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Abstract  Soil salinity plays an essential role in the 
growth of mangroves. Mangroves usually grow in 
intertidal zones. However, in Karimunjawa National 
Park (KNP), Indonesia, mangroves are also found in 
supratidal zones. Thus, this study aims to determine 
why mangroves can grow in this supratidal zone, 
even during the dry season. We analyze seasonal 
changes in groundwater flow and salinity dynamics 
using the hydraulic head, shallow groundwater salin-
ity, and electrical resistivity imaging (ERI) data. The 
result shows that variation in groundwater salinity is 
caused by seawater intrusion, which is generated by 
a hydraulic gradient due to the sea level being higher 

than the water table in KNP. Rainfall and evapotran-
spiration, which change seasonally, likely affect the 
water table fluctuation and salt concentration. ERI 
images indicate this seawater intrusion in the top sed-
iment up to the bedrock boundary. However, the resis-
tivity difference in the wet and dry seasons shows that 
remarkable resistivity change occurs at the deeper 
layer (50–60  m below ground level (BGL)), likely 
due to freshwater recharge from rainwater on the land 
side. Groundwater in the KNP is shallow and saline; 
thus, mangroves in this zone, e.g., Ceriops tagal and 
Lumnitzera racemosa, can grow because their roots 
can reach this groundwater. These mangrove species 
can still grow in this zone even though the shallow 
groundwater is very saline (46–50 ppt). However, 
this condition might cause these mangroves to grow 
stunted. Thus, freshwater availability is crucial for 
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mangrove growth in this supratidal zone to dilute this 
high groundwater salinity.

Keywords  Mangrove · Groundwater salinity · 
Electrical resistivity imaging · Seawater intrusion · 
Supratidal zone · Karimunjawa

Introduction

Soil salinity is essential in mangrove growth and in 
establishing mangrove ecosystem structures in coastal 
areas (Ball 2002; Nguyen et al. 2015; Yoshikai et al. 
2022). Seawater inundation caused by tides and waves 
influences soil salinity in coastal areas. Periodic inun-
dation by tides in intertidal areas plays a role in main-
taining soil moisture, temperature, and salt dilution 
(Passioura et al. 1992; Naidoo 2010).

Mangroves grow in saline areas because they adapt 
better than terrestrial plants (Ball 1988). However, 
mangroves require fresh water for their growth (San-
tini et al. 2015; Hayes et al. 2019). Water uptake, tran-
spiration, and photosynthesis in mangroves decrease 
when groundwater salinity is high (Ball 1988; Parida 
and Jha 2010; Reef and Lovelock 2015). Conse-
quently, nutrient uptake by mangrove growth is dis-
rupted, leading to mortality (Šimůnek and Hopmans 
2009; Dittmann et al. 2022). Limited freshwater sup-
ply may occur on small islands because of restricted 
areas and resources (Falkland 1999). Generally, small 
islands do not contain rivers that supply freshwa-
ter for mangrove growth, such as in Karimunjawa 
National Park (KNP), Indonesia, where this study 
was conducted. At these locations, mangroves receive 
freshwater from rain and groundwater (Prihantono 
et al. 2021, 2022).

The KNP is a mangrove forest on the coast of a 
small island. Mangroves in the KNP grow in both 
intertidal and supratidal zones. The supratidal zone 
is located above the maximum height of the tide. 
This zone is not inundated by seawater but may be 
flooded when the highest tide or storm occurs. Pri-
hantono et  al. (2022) suggested that mangroves in 
intertidal areas grow with taller and greener cano-
pies than those in supratidal zones. In addition, Pri-
hantono et al. (2021) suggested that soil moisture in 
KNP affects the greenness of mangroves. Soil mois-
ture is influenced by tide inundation, rainwater, and 
groundwater table. However, they did not discuss 

the groundwater salinity dynamics in this area which 
is essential to understand why mangroves can grow 
here even though they are not waterlogged by tides or 
rainwater.

