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Abstract
Diatoms, silicious microalgae, have been used successfully as bioindicators of water quality assessment in aquatic ecosystems. 
Diatoms have a degree of tolerance to the water quality and some diatoms are a good indicator for several water quality vari-
ables. Diatom indices have been developed to assess river water quality, mostly in Europe. This study aims to apply diatom 
indices developed in Europe for the tropical lake of Galela adjacent to residential areas influenced by human activities. Galela 
Lake is one of the biggest lakes in Halmahera Utara, Indonesia with its main functions being domestic water supply, irriga-
tion, fisheries, and tourism. Human activities have impacted the area around the lake. The 90-cm and 85-cm long sediment 
cores were collected using a piston corer from Site 1 and 2, respectively. Sediment samples were sliced every 5 cm, separated 
from sediment by adding HCl and H2O2. The diatom valves were identified under a microscope with 1,000 × magnification. 
The water quality status of each layer was inferred with diatom indices performed using OMNIDIA software version 6.0. 
Forty-nine and 63 diatoms species were identified from Site 1 and Site 2, respectively. The number of species and diversity of 
diatoms was higher in the lower layers than those in the upper layers. The preserved diatom assemblages reflect past physical 
and chemical water quality. Generic Diatom Index and Specific Pollution Sensitivity Index provided the best evidence for 
change in Galela Lake—they integrated 70–100% of the diatom taxa from the sediment core samples.
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Introduction

Ecological status is the quality of structure and function of 
an aquatic ecosystem, that can be expressed by biological 
quality elements such as macrophytes and phytobenthos, 
mostly diatoms (Kelly et al. 2009). Diatoms are microalgae 
that inhabit a wide variety of aquatic habitats, even grow-
ing in humic soils (Kociolek et al. 2020). Diatoms play an 

important role in paleolimnological studies as they are often 
well preserved in lake sediments due to their siliceous cell 
wall. Across the world, diatom communities are used in 
ecological status assessments of aquatic ecosystems due to 
their quick reactions to environmental changes and provide a 
wide range of information for diagnosing changes in aquatic 
ecosystems (Szczepocka and Wieczorek 2018; Abdelkarim 
2020; Lobo et al. 2020; Trabert et al. 2020). Some diatom 
species have a well-known autecological indicator for pH, 
salinity (Van Dam et al. 1994), acidity, mineralization, oxy-
gen requirements, saprobity, trophic state, organic nitrogen, 
and nitrates (Carayon et al. 2019). Therefore, diatoms have 
been used to evaluate environmental conditions in many 
countries as indicators of water pollution (Tokatlı et al. 
2020).

Diatom index was developed based on autecologi-
cal study and species pollution sensitivity. Nowadays, the 
diatom index is one of the most widely used water qual-
ity assessment techniques in Europe, such as Descy’s Index 
(DES, Descy 1979), Specific Pollution Sensitivity Index 
(IPS, Coste 1982), Commission for Economical Community 
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Metric-European Index (CEE, Descy and Coste 1991), 
Generic Diatom Index (IDG, Coste and Ayphassorho 1991), 
Artois-Picardie Diatom Index (IDAP, Prygiel and Coste 
1996), and Biological Diatom Index (IBD, Lenoir and Coste 
1996) for general pollution. Diatom index for trophic status 
had been developed, such as Trophic Diatom Index (TDI, 
Kelly and Whitton 1995), Trophic-Saprobic index (T-SI, 
Lobo et al. 2004), and Eutrophication/Pollution Index-Dia-
tom-based (EPID, Dell’uomo and Torrisi 2011). Further-
more, Metal Pollution Index (MPI, Fernandez et al. 2018), 
and the FGDI (French Guiana Diatomic Index; Carayon 
et al. 2020) had also been established. Diatom communities 
are in place of were also good bioindicators of soil condition 
and quality change related to human disturbances (Minaoui 
et al. 2021).

