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ABSTRACT

Research on soil temperature in mangrove forest is a part of the mangrove ecosystem microclimate research. Studies
on microclimate variables interaction, including soil temperature is important and interesting because it is associated
with ecosystem and environmental changes, and the biota livinglsitstudy developed a mathematical modeling

of soil temperatures and solar illumination in mangrove forest and the surrounding environment. Mathematical
modeling function was constructed using data measured on three transects drnehtdif ecosystem condition.

The results showed that the mathematical modeling parameters produced the parameters of solar illumination and
soil temperatures that were difference for the three transects. Time lag of soil temperature on solar illumination was
also diference in the three transects due to tlierdifce of penetration of sun radiation and soil inundation by sea
water These parameters also showed théedihces between the soil temperature in mangrove with the soil
temperature in terrestrial forest as studied by the former reseg@ehigesearch demonstrated the charachteristic

of soil temperature in mangrove, that was not merely controlled by sun radiation, but also it was contribute by the

sea water and other factors.

Keywords Mathematical modeling, soil temperature, solar illumination, time lag

INTRODUCTION and hydroperiodThis classification was general
o ] . and had been used in many studies on mangrove

_ Tipically, soil below the mangrove canopy iS gcosystem. Kathiresan (2004) described this
diferent than the soil at the upper land. qassification in context of three main factors that
Geomorfologically this soil is performed through to control mangrove foreste. interior, rives
the sedimentation process by rivecean currents  4ominated. and tide dominated.
and WavesThe.unique of this soil charac'terizeq by Besides the physical processes, mangrove soil
the base layer is very gentle, loss of basic sedimentis conrolled by gganism activities likes crab and
periodically flooding by tide etc. Brinkmaet al. giher animal that produce the hole in sdiie§iitz
(2005) suggests that the roots of mangrove play the 41 (2000) and Susilo (2004) stated that the density
very important role to hold fine sedlments,_ forming of crab holes increased the soil permeability and
new land, and protect the ecosystéwrording to — mqgified the properties of soil. Life of biota and its
Mazda and Ikeda (2006), and Sato (2003), particlerg|e in seil formation under mangrove forest is
size of material under the canopy of mangroves ISstrongly influenced by the microclimate such as
varied but is more subtle than the size of the particles g giation intensityair temperature and humidity
on the adjacent sea flo@ased on ecologirauss  q4j| temperature and moisture, and salinity
et al (2008) to quotdwiley (1998) to classify the  (gneqaker 1989). Microclimate including soil
mangroye f(_)restlntp six types i.e. overwash 'Slands’temperature is the important part of studies on
fringe, riverine, basin, hammock, and scrub foreSIS-mangrove ecosystem. Mangrove forest grows in the
Futhermore Krausst al. (2008) stated that these specific microclimate rangeAccording to
ecological types were dérent in soil type, salinity i athiresan (2004), mangrove forest grows at water
temperature of 2€ in average, and air temperature
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Microclimate studies on mangrove ecosystem mangrove, position-3 as the reference position (x =
are very limited.We do not yet have enough 0) atthe edge of the mangrove; position-4 to 9 were
microclimate data (including soil temperature) of 1 m, 2m, 4 m, 8 m, 16 m, and 32 m into the
mangrove ecosystems. Microclimate parametersmangrove forestThe logarithmic distance for
that have been used in terrestrial forest research cameasurement positions was used based on the
be used to characterize the microclimate of assumption of spatial variation pattern in form of
mangrove ecosystem. Separated solution of thermaéxponential functionThe gradient was steepest
diffusion as the basic concept of microclimate around the edge, and more data were needed to
changes in ecosystem, allows for developing theconstruct the mathematical function of research
mathematical modeling and analysis of spatial variables (Davies-Collegt al 2000).
variation and temporal changes of microclimate
variables separatelyThis research developed the

mathematical modeling of soil temperature under Due to limitation in equipments the research

the mangrove canopgnd its respons to the solar yariaples were measured by moving from position
radiation.The study was conducted on three transect;, position (moving station system). Solar

which different in ecosystem condition i.e. the jumination was measured using a feénrone

structure of the basin, the adjacent environment,gjgita| instrument, which simultaneously measured
the fragmentation, and canopy cover density o variablesi.e. the solar illumnitaion, air

