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Abstract. Design of sampling site water quality monitoring at marine reserve is critical, to optimize the effectiveness of periodic 

assessment. A simple stratified systematic design, that been usually used in most of monitoring analysis, may not maximize the 

information of spatial data in marine hydrology. The present work applied a multivariate statistical analysis and spatial autocor-
relation methods to develop an optimal sampling design for water quality assessment in tropical marine reserve, Banda Sea Con-

servation Park, Indonesia. Seasonal (west, intermediate, and east monsoon season in Indonesia) and spatial (38 stations) water 

quality analysis (salinity, dissolved oxygen, pH, and nutrient) in 3 zones of Marine Reserve were conducted. Principal Component 

Analysis (PCA) showed dissolved oxygen (DO) was the principal variable for the sampling design criterion. Spatial DO Vario-
grams suggested elocation of the sampling stations, to optimize the design of water quality monitoring. Therefore, even the princi-

pal variable may vary at other locations, depends on hydrology and other area specific characteristics, the proposed technique 

could be applied in sampling design concerning water quality monitoring. 
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1. Introduction 

Degradation of water quality has been known to have 

a major impact on the coral reef diversity. Previous 

studies have shown that an increase of pollutant mate-

rials, for example inorganic nitrogen and other nutri-

ents, may cause a biodiversity shifts and decreases of 

coral organism cover (De'ath and Fabricius, 2010; Po-

lónia et al., 2015; Duprey et al., 2016). Therefore, wa-

ter quality monitoring is important as a regular activity 

for marine conservation authorities. Spatial and tem-

poral changes of water quality can serve as a baseline 

study for conservation monitoring (Hedley et al., 

2016). Periodic monitoring will obtain information on 

water quality and the spatial or temporal impact of point 

or non-point souces of terrestrial runoff (Najar and 

Khan, 2012). 

A systematic grid design is generally used in spatial 

environmental monitoring design. Sampling location is 

determined by grid boxes of the same size encompass-

ing all of the monitoring area (Crooks et al., 2014). 

However, previous studies have shown that grid design 

has some weaknesses. Statistically, systematic grid de-

sign needs to optimize, to maximize spatial data infor-

mation (Wang et al. 2009; Huang and Yang, 2011). 

Moreover, spatial autocorrelation of a water variable 

may occur between points on adjacent grid sampling 

(Mattsson et al., 2013). The existence of spatial auto-

correlation is the source of error in the statistical analy-

sis of environmental data (Fu and Wei, 2013). 

The optimization of the sampling point can be done 

by pre-survey analysis of optimal distance quantifica-

tion to avoid the spatial autocorrelation within targeted 

water variables between sampling points. The spatial 

autocorrelation distance can be determined by semi-

variogram analysis (Maas et al., 2010). This research 

aimed to describe the optimization technique of point 

sampling design in water quality monitoring at Banda 

Sea Conservation Park, by calculation of spatial auto-

correlation. The results of the analysis are expected to 

be used as a baseline study for water quality monitoring 

on coral reef conservation in the region. 

2. Methodology 

2.1. Study Area 

The study was conducted in Banda Sea Conservation 

Park, Maluku Province. 38 sampling stations were se-

lected with stratified grid boxes of 1 x 2 km2 (Figure 1). 

The entire station was grouped by location, which were 

zone I (Point 1 - 8), zone II (Point 9 - 23), and zone III 

(point 24-38). Accurate locations from each point were 

recorded with Garmin ETrex GPS instrumentation 10 

and then plotted by Surfer software v.11.  
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Figure 1. Research station in zones I ( ), zone II (  ), 

and zone III ( ) at Banda Sea Conservation Park  

2.2. Seawater sampling 

The sampling activity was conducted in April 2016. 

Sea water was taken in both tidal conditions with every 

three replicates for each sample. Seawater samples 

were collected on the surface (1 m depth) using a Nan-

sen tube. Salinity, pH, DO (dissolved oxygen), and sa-

linity, were analyzed in situ, by HACH HQ40d with 

DO and pH probes, and Eutech Salt +6 Digital Salt-me-

ter. The measured pH value was pH at the total scale, 

with a calibrated electrode based on Nemzer and Dick-

son (2005) method, using tris-buffers in synthetic sea-

water before the sampling takes place. Moreover, phos-

phate, nitrate, nitrite and ammonia were also quantified 

in situ by nutrients colorimetric method by HACH DR-

890 portable spectrophotometer.  

2.3. Data Analysis 

The entire data of water variables were log trans-

formed (1 + x), and then multivariate Principal Compo-

nent Analysis (PCA) and CDA (Canonical Discrimi-

nant Analysis were conducted to identify the main com-

ponent variable at each point and zone (Januar et al., 

2017). The identified variable become the target of au-

tocorrelation distance analysis between sampling sta-

tions and the number of station in each zone. 

The spatial autocorrelation plot to the lag of distance 

between stations, according to the formula of Lam 

(1983) in equation (1).  

