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Abstract. The Indian Ocean tsunami of December 2004 hadl Introduction and scope

far reaching consequences for agriculture in Aceh province,

Indonesia, and particularly in Aceh Barat district, 150 km

from the seaquake epicentre. In this study, the spatial distriOn 26 December 2004, a seaquake with magnitude of 9.3 on
bution and temporal dynamics of soil and groundwater salinthe Richter scale close to the North Sumatran coast caused
ity and their impact on tree crops were monitored in Aceh©ne of the most devastating tsunamis in recorded history.
Barat from 2006 to 2008. On 48 sampling points along tenWorldwide, documented losses of human lives due to the
transects, covering 40 km of coastline, soil and ground\,\,a_disaster exceeded 250000 and more than 1 million people
ter salinity were measured and related to mortality and yieldvere displaced (Szczuwki et al., 2006). The province of
depression of the locally most important tree crops. Given dNanggroe Aceh Darussalam, and especially its district Aceh
yearly rainfall of over 3000 mm, initial groundwater salin- Barat, only 150km from the epicentre, was most severely
ity declined rapidly from over 10 to less than 2mSchm affected by the consequences of the seismic shock and the
within two years. On the other hand, seasonal dynamics opubsequent tsunami. Entire villages around the district capi-
the groundwater table in combination with intrusion of saline tal Meulaboh were destroyed, and Shofiyati et al. (2005) re-
water into the groundwater body led to recurring elevatedported that, out of 120 295 ha flooded land in Aceh province,
salinity, sufficient to affect crops. Tree mortality and yield almost 19 000 ha were situated in the district of Aceh Barat.
depression in the flooded area varied considerably betweefinalysis of satellite imagery showed that more than 17 %
tree species. Damage to coconut (65 % trees damaged) w4 over 200 000 ha agricultural land surveyed in Aceh and al-
related to tsunami run-up height, while rubber (50% treesmMost 25 % in Aceh Barat were affected by flooding due to the
damaged) was mainly affected by groundwater salinity. Co-tsunami. While research on the role of vegetation to protect
conut yields (35 % in average) were constrained by ground- peoples’ lives and property has been conducted in the area
water C&" and Md+, while rubber yields €65 % on av- (Laso _Bayas e_t al., 2011), information on tsunami impacts
erage) were related to groundwater chloride, pH and soilPn agnculture IS scarce. _

sodium. These findings have implications on planting deep- Adriculture had been one of the most important sectors

rooted tree crops as growth will be constrained by ongoingcontributing to provincial employment and GDP before the
oscillations of the groundwater table and salinity. tsunami (48 % and 32 %, respectively; CGI, 2005). The ma-

jor crops grown by small-holders along the Acehnese west
coast were paddy rice, vegetables, rubber, coconut, cocoa,
fruit trees and, to a minor extent, oil palm (CGl, 2005). Tree
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Fig. 1. (left) Subsided land 200 m from the sea in Suak Nie, near Meulaboh, Aceh Barat, Indonesia, as consequence of the earthquake, anc
(right) tsunami mud deposits, 100 m from the seashore.

crops, including natural vegetation suchMygpa fruticans  tsunami-related research was almost exclusively conducted
contributed 15 to 45 % to the local pre-tsunami economy inon annual crops like paddy rice and vegetables (Agus et
the four coastal subdistricts of Aceh Barat (Joshi et al., 2007)al., 2008). In contrast, trees are characterized by deep root-

First projections after the disaster, usually based on remoténg systems, which make them more susceptible to soll
sensing data and on electric conductivity (EC) measurementand groundwater salinity, even though many trees dispose
in shallow wells for drinking water, predicted dismal per- of detoxification by mechanisms like leaf shedding. It was
spectives for agriculture in the province. Mid- to long-term assumed that tree growth was equally influenced by both
reduction in crop productivity was expected even in mod-groundwater and mud salinity (FAO, 2005; McLeod et al.,
erately affected districts (CGI, 2005), and large areas were010), whereas annuals were more affected by mud. Initially,
deemed to be permanently lost for agricultural use (Verrelstfarmers’ reports on tree mortality and crop failure seemed
and Schaepman, 2007). Two main mechanisms were supe confirm these concerns. Although tree crop damage was
posed to affect plants: (a) fast salinization caused by seawawidely evident in the landscape, underlying causes were not
ter inundation at the time of the tsunami and (b) exposure ofclear. For reconstruction of the agricultural sector in Aceh
roots to salts contained in tsunami deposits, by ingrowth orBarat it is, however, indispensable to understand the mecha-
leaching, over a longer period. Additionally, for parts of the nisms causing tree crop damage and yield depression and to
area, changed groundwater regime due to subsidence of larfte able to predict their permanence in the mid- to long-term
was expected to cause problems. perspective.

Mud-related problems in Aceh Barat arose mainly in pad- Visual distinction of salinity-based factors leading to tree
dies, where rice roots did not reach the water-logged horizonsrop damage was mostly not possible. It was expected soon
covered under thick sediments. In other parts of Aceh, highafter the disaster that cation imbalances and, to minor extent,
concentrations of Mg were found in fresh tsunami sedi- water stress would be the most serious mid-term constraints
ments (Chaerun et al., 2008). Agus et al. (2008) and Rachto plant production (Subiksa and Agus, 2008), followed by
man (2008) identified unbalanced ratios of N&C&+ and  effects owed to a permanently changed groundwater table.
Mg2* ions as a cause for empty pods in peanut and limitedEspecially the long-term impact of ions, such as chloride
grain filling in rice. However, in some cases, plants actually (CI-), sodium (N&), and sulphate (S3%), gradually re-
benefited from tsunami mud. For example, farmers coinedeased from the tsunami mud, was expected to affect plant
the term tsunami fertilizer, due to higher yields of vegetablesgrowth.
obtained at mud-covered sites. For Sri Lanka, Chaudary et Post-tsunami studies carried out in Sri Lanka, India and
al. (2006) described improvements of soil texture, C, N andAceh Besar led to the hypothesis of the following major rea-
P due to tsunami mud. sons for (tree) crop damage: (i) extreme mechanical forces