Parameters such as maximum soil temperatur%mperature, air humidity and wind velocifhe
difference inside and outside the mangrove forestmeasuring capacity of equipmet was 0.1 lux.

lag of soil temperatures to the illumination changes For each position, 13 illumination data were

were analyzed comparatively between transectSgphiained during the measurement started at 06.00
The parameters under study can show tleréifice 5 1, nil 18.00p.m, with 1 hour interval of

between transects and between positions along the,a5surement.

transects, related to the féifences in ecosystem Soil temperatures were measured using High
conditionsThe procedures which will be developed BarbecueThermometeA-204L, with a measuring

in this research and the resulting data can be %apacities of 0°C in range -50C to 300C. The
reference for advanced research on mangrovgecorded soil temperature data was the soil surface
ecosystem, including the biota living in it. temperatures which were measured at the depths
of lessthan 0.5 cm. For each position 25 data were
obtained, as theesults of measurements started at

] 19.00p.m.on May 26, 201 until 19.00p.m. on
Sudy Site May 27, 201. Interval of measurement at each
position was 1 hour

Variable M easur ement

MATERIALSAND METHODS

The research was conducted atViage of
East RatatotokThe area of mangrove forests was \ogelling Analysis
about 2,400 rh Here, we choosed three transect _ _ ' _
which different in forest structure and the adjacent Steps of modeling and analysis, starting with
environmentThe first transect was adjacent to a the modeling of diurnal dynamics of soil
paved road, the front oxgmown by Rhizophorawith ~ temperature and solar illumination. Modeling was
the canopy density of 86% - 95%t a distance of performed on each measurement position.
14 m to the inside, there were fragments with Theoretically the diurnal changes soil temperature
mangrove plants of various types, canopy densityto follow the sinusoidal pattern of the solar radiation
of 65%-72%. Classification of topography was changes. The mathematical modeling of soil
forest basinThe second transect faced to the sea,temperature as well as solar illumination were using
topographically classified as fringe forest, and wasPeriodic functioni.e. Fourier series. Modeling the
ovemgrown by Rhizophora with canopy density Fourier function of field data are using the formula:
85%-92%.The third transect was adjacent to the T () =3"?=a cosw t+h sinwt ... [1]
beach which was overgrown by high trees of coastal w, = 20m/N
vegetation. Classification of topography was basin
forest.The density of mangrove canopy cover was
65%-72%.

At each transect, measurements were done at
nine positions, namely position-1 and-2,
respectively at 4 m and 2 m outside the edge of th

a =2/N3M=1(t) cosw t
b, = 2IN3VI=f(t) sinc t

dn = the number of harmonic, N = the number of
data, t = the independent variable: time an(
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represents the dependent variatdesoil tem- RESULTS AND DISCUSSION
perature or solar illuminaton.

lllumination (1) and soil temperature (J) data  Diurnal Dynamicsof Solar Illumination and Soil
were bias, arose by not simultaneously of Temperature
measurements (moving station system), corrected _ _
through the steps of data synchronization. Data . | e example of mathematical modelling of
synchronization was obtained by shifting the solar '”“W'“"’.‘“O” and soil temperature are
independent variable (t) according to time difference presented in Figure 1 andThe graph represents

in measuring data between positions. Submitted t tothe measurement data (dot, rectangle, and triangle

the Fourier function for | and_, we found the symbols) and modeling function (line) for three

synchronous data of | afd ;. Using the Fourier positions. : o .
function of | andT_, we generate the modeling The example of solar illumination function for
soil’ .. iti _ - i -
data by taking the interval of dependent variable At position-3, transect-1 (Figure-1) are as follows
= 0.1 hours. This stage produced 120 synchronous(t) = 32.746 - 25.19 cos(#t)/12 - 10.294 sin@)/12 -
data of solar illumination (I) and 250 synchronous 5.454 cos(@)/12 - 0.652 sin(@)/12 -1.81 cos(@t)/