Diatom indices are one of the most widely used water 
quality assessment techniques and have been widely 
researched in many ecosystems and countries such as Gomez 
and Licursi 2001 (rivers and streams in Argentina), Kelly 
et al. 2008 (rivers in the UK), Trabert et al. 2017 (Dan-
ube, the second-longest river in Europe), Ali et al. 2018 
(Tigris River, Iraq), Mangatze et al. 2019 (austral temperate 
river system, Bloukrans River system, South Africa), Won-
dmagegn et.al. 2019 (tropical rift valley lake, Lake Hawassa, 
in Ethiopia), Lobo et al. 2020 (Amazon floodplain, Brazil), 
Solak et al. 2020 (Sakarya River Basin, Turkey), Tokatly 
et al. 2020 (Ergene River Turkey), Yang et al. 2020 (dish 
lake from Nanjishan nature reserve, Lake Poyang, China), 
Gebler et al. 2021 (Polish lakes), Kennedy and Buckley 2021 
(Irish lakes). Because of their sensitivity and rapid response 
to environmental change, diatom communities have been 
widely used in the world to provide robust assessments for 
ecosystem impairment and the biotic integrity of ecosystems 
(Mannion 2012).

Diatoms are considered successful bioindicators world-
wide, different levels of water quality have been known to 
have a significant effect on diatom community composition 
and diatom index (Tokatly et al. 2020). Most of the diatom 
indices were developed and well-performed for river water 
quality in Europe. Where the diatom composition is similar 
and the water quality is comparable, it is possible to imple-
ment the European diatom indices in other regions, other 
countries, or even across continents (Carayon et al. 2019; 
Wondmagegn et al. 2019).

Those successful applications of diatoms as a bioindica-
tor in the river water quality monitoring were followed by 
their use as environmental markers in the lake sediment. 
Paleoenvironmental analyses help to determine the past 
environmental conditions through the changes in preserved 
diatom assemblages that reflect the lake’s condition at the 
time of their deposition (Jensen et al. 2020). Critically, dia-
toms are known to be highly sensitive to water quality and 
the ecological preferences of a wide range of species are 

well documented from studies modeling species abundances 
across water quality gradients. Databases of the preferences 
of species can be used to infer changes to lake conditions 
over time based on the relative abundance of known species 
extracted from dated sediment sequences (Battarbee et al. 
2011a; Bennion et al. 2014; North et al. 2018; Wondmagegn 
et al. 2019; Yang et al. 2020).

Since the 1980s, the development of mining and logging 
sharply increased in Halmahera Utara, causing conflict with 
local inhabitants and increased religious tension in Halma-
hera Utara Regency. Communal violence between Muslim 
and Christian communities broke out from December 1999 
until 2001 (Duncan 2009). During the conflict, the people 
refuged to Galela and lived near the lake, and the communi-
ties are well-developed until now.

Recent research has been conducted in Galela Lake on the 
composition of phytoplankton to establish the effect of land 
usage on the water quality of local lakes and to examine how 
phytoplankton diversity could act as a tool for environmental 
assessment (Suhry et al. 2020a, 2020b). The water quality 
of Galela Lake in 2017 was in a good to moderate category. 
The phytoplankton community in Galela lake consists of 
12 species of Chlorophytes, 9 species of Bacillariophytes, 
4 species of Cyanophytes, 1 species of Euglenophyte, and 
Dinophyte, respectively. Aulacoseira granulata dominated 
the phytoplankton community in Galela lake. The Bacillari-
phyte dominated the phytoplankton community in the water 
column at 10–20 m and was replaced with Chlorophyte at 
the 0–5 m water column (Suhry et al. 2020b).

This study was conducted to analyze the temporal change 
of Galela Lake with the help of diatom indices from a 90-cm 
sediment core sample retrieved from the lake adjacent to 
residential areas influenced by human land-use activities and 
an 85-cm sediment core sample from the middle of Galela 
Lake.

Material and methods

Sampling area

There are six lakes in the Halmahera Utara Regency, North 
Maluku, namely Galela, Makete, Kapupu, Talaga Biru, 
Talaga Paca, and Talaga Lina lakes. These lakes play a 
crucial role in several ecosystem services, such as water 
supply, flood regulation, fisheries, and recreation. Galela 
Lake is the largest covering 390 hectares. It is surrounded 
by the villages of Seki, Togawa, Sukonora, Igobula, Bale, 
Soatabaru, Dokolamo, Duma, and Goatalamo. In recent 
decades, Galela Lake has transformed due to land-use 
changes as part of settlement development (Djangu et al. 
2017). A classification of the land use of the catchment 
of the lake shows 73.34% to be farmland, 11.12%, forest, 
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4.87% resident area, and 10.67% lake. Almost one-quarter 
(22.1%) of the lake is covered with water hyacinth (Suhry 
et al. 2020a). An increase in the floating net cage area 
(FNCA) has not only affected the water quality but has 
also increased the organic content due to the decomposi-
tion of residual food and feces from the measured area of 
the lake.

