot formation
in seedlings enriched with nutrient.

3.2. Photosynthetic Yield

The effect of different loads of nutrient enrichment with different salinities in prolonged waterlogging exerted
significant variation on photosynthetic yield (Table 2). Nutrient enrichment in freshwater (SWO0) did not affect
photosynthesis of seedlings (Figure 2(a)). In SW33, nutrient enrichment exerted more stress than the interacting

Table 1. Root to shoot ratios (means + SD, n = 30) in response to various levels of nutrient enrichment in different salinities
over a 14 day waterlogging.

Salinity
NPK nutrient load
SW0 SW33 SW66 SW100
Control 0.24 £0.05 0.21+£0.04 0.37£0.09 0.38+£0.07
29 0.30+£0.02 0.26 £0.09 0.40+0.13 0.28£0.04
59 0.26 £0.05 0.32+£0.02 0.42+£0.10 0.44+0.21
109 0.26 £0.05 0.32+0.04 0.37£0.04 0.33+£0.05
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Table 2. Summary results of ANOVAs on the interactive effect of nutrient enrichment (0 - 10 g NPK), salinity (0% - 100%
seawater) and waterlogging on photosynthetic yield of H. littoralis seedlings.

Source of variation F F-crit P-value

Nutrient/SW0 5.5461 2.7826 0.002
Nutrient/SW33 26.7944 2.7826 0.000
Nutrient/SW66 12,7333 2.7826 0.000
Nutrient/SW100 2.8171 2.7826 0.048
Nutrient across salinities 5.5856 2.6456 0.001
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Figure 2. Photosynthetic yield (means + 1 SE, n = 30) of H. littoralis seedlings in response to waterlogging, elevated salinity
and nutrient enrichment.

effects of salinity and waterlogging, adding a compounding effect to decreased photosynthetic yield in the high-
est load of nutrient enrichment (Figure 2(b)). In elevated salinities of SW66 and SW100, all three stress factors:
waterlogging, salinity and nutrient enrichment compounded to significantly decrease photosynthetic yield with
the lowest levels observed in SW100 (Figure 2(c), Figure 2(d)).

3.3. Leaf Chlorophyll Content

Total Chl (a + b) (Figure 3) and Chl a/b ratios (Table 3) varied across salinity and nutrient levels. The lowest
values of total Chl (a + b) and Chl a/b ratio were recorded in SW100, 10 g nutrient treatment. These Chl pattern
support the declining photosynthetic yield performance with both increasing salinities and nutrient enrichment
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(Figure 2). The Chl a/b ratio and photosynthetic yield were in overall found to have slight positive correlation
of 0.3163.

Chl (mg g-1 FW)

Chl (mg g-1 FW)

Chl a (mg g-1 FW)

Chl (mg g-1 FW)

0 2 5 10 0 2 5 10 0 2 5 10

NPK nutrient loads (g/seedling)

Figure 3. Variation of leaf Chl content in response to nutrient enrichment with farm NPK (20:20:20) under interactive stress
of salinity and waterlogging. FW is fresh weight, left column is Chl a, middle column is Chl b and right column is Chl a + b.

Table 3. Variation of foliar Chl a/b ratios in response to nutrient enrichment under interactive stress of salinity and water-

logging.
NPK nutrient load SWO0 SW33 SW66 SW100
Control 1.622 2.333 2.543 2.509
29 2.517 2.309 1.694 1.936
59 2.728 2.455 1.533 1.385
109 2.253 2.182 1.518 1.002
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4. Discussion
4.1. Growth

Results of this study show that nutrient enrichment did not enhance growth of seedlings, as a function of bio-
mass accumulation. Mangrove seedlings had a significant shift of biomass to roots with increase in salinity, con-
flicting with advantageous availability of nutrients for shoot growth. [3] reported contrasting species specificity
in response to interactive flooding, nutrient and salinity where, for example, L. racemosa recorded higher
growth with shifts of biomass to shoots than roots compared to A. germinans and R. mangle which showed a re-
verse pattern when subjected to prolonged flooding.Higher biomass allocation to roots indicated that the seed-
lings are more tolerant to low nutrient condition in the presence of stress from other sediment factors of water-
logging and salinity. Enriching nutrients is expected to induce fast growth in shoots because plants tend to invest
more in shoot development than roots [2] [23]. [24] reported that many of the traits that lead to fast growth un-
der enhanced nutrient availability are not favourable under conditions of environmental stress. Enhanced growth
is accompanied by other physiological changes like increased hydraulic conductivity and photosynthetic rates
which are significantly influenced by salinity [23] [25].