data of soil temperature (). Data used for the 12 - 2.671 sin(8)/12 - 0.919 cos@t)/12 + 1.721
determination of time lag between | aiid, was Sin(@1)/12 + 0.454 cos()/12 + 1.100 sin(1d)/
the data results of modeling for the interval of 6.00 12 +1.003 COS) + 1.390 SIrt) ....ovorvvenren.. 3]

a.m.to 6.00p.m. The number of pairs of data ] ] ] ]

(1,T.,) was 120The time lag | T__, was obtained Using the equathn (_3) as a continous function,

by shifting of one variable function to another W€ can get |, by submission any values t. For smaller

variable function. time interval Qt), we get more | data in range of
In this study the function of illumination is 13 hours (06.0G.m.— 18.00p.m). Using the

shifted backward, relative to the soil temperature €quation (3) we could synchronize I functions
function. Cross correlation formula for determination Petween position that perform using the data which

of time lag is: were measured not_sim'ultaneously (movjhg station
_ _ _ system). Synchronization between positions was

r=2{(x(Q—mx)).(y(l—d)—m»}/sqr{[(x((|)—m>92}. important in this research, for determination of

Sqr{z (y((l—d)—m ”Z} .......................................... [2] Spatial Varlabillty Of i”umlnatlon, I”umlnatlon

Here, r = the correlation cdifient, n= number of ~ gradient at the edge, the depth of edgecgfand
data, m = a constant, | = a count of the data, and d #he time lag between illumination and soil
the length of time shifting of variable y&.1) to ~ temperature. The example of soil temperature
variable x {.e. T_). Time-lag between x and y is function for position-3, transect-1 (Figure-2) are as
obtained if r is maximum. Here the shifting of follows:

variables can be exchanged between x and y

29.01
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=) o
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= & 28.
£ )
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Figure 1.Temporal changes of solar illumination Figure 2.Temporal changes of soil temperature at
at transect-1, position-1-& =4 m from transect-1, position-1 = = 4 m from
the edge), position-Z<- = at the edge ), the edge), position-2<£ = at the edge ),
and position-9-8- = 32 m into the forest). and position-9-6- = 32 m into the forest).



168 C Medelluet al.: Respons of Mangrove Soil on Sol@hanges

T(t) = 27.944+ 0.272 cosip)/24 — 0.602 sin(@)/24 - temperature were higher than at night. Between the
0.176cosgdt)/24 + 0.006 sin(@)/24 + 0.032  hours of 23.0p.m.to 05.00a.m, the soil temperature
cos(@1)/24 + 0.079 sin(&)/24 + 0.003 cos@)/  in mangrove forests was higher than the temperature
24 6%8?2148'8(%:)’7/624 - ?&%ﬁzzofg]%’)llgdf,' ?1';;4 at the edge and outside the forest. Throughout the
sin -0.036 cos .018sin - -

: day, the soil temperature in the mangrove forest was
24 + 0.012 cos(1)/24 + 0.002 sin(1&)/24 + lower than the temperature at the edge and outside

0.009 cos(18t)/24 - 0.016 sin(1&)/24 - 0.005
COS(181)/24 - 0.012 sin(1&)/24 - 0.026 cos(ZR)/ the forest. The three transects showed the same

24 + 0.023 sin(2)/24 + 0.018 cos(2R)/24 — pgttern of t(_emporal changes of soil temperature. The
0.029 COSRt) -0.037 SINBL) cv.vvvvveeerreerrreerrenns [4] highest soil temperature at the edge of the forest
_ , _ for the transect 1, 2, and 3 respectively were:

As equation (3), the continous function g ¢ 59 pc and 29C. The highest soll
(equation 4) allows us to generate more data byiemnerature was occurred at 12.00. These results
taking smaller time intervalX(). Using this 50 congistent with the results of Cretal. (1999),
equation we could synchronize modeling data  nich stated that the maximum temperature was
between positions, and then we determined the,;-inad at noon or after noon depending on

spatigl variability function for soil te_mpe_rature, its geographic location, landscape position and canopy
gradient and edge fefct penetration into the gy cryre. In transect-1 and 3, the highest soil
mangrove forest. Our soil temperature function Wastemperature occurred when the surface soil was not
different in time range with the illumination ;. nqated by sea wate¥t transect-2, the pick of
function. The time range of soil temperature was g yomperature occurred when sea water inundate
between 19.0p.m.to0 19.00p.m.of the nextday 4 il surface as 12 cm depiine highest soil

The illumination data presented in Figure 1 was yo yherature at transect-1 and 3 were caused by the
the measured data divided by 1,000e maximum  aimum direct penetration of solar radiatii.

solar illumination at the edges of mangroves for 5 545 m the sun radiation penetration through the
transect-1, 2, and 3, were 59,000 lux, 59,500 Iux|q,\ density canopy at transect 1 and 3 were
and 51,210 lux, respectivelfhese maximum
values were reached at 128f. The weather was
b_rlght during the measgrer_neﬁthe maximum < surface.

differences of solar illumination between the edge Daytime soil temperature défrence between

and position of 32 meters from the edge of transeCttheedge and the interior (32 meters from the edge)
1,2, and 3 were respectively : 34_' 800 IU_X' 34’B’OOforthe three transects was around @.5 his result
lux, and 25, 400 lux. These maximum diferences, ¢ |o\er than Spittlehouse (2004), that found the
were occured at 12.(m_m . difference of soil temperature for terrestrial forest
The pattern of diurnal changes graphics a5 around 10-15°@t night the soil temperature
showed the influence of mangrove canopy to reducgside the mangrove for the transect-1, 2, and 3

the solar illumination at the depth position inside respectively were 0°2, 0.4C and 0.8C higher than
the mangrove (position 32 m from the edg#)e 5 the edge and outsidehe results of this study

decreasing of solar iIIuminati_on was diferent \,are lower than the results founded by (Chtal
between transects due to thefetiénce in canopy  1995: Brosofskeet al 1997; $atherset al 2001,
density For each_transe_ct, solgr illumination quoted by Spittiehouse (2004 around 1 — .
decreased by the increasing of distance from the 1hg gifference in soil temperature between the
edge into the foresThese phenomena were the mangrove and the terrestrial forest, showed the

maximum.At transect 2, the warm sea water
inundated the soil and delivered the thermalg@ner

same as in terrestrial forest (De Siquerdrel,  hermal characteristics of mangrove ecosystem that
2004; Davies Collegt al 2000; Cheret al.1995; a5 diferent to forest in the mainland@hese
Hennenbeg et al 2008; Pintcet al 2010) differences were caused by the inundation and water

Figure-2 shows the pattern of temporal changesmass movement that had a certain temperature. Sea
of soil temperature which were more complex than yater temperature due to receiving the heatgner
the illumination. Temporal function of soil  fom the sun during the dagan afect the soil
temperature graphs at position 1, 3, and 9 showeqemperature inside the mangrove forest (Mazda and
small fluctuations during the night (19.@¢0m.to Wolanski 2009).At the daytime, the high
05.00a.m, or abscissa scale of 0 th)lthan the  temperature water will raise the soil temperature
day (at 06.0@.m.to 18:00p.m, or abscissa scale ynder the closed canopy so theatiénce with the
of 12 to 24).The results of this study were inline gytside will be lowerAt night, the sea water which
with the results of the study by Chenal.(1999),  |ow temperature, flow into the mangrove to decrease
which stated that at the dayariations in soil  sojl temperature inside the mangrove. Furthermore,
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the soil temperature differences between inside andrable 1. Cross-correlation and the lag between solar

the edge or outside the mangrove was lower than in illumination and soil temperature, at
terrestrial forest. The phenomenon of soil transect-1.
temperature changes due to sea water inundation
did not occur in the forests in the mainlaiithe Position Cross correlation Coefficient  Titag
soil temperature was changed due to inundation, before shifting  after shiftinghour)
spatially relatively complex because it was 1 0.401 0.942 1.8
determined by topographic conditions, substrate 2 0.314 0.910 1.9
material, the supply of fresh water from land etc. 3 0.343 0.963 2.0
This was a characteristic of soil temperature of 4 0.181 0.935 2.3
mangrove. 5 0.178 0.909 2.3