Galela Lake is situated at 1°49′6.05 S, 127°48′38.46 E. 
The 90 cm sediment core was collected in September 2019 
from Site1, a location adjacent to the residential area in 
the Togawa village, and Site 2, a location in the middle of 
the lake (Fig. 1). The sediment sample was obtained using 
a piston corer with an internal diameter of 6.35 cm. Once 
extracted, the cores were kept in a vertical position to pre-
serve the sediment layering. The sediment was extracted 
using a plastic spatula by cutting the pipe into 2 parts. 
Core sections were sliced every 5 cm and separated into 
subsamples that were placed in plastic zip-lock bags and 
refrigerated. Sub-sampling was carried out in the field due 
to the remote location (3,477 km round trip).

Diatom analysis

Diatom analysis was carried out according to Soeprobowati 
et al. (2016) which is a modified version of Battarbee (1986). 
One gram sediment sample was digested with 50 mL of 10% 
HCl for 2 h at 80 °C, settled for 6 h and the supernatant 
was discharged. Furthermore, the sample was digested with 
50 mL of 10% H2O2 to remove the organic material. The 
samples were washed repeatedly and rinsed in distilled water 
between each stage until the pH was approximately neutral.

A 400  µL subsample of the clean slurry of diatoms 
frustules was dried onto a coverslip and permanent slides 
were mounted with Naphrax. A minimum of 300 diatoms 
valves were counted and identified under oil immersion at 
1,000 × magnification. Diatom taxa were identified using 
standard literature (Kramer and Lange-Bertalot 1986, 1988, 
1991, 2000, 2004, Gell et al. 1999, Sonneman et al. 2000, 
Taylor 2007a, 2016, Bahl 2017, Bahl et al. 2018), and by 
checking photomicrographs in AlgaBase.org (Guiry and 
Guiry 2021).

Fig. 1   Research site at Galela Lake Halmahera Utara. Site 1 near residence area of Togawa Besi village, Site 2 in the midle of the lake
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Data analysis

The Shannon–Wiener Index (H’) was calculated from the 
abundance of diatom species preserved in each sediment 
layer, as a measure of the α diversity. The calculation of 
indices of diversity and Evenness (E) was performed using 
PAST version 2.17c (Hammer 2017). To determine points 
of change between zones of similar diatom communi-
ties, the unweighted pair group method was applied with 
arithmetic mean (UPGMA) clustering analysis based on 
Bray–Curtis similarity measure using PAST. The verti-
cal distribution of diatom species was presented using C2 
software version 1.7.7 ((Juggins 2016).

The relative abundance of diatoms was used to calculate 
the diatom indices (Lecointe et al. 1993). Data were trans-
formed to percent abundance and rare species (maximum 
abundance < 2%) were removed from the dataset before 
analysis, as they are not present in sufficient quantity to 
be statistically significant. The analysis of 18 diatom indi-
ces was performed using OMNIDIA software version 6.0 
(Leconte et al. 1993) to determine relative water quality as 
shown in Table 1. The percentage (%) species for diatom 
indices and the diatom indices scores in corresponding 
ecological status were presented with heatmaps produced 
by Python version 3.7.13 with the platform of google 
colab. The library that had been used were numpy, pandas, 
matplotlib, and seaborn.

Results and discussion

The indices

In the sediment record from Site 1 of Galela Lake, the Shan-
non–Wiener index (H’) was generally higher for samples in 
the lower layers. The diversity indices tended to increase 
from 1.9 (90 cm), 2.07 (85 cm), and 2.52 (80 cm), respec-
tively, and reached a peak at layer 75 cm. It then decreased 
slightly to 2.77 at layer 35 cm. Except for layers 30 and 
20 cm, the upper layers (45–0 cm) has higher diversity com-
pared to the lower layers (90–55 cm). In Site 2, the upper 
layers (30–0 cm) have higher diversity than the lower layers 
(85–35 cm, H’ less than 2, Fig. 2).