Groundwater in coastal areas is saline due to 
seawater intrusion into the aquifer. Seawater intru-
sion may occur when sediments in the coastal area 
have high permeability (Panjaitan et  al. 2018), and 
the groundwater table is lower than the sea level 
(Jasechko et al. 2020). Therefore, measurement of the 
hydraulic head at the KNP needs to be performed to 
determine its position with respect to sea level. Then, 
the hydraulic gradient of each well can be calculated. 
In addition, a groundwater flow direction map can 
be constructed to predict the distribution of shallow 
groundwater salinity and the seawater intrusion pro-
cess. Groundwater salinity at the desired depth can 
be measured directly from water samples using a sali-
nometer or indirectly as electrical resistivity imaging 
(ERI). ERI is a geophysical method for estimating 
geological structures and lithology properties using 
direct current (DC) electricity. One application of 
the ERI method is to map groundwater salinity and 
seawater intrusion in coastal areas (Adhikary et  al. 
2015; Galazoulas et  al. 2015; Hermans and Paepen 
2020; Folorunso 2021). We can also determine the 
interseasonal differences in groundwater recharge and 
salinity using time-lapse ERI (Wagner et  al. 2013; 
Tesfaldet and Puttiwongrak 2019; Mao et  al. 2022). 
In this study, we suspect that mangroves in supratidal 
zones of the KNP can grow even in different seasons 
because they are influenced by shallow water tables 
and saline groundwater due to seawater intrusion.

This study aims to determine the patterns of 
groundwater salinity, groundwater flow direction, 
and sediment thickness in the supratidal zones of the 
KNP in dry and wet seasons using the time series 
data of hydraulic head, shallow groundwater salinity, 
and resistivity difference in dry and wet seasons. We 
also aimed to understand why mangroves can grow in 
supratidal areas.

Materials and methods

Study site

The study was conducted at KNP on Kemujan Island, 
Karimunjawa Archipelago, Java Sea, Indonesia 
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(Fig.  1a, 5°49.511′S, 110°28.055′E). This island is 
north of Karimunjawa Island, separated by a nar-
row strait. This area has a tropical climate, with an 
average daily temperature ranging from 26 to 30 °C, 
an average humidity of 70–85%, and an average 
annual rainfall of 2,632 mm. The wet season occurs 
between October and March, and the dry season 
occurs between April and September, with a monthly 
average rainfall of 60 mm and 400 mm, respectively 
(Kamal et  al. 2016). The study site is a mangrove 
forest protected by the Karimunjawa National Park 
Office (BTNKJ), Ministry of Environment and For-
estry of Indonesia, responsible for mangrove conser-
vation, tourism, education, and research. There are 
at least 13 identified mangrove species, with Ceriops 
tagal, Rhizophora apiculata, and Lumnitzera rac-
emosa as dominant (Mulyadi et  al. 2019). Because 
KNP is a protected area with small residents in the 
surrounding area, this study did not consider anthro-
pogenic influences.

The geological map (Sidarto and Hermanto 1993) 
shows that the Pre-Tertiary island is in the Kari-
munjawa Formation, consisting of quartz sandstone, 
micaceous sandstone, quartz conglomerate, quartz 
siltstone, and quartz shale. The southern part of 
Kemujan Island contains the Karimunjawa Forma-
tion. However, the northern part of Kemujan Island is 
dominated by the Parang Formation, which contains 

volcanic breccia, tuff, and lavas from the Tertiary 
Period. Karimunjawa National Park is geologically 
located in alluvium from the Quaternary Period and 
is composed of pebbles, gravel, sand, clay, mud, 
coral fragments, and pumice. In general, rock forma-
tions on Karimunjawa Island show signs of intensive 
weathering (Hadi et  al. 2005), generally resulting in 
sand and clay. Loose sand is commonly found on flat 
land. Meanwhile, Kemujan Island is characterized by 
volcanic rock weathering. Such characteristics cause 
rainwater to percolate into the Karimunjawa and 
Kemujan aquifers.

Karimunjawa Island has a high hilly topography, 
whereas Kemujan Island has a relatively flat topogra-
phy. On both islands, there is a lowland morphology 
on the coast generally occupied by mangroves. Only 
small rivers flow during the wet season and are dry 
during the dry season. The river follows the valleys of 
the hills on Karimunjawa Island. Shallow freshwater 
zones with limited potential and uneven distribution 
are located in the plains at < 10 m depths (Hadi et al. 
2005). Generally, the water quality on both islands is 
still good and locally used as potable water (Ramdhan 
et al. 2021).