For Aceh Barat, few data on soil and groundwater con-of the tsunami resulting into breakage and uprooting of trees,
tamination existed as most post-tsunami research focused amainly within the first kilometer from the coastline; (ii) sub-
Banda Aceh and Aceh Besar districts, more than 270 kmsidence caused by the earthquake, which irreversibly led to
northwest along the coast from the study area described itoss of land area to the sea, connection of freshwater bod-
this paper. Despite the economic importance of tree cropsies to the sea and permanent flooding in depressions further

Nat. Hazards Earth Syst. Sci., 12, 2872891, 2012 www.nat-hazards-earth-syst-sci.net/12/2879/2012/



C. Marohn et al.: Impacts of soil and groundwater salinization on tree crop performance 2881

Transects:
SB Suak le Besou

SK Suak Keumudeh
KT Kampong Teungoh
AR Alue Raya

CL Cot Lambise

ST Suak Timah

SN Suak Nie

SS Suak Sigadeng
GK Gunung Kleng

SP Suak Puntong
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Fig. 2. (left) Digital elevation model extracted from Siemon et al. (2007) for the study area around Meulaboh during the tsunami event in
Aceh, the westernmost province on the Indonesia map. Dots indicate the points sampled during this study; (right) ridges and swales parallel
to the coast line about 15 km SE of Meulaboh.

inland (Fig. 1a); (iii) inundation of the flat coastal landscape2 Materials and methods
up to 5km inland (Fig. 1b) and, depending upon residence
time (Szczudiski et al.,, 2006), subsequent infiltration of 2.1 Study site description
saline water into the soil and groundwater (Villholth et al.,
2005) and (|V) a deposmon of saline tsunami mud of up Research was carried out in the framework of the Re-
to 1 m thickness, which buried plants or transformed paddyGrin® project along a coastal strip of 40km around the
fields into free- dra|n|ng soils (F|g 1b) town of MeulabOh district Capltal of Aceh Barat in North-
This study aims at integrating spatial-temporal dynamics® Sumatra (between 0919.4"N, 95°5614.9"E and
of salinization to tree crop damage as well as to specific04°0514.1"N, 96°1257.1" E). The coastline is relatively
growth-limiting factors, in order to understand mechanismsstraight northwest — southeast oriented with two prominent
relevant to replanting of tree crop-based systems in coastdiPs shaped through estuaries (Fig. 2a). The area is subdi-
areas affected by tsunamis in the future. The specific objecvided by southwest oriented rivers that discharge into the
tives of the study were (i) to characterize spatial variability of Indian Ocean. Tsunami flooding extended up to 5km land
salinization in groundwater and soils following the tsunami inward. Within the flooded area, apart from small dunes on
event of 2004; (ii) to assess seasonal variability of salinity-the beach, topography is predominantly flat with a maximum
related groundwater parameters; (jii) to relate mud cover aglevation of approximately 5ma.s.l., but characterized by se-
well as chemical properties of groundwater and soils to dam-duences of narrow, shore-parallel ridges and swales (Fig. 2b).
age and yield depression of tree crops observed in the field; Most coastal soils in Aceh Barat developed on recent ma-
and (iv) to distinguish effects of the different limiting factors fine and fluviatile alluvium (Siemon et al., 2007) and are
and deducting recommendations for tree crop rehabilitatiorflassified as dystric Arenosols and dystric or thionic Gleysols
in the aftermath of a tsunami event in tropical regions.

1 Rebuilding Green Infrastructure with Trees People Want,
funded by the EU Eco ASIA Ilb programme.
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according to the World Reference Base of Soil Resourcedo a soil depth of up to 100cm (less deep on a few plots
(FAO, ISRIC and ISSS, 2006). In general, both soil typeswhere sandy soil collapsed below50 cm) were drilled us-
are characterized by low macronutrient contents, moderatelyng an auger. The pipes had been perforated below 50 cm,
acidic to slightly alkaline pH and sandy texture; the main cri- so that only groundwater entered the pipes; the bottom of
terion for distinction is groundwater depth. The bottom of each pipe was closed with a plastic cap. Once a pipe had
the river valleys in the study area is characterized by morebeen inserted without soil compaction, washed gravel was
fertile Fluvisols (Wahyunto et al., 2009). Land inward acidic filled in the space between soil matrix and pipe to establish
and organic soils, i.e. dystric Histosols (peat domes), can baoil contact and avoid vertical bypass flow outside the pipe.
found. Samples were taken using a manual suction pump. The first
Before the 2004 tsunami event, land use on the maringpumping was always discarded and the sample taken once the
soils was dominated by vegetables and fruit trees in the well-groundwater level had reached the previous level. Thus, only
drained areas and paddy, fish ponNypa fruticans natu-  groundwater was sampled that had entered the pipe at the
ral swamp vegetation in the water-logged parts, whereas catime of sampling. 100 ml PE bottles were overfilled, cooled
conut was grown across all (except water-logged) agroecoin styrofoam boxes and brought to the laboratory on the day
logical zones. Peat lands were predominantly under extenef sampling, where they were analysed within 24 h after sam-
sive “jungle rubber” but have been increasingly convertedpling.
into oil palm plantations, vegetable and rice plots since 2005. At each transect point, composite soil samples made up
Alluvial soils along the rivers were used for paddy rice culti- of ten individual samples were collected in May 2007 over
vation. two depths: 0 to 20 and 20 to 40cm. Some of the sample
The coastal part of the district is characterized by a humidplots were affected by a flood in May 2007 (in the results
tropical climate with bimodal rainfall pattern. During the pe- section, these values are marked with asterisks). All transect
riod relevant for this study (2004 to 2007), average annualsamples were analysed for pH, eC andNad for K+, Cat
rainfall amounted to more than 3600 mm with a drier interval and M¢?™ in those cases where Navas above 1 cmol kgt.
between May and mid-September (Badan Meteorologi danTwo representative soil profiles (both near the Gunung Kleng
Geofisika, Meulaboh, 2008), which is characterized by rela-transect, both not flooded in 2007) were analyzed by genetic
tively lower precipitation of less than 300 mm monthand  horizon for the same parameters as the transect samples plus
clearly deeper groundwater table. In May 2007, a floodingN, P, K and CEC to understand underlying pedogenic pro-
event not related to seasonal weather phenomena hit Acetesses. Soil, land use and mud cover maps produced within
Barat. The flood was referred to as the most severe since thie project were used as background information on patterns
tsunami and inundated parts of the study area up to 500 nof salinity-related parameter values.
inland. Seawater resided for several days, affecting soils and In order to account for seasonal differences in ground-

