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Abstract

Key message This article provides significant data in

the debate on whether siltation might have a negative

impact on the hydraulic functioning of two widespread

mangrove tree species Avicennia marina and Rhi-

zophora mucronata.

Abstract Elevated sediment addition, or siltation, within

mangrove ecosystems is considered as being negative for

trees and saplings, resulting in stress and higher mortality

rates. However, little is known about how siltation influ-

ences the hydraulic functioning of mangrove trees. Com-

paring two mangrove tree species (Avicennia marina

Vierh. Forsk. and Rhizophora mucronata Lam.) from low

and high-siltation plots led to the detection of anatomical

and morphological differences and tendencies. Adaptations

to high siltation were found to be either mutual among

both species, e.g., significant smaller single leaf area

(pA.marina = 0.058, F1.38 = 3.8; pR.mucronata = 0.005,

F1.38 = 8.7; n = 20 9 20) and a tendency towards

smaller stomatal areas (pA.marina = 0.131, F1.8 = 2.8;

pR.mucronata = 0.185, F1.8 = 2.1, n = 5 9 60), or species-

specific trends for A. marina, such as higher phloem

band/growth layer ratios (p = 0.101, F1.8 = 3.4,

n = 5 9 3) and stomatal density (p = 0.052, F1.8 = 5.2,

n = 5 9 4). All adaptations seemingly contributed to a

comparable hydraulic conductivity independent of the

degree of siltation. These findings indicate that silted trees

level off fluctuations in their hydraulic performance as a

survival mechanism to cope with this less favourable

environment. Most of the trees’ structural adaptations to

cope with siltation are similar to known drought stress-

imposed adaptations.

Keywords Hydraulic conductivity � Wood anatomy �
Stomata � Leaf area � Phloem band/growth layer ratio

Introduction

Mangrove forests consist of tropical trees and shrubs

growing at the interface between sea and land. This inter-

tidal zone forms a highly productive and ecologically

important ecosystem, often found in combination with

coral reefs and seagrass beds (Kathiresan and Bingham

2001; Tomlinson 1986). With the exception of the most

exposed or rockiest shorelines, mangrove forests occupy all

regions between mean sea level and the highest spring tide

in tropical and subtropical latitudes. These forests are

hence regularly exposed to water level fluctuations,

resulting in varying degrees of hypoxia and changes in soil
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water salt concentration (Alongi 2008). Mangrove trees can

grow and function well at salinities up to 90 parts per

thousand (ppt = g L-1) (Robert et al. 2009), but they

perform at best when salinity fluctuates between 5 and

75 ppt (Krauss et al. 2008). This extremely saline envi-

ronment claims a low water potential (\-2.5 MPa),

making water absorption through the roots and ascent to

the leaves a challenge (Scholander et al. 1964).

Research worldwide points towards siltation, defined as

an unusually high increase in sedimentation rate, as one of

the direct causes for the loss of mangrove trees (Ellison

1998; Gordon 1987; Lugo and Cintron 1975; Terrados

et al. 1997; van Mensvoort 1998). Both natural processes,

such as hurricanes (Castañeda-Moya et al. 2010), storm

surges and tsunamis, and anthropogenic processes, such as

waste discharges of shrimp ponds (Vaiphasa et al. 2007),

river dredging or sediment runoff and erosion due to land

use changes, can result in silted mangrove areas. Moreover,

when siltation rates exceed 1 cm year-1, they might cause

a serious dieback and high death ratio within the mangrove

forest (Ellison 1998). This statement results from the

review by Ellison (1998), where the various included

studies indicate the negative impact of siltation. Among

other studies, Vaiphasa et al. (2007) noticed a significant

lower diameter growth at breast height (DBH) and height

growth for mature A. marina and Lumnitzera racemosa

mangrove trees [about 17.6 % (DBH), 7.8 % (height) and

11.7 % (DBH), 5.7 % (height), respectively], and a total

absence of colonisation by seedlings within study sites that

were silted with discharge of shrimp ponds

([5 cm year-1). Other observations indicated the loss of

100 ha of mangrove ecosystems by the deposit of dredged-

up sediment originating from the Mokowe Sea Jet con-

struction in Kenya (Abuodha and Kairo 2001).