Fig. 1   a Location of 
the Karimunjawa island, 
separated by a strait from 
the Kemujan island; b 
ERI measurement loca-
tions (yellow, ERI lines 
in 2019; red, ERI lines in 
2021), observation wells in 
2019–2020 (red dots) and 
water sampling location 
in the dry season of 2019 
(red dots); c water sampling 
locations in the wet season 
of 2021 (pink dots)
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Hydraulic head calculation and mapping of 
groundwater flow direction

Hydraulic head monitoring at KNP was carried 
out in six observation wells (Fig. 1b) from October 
11, 2019, to September 29, 2020 at 30  min inter-
vals, based on pressure data obtained from HOBO 
water level loggers (WLL). Six monitoring wells 
(30–86  cm) were dug with a hand auger down to 
the saturated zone; where a PVC pipe with a bottom 
screen up to 30 cm from the bottom of the casing. A 
WLL sensor was installed close to the bottom of the 
well. The geometry of each well (Fig. 2) was docu-
mented during the installation and used to calculate 
the hydraulic head according to Eqs. 1–3.

where h is the hydraulic head or water table from the 
mean sea level (MSL) (m), hz is the elevation of the 
WLL sensor from the MSL (m), and hp is the pres-
sure head measured by the WLL sensor (m). The 
ground level elevation of each well was determined 
from high-accuracy field measurements of the digi-
tal terrain model (DTM) by Wirasatriya et al. (2022) 
using a geodetic global navigation satellite system 
(GNSS) in KNP which the elevation of ground level 

(1)h = hz + hp

(2)hz = Ground Level −
(

L − La

)

(3)hp =

(

Pobs − Patm

)

�.g

was determined from MSL. L is the total length of 
the pipe case (m), La is the length of the pipe case 
above ground level (m), Pobs is the observed pres-
sure from the sensor (Pa), Patm is the pressure of 
atmosphere (Pa), ρ is the density of brackish water 
(kg m−3) = 1011  kg  m−3, and g is the acceleration 
due to gravity (9.8 m s−2). In this study, the pressure 
of atmosphere (Pa) was obtained from time series 
atmospheric pressure data of The National Centers 
for Environmental Prediction-Climate Forecast Sys-
tem Reanalysis (NCEP-CFSR) (Kalnay et  al. 1996) 
from 2019 to 2020.

A groundwater flow direction map was created 
based on the hydraulic heads obtained from the wells. 
This map only estimates the flow direction and does 
not calculate the groundwater speed. It is based only 
on the hydraulic gradient and does not consider the 
aquifer’s hydraulic properties and geological struc-
tures. In this case, we assumed the soil layer was iso-
tropic and homogeneous and only mapped the shal-
low unconfined aquifer.

We mapped the groundwater flow direction in the 
dry and wet seasons. The groundwater flow direc-
tion in the dry season was determined based on the 
hydraulic head of all wells on October 28, 2019, at 
17:00 UTC, and for the wet season on March 30, 
2020, at 17:00 UTC. This map was initiated by inter-
polating the hydraulic head data using the kriging 
method in SAGA GIS software version 7.8.2. Then, 
we determined the flow direction from the obtained 
contour using SAGA GIS in QGIS software version 
3.16.15, using surface gradient tools. The flow direc-
tion was orthogonal to the contour lines.

Fig. 2   Sensor installation 
geometry in observation 
wells
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Shallow groundwater salinity mapping

Salinity maps of the shallow groundwater in the KNP 
were also done for the dry and wet seasons. Shallow 
groundwater salinity data during the dry season were 
obtained from Hudoyo et  al. (Hudoyo et  al. 2021), 
with sampling points in six monitoring wells (Fig. 1b) 
measured with a refractometer. During the wet sea-
son, the shallow groundwater salinity was measured 
using a portable multiparameter water quality meter 
model WQC-24 (TOA DKK, Japan) in 17 shallows 
(2–37  cm) holes (Fig.  1c) made with 10  cm wide 
hand auger. During the wet season, the groundwater 
table was close (0–17 cm) to the ground level in all 
the wells. We plotted the salinity values for each sea-
son as a map by interpolating the data using the krig-
ing method in the SAGA GIS software version 7.8.2.

Electrical resistivity imaging and calculation of 
seasonal resistivity difference

We measured three ERI lines during the dry and two 
during the wet seasons (Fig. 1b). The three ERI lines 
in the dry season are lines 01, 02, and 03; in the wet 
season, they are lines 04 and 05. The orientations of 
lines 01, 02, and 04 are perpendicular to the coastline 
to the northwest and parallel to the strait to the south-
west. Lines 03 and 05 are parallel to the northwest 
coastline and perpendicular to the strait.

The electrode spacing and total length of each line 
are shown in Table  1. All ERI lines have identical 
electrode spacings, except for Line 02, which has an 
electrode spacing of three meters. Consequently, Line 
02 has the shortest total length and the highest resolu-
tion among the lines. These ERI lines were measured 
using a SuperSting Marine electrical resistivity meter 

(Advance Geoscience, Inc., USA) arranged in a 2D 
Wenner array.