Layers 30, 75, and 80 cm of Site 1 have a high Evenness 
index. The Evenness indices at layers 90- 65 cm tend to 
reduce and slightly increase from layers 40 to 0 cm (Fig. 3). 
In layer 60–45 cm diatom were poorly preserved and only 
some small fragments were observed that could not be iden-
tified. Species diversity and Evenness indices differed sig-
nificantly among layers tending to be higher relatively in the 
middle into bottom layer compared to the upper layer. The 
lack of diatom at 60—45 cm layers, might be related to the 
frustules undergoing dissolution in the water column at the 
sediment–water interface or in the pore waters of the sedi-
ments itself before conciliation (North et al. 2018). Alter-
natively, the diatom assemblage maybe is diluted from the 

Table 1   Diatom indices evaluated for this research

Indices Type of indices References

IBD (Biological Diatom Index) General Pollution Lenoir and Coste (1996)
IPS (Specific Pollution Sensitivity Index) General Pollution Coste (1982)
IDG (Generic Diatom Index) General Pollution Coste and Ayphassorho (1991)
DES (Descy’s Index) General Pollution Descy (1979)
Sla. (Sládeček’s Index) Saprobity (BOD) Sládeček (1986)
IDS/E (Louis-Leclercq Diatomic Index) Saprobity Leclerq and Maquet (1987)
IDAP (Artois-Picardie Diatom Index) General Pollution Prygiel and Coste (1996)
EPID (Eutrophication/Pollution Index) Pollution/Trophic status Dell’Uomo (1996)
Lobo (Trophic-Saprobic index) Eutrophication Lobo et al. (2004)
DI-CH (Swiss Diatom Index, Hurl) Trophic status Hürlimann and Niederhauser (2002)
Rott TI (Rott’s Trophc Metric) Trophic status Rott et al. (1999)
Rott SI (Rott’s Saprobic Metric) Saprobic status Rott et al. (1997)
TDIL (Tropic Diatom Index) Saprobity Kelly and Whitton (1995)
CEE (Commission for Economical Community Metric—European 

Index)
General Pollution Descy and Coste (1991)

WAT (Watanabe Index) Saprobity (BOD) Watanabe et al. (1986)
%PT/TDI (Proportion of taxa tolerant to organic pollution % PT/ 

Trophic diatom index)
Trophic status/eutrophication Rott et al. (1997)

IDP (Pampean Diatom Index) Organic pollution/eutrophication Gomez and Licursi (2001)
SHE (Steinber and Schiefele trophic metric) Trophic status Steinberg and Schiefele (1988), 

Schiefele and Schreiner 1999)
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Fig. 2   Shannon–Wiener diver-
sity (H') index from Galela Lake

Fig. 3   Evenness index from 
Galela Lake
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increased sedimentation during high carbonate precipitation 
which may also have damaged the diatom valves. In con-
trast, Site 2 has lower Evenness indices in the upper layers 
(33–0 cm), high Evenness indices were found at layers 40 
(0.79) and 50 cm (0.87, Fig. 3).

Fossil groups and key species

A total of 49 diatom taxa belonging to 24 genera were 
recorded from the sampled core of Site 1 and 63 species 
were found from Site 2. At Site 1, the highest number of 
species were found at layer 70 cm (42 species). Layers 
90–80 cm had 11–17 species and layers 30–0 cm has 5–34 
species, with exceptions at layer 20 cm (12 species) and 
30 cm (5 species), respectively. At Site 2, layers 30–0 cm 
have a high number of species (26–46), and layers 85–35 cm 
have several species in the range of 3–24. Layer 40 cm has 4 
species and layer 50 cm has 3 species diatoms.

Based on the cluster analysis with Bray–Curtis similar-
ity, it was possible to divide the samples from Site 1 into 
two groups with significantly different diatom compositions 
which are Zone 1 (90–65 cm) and Zone 2 (40–0 cm) as 
described in Fig. 4. The blank zone is the layers 60–45 cm. 
Site 2 was also divided into 2 clusters, Zone 1 (85–35 cm) 
and Zone 2 (30–0 cm, Fig. 5).

Fossil groups and key species

The cutoff value for separation of these clusters was set 
at < 2% similarity to reveal the main patterns in the diatom 
communities without providing excessive detail. Most taxa 
showed a particular preference for one group, except Ency-
onema minutum, Navicula leptostriata and Nitzchia gracilis 
which were present in most sediment layers.