Knowledge on what causes the negative effects of

siltation on mangrove trees is still incomplete. However,

Ellison (1998) hypothesises that the decreased mangrove

viability is the result of sediment particles smothering

the aerial roots. This results in a decreased oxygen

ventilation of the roots causing lowered radial oxygen

loss. The latter process is vital for the development of an

aerobic protective rhizosphere around the root surface

and to oxidise toxic products before they are taken up by

the plant (Pi et al. 2009). Moreover, this inhibition of

gas exchange between the atmosphere and the roots

results in root damage and oxygen deficiency (Abuodha

and Kairo 2001; Ellison 1998), with potential strong

dieback of root tips (McKee 1996). Subsequently, this

hypothesised phenomenon might lead to a decreased

ability of the root system in the uptake of water and

nutrients from the soil.

The aim of this study was to verify whether siltation has

a negative effect on the hydraulic functioning of A. marina

and R. mucronata in the mangrove forest of Mikindani,

Mombasa (Kenya), and when it does, how this impacts the

tree’s hydraulic performance. We hypothesise that siltation

may cause responses that, considering the root smothering

hypothesis, might be very similar to drought stress-induced

responses conform the study of Ball (1988), where water-

logged soils, without efficient oxygen supply, hinder water

uptake by mangrove roots. We put forward that siltation

may, therefore, lead to changes in leaf characteristics,

hydraulic conductivity and wood anatomical properties,

which are expected to be in line with common drought

responses found in trees and plants. Therefore, our specific

working hypotheses were: (1) trees in high-siltation sites

will have smaller leaves; (2) hydraulic conductivity will be

lower in high-siltation sites; and (3) trees in high-siltation

sites will have smaller xylem vessels, and a higher phloem

band/growth layer ratio. We compared A. marina and R.

mucronata because they are worldwide the most charac-

teristic determinants of mangrove formations and have a

very wide geographical range (Quisthoudt et al. 2013).

Additionally, since the type of aerial roots is very different

between both species, pencil roots in case of A. marina and

prop roots in case of R. mucronata, the impact of siltation

is expected to be different.

Materials and methods

Study area

The study area is located at 4�000S 39�380E in the mangrove

forest of Mikindani, Tudor Creek, in the suburbs of Mom-

basa, Kenya (Fig. 1). Tudor Creek is due to its open access

to the ocean subjected to maximal tidal ranges of approxi-

mately 4 m (Brakel 1982). Human encroachment (land use

change increased from 5.9 ha in 1969 to over 50 ha in 1992)

on the slopes flanking the mangroves resulted in siltation of

the local mangrove vegetation (Mohamed et al. 2009). The

Fig. 1 Schematic overview of the study area showing both a high

(H) and a low (L) siltation site, each subdivided conform species, i.e.

A. marina (A) and R. mucronata (R)
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steep slopes are increasingly turned into plots for both

houses and crop fields. In addition, huge amounts of marine

sands were brought into this forest by storm surges origi-

nating from the heavy rains in 1997 caused by the El Niño

Southern Oscillation and resulting in silted subsoil. Besides

siltation, the squatter suburbs in Mikindani also cause influx

of domestic wastewater.

Mombasa and the surrounding regions are subjected to a

warm and tropical climate with two rainy and two dry

seasons a year. The wettest period occurs during April and

May, while the second, less pronounced, rainy period takes

place in October and November. The total annual rainfall is

around 1144 mm year-1 and the annual temperature

reaches an average of 26.4 �C (Lieth et al. 1999).

The study area was divided into four measurement plots

based on difference in siltation and dominant mangrove

tree species (Fig. 1). Two low (L) and two high (H) silta-

tion sites were defined, with the two studied species, A.

marina (A) and R. mucronata (R) represented at each sil-

tation level. These levels were gauged by soil sampling,

colour of the soil, steepness of the hill slope and the

shortest distance to the Creek. The plots were chosen in

close proximity to each other to ensure that all other con-

ditions except siltation were similar. The high-siltation

plots had a yellow–brown coloured upper soil layer

(*10 cm) with a loamy to sandy texture, which bore some

similarity with those of the adjacent slopes, while the upper

soil layer of the low-siltation plots was dark and muddy.

Steep hill slopes increase the chance of land erosion (low-

siltation site approx. 5.4�; high-siltation site approx. 8.7�),
while distance to the Tudor Creek river bay would increase

substrate deposited by river overflows or storm surges

(Furukawa et al. 1997).