The measured data were processed to obtain 
apparent resistivity values. Then we did inverse mod-
eling using Boundless Electrical Resistivity Tomog-
raphy (BERT) software (Günther et  al. 2006) to get 
the true resistivity value. Generally, BERT inversion 
is based on a smoothness-constrained Gauss–New-
ton inversion, as defined by Gunther et  al. (Günther 
et al. 2006). Subsequently, Rucker (2011) detailed the 
formulation as a flexible minimization and regulariza-
tion approach. The Gauss–Newton method was used 
with an inexact line search to solve the inverse issue. 
Consequently, a solution was reached after a mini-
mum number of iterations.

We used BERT because it is free software and 
easy to use. It also has the same inversion capabili-
ties as other ERI inversion software (Hellman et  al. 
2016). We applied the same parameters to all lines in 
the inversion process. We used a regular or rectangu-
lar mesh with 50 layers (LAYERS) and a first layer 
thickness (PARADZ) equal to the horizontal grid size 
at the surface (PARADX) of 25% of the electrode 
spacing. The layer thickness increases linearly with 
depth. In addition, we applied a vertical constraint 
(ZWEIGHT) of 0.2, which means that the model 
was layered. We set other parameters to their default 
values.

We compared Lines 01 and 04, which had almost 
the same position, direction, length, and electrode 
spacing, to determine the resistivity difference 
between the dry and wet seasons. It wasn’t easy to 
compare other lines due to different electrode posi-
tions, directions, lengths, and spacings. The resis-
tivity difference between seasons was determined 
by subtracting the resistivity of the inversion results 
in the wet season (2021) from that in the dry sea-
son (2019). This can be done because each inversion 
result has an identical model discretization so that the 
subtraction process can be performed directly on the 
same model block.

Bedrock depth estimation

The bedrock depth was estimated by using the Lapla-
cian edge detection (LED) method proposed by 
Hsu et al. (2010), who used this method to estimate 
bedrock boundaries in the Peikang River, Central 

Table 1   Electrode spacing and total length for electrical resis-
tivity imaging (ERI) lines during the dry and wet seasons of 
2019 and 2021, respectively

ERI line Electrode 
spacing 
(m)

Total 
length 
(m)

Measurement period

Line 01 (A–A′) 7 385 2019 (Dry season)
Line 02 (A–A″) 3 165 2019 (Dry season)
Line 03 (B–B′) 7 231 2019 (Dry season)
Line 04 (C–C′) 7 385 2021 (Wet season)
Line 05 (D–D′) 7 287 2021 (Wet season)
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Taiwan, from the ERI data. We used the following 
LED equation:

where � is the resistivity in logarithmic scale (Ω m), z 
is the vertical axis or depth (m) of � grid, and x is the 
horizontal axis (meters) of � grid. If LED = 0, there 
is a drastic change in the resistivity value along the 
x-axis (horizontal) and depth (vertical). This drastic 

(4)∇2�(x, z) =
�2�

�x2
+

�2�

�z2
= 0

change indicates the boundary of two main resistivity 
layers.

Results

Hydraulic head and groundwater flow direction

The hydraulic heads were lower in the dry than in 
the wet season for all the wells (Fig. 3). The hydrau-
lic heads were at their lowest positions (below 
MSL) during the October 2019 dry season and 
increased to the mean value value (close to mean 
higher high water (MHHW) datum) during the wet 
season, from December 2019 to July 2020. The 
mean high higher water (MHHW) in KNP is 0.4 m 
from MSL, whereas the mean low lower water 
(MLLW) is -0.4  m from MSL (Prihantono et  al. 
2022).

When the dry season began at the end of July 
2020, the hydraulic heads slowly decreased until 
October 2020 but were still above MSL. These 
hydraulic head fluctuations were influenced by 
recharge from rainfall in KNP and the Kemujan 
island (Prihantono et al. 2021). Hydraulic heads in 
the 2019 dry season were lower than those in the 
2020 dry season because rainfall in the 2019 dry 
season was lower than in the 2020 dry season due 
to the eastern monsoon (El Niño), and a positive 
Indian Ocean Dipole (IOD) (Prihantono et al. 2021, 
2022; Ramadhan et al. 2021).