. . 6 0.221 0.913 2.3
Cross Corr_elatl_on and th(_a Time-Lag between 7 0.168 0.884 24
Solar Illumination and Soil Temperature 8 0.146 0.875 24

9 0.281 0.898 2.4

The procedure for determination of time-lag
that described in research methods, produced the
dynamic function of solar illumination and soil Taple 2. Cross-correlation and the lag between solar
temperature as presented at Figure 3, 4, albe. illumination and soil temperature, at
black color graph represented the illumination transect-2.
dynamic before shifting () while the red color

graph represented the illumination after shifting (I~ position Cross correlation Coefficient nigilag
for time range of 06.00 to 18.00. Here we adjusted before shifting after shifii (hour)

the range of time of soil temperature to the time 1 0.698 94 1.4

range of illumination.The blue color graph 2 0.670 @94 1.5

represented the dynamic of soil temperaturg XT 3 0.718 ®97 1.3

in the same range of time (t). Cross-correlation 4 0.574 ®B91 1.6

coeficients between landT_, are presented in 5 0.613 @91 1.5

column-2 ofTable 1, 2, and 3. Cross-correlation 6 0.719 0784 1.5

coeficients between landT_,, are presented in 7 0.517 (B89 1.7

column-3 ofTable-1, 2, and 3 he length of shifting 8 0.534 &38 1.7

(I, to 1) that yielded the maximum coefficient of 9 0.537 ®86 1.6

701 r 70 70 70
607 r 60 60 60
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= 507 1502 501 F50=
3 c = 1
= 101 L 40 D = v
c 40 L < 401 £40 5
i) = o =
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Figure 3.Graphics of illumination and soil Figure 4. Graphics of illumination and soil

temperature of transect-1, position-1 (4 temperature of transect-1, position-3
m outside the edge=——t— = illmunation (edge of mangrove=—— = illmunation
before shifting==E===illmunation after before shifting==8===illmunation after

shifting, anc=—@#== = soil temperature. shifting, anc=—#== = soil temperature
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Table 3. Cross-correlation and the lag between solaof soil temperature to air temperature changes was
illumination and soil temperature, at caused by conduction of thermal energy from the

transect-3 surface into a depth of soil temperature
measurements (100 mm). Our results were also
Position Cross correlation Coefficient  Tifag lower than Spittlehouset al.(2004) which recorded
before shifting  after shifjin (hour) the lag of soil temperature to the air temperature in
1 0.612 0.859 15 terrestrial forest about three hours. Zhetal.
2 0.632 0.879 1.4 (2000), agued that the time lag I'F, , decreased
3 0.686 0.924 15 two to three hours, due to deforestatidimese
4 0.629 0.855 1.8 results were inline with the results on the transect-
5 0.711 0.770 1.6 1 and 3 where the time lag to be low at the position
6 0.735 0.851 1.6 where the canopy density was low these
7 0.653 0.836 15 positions, the higher penetration of solar radiation
8 0.655 0.849 1.6 caused the rapid increasing of soil temperature to
9 0.602 0.829 1.6 follow the irradiation changes during day night,

when the outside air temperature drops, the thermal
_ _ diffusion occurs from the inside to the environment
cross correlation, are presented in columiradle-  through the canopy gafhis yield the inside air

1,2, and_3. _ o and soil temperature becomes closed to the outside
Maximum cross correlation coefficient for each ajr and soil temperature.
position at transects 1, 2, and 3 was high enough. Significant diference of time lag | F__, in