These findings contrasts what [19] suggested that mangroves which were exposed to high nutrient availability,
and had relatively lower capacity to invest in roots than shoots, suffered greater mortality when exposed to in-
undation and salinity stress. Here, plants invested in roots but still suffered greater mortality in elevated salinity
and nutrients. Lack of variation within salinities with varied nutrient enrichment in the present study (Table 1)
suggested that the would be benefits to increased seedling growth in response to nutrient addition was offset by
salinity and exacerbated by waterlogging which lowered the plant growth. Possible inhibition of nutrient uptake
and use in high salinity is reported from other wetland plants like the salt marshes [26].

4.2. Photosynthesis

The role of nutrient enrichment in enhancing photosynthesis was restricted by the increase in salinity (Figure 2).
The antagonistic allocation of more biomass to roots than shoots, suggestively as a survival strategy in higher
salinities occurred at the expense of leaf biomass, photosynthesis and thus growth by itself. [27] suggested that
such biomass allocation pattern is the plant’s strategy to meet higher requirements for water and nutrients in sa-
linity stress. Even if nutrient supply is enhanced, [28] argued that the high cost of osmotic adjustment for nutri-
ent absorption along the root-leaf column under high salinity cause nutrient deficiency in plant growth.

Under increasing nutrient availability (Figure 2), traits that confer enhanced photosynthetic rates and facili-
tate monopolization of nutrient resources lead to otherwise shoot weakness and thus the photosynthetic appara-
tus. [25] observed that in mangroves, photosynthetic efficiency in nutrient use per leaf nutrient content is high
under limiting nutrients but [1] noted a contrasted decline in efficiency with increasing nutrient availability.

While total leaf Chl did not vary significantly, Chl a/b ratio varied (Figure 3 and Table 3). Chl a/b ratio is
considered as an index of the light harvesting capability of chloroplasts [29]. Assuming Chl a/b ratio of >3.0 to
reflect the normal composition of photosynthetic light-harvesting complexes and usual value in higher plants
[30], the observed ratios represented deficiencies in photosynthesis as exemplified by the declined photosyn-
thetic yield in higher salinity and nutrient levels (Figure 2). Low Chl a/b ratios represent shade tolerance. That
is, a typical shade adaptation is the increased levels of Chl b that permit more trapping of photons that are then
transferred to Chl a [29] [30]. The observed lower correlation coefficient between photosynthetic fluorescence
and Chl a/b ratios indicated that there were factors other than functions of photosynthetic pigments that influ-
ence photosynthetic yield in stressful environmental conditions. Nonetheless, the ratio of Chl a/b would still be
however a good indicator of photosynthetic efficiency.

4.3. Conclusion

Waterlogging and salinity distracted biomass partitioning between the shoot and root and therefore growth. Nu-
trient enrichment depressed shoot formation in higher salinities, down regulating photosynthesis. Though the
mechanism is not clear enough, the suppressing effect of increasing salinity on biomass allocation and the pos-
sible inhibition of nutrient uptake in high salinity are suggested to contribute to the inhibition effect on growth
and photosynthesis in mangrove seedlings. The trade-offs between water balance, nutrient uptake and utilization
and salt exclusion and tolerance, indicate that an understanding of the changes in biomass allocation alone may
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not necessarily explain the ecophysiology of mangrove plants stressed by salinity and inundation. Limitations
from other environmental variables like nutrient additions and possibly eutrophication that often accompany
terrestrial run-offs into estuaries considerably impose constraints to the growth media as well. This study con-
curs with a suggestion by [19] that long-term assessments on the consequences of nutrient enrichment in man-
grove ecosystems are vital. Mangroves are widely being proposed as suitable for use in constructed wetlands to
curb for sewage and aquaculture effluents [31]-[33], with enriching nutrients. So, where the succession niche is
not able to cope with such environmental dynamics, the relevance of such management initiatives remains at
stake. Choice of species is also a management aspect of consideration when strategizing on ecological use of
mangroves.
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