Fig. 3   Hydraulic heads at six observation wells from October 
2019 to October 2020 at the supratidal area of KNP. The zero 
datum refers to the mean sea level.(MSL). The mean higher 
high water (MHHW) datum is 0.4 m, and the mean lower low 
water (MLLW) datum is − 0.4 m

Fig. 4   Groundwater flow direction in (a) the 2019 dry season, and (b) 2020 wet season in KNP. The arrow size indicates the magni-
tude of the hydraulic gradient
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The map of groundwater flow direction in the 
dry season of 2019 (Fig. 4a) shows that groundwa-
ter flows from the coast and landsides to the middle 
area of the KNP (Station 4). On the other hand, the 
groundwater flow direction map in the wet season 
of 2020 (Fig. 4b) shows groundwater flowing from 
the land side and the northern coastline moving 
towards the middle area and turning towards the 
strait (Station 2).

Shallow groundwater salinity in different seasons

The salinity of the shallow groundwater in the obser-
vation wells in the 2019 dry season ranged from 46 
to 50 ppt (Fig. 5a), indicating that shallow groundwa-
ter salinity in the 2019 dry season was higher in KNP 
than that of the surrounding seawater, which ranged 
from 27 to 33 ppt (Marine Research Center 2019). 
The 2019 dry season was extremely arid because 
rainfall was lower than average. Also, the shallow 
groundwater salinity in the middle area of the KNP 
(Stations 4 and 5) was higher than landward and 
toward the coastline (Fig.  5a). In contrast, shallow 
groundwater salinity during the wet season of 2021 
ranged from 0 to 27 ppt (Fig. 5b) and was lower in the 
landward zone than in the coastline.

Subsurface resistivity interpretation

The inversion results of all ERI lines show small root 
mean square (RMS) and relative root mean square 
(RRMS) errors with a range of 0.06–0.112 Ω m and 
2.138–9.943%, respectively. These small error val-
ues indicate that the obtained resistivity models have 
good statistical quality and that the ERI images can 
be used to explore subsurface conditions in KNP.
The maximum depth of ERI images in the dry season 
was 60 m, whereas in the wet season was 40 m. The 
resistivity results range from 0.17–18.07 Ω m. Gener-
ally, the ERI images in the dry (Figs. 6a, c) and wet 
(Figs. 6b, d) seasons showed a similar pattern. There 
was a lower resistivity in upper layer than in the lower 
layer, indicating that the upper layer is more saline 
than the deeper layer.

Based on the resistivities of common rocks and 
minerals table compiled by Glover (2015), the salin-
ity of groundwater in the KNP is classified into three 
parts by assuming that the soil is water-saturated. The 
top layer (0–10  m) has a resistivity of 0.17–1 Ω m 
and is categorized as brine water. The middle layer 
(10–50 m) has a resistivity of 1–10 Ω m, indicating 
brackish water. The 50–60 m deep layer is more likely 
to contain fresh water because it has a 10–18 Ω m 
resistivity.

Horizontally, the ERI images parallel to the strait 
(Line 01, Fig.  6a; Line 03, Fig.  6b) show the low 
resistivity (0.17–4.14 Ω m) on landward is thicker 

Fig. 5   Shallow groundwater salinity in the KNP during (a) the 
dry season of 2019 and (b) the wet season of 2021. Ground-
water salinity in the dry season of 2019 was higher than in the 

wet season of 2021. During the dry season, groundwater salin-
ity in the middle of KNP was the highest, and it became lower 
than surrounding during the wet season
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than seaward. Moreover, the ERI images perpendic-
ular to the strait (Line 02, Fig. 6c; Line 04, Fig. 6d) 
show low resistivity on the strait area is thicker than 
in the middle area of the KNP. The thicker layer of 
lower resistivities suggests the influence of seawater 
from the strait is considerable in these ERI lines.

The maximum depth of the ERI image of Line 
02 (Fig. 7) was 26 m. It shows that the resistivity of 
the top layer was lower than that of the deeper layer. 
The resistivity in the 0–10-m layer ranges from 0.45 
to 2 Ω m, and the 10–26-m layer ranges from 2 to 5 
Ω m. These resistivities slightly differ from Line 01 
(Fig.  6a) at the same location at 0–10 m layer; they 
range from 0.45 to 1 Ω m to 1–8.6 Ωm at 10–26-m 
depths. Generally, the resistivity pattern of Line 02 

with Line 01 is similar. But Line 02 can depict in 
detail the resistivity.