destroying agricultural crops once again. water depth, field sampling campaigns during both drier
and wetter seasons were conducted for two years, includ-
2.2 Soil and groundwater sampling strategy ing dry season 2006, dry and wet season 2007 and wet sea-

son 2008. The flood event in May 2007 served as a proxy
Water quality in shallow drinking water wells in Aceh Barat model for groundwater dynamics in 2005, immediately after
had been monitored a few months after the tsunami (fromthe tsunami, which had not been surveyed. Continuous mea-
May 2005 to September 2006) by the non-governmental orsurements of groundwater resistivity at 5 m depth, monitored
ganization Catholic Relief Services (CRS). This comprehen-in October 2005 during a helicopter survey along a grid of
sive dataset provided a baseline for the present study anB00 m flight lines, sampling every 4 to 40 m by the German
gave valuable hints on spatial distribution of salinity as it Federal Institute for Geosciences and Natural Resources —
showed that values decreased land inward, departing frolBGR (Siemon et al., 2007), were extracted for each of the 48
the coast line and open water bodies connected to the se&ransect points as additional information.
Accordingly, ten transects perpendicular to the coastline or
radially departing from a large lagoon formed by the tsunami2.3  Soil and groundwater analysis
(from Kampong Teungoh to Alue Raya; see Fig. 2a) were ) )
laid out to monitor changes in soil and groundwater quaIityA” soil samples collected from the reference profiles and

over distance from the coast and over time. In total, 48 per{fansects were analyzed for texture (pipette method), pH

manent sampling points up to 1.5km inland were selected” 0-01M calcium chloride (Cag), electric conductivity

to cover a representative share of the flooded area in the dig’hermo Orion 115A) and concentrations of basic cations
trict of Aceh Barat. Sampling point denominations (as shown(@mmonium acetate method by Schollenberger and Si-
in Fig. 2a) were composed of the initials of the respective MO 1945, detection by atomic absorption, Varian Spectra
village name plus distance to the sea or lagoon in meters™AS5)- For samples containing more than 1 cmofNay ™
Permanent PVC pipes were installed at each transect point 80!} the sodium adsorption ratio (SAR; dimensionless, with
measure groundwater depth and extract water samples. Hol&@tions incmolkg~, see Eq. 1) was computed:
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tree damage caused by tsunami effects. This mixture allowed
triangulation of responses to questions asked from differ-

—+
SAR= Na i (1)  entangles. Also, asking farmers about wider areas, not only
/Ca?“EM@J2+ their own land, allowed to cross-check information refer-

ring to spatially overlapping areas. Observations by farm-
SAR of soil extracts is defined as proportion of N ers on plant damage aqd yield depression were .d.ocumented
the adsorbed layer of clay minerals; it takes into account thafor coconut Cocos nuciferg rubber Hevea brasiliensis
the noxious effect of N& is attenuated by the presence of fambutan Kephelium lappaceumcocoa Theobroma ca-
calcium (C&*+) and magnesium (M) ions. Above a SAR ~ €20), oil palm Elaeis guineensjsand mangoNlangiferain-
of 13, soil dispersion and high pH are expected to hamperdma)- Damage was quantified as mortality rates (% of indi-
water uptake into plants (Munshower, 1994). viduals). Yield depression refers to the reduction in yields as

Cation exchange capacity (CEC) was analyzed accordin&ompared to average quantities per tree before the tsunami as
to Schlichting et al. (1995), using a Hitachi U-2010 spec- observed by the farmers. Yield depression of 100 % indicates
trophotometer for detection. Exchangeable acidity, the sunfotal loss. Farmers'replies were cross-checked with observa-
of aluminum (AB*) and hydrogen (H) ions, was analyzed tions take_n dunng th_ls study on run-up height from water
by the potassium chloride (KCI) method following the pro- Marks, existing subsidence, and mud cover along the tran-
cedure described by Pagel et al. (1982). Soil organic carboS€ct; tree mortality was estimated following the same criteria

(SOC) was analyzed by wet oxidation (Walkley and Black used in the farmer interviews: Quantification of tree dam-
method). Total nitrogen (N) was determined using the Kjel- 29€ Was obtained as percentage counts of damaged trees on

dahl method (Schlichting et al., 1995) and available phos-h€ plot, average visual percentage estimates of leaf chloro-
phorus (P) by Bray | (Bray and Kurtz, 1945). Soil electric sis/necrosis and signs of_paras_|tes or dlsease_s per tree as well
resistivity [2m], the reciprocal of electric conductivity mea- 2S €xplanatory observations like water-logging. Interviews
sured at 5 m depth, was extracted from spatial helicopter sur@nd observations included the listed species, but also other
vey data by BGR (Siemon et al., 2007). agricultural plants like guava, durian, sugar palm and several
Electric conductivity (EC) and pH of the groundwater @nnual crops.

samples were measured directly in the field using a portabl
HANNA Instruments (Woonsocket, RI, USA) device. Sul-
phate (S@), chloride (CI), C& and Mg in groundwa-
ter samples were determined at the CRS laboratory in Meu