All sites were located in inundation class IV, which

indicates flooding by seawater (35 ppt) twice a day (ac-

cording to the oceanic tides) (Krauss et al. 2008). Fresh

water input mostly originated from rainfall and run-off.

The measurement campaign took place from 10 July to 15

August 2011 [DOY (day of year) 201, 202, 204, 206, 208,

209, 210, 213, 215 and 216].

Soil characteristics

To estimate natural soil variability and to confirm the

suitability of locations selected for measurements within

the study site, six soil cores (60 cm in depth) were ran-

domly taken per site. Three samples were taken during

spring tide and three more during neap tide with a depth

stratification of 0–2, 2–4, 4–6, 6–9, 9–15, 15–20 cm.

Measurements of nutrient content (lM), density (g m-3),

water content (%), porosity and grain size (lm) were per-

formed using standard protocols. In the field, salinity (ppt),

pH, dissolved oxygen (mg L-1) (both measured using a

Professional plus Multi-Parameter instrument, YSI Inc,

Ohio, USA), colour and width of these soil layers were

measured or estimated.

In the lab, nutrients were extracted from weighed sam-

ples (*10 g dry weight) by adding 40 ml of 1 N KCl.

After shaking the solution for at least 1 h, centrifugation

was applied. Nutrients in the obtained supernatant were

analysed according to the methods described by Parson

et al. (1984) and APHA (1998). Orthophosphate (PO3
4 � P)

was determined with a UV vis spectrophotometer using the

ascorbic acid method at 885 nm. Ammonia (NHþ
4 ) was

determined using the indophenol method with a spec-

trophotometric read out at 630 nm following a minimum of

6 h solution developing in the dark. Dissolved nitrate and

nitrite (NO�
3 and NO�

2 ) were determined using the cad-

mium reduction method and measured colorimetrically at

543 nm (GENESYS 10S double beam UV–VIS spec-

trophotometer, Thermo Electron Scientific Instruments

LLC, Madison, USA). Analytical quality check was carried

out by running procedural blanks alongside the samples as

well as through the use of standards. All chemicals used for

analysis were of analytical grade and all the glassware was

pre-washed with water and phosphate free detergent, rinsed

with tap water, soaked in 5 % hydrochloric acid overnight

and subsequently rinsed again using deionized water.

Sample selection

Ten mature trees of approximately the same height and

stem circumference, free from grazing and cutting damage,

were selected for each species per site. Stem diameter at

30 cm above the highest prop root (D30) or 130 cm above

ground level (D130) was measured for R. mucronata and A.

marina, respectively. Branches sampled for hydraulic and

anatomical measurements had a diameter of 10 mm, a

straight habitus and as few nodes as possible. Branches

were at equal height above ground level and were fully

exposed to solar radiation.

Leaf characteristics

Stomatal imprints of five R. mucronata leaves, subsampled

over four replicates per stomatal peel, were collected using

the clear nail varnish method. Due to the hairy habitus and

the sunken stomata of A. marina leaves, the maceration

technique was applied (Carr 2000). The abaxial epidermis

layer was removed by bathing the leaves in a 5:1 mixture of

hydrogen peroxide and glacial acetic acid for 10 h at

65 �C. Subsequently, the epidermis was stained with alcian

blue-safranin and mounted on a microscope slide using

glycerine jelly. The 5 macerated leaf fragments were sub-

sampled over four microscopic fields of view (n = 5 9 4),

Trees (2016) 30:35–45 37
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which were photographed (Colorview IIIv soft imaging

system 0.63 9 1/200 = 11.5; 2/3 = 17.5, Olympus) and

analysed with the software Cell-D (Olympus Europe,

Digital Image Systems, Athens, Greece). For both R. mu-

cronata and A. marina, the number of stomata as well as

the width and length of 15 randomly picked stomata

openings was measured per field of view. These data were

further used to calculate stomatal density (#mm-2), stom-

atal area (lm2) and the pore area index, i.e., the total

stomatal pore area per unit leaf area.

The number of leaves per branch of 20 distinct trees per

plot was determined and leaf area of each individual leaf

was measured with a Portable Laser Leaf Area Meter (CI-

202L, CID Bio-Sciences Inc., Washington, USA), which

was used to calculate the average leaf size and the total leaf

area per branch.