The ERI image of Line 02, the unsaturated zone 
was clearly delineated at the top layer (0–2  m) 
because this resistivity (0.74–1.21 Ω m) is higher 
than beneath it. This layer was confirmed with the 
water table depth from the nearest wells (stations 
3 and 2), which ranges from 0.48 to 0.73 m below 
ground level (BGL). Moreover, the lower layer 
(2–8  m) shows the lowest resistivity (0.45–0.95 Ω 
m), which seawater may fill due to high permeabil-
ity. In the 8–27-m depth, the resistivity ranges from 
0.95 to 5.29 Ω m, which is interpreted as a saturated 
zone with brackish groundwater due to the mixing 

Fig. 6   ERI images of lines 01 (a), 02 (b), 03 (c), and 04 (d). Black contour lines represent the bedrock boundary

Fig. 7   ERI image of Line 
02 with the resistivity 
boundary lines (black lines) 
obtained from the LED 
method. The black lines 
denote the boundary of the 
saturated–unsaturated zone 
(2–3 m BGL), the edge of 
the high-low permeable 
zone (5–8 m BGL), and the 
bedrock boundary (10–15 m 
BGL)
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of seawater from the upper layer with fresh water 
from the deep aquifer.

The bedrock depth in all ERI images obtained 
using the LED method ranged from 10 to 15 m (BGL, 
black contour lines, Figs. 6, 7), corresponding to the 
sediment thickness above the bedrock, which coin-
cides with the resistivity of 0.95–1.21 Ω m for all 
ERI lines except for Line 02. The bedrock boundary 
in Line 02 was on the resistivity of 1.21–1.98 Ω m. 
Moreover, on Line 02, the LED method can deline-
ate the edge of the saturated and unsaturated zone at 
a depth of 2–3 m BGL. In addition, this method also 
traces the boundary of the high-low permeable zone 
in Line 02 at a depth of 5–8 m BGL.

Resistivity difference between dry and wet season

In the dry (Line 01) and wet (Line 03) season at KNP 
the resistivity difference range is – 4–4 Ω m (Fig. 8a), 
with dominant values ranging from −  0.2–0.2 Ω m 

(see also Fig. 8b). The mean and standard deviation 
of the resistivity differences were − 0.015 and 0.75, 
respectively. Similarly, the relative resistivity dif-
ference percentage to the 2019 resistivity (Fig.  8c) 
shows values ranging from − 60 to 120%. However, 
the dominant value is approximately – 20–20%. The 
percentage value of more than 100% is minimal. 
Thus, these results suggest that the resistivity differ-
ence between the 2021 wet and 2019 dry seasons was 
relatively small. Significant changes were observed in 
the small areas.

A negative resistivity difference indicates a 
decrease in resistivity, which means that the resistiv-
ity of the 2021 wet season is lower than that of the 
2019 dry season. Conversely, positive resistivity 
shows an increase in resistivity, which means that 
the resistivity of the 2021 wet season is higher than 
the 2019 dry season. Because resistivity is inversely 
proportional to salinity, an increase in resistivity 

Fig. 8   a The cross-sectional image shows the absolute value 
of resistivity difference in the dry season 2019 (Line 01) and 
wet season 2021 (Line 03) at KNP. b Histogram shows the 
dominant value of this absolute resistivity difference (−  0.2–
0.2 Ω m). c The cross-section image shows the relative resis-
tivity difference to the dry season of 2019. The cross-section 

images and the histogram show a small value in resistivity 
difference. However, these cross-sections indicate a continu-
ous pattern of high resistivity difference from the deep layer 
to the middle layer suggesting freshwater from the deep layer 
emerges to the middle layer
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indicates a decrease in salinity; conversely, a decrease 
in resistivity indicates an increase in salinity.

Some areas in the upper layer (0–10  m) experi-
enced increased or decreased resistivity, probably 
related to the relative contribution of rainfall recharge 
and seawater intrusion, respectively. The average 
increase and decrease in the resistivity of this layer 
ranged from −  40 to 40%, which is considered a 
small difference. Therefore, the salinity in the 2021 
wet season was similar to that in the 2019 dry sea-
son in this layer. However, some areas on the surface 
at a distance of approximately 190 m experienced an 
increase in resistivity of 120%.

There was a relatively small resistivity differ-
ence at the middle depth (10–50 m) with a range of 
− 40–40% from the 2019 dry season. This difference 
suggests that the groundwater salinity in the wet sea-
son was relatively similar to that in the 2019 dry sea-
son. At depth of 50–60 m, it only showed an increase 
in resistivity and did not show a decrease in resistiv-
ity. This increase in resistivity reached 25% from the 
2019 dry season. It means that the salinity of ground-
water in the 2021 wet season was relatively similar 
to that in the 2019 dry season, and the quantity has 
increased from the 2019 dry season conditions. The 
continuous pattern of high resistivity difference from 
the deep layer to the middle layer indicates freshwater 
from the deep layer emerges to the middle layer.