%.5 Statistical analysis

Soil and groundwater parameters at different times were
e . : correlated to tree damage and yield loss up to the end of
laboh within 24 h after sampling, following CRS sta2r1dard May 2007 (survey date). Most parameters were not normally
procedures applied for the baseline survey in 2006, SO yigyinyted, so that Spearman correlations (abbreviaed
was tested using a sulphate turb tab_let. For,@ne acid- \yere calculated to draw conclusions on causal relationships
ifying CD tablet and, later, one chloridol tablet were used. among measured parameters, and Wilcoxon tests were em-

+ + ' ' i- | paraimer )
Folr Cj and” Mgzl e.xtralc_:tlon, Ca(;C'COI no. 1 and rragnl ployed to determine significant differences between obser-
col tablets (all tablets: Palintest Ltd, UK), respectively, were  5ion times. As yields were expected to follow optimum

used. Reagents needed forNaere not available during the e of cation concentrations, second-order polynomial re-

time of this study. Detection was photometric for all ions us- o essions were used to approximate yield reduction. Where
ing a 5000 Equip (Wagtech, UK) device. all observations of a parameter remained below optimum
conditions, linear relationships were preferred to avoid over-
fitting. All calculations were computed using SPSS 16.0 soft-
ware. Polynomial, second-order regressions were calculated

For each sampling point and its surroundings, land use surl? Sigma Plot 10.0. The term significant (symbolized by *)

veys were carried out from May to June (drier season) 2007!S Used to describe correlations with< 0.05 and highly sig-
Twenty-four interviews with one or more farmers, preferen- Nificant (or *) for « < 0.01.

tially owners of surveyed plots and village headmen, who

had a wider overview over communal activities, were con-3  pagyits

ducted. Structured questions on mortality and yield loss of

tree crops on the transect plots and observations in the villagg.1  Spatial distribution of salinity-related parameters
such as area flooded, thickness of mud cover, subsidence, in soil and groundwater

plus open questions on land use change after the tsunami in-

cluding community action initialised by NGO (nurseries and Two soil profiles on the Gunung Kleng transect represented
replanting of “improved rubber” systems, fish ponds, newtypical pedogenic and tsunami-related processes. The first
varieties, species, pasture for animals) were asked. Farnprofile, a novic Arenosol, was located at°0#'10.5”N,

ers were also asked to hypothesize possible mechanisms 66°1042.3” E, 300 m from the shoreline on a ridge and thus

2.4 Assessment of tree crop damage and yield
depression

www.nat-hazards-earth-syst-sci.net/12/2879/2012/ Nat. Hazards Earth Syst. Sci., 12, 28884, 2012
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not under permanent groundwater influence (groundwater ta s { kampong Teungon Ao Raya
ble at excavation was at0.55 m depth). The plot was under . s - So10:20em
grassland and had been a home garden until 2004. — Gaemn

A clearly distinct greyish and relatively sandy novic hori-
zon of tsunami mud between 5 and 10 cm depth (Anv2) wass ™ ~ -
overlain by another novic horizon (Anvl), which may have ; ., s
resembled the original A horizon and was probably depositecg
on site by the tsunami backwash (Table 1). Most analyzec ™
parameters in the Anv2 showed sharp leaps as compare = & & ¢ "
to the underlying horizons, e.g. lower soil organic carbon
(SOC), total N, CEC, Na and C&* contents. Available P
was found in very low concentrations (close to the detection
limit of the method) in both profiles, so that leaps are not in-
terpreted here. Nawas not present in high concentrations;
its leaching front was found at the temporarily groundwater-
influenced Bw2 horizon.

The second representative soil unit was an arenic Gleysol ]
located at 040718.9”N, 96°10526"E in a depression 0
and under grassland, which had been a rice paddy before
the tsunami. The profile was further developed than the &= { sukeumuden
above-described Arenosol. Higher contents of organic mat- **
ter, higher CEC, pH and basic cation concentrations as comg “*
pared to the Arenosol, and higher pH, C, N and clay contentss **

3

above 28cm as compared to the subsoil appear to be out
comes of puddling, burning and fertilizer application during § | _\/ \/
paddy use (Table 2). The soil had been ploughed after the* .. I H
tsunami, so that differences between horizons could not b¢ ¢ “ I” et I - |
attributed to mud deposition. 5 3 5 3 3 3

In both cases, the sandy texture facilitated leaching ar.'q:ig. 3. Spatial distribution of soil and groundwater electric conduc-

thus desalinization. Peaks of EC and*Nm' the B hori- tivity and groundwater depth in 2007. Plot indices are composed of
zons (Bg and Bg-Bw) of the Arenosol profile and the gen- jjage code and distance to seawater (m). Asterisks indicate plots
erally higher Nd, C&* and Mg** concentrations and EC  figoded in May 2007.

in the Gleysol suggest that groundwater oscillations after the
tsunami still influenced soil salinity.

The survey of groundwater quality in shallow drinking wa-
ter wells and boreholes conducted by the Catholic Relief SerCL also describe an elevational gradient, so that the rel-
vices in 2005 to 2006 showed that the Indonesian thresholdtively lower soil salinity on transect CL (Cot Lambise —
for drinking water of 1 mS cm!had been surpassed at 18 % the Acehnese name describes an elevated place) was owed
of the sampled locations, mainly around river valleys and wa-to its altitude. More clearly and generally than elevation,
ter bodies connected to the open sea. This general tendengyoundwater depth could be related to salinity. Coast paral-
of highest values close to seawater bodies was still apparerél swales and channels partly overruled distance to the sea
in 2007 on the ten transects surveyed for this study (Fig. 3)in their impact on salinity levels (e.g. on transects KT, ST,
Groundwater EC by far exceeded soil EC across the majority5K and SB). On transect ST, a system of drainage chan-
of plots. Groundwater Cl (average 123, maximum 500 ppm)nels influenced groundwater dynamics. All soils were cate-
and scj— (average 48, maximum 201 ppm) concentrationsgorized as non-saline (E€2 mS cnt? for sensitive plants;
measured on these transects (data not shown) were in gefrAO, 2005) except for AR100, located close to the lagoon
eral not constraining for agriculture. Groundwater EC wascreated by the tsunami. On plots with soil Naoncentra-
generally more variable than soil EC and, although there wasions> 1 cmolkg™!, detrimental effects on tree crops were
no significant correlation, both parameters followed a similarexpected and Gd, Mg?t and K- were analyzed to calcu-
trend. late sodium absorption ratios (SAR). However, SAR never