Zone 1 of Site 1 (90–65 cm) consisted of subzone 1a 
(layers 90–80 cm) and subzone 1b (layers 75–65 cm). Sub-
zone 1a was dominated by Achnanthidium minutissimum 

Fig. 4   Vertical distribution of diatom in the Galela lake based on species diatom compositions > 2% abundance from Site 1

Fig. 5   Vertical distribution of diatom in the Galela lake based on species diatom compositions > 2% abundance from Site 2
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with maximum abundance in layers 90 cm, which was 
slightly reduced in the layers 85–80 cm (Fig. 4). Ulnaria 
acus was the dominant species at the 85 cm layer and 
declined into the top layers. In zone 1b, the diatom assem-
blage comprised a reduced abundance of Achnanthidium 
minutissimum and a greater representation of tolerant dia-
toms such as Encyonema minutum, Encyonema sileasia-
cum, Navicula spp, and Nitzschia spp. which entered the 
record in response to nutrient sources impacting the lake. 
This is likely due to the diversification in the land usage 
that has occurred over recent decades and other direct fac-
tors such as domestic discharges and agricultural runoff. 
This finding is consistent with that expected in nutrient-
impacted lakes such as those in Europe (Kelly et al. 2014) 
and the UK (Bennion et al. 2014).

Subzone1b of Site 1 (layers 75–65 cm) was dominated 
by Encyonema minutum, Encyonema sileasiacum, Navic-
ula leptostriata, Nitzchia gracilis, Nitzschia perminuta, 
and Ulnaria acus (Fig. 4). Layer 30 cm, was in contrast 
to others with only 5 species of diatoms recorded and was 
dominated by Platessa oblongella and Platessa lanceolata. 
Zone 2 (40–0 cm) was dominated by Encyonema minutum, 
Encyonema sileasiacum, Navicula leptostriata, Nitzschia 
gracilis, and Ulnaria acus that were reduced at the Zone 
2. Pinularia viridis was dominant at layer 20 cm. It was 
uncommon but with a tendency, Achnanthidium minutissi-
mum to increase in layers 15 cm and above. Achnanthidium 
minutissimum was used to indicate oligotrophy in lochs 
(Bennion et al. 2014), the most alkaline pre-acidification 
conditions in 121 low alkalinity lakes in the UK (Battarbee 
et al. 2011b). The Achnanthidium minutissimum complex 
is observed across various water status categories, but 
it is particularly abundant in high-status habitats (Stub-
bington et al. 2019). The presence of sensitive taxa such 
as Achnanthidium minutissimum reveals that the original 
condition of Galela Lake was of low nutrient levels.

A high dominance of Aulacoseira ambigua and Aula-
coseira granulata since layer 50 cm from Site 2 recorded 
the eutrophication process, mostly in layers 50–35 cm 
(sub-zone 1b, Fig. 5). Encyonema minutum, Encyonema 
sileasiacum, Fragillaria tenera, Gomphonema parvulum, 
Navicula angusta, Navicula leptostriata, Navicula notha, 
Nitzchia gracilis, Nitzschia perminutta, and Ulnaria acus 
were dominant at Zone 2.

An increase of pollution-tolerant taxa such as Navic-
ula and Nitzschia was associated with the formation of 
sedimentation (Peszek et al. 2021). A high assemblage of 
Nitzschia perminutta in zone 2 indicated a neutrophilic, 
β-mesosaprobous, mesotraphentic strictly aquatic form, 
(Van Dam et al. 1994) is further evidence for poor water 
quality (Table 2). Usually, Nitzschia perminutta originates 
from the rivers (Solak et al. 2020).

Diatom indices

Eighteen diatom indices were calculated with OMNIDIA 
software version 6.0, noting that species with abun-
dance < 2% were not used for analysis. The diatom index 
scores of the 15 layers from Site 1 and Site 2 of Galela 
Lake sediment cores are shown in Tables 3 and 4. The 
greater the number of species from Galela Lake included 
in an index calculation the more efficient the resulting 
metric was at explaining the ecological status of the lake 
(Table 4).

The indices were found to have 5.6 to 100 percent 
(Site 1, Table 3) and 9.5 – 100 percent (Site 2, Table 4) 
representation found from Galela Lake cores that were 
available at OMNIDIA database. On average, for Site 1, 
the indices that included the highest species diversity, 
with more than 70% identified species, were IDG, IPS, 
and ACID (Table 3), whereas for Site 2 were IBD, IPS, 
IDG, TDI, and ACID (Table 4). IDG represented 100% 
of the genera recorded from the 2 cores. IBD, EPID, 
Pfister new Trophic  indices (PTI), and TDI had more 
than 50% identified species from Site 1 (Table 3), and 
Sládeček’s Index (Sla), EPID, Swiss Diatom Index, Hurl 
(DI-CH), PTI, and Steinber and Schiefele trophic met-
ric (SHE) had more than 50% identified diatoms species 
from Site 2 (Table 4).