Discussion

The WLL data in this study had a relatively high 
resolution with a sampling time of 30  min. With 
this resolution, water table changes can be recorded. 
However, the hydrograph at wells 2, 4, 5, and 6 in 
October 2019 (Fig. 3) appeared relatively flat. These 
water tables might be at a lower depth than the sen-
sor’s level. Thus, the water pressure could not be 
measured. Nevertheless, the water table was close to 
the sensor because Hudoyo et al. (Hudoyo et al. 2021) 
successfully measured the salinity of shallow ground-
water in October 2019 by sampling the water directly 
in these wells. Therefore, these data can be used to 
analyze the groundwater dynamics in the study area 
by assuming that the hydraulic head is equal to the 
elevation of the sensor.

Shallow groundwater flow direction and salinity 
map indicate seawater intrusion in KNP. In the dry 
season of 2019, the arrows of groundwater flow from 
the coast toward the middle of the KNP area are more 
remarkable than during the wet season of 2020, sug-
gesting that seawater intrusion is more prominent dur-
ing the dry season than during the wet season. This 
is because the water table in the center of the KNP 
(Station 4) was in the lowest condition, and almost all 
the water tables were below the MSL. However, these 
groundwater heads were above MSL during the dry 
season of 2020 (July to September). Still, this hydrau-
lic head shows a similar pattern to the hydraulic head 
during the dry season of 2019. Therefore, the ground-
water flow direction during the dry season of 2020 
and 2019 might be equal, and strong seawater intru-
sion may still occur due to its position below MHHW. 
This means the water table is lower than the seawater 
level despite decreasing hydraulic gradient.

During the wet season, the water table in the mid-
dle area of the KNP rises, and some of the water 
tables in the strait become the lowest. Thus, the 
groundwater flowed to some regions in the strait. The 
groundwater flow direction from the land towards the 
middle of the KNP during the wet season suggests the 
presence of fresh groundwater from the land flowing 
into the middle of the KNP area, which mixed with 
saline water from seaward and became brackish. Dur-
ing the dry season, groundwater flow from the land 
toward the middle of KNP was less prominent than 
seawater intrusion from the seaward and strait.

Climatic factors, such as rainfall and temperature, 
significantly influence groundwater levels and salin-
ity. This agrees with the study by Yan et al. (Yan et al. 
2015), who used almost the same method by measur-
ing groundwater level and salinity in the coastal plain 
region of Jiangsu Province, China. The groundwater 
level and salinity were associated with the season. 
During the dry season, the water table will decline, 
and groundwater salinity will become high because 
of low recharge and high evapotranspiration rate 
due to increasing temperature, thus generating sea-
water intrusion and salt accumulation near the root 
zones (Wang et al. 2022). This condition might cause 
the groundwater salinity in the middle area of KNP 
to be higher than the surrounding seawater during 
the dry season of 2019, which was extreme of the 
dry season. During the wet season, the water table 
rises, and groundwater salinity decreases because of 
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high recharge, low evapotranspiration rate, and fresh 
groundwater flow from inland, thus causing salt dilu-
tion in the soil.

ERI images indicate seawater intrusion in the 
top layer (0–10  m), brackish water in the middle 
layer (10–50  m), and fresh water in the deep layer 
(50–60  m). The brackish water in the middle layer 
is due to a mixing of saline water from the top layer 
and fresh water from the deep layer. Based on the 
ERI image difference in the wet and dry seasons, 
the groundwater salinity at a depth of more than 
one-meter BGL suggested small seasonal salinity 
changes. However, the pattern indicates fresh water 
from the deep layer rises and mixes with saline 
water in the middle layers during the wet season. 
The increased amount of freshwater in the deep layer 
likely indicates recharging from the mainland. There-
fore, significant groundwater salinity changes are 
likely to occur only in shallow groundwater with a 
thickness of about 0.25–1-m BGL and at the deeper 
layer (50–60 m BGL). The groundwater and salinity 
dynamics of KNP can be illustrated in Fig. 9.