Branch hydraulic conductivity and anatomy

To test potential changes in the hydraulic conductivity due

to siltation, for a randomly selected tree, two branches with

an approximate diameter of 10 mm were sampled per plot

(AH, AL, RH, RL) per measurement day. The first branch

was cut in the morning (a.m., between 9:30 and 11:00 a.m.)

while the second one was cut in the afternoon (p.m.,

between 1:30 and 3:00 p.m.). Since this protocol has been

performed on 10 different days, the total sample size was

20 branches per plot resulting from 10 different trees. All

branches were cut under water to avoid cavitation (Hao

et al. 2009). Sampled branches of A. marina were on

average 130 cm in length, while those of R. mucronata

were on average 60 cm.

Branch hydraulic conductivity (Angeles et al. 2002;

López-Portillo et al. 2005) was measured using a set-up as

described in Sperry et al. (1988) and Choat et al. (2011).

Branch segments of approximately 10 mm in diameter and

10 cm in length were placed within the set-up, with the

proximal end connected to the tubing system coming from

a reservoir containing a solution of filtered seawater (1 %)

and distilled water. This solution is similar to the ionic

concentration of the sap within a mangrove tree (Ball 1988;

Choat et al. 2011; Stuart et al. 2007). The distal end of the

branch was connected to a calibrated pipette (0.1 mm)

loaded with dye and positioned on graph paper graded to

1 mm. By taking sequential photographs of the moving dye

in the pipette, every 30 s within a time span of 5 min

(Canon, Eos D1000), we were able to measure the flow

velocity of the dye using the ImageJ software (Ounis et al.

2005). Knowing the volume and the length of the pipette

we could calculate the sap flow rate (F) (m3 s-1) through

the branch. Applied pressure (W) (Pa) on the branch is

calculated as shown in Eq. 1:

W ¼ h � q � g ð1Þ

where (q) (kg m-3) is the density of the fluid, g (m s-2) is

the acceleration due to gravity, and h (m) is the height of

the perfusion solution reservoir with respect to the branch.

Specific conductivity (Ks) (kg m-1 s-1 MPa-1) was cal-

culated using Eq. 2 (López-Portillo et al. 2005):

Ks ¼
F � q

W
� 1

Sx
� Lbranch ð2Þ

where Sx is the respective xylem cross-sectional area of the

branch segment (m2) and Lbranch (m) is the length of the

branch segment.

Before and after the experiment, all examined branch

segments were weighed, using the weight difference as an

indication of water uptake or loss by the branch during the

experiment. Subsequently, a 5 cm long segment of the

examined branch was cut, placed perpendicular on the

graph paper with the aim to photograph the transverse

section on which bark area (Sb), xylem area (Sx) and pith

area (Sp) could be measured, followed by labelling and

placement in preservation mixture (70 % ethanol and some

drops of glycerol) for anatomical analysis.

Anatomical transverse micro-sections (25 lm) for five

branch parts per plot were made with a sledge microtome

(GSL 1, MICROT L, Gärtner & Schweingruber, Zürich,

Switzerland) (Gartner and Nievergelt 2010). These sections

were stained with a safranin and alcian blue mixture.

Subsequently, for every wood slide, three microscopic

fields of view have been photographed (Colorview IIIv soft

imaging system 0.63 9 1/200 = 11.5; 2/3 = 17.5, Olym-

pus). Further analysis was performed with the software

Cell-D (Olympus Europe, Digital Image Systems, Athens,

Greece).

All vessels within a given field of view (n = 5 9 3)

were counted and width (a) (lm) and length (b) (lm) of

lumens of 40 randomly selected vessels were measured

(Fig. 2). From these measurements, vessel area (Avessel)

(lm2) (Eq. 3), vessel number and conductive area per

cross-sectional area (Aconductive) (Eq. 4) were calculated.

For A. marina, having a wood anatomy characterised by

successive cambia (Schmitz et al. 2007, 2008) also phloem

band/growth layer ratio (%) was calculated by dividing the

phloem band (lm2) (area 1, Fig. 2, b1) by the area of the

growth band (lm2) (area 2, Fig. 2, b2). The phloem band is

designated as a zone of phloem strands united in a band of

parenchyma tissue, bordered by a layer of sclereids on the

outer side (Schmitz et al. 2008), whilst the growth layer

designates one ontogenetic unit of both xylem and phloem

(Schmitz et al. 2008).

Avessel ¼ p � a

2
� b

2
ð3Þ
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Aconductive ¼
Avessel � Vessel number

Abranch

ð4Þ

with Abranch the respective cross-sectional area of the

branch (lm2).