Inferred change in condition

Based on the IBD, IPS, EPID, Rott’s Saprobic Metric (Rott 
SI), and Pfister’s new Saprobic indices (PSI), Zone 1b Site 1 
was categorized as being in a high ecological status (oligo-
trophic), indicated by value > 15 (Table 5). Zone 1a tended 
to an oligotrophic state based on the IPS, was oligo-mes-
otrophic based on IBD, IDG, EPID, and PTI, and meso-
trophic based on TDI indices. Based on the IBD and IPS 
Zone 2 was in the moderate to high ecological status (oli-
gotrophic – mesotrophic), whereas based on IDG and TDI 
indices it was in poor – moderate condition (oligotrophic 
to meso-eutrophic) (Table 2). At Site 2, based on the Rott 

Table 2   Index score, ecological and trophic status (Eloranta and 
Soininen 2002)

Index Score Class Trophy

 > 17 High quality Oligotrophy
I5–17 Good quality Oligo-mesotrophy
12–15 Moderate quality Mesotrophy
9–12 Poor quality Meso-eutrophy
 < 9 Bad quality Eutrophy
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SI, PSI, and WAT, zone 1a (85–65 cm) was categorized as 
being in a high ecological status (oligotrophic), indicated by 
value > 15 (Tables 2 and  6). However, based on IBD, zone 
1 reflects poor to moderate conditions. Based on the IBD 

and IPS, zone 2 (30–0 cm) was moderate to a high condi-
tion, whereas based on IDG in the moderate and good level 
(Tables 2 and  6).

Table 3   The percentage (%) species for diatom indices from Site 1 the Galela Lake, Halmahera Utara
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All species found from Galela Lake were represented in 
IDG (100%) because the IDG index is limited to the genus 
level for simplification of the technique (Descy and Coste 

1991). IDG was shown to perform well in monitoring water 
quality in tropical African rift lakes (Wondmagegn et.al. 
2019), as well as in Turkey (Solak et al. 2020) and China 

Table 4   The percentage (%) species for diatom indices from Site 2 the Galela Lake, Halmahera Utara
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(Yang et al. 2020). Based on IPS, IDG, and IBD, Galela 
Lake was experiencing oligo-mesotrophic to meso-eutrophic 
conditions. At zone 2, most species reflect circumneutral to 
slightly alkaline conditions yet the presence of Aulacoseira 

granulata at layers 15–0 cm reflected the ecological change 
from oligotrophic at zone 1 to meso-eutrophic at zone 2 and 
can therefore be beneficial as a paleoenvironmental indicator 
of catchment area changes.

Table 5   The diatom indices scores from Site 1 Galela Lake Halmahera Utara, in corresponding ecological status
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Inferred from the diatoms indices, zone 1a Site 1 tended 
to be alkaline (pH 7.3–7.9) and oligotrophic. Zone 1b 
was circumneutral (pH 6.7–7.3) to alkaline, oligotrophic 
(orthophosphate < 0.11  mg/L) to oligo-mesotrophic, 

and oligonitrophic (Nitrate < 6.10 mg/L). Zone 2 tended 
to circumneutral to alkaline, mesotrophic to meso-
eutrophic (orthophosphate 0.21–0.3  mg/L) conditions, 
organic nitrogen < 0.73–0.88  mg/L, and mesotrophic 

Table 6   The diatom indices scores from Site 2 Galela Lake Halmahera Utara, in corresponding ecological status
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(10.63–13.91 mg/L). At Site 2 zone 2 was tent to alkaline 
(pH 7.56–8.53). This was indicated by the dominance of 
Aulacoseira ambigua and Aulacoseira granulata.

The ecological status of aquatic ecosystem based on the 
diatom indices is well developed and has performed well in 
Europe, mostly for determining the ecological status of riv-
ers (Elorana and Soininen 2002, Taylor et al. 2007b, Kelly 
et al. 2008, Wang et al. 2014, Trabert et al. 2017, Pham and 
Nguyen, 2018, Xue et al. 2019, Cantonati et al. 2020, Solak 
êt al. 2020, Tokatly et al. 2020, Jakovljević et al. 2021). 
The diatom indices were well performed for assessing the 
ecological status of lakes (Battarbee 2000, Sayer and Rob-
ert 2001, Hall 2010, Battarbee et al. 2011a, 2011b, Ben-
nion et al. 2014, Kelly et al. 2014, North et al. 2018, Won-
dmagegn et al. 2019, Gell 2019, Yang et al. 2020).