Where small-scale relief features and smaller water bodsurpassed 2.74, a level not critical for plant growth, due to the
ies oriented parallel to the seashore (see Fig. 2b) were nqtresence of C& and Md¢?* ions. On ten plots, G4 con-
present (transects AR, SS and most of CL), soil EC de-centrations (2.5 to 11.7 cmolKg in the topsoil and 2.0 to
creased with distance from salt water bodies (Fig. 3). Apartl4.6 cmol kg in the subsoil) clearly exceeded N0.0 to
from the distance to the lagoon, the sequences KT, AR5.14 cmolkg!in the topsoil and 0.0 to 9.23 cmol k§in the
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Table 1. Characteristics of the novic Arenosol profile in Gunung Kleng

Depth Sand C N Bray1 PH

EC CEC N& Kt ca&t Mgt

HoMzon“cm)y @) (6) (%) (mgkg)) (uScntl) (cmolckg™?)

Anvl 0-5 91 0.58 0.09 1.03 5.1 61.7 454 0.06 0.05 1.69 1.85
Anv2 5-10 79 0.35 0.05 090 5.2 26.1 3.04 0.02 0.02 1.29 1.69
AB1 10-20 86 094 0.10 1.30 4.9 46.2 4.15 0.04 0.02 1.92 1.55
AB2 20-28 82 0.82 0.08 1.35 45 19.0 4.16 0.04 0.02 0.81 1.05
Bwl 28-48 83 0.23 0.01 0.68 4.5 21.6 2.16 0.09 0.03 0.60 0.45
Bw2 >48 Nd 0.12 0.01 0.69 4.9 20.3 1.95 0.13 0.02 0.90 0.73

Nd = not determined.

Table 2. Characteristics of the arenic Gleysol profile in Gunung Kleng.

Horizon Depth  Sand C N Bray | pH

EC CEC Na K* c&t Mgt

cm) (%) (%) (%) (mgkg? (uScnrt) (cmolckg™)
Apl 0-10 77 332 021 0.13 5.7 142 1179 0.16 0.02 8.08 451
Ap2 10-19 74 235 0.16 0.18 6.4 241 736 038 002 6.88 3.46
Bw 19-28 62 223 0.19 0.25 55 372 482 055 002 376 243
Bg-Bw 28-45 87 051 0.07 114 51 399 365 050 0.05 1.30 1.03
Bg >45 Nd 024 0.01 032 47 279 231 047 002 088 101

Nd = not determined.

subsoil) and even Mg concentrations (2.5 to 4.2 cmol kg

in the topsoil, and 1.6 to 5.3 cmol kg in the subsoil) were
well above Nd concentrations in all but two plots (data not
shown).

3.2 Temporal dynamics of groundwater salinity

All plots analyzed in the study area could be grouped into
four major types of temporal dynamics of groundwater salin-
ity. The first type reflected effects of the tsunami per se; the
second and third type were additionally influenced by the
flood event in 2007, and the fourth type showed no effect.
Figure 4 shows a selection of four transects that include plots
representative for each type:

i. Rapid desalinization to stable low values: the tsunami-
induced EC of up to 12mScn in 2006 decreased
to values below 2mS cnt within one year. This pat-
tern was observed on plots KT 300 to 500 and SS100
(Fig. 4), characterized by free-draining sandy soils, typ-
ically situated on beach ridges that were not strongly3 3
influenced by changing depth of the groundwater table.

iv.

rubber forest on peat soil, and also at SS500, where
EC in 2007 quadrupled as compared to 2006 levels,
although the plot had not been flooded. These plots
showed an increase in salinity beyond seasonal oscilla-
tion after May 2007 due to a network of drainage chan-
nels extending from the slightly elevated peat domes to-
wards the sea. During and after the flood, flow direction
in these channels was reversed and saline water laterally
infiltrated into soils. However, rapid restoration to pre-
flood EC levels was observed, as on all plots affected by
the 2007 flooding.

Plots showed no direct tsunami or flood impact but sea-
sonal oscillations in EC between drier and wet season
2007, representing the longer-term and large-scale ef-
fects of the tsunami event. These were KT400, 700 and
900, SN and, with increasing distance from seawater
and elevation, AR150 to 200 and CL (not shown).

Interactions between soil and groundwater

ii. Plots flooded in 2007 (marked with asterisks in Fig. 4) ' 2007 depth of the groundwater table differed significantly
were all close to the seashore (KT150 to 250, ST150 tobetween seasons (Wilcoxon Signed Ranks test), despite the
700 and SP200 to 350). Salinity levels in 2067 startedﬂOOd event during the drier season. For the wet season 2007,
from a lower level than in 2004 (see Subiksa et al., groundwater depth and EC of soils were significantly nega-

2006b), and also returned to pre-flood levels within onellvely correlatedfs = —0.46™; n = 46), meaning thatan in-
season. crease in groundwater table corresponded to increasing salin-
ity in the soil profile. Thus, salinity increased with the higher
iii. Plots indirectly affected by the 2007 flood were found groundwater table rather than salt concentrations being di-
along transect ST up to 1200m land inward in the luted by rainwater (Fig. 5).
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Fig. 4. Temporal dynamics of groundwater salinity from 2006—2008 along four transects in Aceh Batsampong Teungoh(b) Suak
Timah; (c) Suak Puntong(d) Suak Sigadeng. Numbers after village identifiers indicate distance to the sea in metres. Plots flooded in 2007
are marked with asterisks.