Statistical data analysis

All statistical analyses were performed using RStudio (Bos-

ton, MA, USA). The datasets of selected trees characteristics,

the total leaf area, number of leaves per branch and the

specific conductivity (Ks) were suited for a non-parametric

Mann–Whitney U test (MWU), comparing non-normal dis-

tributed A. marina and R. mucronata between two distinct

sites, differing in degree of siltation. For all other data, a

Nested ANOVA approach was used. Power Analysis (1 -

b = 0.8) was performed to estimate desired sample size in

support of describing some moderate effects not being

detected due to the rather small study sample sizes. This

analysis allows evaluating the sample size being large enough

to properly detect a biological significant effect, given the

observed level of variation (Thomas 1997). Where low, non-

significant p values are accompanied by relative small sample

size estimations, effects of siltation observed in the data

might, thus, be plausible despite non-significant results.

These cases will be denoted by the use of the term ‘tendency’.

The power analysis is not used as a single argument, but is

combined with ratifications from existing literature.

Results

General site characteristics

None of the measured tree characteristics, including tree

diameter at D130 or D30 (cm), three height (m), height of

branch cutting (cm) and number of branches per tree,

significantly differed (p[ 0.05) when comparing the four

measurement sites (Table 1). There was a higher sand

fraction and higher number of contrasting soil layers in the

high-siltation sites. Similar trends were observed for the

amount of dissolved oxygen and the redox potential in the

upper 10 cm thick soil layer. Slightly lower salinity levels

were noted in the high-siltation than in the low-siltation

sites. When comparing the upper 10 cm thick soil layer, the

highest levels of nutrients (phosphates, nitrates and

ammonia) were found in the low-siltation sites. Below this

10 cm thick soil layer, the highest amounts of nutrients

were found in the high-siltation sites.

Leaf characteristics

Rhizophora mucronata trees subjected to high-siltation had

a significantly (p = 0.005, F1.38 = 8.7) smaller single leaf

area (cm2) and significant less leaves per branch

(p = 0.046, MWU) as compared to low-siltation trees

(Table 2). Similarly, A. mucronata displayed significant

less leaves per branch (p = 0.031, MWU) and the tendency

of developing smaller single leaf area (cm2) (p = 0.058,

F1.38 = 3.8) when subjected to high degrees of siltation.

Moreover, the observations indicated that the branches of

trees on silted substrate seemingly had more and smaller

leaves per branch for both tree species. This alteration

resulted in the tendency of increased total leaf area (cm2)

(p = 0.064, MWU) for A. marina in high-siltation plots

whereas for R. mucronata no difference was found

(p = 0.685, MWU) between low- and high-siltation plots.

When sampled leaves originated from trees in high-sil-

tation sites, stomatal density for A. marina tended toward

higher values (p = 0.052, F1.8 = 5.2) (Table 2), while a

tendency for lowered stomatal area was noticed for

1.

2.

(b)

100µm

500µm

(a)

Fig. 2 Anatomical transverse branch section: a vessel length (dotted) and vessel width (full); and b measurements required for phloem

band/growth band ratio calculations on A. marina: (1) dotted frame indicates area of phloem tissue. (2) Full frame indicates the total growth layer

Trees (2016) 30:35–45 39

123



both species (Table 2) (pAvicennia = 0.131, F1.8 = 2.80;

pRhizophora = 0.185, F1.8 = 2.1). A. marina sampled in the

high-siltation site showed a tendency (p = 0.080,

F1.8 = 40) to higher pore area index in comparison to those

sampled in low-siltation sites, a trend which was, however,

absent in R. mucronata (p = 0.713, F1.8 = 0.15).

Branch hydraulic conductivity and anatomy

There were no statistical differences in branch Ks when com-

paring high- and low-siltation sites for both species (Table 2).

Also notablewere the back-flows,where the dyemoved against

the imposed pressure direction. This phenomenon occurred

more within branches of silted trees (Fig. 3). Especially,

branches fromsiltedR.mucronata trees sampled in themorning

were most prone to this opposite flow direction.

There were no differences (p[ 0.05, MWU) observed

in tissue proportions (percentages of bark, xylem or pith

area) of branches of trees of a given species occurring in

the high- and low-siltation plots (Fig. 4). However, when

comparing both species, strong differences existed in their

tissue distribution. On average, half of the total cross-sec-

tional area of a R. mucronata branch is bark, which consists

of a very high proportion of aerenchyma (Okello et al.