Based on the ERI images, the top layer up to the 
bedrock boundary (10–15 m BGL) are sediments con-
sidered permeable alluvial layers; therefore, seawater 
easily intrudes into this layer (Costall et  al. 2020; 
Prusty and Farooq 2020). We suspect this layer was 

a shallow coastal area occupied by mangroves. Then, 
mangroves in this area act as sediment traps (Hong-
wiset et  al. 2022), and the sedimentation becomes 
more massive. Consequently, the Karimunjawa Strait 
narrows due to sedimentation and mangrove growth. 
The narrowing of the Karimunjawa Strait can be seen 
in a remote sensing study by Latifah et  al. (Latifah 
et al. 2018). Moreover, ERI images indicate this sedi-
mentation to the strait direction by the thicker lowest 
resistivity near the strait area. This hypothesis allows 
the presence of remnants of salt (Meyer et al. 2019) 
in KNP from the past, which causes groundwater to 
be saline, and salt dilution only occurs at the surface 
layer.

Mangroves can grow in the supratidal areas of the 
KNP because the groundwater is shallow and saline. 
Thus, mangroves can take up water and nutrients for 
growth (Selker et al. 1999; Tindall et al. 1999). More-
over, Ceriops tagal and Lumnitzera racemosa, the 
dominant mangroves species in this area, can grow 
in areas with high soil salinity (28–35 ppt) conditions 
and do not require flooding or less moist soil (Patel 
et al. 2010; Lyn Estomata and Abit 2011; Perera et al. 
2013). However, in this study, these mangrove species 
could grow in shallow groundwater with a high salin-
ity range of 46–50 ppt. Although, these mangroves 
tend to grow stunted because of the high salinity of 

Fig. 9   Illustration image of groundwater flow and salin-
ity dynamic in KNP (a) during the dry season and (b) during 
the wet season. a During the dry season, shallow groundwa-
ter salinity in the top layer is high due to evapotranspiration. 
In the middle layer, freshwater from the deeper layer mix with 
saline water from the top layer. b During the wet season, sea-

water intrusion in the top layer and salinity mixing in the mid-
dle layer still occur, but the salinity reduces because freshwa-
ter recharge dilutes the salt in the shallow groundwater in the 
supratidal zone and the amount of freshwater from the deeper 
layer increase. However, this salinity change is not much dif-
ferent except in shallow groundwater (0–1 m BGL)
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shallow groundwater. Moreover, fresh groundwater 
supply is more available during the wet season (Pri-
hantono et  al. 2022). Therefore, groundwater pres-
ervation by society in Karimunjawa and Kemujan 
islands is necessary for mangrove conservation in 
KNP. This groundwater preservation can be applied 
by avoiding overpumping groundwater and con-
structing recharge wells. In addition, the government 
should regulate groundwater utilization and construct 
retention basins to collect fresh water to serve potable 
water for society in Karimunjawa.

Conclusions

Groundwater flow and salinity dynamics in the 
supratidal zone in KNP change with seasons. Dur-
ing the dry season, groundwater salinity is higher 
than in the wet season due to seawater intrusion 
caused by prominent hydraulic gradients. This 
hydraulic gradient occurs because the sea level is 
higher than the water table in the supratidal zone. 
This water table change is affected by rainfall and 
evapotranspiration. Rainfall also contributes to salt 
dilution in the soil, whereas evapotranspiration con-
tributes to salt accumulation in soil and mangrove 
root. ERI images indicate seawater intrusion in the 
top layer up to the bedrock boundary (10–15  m 
BGL), considered permeable sediment.

Based on the analysis of resistivity difference in 
the wet and dry seasons, the remarkable resistivity 
change occurs at the surface layer (0–1 m BGL) and 
the deeper layer (50–60 m BGL). At the top layer, 
the resistivity change is influenced by the percola-
tion of freshwater from rainwater. In addition, fresh 
groundwater flows from the land side to the deeper 
layer during the wet season. This fresh groundwater 
in the deeper layer flow to the middle layer and mix 
with the saline water from the top layer.

Mangroves in the supratidal zone of KNP can 
grow even during the dry season because the 
groundwater in this area is shallow and saline. 
Therefore, the mangrove’s roots can reach this 
groundwater. Dominant mangrove species in this 
supratidal zone, e.g. Ceriops tagal, and Lum-
nitzera racemosa, can still grow even though shal-
low groundwater salinity was 46–50 ppt. However, 
this condition might cause these mangroves to grow 
stunted. Thus, the freshwater availability is crucial 

for mangrove growth in this supratidal zone. There-
fore, groundwater preservation in Karimunjawa 
island and Kemujjan island is necessary for man-
grove conservation in KNP.
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