Mud thickness as source of and proxy for salinity showed EC [uS cm™]
stronger correlations to groundwater pk & 0.79**) and o 1000 2000 2000 40000  GDOD' ‘8000
groundwater M§" concentrations §= 0.77**) as com- 0.0 o ' ' ' e ' '
pared to soil EC #s = 0.63*), which supposedly reacted ot ks X $6 x e & e % @ e e

more slowly and in a more buffered way to changes. Relative

Nat accumulation around 30 cm profile depth, as in Bwl of 2 :’:'. * *
the novic Arenosol and Bw of the arenic Gleysol (Tables 1_, how X eee
and 2), showed that the leaching front was determined by zf O /S .o
dynamic equilibrium of saline groundwater and rainwater in- &
filtration. ; = e .
2 -0.6 e
3.4 Tree crop damage and yield depression
During the tsunami event, flooding with seawater of 084 . S B et
EC>40mScnt! lasted for up to five hours and, depend- Ll

ing on inundation time, tree crops were severely damaged in _ _

large parts of Aceh Barat (Subiksa et al., 2006b). Accord-Fig- 5. EC in grour?dwater (wet season 2007) and two soil layers
ing to farmers (interviewed in 2007), damage symptoms be-(M"’ly 2007) in relation to groundwater depth.

came visible within 6 to 12 months after the flooding. Across

all plots, cocoa, rambutan and mango were most severely af-

fected by the tsunami event and its longer-term consequencesere less severely affected. Yield depression followed a sim-
(Fig. 6). Farmers’ assessment of mango damage in 2005 watar pattern as tree damage.

between 80 and 100 % on all except one plot, and 95to 100 % In addition to farmer interviews, which integrated the pe-

for all affected rambutan plots. Coconut, rubber and oil palmriod from 2005 to 2007, inventories in 2007 were conducted
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distance to the sead= —0.40%; n = 25) were significant

100 * —
W Damage (2007) — and strong. Significant correlations also existed to soil elec-
[ Damage (farmers) _ . T . "
% Yield loss (farmers) tric resistivity, the reciprocal of conductivityd = —0.52**;
80 1 # n = 27), groundwater Ga (rs=0.43* n =23) and pH
(rs = 0.46*;n = 23) in 2007.
60 4 M * Rubber and fruit trees were mostly grown at larger dis-

tance (more than 200 to 400 m) from the sea, and damage
was not correlated to direct physical impact. Damage was
strongly correlated to soil electric resistivitys(= —0.72%;
N n = 11) and soil N& concentrationsrg = 0.65*; n = 11).
20 I Correlations to groundwater depths= —0.69*; n = 10)

40 -

Tree damage, yield loss [%]

and groundwater EC measured in 2006 £ 0.62, o =
) 0.05;n = 10) were not expected, because rubber was widely
Coconut Rubber Ollpalm Mango Rambutan Cocoa grown on peat domes with insufficient drainage. Damage was
e SRSSHTHSmERE S R e nd) thus seen in context with salinity brought by the groundwater,
as shown for reversed water flow through drainage channels
Fig. 6. Tree damage and yield loss in 2005 as reported by farmergn transect ST (Fig. 4).
and tree damage accz_)rding to inventories during this study in 2007_. Mango damage was correlated to groundwater EC during
Numbers of observatlons_ refer to cases of dame}ge as obser_ved e drier season 20074= 0.54*, n = 15). For both mango
2007, and damage and yield loss 2005 reported in retrospective bgnd rubber, farmers reported partial detoxification by leaf

f . . o -
armers shedding. For rambutan damage, a strong statistical relation-
ship was observed against groundwater depsh=0.76%),

as a cross-check. For coconut and rubber, stubs of brokelPlying that the effect could have been caused either di-
trees were still visible in 2007 and both inventories agreed™®ctly by groundwater level or by groundwater salinity. Re-
well. Where entire plots had been cleared or partially re-curring effects of salinity on cocoa could be observed in 2007

planted, as for cocoa and mango, damage counts diverge?l transect GK, where recently planted seedlings showed

between years. Overall, no significant differences betweerYPical leaf necroses.
farmers’ and damage assessment carried out during this study

were found where identical spots were assessed (Wilcoxon 5.5 yield depression
signed rank test). Farmers’ memory, collective history and

caducity of obvious signs appeared not to affect validity of ) o
the data. Yield depression was statistically related to other factors than

plant damage. Sufficient numbers of farmer reports for sta-

3.5 Effects of soil and groundwater parameters on tistical interpretation were obtained only for coconut and

plants rubber. Yield depression in coconut was negatively corre-
lated to groundwater Mg concentration in 2007 r§ =

Despite the rapid decline in salinity after the flooding, —0.77**; n=10), and a linear regression witif = 0.44
groundwater remained saline enough on several transects {&ig. 7a) pointed to M§" deficiency. Accordingly, farmers
dominate soil N& concentrations and EC once the ground- often stated that more nuts with lower individual weight had
water table shifted upwards into the rooting space duringbeen harvested in the years following the tsunami. At the
rainy seasons. Substantial dilution of groundwater by rain-same time, yield depression in response to groundwafér Ca
water was not observed. Both long-term soil salinity as wellconcentrations and pH followed a minimum curve with least
as short-term groundwater oscillations can lead to osmotidvield reduction observed on plots around pH 5.

stress, N toxicity or cation imbalances. Underlying causes  In contrast to coconut, rubber yield depression was gen-
could not be differentiated in the field, but statistical relation- erally high, between 40 and 100 % (Fig. 7b). Strong corre-
ships between tree damage and soil and groundwater charat@tions existed to groundwater Cin 2006 ¢s = 0.75*) and
teristics across all transects allowed to draw some conclusoil EC (s = 0.71*) as well as to soil pH at 20 to 40 cm depth
sions on potential causes for plant damage and lower yield§'s = —0.73%), pointing to improved growth conditions on

T T T

as reported by farmers. the more alkaline plots. Rubber prefers soil pH between 5
and 6 and tolerates pH 4 to 8 (Rehm and Espig, 1991), while
3.5.1 Plantdamage rubber soils in the area were mostly between 3 and 6.5. In-

fluence of the groundwater was indicated by the fact that
Coconut trees were mostly planted near the coast, and thusibber yield depressiom (= 10) was linked to subsoil Na
tree damage was clearly related to mechanical forces; corrers = 0.90**) more clearly than to topsoil Na(rs = 0.80%).
lations of damage to run-up heighg(= 0.79**; n = 14)and  On the other hand, given that rubber is naturally adapted to
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Fig. 7. Response of yield depression in cocotajtand rubberb)
to soil and groundwater conditions.

periodical water-logging (Kozlowski, 1997), effects of high

groundwater per se are unlikely.