2014). Most of the remaining area, which is on average

35 % of the total cross-sectional area, is xylem, leaving

15 % for pith area. In A. marina branches 80 % of the total

cross-sectional area consisted of xylem, whilst bark

accounted for 15 % and pith for 5 %.

High- or low-siltation did not result in a significant

difference in vessel density, vessel area or conductive area

per cross-sectional area for both examined species

(Table 2). A. marina showed a tendency towards a higher

phloem band/growth layer ratio (p = 0.101, F1.8 = 3.4,)

when grown in the high-siltation site (Table 2).

Discussion

Common adaptations of mangrove tree species

to siltation

The additional 10 cm thick layer and higher fraction of sand in

the high-siltation site indicate that more marine sediments set-

tled in this site during the storm surges of 1997. This smothered

the active tissues of the aerial roots.As a result,A.marina andR.

mucronata trees growing in high-siltation sites had more, but

smaller leaves. Siltationmay have induced oxygen deficiency at

Table 1 Biotic and abiotic characteristics of the plots and the sampled A. marina (A) and R. mucronata (R) trees located within the high-

(H) and low- (L) siltation sites

Low siltation High siltation n

A R A R

Micro-climate

RH (a.m.) (%) 68 (66/70) 67 (64/68) 67 (65/69) 66 (64/71) 10

RH (p.m.) (%) 61 (58/62) 62 (60/67) 61 (59/65) 62 (60/63) 10

T (a.m.) (�C) 28.6 (28.2/29.9) 29.3 (28.4/29.8) 28.9 (28.4/29.6) 28.7 (28.1/29.6) 10

T (p.m.) (�C) 31.0 (30.2/32.0) 30.7 (29.3/31.8) 30.6 (29.6/31.9) 31.0 (30.1/31.7) 10

Tree characteristics

D30/D130 (cm) 11.20 (4.10/14.39) 11.68 (8.20/17.45) 10.59 (9.40/11.97) 8.27 (7.43/12.17) 10

Tree height (m) 3.10 (2.97/3.20) 2.19 (2.09/2.56) 2.90 (2.85/3.01) 2.31 (2.22/2.38) 10

hbranch (cm) 132 (117/156) 122 (116/139) 131 (113/143) 113 (100/123) 19–20

No. of branches/tree 36 (25/39) 20 (18/22) 36 (30/43) 27 (24/29) 19–20

Soil analysis

Sand fraction (%) 53.2 61.3 65.9 63.9

No. of distinct soil layers 3 3 4 4

DO in upper 10 cm (mg L-1) 3.1 3.2 5.7 5.4

Soil water salinity (ppt) 55.0 49.5 53.0 48.0

Redox potential -43.0 -65.8 -14.5 -55.0

Medians of this random survey are given with the 25 and 75 % percentile between brackets. The number of decimals is conforming to the

precision of the measuring equipment. The number n indicates measurements per plot. Redox potential and soil water salinity are given for the

upper 10 cm soil layer

RH relative humidity, (a.m.) and (p.m.) are measures during the morning (between 9:30 and 11:00 a.m.) and in the afternoon (between 1:30 and

3:00 p.m.), respectively, T temperature, D30/D130 stem circumference at 30 cm above the highest prop root or 130 cm above ground level for R.

mucronata and A. marina, respectively, hbranch height of branch cutting for hydraulic conductivity measurements, DO dissolved oxygen
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root level, and physiological drought stress has been shown to

lead to a change in leaf size and number (Anyia and Herzog

2004; Burghardt et al. 2008; Heckenberger et al. 1998; Schurr

et al. 2000). Smaller leaves enhance heat transfer rate, resulting

in less transpiration and thus lesswater loss (Ball 1988;Brugnoli

andLauteri 1991;Quarrie and Jones 1977). In addition, a higher

amount of small leaves is favourable when environmental

conditions are too demanding and leaf shedding is induced, as

discusses by Gu et al. (2007) on four birch genotypes. Besides

smaller leaves, a tendency towards lowered stomatal area was

found for both A. marina and R. mucronata in the sites with a

higher degree of siltation. The presence of smaller stomata

results in an advantage for trees handling drought stress (Franks

and Beerling 2009; Franks et al. 2009; Franks and Farquhar

2001; Naz et al. 2010), since they have a faster response time,

lose less water and have better water-use efficiencies (Franks

and Beerling 2009). This fast closure reflex of the stomata is

related to the smaller guard cells that can change osmotic and

turgor pressure more quickly (Franks et al. 2009).