The data obtained from this research demonstrated that 
European indices can be applied to tropical lakes, specifi-
cally in this instance to Galela Lake. Of the 18 indices 
applied, seven diatom indices were noted as a potential 
metric for application to Galela Lake. On average for 
all layers from Site 1, the IDG, IPS, ACID, TDI, IBD, 
EPID, and PTI indices worked with 100%, 82.7%, 70.41%, 
63.42%, 59.81%, 51.66%, 50.71%, respectively, concerning 
the identified taxa in the basin (Table 3). These indices rep-
resent fossil records, mostly cosmopolitan species for alti-
tude. The indices that are not strong indicators for Galela 
Lake (by supported 50% or less of diatom) are Descy, 
IDS/E, IDAP, Lobo, DI-CH, Rott SI, PTI, PSI, TDIL, CEE, 
WAT, PDI, and EPI-L, which are not applicable for tropical 
lakes, consist of tropical specific or endemic species. The 
average of species form Site 2 for all layers were for the 
indices of IDG (100%), IPS (89.93%),ACID (84.49%), TDI 
(83.49%), IBD (78.47%), EPID (57.66%), SHE (57.32%) 
PTI (56.43%), DI-CH (52.6%), and Sla (51.77%), respec-
tively (Table 4).

IPS and IDG indices were the best-performed indices of 
the trophic state of Galela Lake. This result supported the 
finding that diatom indices could be applied outside their 
original geographic region, provided climatic conditions 
in lowland Europe has a similar climate to upland Indo-
nesia – cool. Possible warm lowland Indonesian waters 
would have different species. The data obtained from 
this research highlighted that many indices developed in 
Europe can be applied to tropical settings such as Galela 
Lake. This is because a high proportion of the diatom spe-
cies recorded as a fossil in the Galela Lake sediments are 
represented in the databases from which the indices were 
developed. This high level of commonality between tem-
perate European flora, and tropical Indonesian flora, may 
be on account of the cooler climates.

On the other hand, care must be taken as diatom indi-
ces developed in one geographic area were applied less 
successfully in other areas and this may cause uncertain 
results (Taylor et al. 2007b), hardly define ecological pro-
files for some taxa, several taxa have the same ecological 
preference or different ecological profiles for the same 
species (Pinto et al. 2021). This arose on account of the 
high number of endemic species in the test tropical lake so 
few were common to the species in the OMNIDIA data-
base. This may likely be resolved by the establishment of a 
tropical lake diatom database that would better capture the 
biogeography and limnology of Indonesian lakes.

Usually, diatom indices are used as indicators of vary-
ing waterway conditions across spatial regions. The nov-
elty of this research was applying diatom indices to reveal 
the temporal change from cores that was retrieved from a 
site impacted by human activities compare to the site from 
the middle of the lake.

So, diatom indices are a potential tool to elucidate the 
possible impact of human activity differences on the lake 
ecosystem. Diatom indices that were developed for tem-
perate regions, when applied in a tropical lake, delivered 
satisfactory results. The usefulness index reveals whether 
there is a high level of commonality of species in the 
index, and the species in the sediment core, i.e., there are 
good analogs in the data sets. Species’ preferences for 
nutrients and temperature may differ in lowland tropical 
lakes. The development of a data set of diatoms from 
warm, tropical waters would be valuable to fill this gap.

Conclusion

This study assessed the suitability of diatom indices for 
water quality produced in temperate Europe to the tropi-
cal setting of Galela Lake. The diatom indices were tested 
against the diatom assemblages extracted from 90 and 
85 cm sediment cores from the lake in a location likely 
to be affected by nearly land development. Several indi-
ces performed well owing to the high level of commonality 
between the species in the database and those identified 
from the fossil material. This is likely due to the relatively 
cool climate at Galela Lake. Likely that these European 
indices would not perform as well in lowland Indonesian 
waters due to the warmer conditions. The development of 
local index systems for warm tropical waters would better 
test the suitability of temperate-based diatom indices, and 
pave the way for the better application of these approaches 
in tropical situations.
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