The potentially toxic N& and CI~ ions formed thresholds

(around 3 cmol Na kg soil! and 100 mg CIt! groundwa-
ter, resp.), above which yields almost completely failed.
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4 Discussion

In accordance with previous studies, e.g. Villholth et
al. (2005) for Sri Lanka, Rachman (2008) for Aceh, the first
main finding of this study was the rapid decline of salinity af-
ter the tsunami. Subiksa et al. (2006a) attributed this effect to
the sandy texture, low SOM and CEC of the coastal soils in
Aceh, which was confirmed on all plots of the present study.
The same decline was observed after the post-tsunami flood
event in 2007. This event served as a proxy of groundwa-
ter dynamics immediately after the tsunami, which had not
been part of the field measurements carried out during this
study (from 2006 onwards). Second, it was observed that soil
salinity-related parameters reflected groundwater dynamics,
with a time lag and less extreme maxima. Soil salinization
was determined by short-term dynamics due to inundation
with sea water and longer-lasting gradual release of salts
from tsunami sediments (McLeod et al., 2010). Third, this
study showed a periodic increase of groundwater and soil
salinity during rainy seasons, a phenomenon that has not
received much attention in tsunami research. The fact that
groundwater table as well as groundwater and soil salinity
increased significantly during the rainy season 2007, despite
the flooding in the drier season, suggests that this increase
occurs to the same or higher extent in other years, too. Like-
wise, Rachman (2008) found drastically elevated soil salin-
ity during seasons of high groundwater table in Aceh Pidie
and Aceh Besar, 250km from the area in this study. This
implies that the diluting effect of rainfall was overruled by
ion release from tsunami mud and uplift of saline ground-
water. It can be assumed that upward movement of saltwa-
ter in the soil (leading to higher EC at higher groundwater
levels) may have been caused by groundwater recharge in
the more elevated hinterland and peat areas during the wet
season, exerting upward pressure on the saline groundwater
bodies closer to the coast. The deeper parts of these ground-
water aquifers, originating in the hills, were tapped for new
wells installed after the tsunami. Alternatively, a model de-
veloped by lllangasekare et al. (2006) for Sri Lanka, assumes
that tsunami seawater infiltrated a freshwater lens situated
above a seawater wedge. The mixed water body would then
be subject to seasonal oscillations of the groundwater table.
Given the high annual precipitation in Aceh Barat, it can be
assumed that groundwater and seawater bodies are still con-
nected in places where geomorphology has been altered by
the tsunami. Fourth, the observed effects of soil salinization
extended outside the flooded areas, presumably driven by lat-
eral infiltration of groundwater. In the soil profiles analyzed
for this study, leaps of single cation concentrations were
found. In contrast to a typical leaching front, this boundary
is assumedly shifted upwards during rainy seasons.

As these effects prevail in groundwater-influenced soil
horizons, available rooting space above groundwater level
played a decisive role for salinity effects on plants. In this
context, the influence of small-scale topography — ridges and
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swales oriented in parallel direction to the coastline — waseffects of groundwater. Effects of groundwater pH on plants
decisive for mud deposition, groundwater table and plantappeared less influential than those of salinity. Although lit-
growth. Umitsu et al. (2007) found that route and intensity erature on salinity or seawater effects on rubber is scarce, the
of the tsunami backwash were mainly determined by mi-role of Kt for latex flow rates is well-known (Pushparajah
crorelief on the beaches; during the sedimentation procesand Guha, 1969) and KCI fertilization of rubber is reported
depressions were filled up with mud first (Rachman, 2008;for saline soils in Eastern Thailand (Mak et al., 2008), so
Paris et al., 2007), as reflected in our study by alternatinghat competitive effects between Nand K (in the soil or
points of high and low salinity in the monitored transects plant) may explain reduction in latex yield. The fact that a
(e.g. KT, SS). Thus, groundwater level is seen as a functiorwide range of pH values was found across the rubber plots
of micro-relief, influential for plant growth in the mid to long points to Na as most influential factor for yield depression.
run. Effects of scale became obvious when relief-related pa- Despite their position further land inward, none of the sur-
rameters measured at different spatial resolution were correveyed rubber plots had less than 40 % yield depression, sim-
lated: Mud thickness, groundwater pH and #Mgneasured ilar to the high damage levels in rambutan, cocoa and partly
at the 48 transect points were well-correlated among eaclmango. Coconut trees were less affected by physiological
other, and so were mud thickness and resistivity at 5 m deptltonstraints despite being exposed to higher salinity and al-
extracted for the same points from interpolated large-scaléalinity. Where Mg was deficient despite its high concen-
maps from the ReGrlIn project and Siemon et al. (2007), rerations in tsunami mud, it may have been displaced by com-
spectively. Between point data and interpolated data, howparably higher concentrations of Eaions from exchange
ever, no significant correlation was found. sites or competed for uptake into plants. This is in line with