Trees subjected to siltation stress apparently adapted their

leaf and stomatal anatomy but not their hydraulic conductiv-

ity. It seems that both tree species adapted anatomically and

morphologically, thus ensuring a constant hydraulic conduc-

tivity independent of the soil siltation degree. However,

we obtained Ks values one or two orders of magnitude

lower than those previously reported by Lovelock et al.

(2006) [0.131 ± 0.016 kg m-1 s-1 MPa-1 (Dwarf) and

0.190 ± 0.033 kg m-1 s-1 MPa-1 (Fringe) both for

Rhizophora mangle] and McClenahan et al. (2004)

[0.68 ± 0.09 kg m-1 s-1 MPa-1 (winter) and

3.65 ± 0.80 kg m-1 s-1 MPa-1 (summer) for A. marina and

0.57 ± 0.06 kg m-1 s-1 MPa-1 (winter) and

2.93 ± 0.47 kg m-1 s-1 MPa-1 (summer) as a mean for all

mangroves]. This difference might be attributed to the actual

relative conductivity, which was measured in our study,

compared to maximum conductivity reported in the other

studies. Also noteworthy is that during the hydraulic con-

ductivity measurements, tree branches originating from high-

siltation sites seem to show a higher degree of back-flow. This

phenomenon ismost likely causedbydehydratedcells craving

for water to restore the osmotic gradient and turgor pressure

within the cells. This shows that trees in high-siltation sites

endured higher stress levels than trees in the low-siltation

sites, explaining the slightly lower values in branch hydraulic

conductivity.

Responses to siltation in A. marina

Trees of A. marina responded to buffer any alteration in the

hydraulic conductivity, which is linked to tree performance.

One of the most striking anatomical adjustments was the

tendency towards increased stomatal density (Table 2), a

response which has also been reported in other studies using

stressed plants (Franks and Beerling 2009; Franks and

Farquhar 2001; Hameed and Ashraf 2008; Heckenberger

et al. 1998). The combination of smaller stomata and higher
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stomatal density results in a better fine regulation of water

loss and is positive for the water-use efficiency.

In all sampled A. marina trees, a higher phloem band/-

growth layer ratio was found in high-siltation sites. This is a

common stress adaptation inA. marina and other species with

successive cambia (Robert et al. 2011). Since siltation causes

physiological drought stress and consequently may increase

the risk of cavitation, the higher phloem band/growth layer

ratio has been related to a mechanism for embolism repair

(Salleo et al. 2004, 2006; Zwieniecki et al. 2000).

Responses to siltation in R. mucronata

Unlike A. marina, R. mucronata did not invest in stomatal

changes when the soil was silted, with the exception of a

declining stomatal area. However, arguable, R. mucronata

showed tendency towards a slight increase in vessel density

under high siltation. This wood anatomical adaptation was

previously reported by Schmitz et al. (2006), and attributed

to a redundancy strategy to increase conductive safety. This

is due to more vessels per cross sectional area creating a

higher amount of potential water, nutrient and assimilates

transport routes within the tree. As such, a larger proportion

of the vessels can remain functional when a fixed number of

vessels is embolised (Baas et al. 1983; Mauseth and Ple-

mons Rodriguez 1997; Mauseth and Stevenson 2004; Robert

et al. 2009; Villar-Salvador et al. 1997).

Conclusion

Anatomical differences were observed between high- and

low-siltation sites. More but smaller leaves with a lowered

stomatal area were some of the mutual adaptations of man-

grove trees in high-siltation sites. While A. marina was

directed towards cavitation repair, suggested by the increased

phloem band/growth layer ratio, responses in R. mucronata

were rather directed to avoid cavitation as suggested by the

increased vessel density. These anatomical changes together

with an unchanged branch hydraulic conductivity point to

their role in increasing water-use efficiency. This study

highlights the negative impact of siltation on mangrove

ecosystems and contributes important information for man-

agement programmes for mangrove preservation and reha-

bilitation and for dredging disposal regulations.While climate

change impacts on mangroves are often studied within the

context of changed weather patterns, we here indicate that

ensuing increase in siltation upon heavy rains (possibly in

combinationwith other and natural events) constitutes amajor

threat to mangrove health and conservation.
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