Except for the position-5 transect-3, cross correlationmangrove and the mainland forest, was physically

coeficient was r < 0.83. Correlation of IT_;, 0n  qye to differences in energy received by the ground
the basis of time t, indicated that the pattern of soil g;fgce. Spatial variations of time lag T, was

soil

temperature under the mangrove canopy Wasmore complex than the spatial variation of time lag
changed followed the pattern of solar illumination. | _ T  The soil temperature changes under the
It can also be seen through the graph in Figure 3, 4man8rrove canopywas not influence by solar
and 5. _ o ilumination only Other factors that potentially
Outcomes of modeling and analysis of time 1ag jnflyence the soil temperature changes in the
were different between positions and transects.mangrove forest is the inundation of soil surface
Transect-1 showed gradually increasing of time Iagby sea waterSea water temperature can be
according to the distance from the edg@nsect - jncreasing or decreasing the soil temperature.
2 and 3 showed a more complex spatial variationgyrthermore, spatial variability of soil temperature
(up or down along the transect8].the edge and  gyspected depends on topograsipstrat material,
outside the mangrove forest, the time lag,of |, fresh water flow etcTopographicallythe floor form
in transect-1 was higher than in transect-2 and 3getermine the area and duration of inundation. It

Inside the mangrove, time lag in transect-1 was alsqyas shown by the time lag fluctuation in transect-2
higher than in transect-2 and®.a distance of 8m  (fringe forest) which smaller than in transect-1

to 32 m transect-1, the time lag increased 2.3 hourgpasin forest) The soil surface in transect-2,

to 2.4 hours. For the same depth in transects 2 ang,;ndated by sea water nearly during the time of
3, the time lag was fluctuated betweenl.5 hours tomeasurement, while the inundation in transect -1,
1.8 hours. _ _ was only about 2.5 to 3 hours. The differences of
~ Spatial changes of time lagll,, were slightly  material conductivity determine the solar ayer
different than the time lag between solar gpsorped and stored at the upper layer of the soil.
illumination and the air temperature-l,), atthe  The fine surface material under the Rhizophora
same transect. Spatial variation of time 1ad|  syuspected have the fifent thermal conductivity
from the edge to the centre of mangrove forestsith a more coarse material under Sonneratiys
varied between 1.1 hours to 1.3 hours (Medellu o thermal conductivity of soil surface material do
al. 201). Time lagT,_-T_, in transects 2 and 3 ot include in our research, but this section is

varied between 0.4 to 0.6 houlsme lag ofT - jmportant to study more deeply as a part of physical
T, in transect-1 varied between 0.7 to 0.8 hours.characterization of soil in mangrove forest.
These results were lower than found by Davies-powever this research showed the diurnal changes
Colley et al. (2000),i.e. around one to two hours.  of sojl temperature to follow the sun radiativve
According to Davies-Collegt al.(2000), the delay  paye proved that the soil temperature was a specific

physical properties of the area being studied. Our
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procedure and data are important for monitoring theDe Siquerian LAMB de Matos, DMS Matos, R de Cassia,
mangrove structure changes, and as a references Q Portela, MIGBraz and LSilvalima. 2004. Using

for study of biological relationships with physical the variances of microclimate variables to determine
factors in mangrove forest the edge décts in SmallAtlantic rainforest

fragment, South Eastern Bra#lcotropicalO: 59-
64.
Hennenberg KJ, D Goetze, J Szarzynski, B Orthmann, B
) ) Reineking, | Steinke and S Porembski. 2008.
Mathematical modeling of temporal changes Detection of seasonal variability in microclimatic
of soil temperature and its response to solar  borders and ecotones between forest and savanna
radiation, produced parameters that can indicate the  Basic Appl Ecold (3): 275-285.
characteristics of the studied transect. Maximum Kathiresan K. 2004Ecology and Envibnment of

CONCLUSIONS

soil temperature, maximum dérence of soil Mangrove Ecosystem&entre oAdvanced &idy
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developed, among others about the thermalMazday andY Ikeda. 2006. Behavior of the groundwater
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