While most tsunami research after 2004 concentrated omeports and analyses of coconut leaves exhibiting chlorosis
damage to humans and property, our study links groundwaas a symptom of Mg deficiency (Subiksa et al., 2006b).
ter and soil salinity-related parameters and their effects orA comparative advantage of coconut over other trees may
agriculture, in particular tree crops, which are deep root-have been their superficial rooting system. Deep rooting trees
ing and thus sensitive in areas of shallow groundwater tawere better anchored in the soil and thus more resistant to the
ble. Apart from initial salinization and water-logging of physical impact of the tsunami. On the other hand, they were
tsunami-affected soils, recurring salinity and cation imbal- more exposed to the longer-lasting effects of saline ground-
ances during periods of high groundwater levels or lat-water during rainy seasons.
eral flow were the most relevant impact factors constrain- As modifications to the landscape relief, hydrology and
ing tree crop growth in post-tsunami Aceh Barat. Given ecology are currently effectuated at larger scale (introduc-
more than 3600 mm average rainfall per year, leaching otion of new industrial crops like oil palm in large estates re-
salts out of the soil was not limited by source, but by sink, placing jungle rubber) and negative effects become visible
i.e. groundwater-influenced soil horizons. Recommendationgpeat drainage followed by slash and burn, soil compaction,
targeting shallow-rooting annual crops, such as increasinggmong others), the importance of crop-site matching cannot
soil organic matter contents or facilitating flushing and leach-be overemphasized, to which tsunami reconstruction efforts
ing (Slavich et al., 2008), will be largely ineffective for tree did not always adhere (Laso Bayas et al., 2011). In sum-
crops, once rooting systems extend into saline soil horizonsmary, tree crops most affected by flooding were those planted
Although tree crops may dispose of detoxification by mech-outside their natural habitat. Replanting of tree crops should
anisms like leaf shedding, damage caused by salinity and asonsider adapted species suchNyga fruticansand other
sociated yield depression may last longer than for annuals. tree crops that are resistant to seawater and at the same time

Mechanical damage to tree crops could clearly be relateadtonsider initial investments and profitability (Mattsson et al.,
to distance from the sea shore, in accordance with finding2009).
on human mortality and damage to buildings in the same area Imposed by the circumstances during the tsunami after-
(Laso Bayas et al., 2011). Consequently, mostly coconut wasnath, this study is based on a limited number of repeated
affected by breakage, while other tree crops suffered fronobservations on a coastal strip of about 40 km and does not
salinity-related impact. This is in line with agronomic data represent a spatially exhaustive dataset. Still, general trends
about salt sensitivity of rambutan (FAO and MOAC, 2005) of groundwater and soil salinity distribution and temporal dy-
and mango and notorious salt tolerance of coconut (FAOnamics could be identified, which add new aspects to existing
2005). research.

Yield depression was often indirectly related to micro-
relief effects, e.g. in the case of rubber and mango. Here,
depth of the — saline — groundwater table affected soil5 Conclusions
and groundwater pH and single ion concentrations, which
changed markedly after the tsunami. Rubber yield depressioSpatially, salinization patterns were determined by distance
was correlated stronger to Nan the subsoil than in the top- to salt water bodies, unless overruled by the influence of
soil, pointing to advanced leaching of seawater and recurringgroundwater level, e.g. in places of lower elevation near
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ditches or swales. Temporally, flood- and mud-borne salin-Chaudary, D. R., Ghosh, A., and Patolia, J. S.: Characterization
ity of soils decreased quickly after a flooding event, but of soils in the tsunami-affected coastal areas of Tamil Nadu for
recurring elevated salinity was observed during seasons of agronomic rehabilitation, Curr. Science, 91, 99-104, 2006.

high groundwater levels. Groundwater salinity reacted morgAO: Field Guide —20 things to know about the impact of salt water
quickly and more strongly to flood events, while the soil _ ©n agriculturalland in Aceh province, FAO, Rome, 2005.
buffered salinity over longer periods. Fruit trees — mango,FAO and MOAC: Report of Joint FAO/MOAC Detailed Technical

rambutan. cocoa — were generally sensitive to the tsunami ef- Damages and Needs Assessment Mission in Fisheries and Agri-
! 9 y culture Sectors in Tsunami Affected Six Provinces in Thailand,

fects, and mortality was high. Diseptangling effgcts of high 14 5, January 2005, FAO, Rome, 2005.

groundwater level and salinity on fruit tree mortality were not pag |SRIC and 1SSS: World Reference Base for Soil Resources,
possible, while the most influential damaging factors for co- FaQ, Rome, 2006.

conut were mechanical forces and for rubber salinity-relatedilangasekare, T., Tyler, S. W., Clement, T. P., Villholth, K. G., Per-
soil and groundwater parameters. Yield depression of co- era, A., Obeysekera, J., Gunatilaka, A., Panabokke, C. R., Hyn-
conut appeared to be related mainly to cation imbalances in dman, D. W., Cunningham, K. J., Kaluarachchi, J. J., Yeh, W.
the groundwater, while rubber yields were affected by soil W., van Genuchten, M. T., and Jensen, K.: Impacts of the 2004
sodium contents (possibly interfering with K uptake) and tsunami on groundwater resources in Sri Lanka, Water Resour.

groundwater pH. Given the large areas affected and the rej Rhe_s.l,_42, (11_’3 ZOOE' E - Livelihood and _ i Aceh
curring and thus long-lasting effects particularly trees are ex2°S": L. and Nugraha, E.: Livelihood and environment in Ace
and Nias: The role of tree crops in post-tsunami development,

posed to under these conditions, modification of the soil and in: Proc Int Symp Land Use after the Tsunami: Supporting Ed-

!andscap_g appears to.be of limited efﬁcapy to improve ,grOW' ucation, Research and Development in the Aceh Region, Banda
ing conditions. Selection of shallow rooting or salt-resistant  acen 4—6 November 2008, 2008.
crops for agriculture appears to be a more promising strategyozlowski, T. T.: Responses of woody plants to flooding and salin-
Apart from profitability of these plants, protective effects in  ity, Tree Physiol. Monogr., Heron Publishing, Victoria, Canada,
case of expected future tsunamis should be considered. 1997.
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