𝛾(ℎ) =
1

2𝑛
. ∑ {𝑍(𝑥𝑖) − 𝑍(𝑥𝑖 + ℎ)}2𝑛

𝑖=1  ..............(1) 

𝛾(ℎ) is a spatial autocorrelation at the distance h be-

tween points, Z(xi) is the target variable at point xi, and 

Z(xi+h) is the target variable at a point distant h from 

xi, and n is the number of points the grid that is by-

passed at a distance h. The plot between 𝛾(ℎ) to h (vari-

ogram) was made to determine the autocorrelation dis-

tance between sampling stations. Furthermore, the op-

timal number of sampling stations for each zone was 

determined according to Kitsiou et al. (2001), which is 

the proportion of standard error in each zone (equation 

2). n is the number of optimal sampling points, nT is the 

sum of all sampling points, and SE is the standard error. 

Multivariate and geostatistical data analysis of autocor-

relation and variogram were performed using PAST 

Statistical v3.0 (Hammer et al., 2001) and Surfer Soft-

ware v11. 

n = nT x (SE Zone/SE all Zones) ..........................…(2) 

3. Result and Discussion 

In general, this study detected that the water varia-

bles values were below the ASEAN water quality cri-

teria for aquatic life protection (McPherson et al., 

1999), with the exception of the phosphate concentra-

tion throughout the study area (Table 1). Moreover, 

multi-dimensional analysis (Figure 2) showed that DO 

and ammonia variables were the main factors that dis-

tinguish between the overall research stations. Combi-

nation between both variables contributed 41.78% to 

the variation of water characteristics across the whole 

stations. Meanwhile, phosphate variables contributed 

as the second main components (29.25%).  

Table 1. Average of water variables in three research zones and 

ASEAN water quality criteria for aquatic life protection 

(McPherson et al. 1999) 

Variable 
Location water 

quality 

criteria Zona I Zona II Zona III 

Tempera-

ture (oC) 

28.74 ± 

0.13 

28.75 ± 

0.43 

28.99 ± 

0.11 
Natural 

DO (ppm) 
7.01 ± 

0.27 

7.47 ± 

0.28 

7.51 ± 

0.10 
> 4 

pH 
8.04 ± 

0.11 

8.17 ± 

0.02 

8.18 ± 

0.01 
- 

Salinity 

(ppt) 

33.19 ± 

0.29 

33.35 ± 

0.36 

33.12 ± 

0.07 
33 – 34 

Phosphate 

(ppm) 

0.09 ± 

0.04 

0.07 ± 

0.02 

0.08 ± 

0.01 
0.045 

Nitrite 

(ppm) 

0.001 ± 

0.001 

0.001 ± 

0.001 

0.001 ± 

0.001 
- 

Nitrate 

(ppm) 

0.04 ± 

0.01 

0.04 ± 

0.02 

0.03 ± 

0.02 
0.06 

Ammonia 

(ppm) 

0.03 ± 

0.01 

0.03 ± 

0.03 

0.03 ± 

0.02 
- 

 

The level of oxygen and ammonia in coastal waters 

is related to the amount of organic pollutants from do-

mestic areas (Sánchez et al., 2007; Jin et al., 2017). 

Low DO levels in zone 1 suggests that this zone was 

the source of pollutants in these waters. High levels of 

phosphate can be derived from volcanic eruptions (San-

tana-Casiano et al., 2013). Based on this, it can be seen 

that the characteristics of waters in the Banda Sea Con-

servation Area are influenced by two major factors, the 

domestic anthropogenic and volcanic activities natural 

run-off. 
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Figure 2. Graph of Principal Component Analysis (a) and 

Canonical Discriminant Analysis (b) of water wuality pa-

rameters of observed stations Banda Sea Conservation Park 

The DA Multivariate showed that the observed zones 

were distinguished by the degree of oxygen solubility 

(Figure 2b). Dissolved oxygen level in Zone I was sig-

nificantly different (P <0.05) compared to Zone II and 

Zone III. Zone I, especially the western side of Neira 

Island, are the main port of these islands and the most 

densed domestic populations within conservation areas. 

The oxygen levels in zone II and III were shown to be 

higher, due to their geographical characteristics to the 

open seas.  

Based on a multivariate analysis, oxygen levels are 

shown as the main variable that distinguish between re-

search points and zones. This underlies the selection of 

DO as the targeted variable in the monitoring design 

optimization of sampling stations and the number of 

station in the observed zone. Oxygen solubility is al-

ready known as an important water quality variable, 

which is linked to various biogeochemical cycles, both 

biotic and abiotic environments (Harris et al., 2015; 

Huang et al., 2017). 

The variogram plot of DO variable was succesfully 

detected the optimum spacing stations of each zone 

(Figure 3). Autocorrelation of DO levels in zone III was 

detected at a distance of 1.05 km, zone II at 0.72 km, 

and zone I at 0.44 km (1 nautical degree in equator re-

gion approximately 110.567 km). These results showed 

that the spatial autocorrelation distance of Zone III> 

Zone II> Zone I. Therefore proportionally, more sam-

pling stations in zone I is needed, compared to Zone III. 

The calculation of equation (2), showed that the optimal 

sampling stations for zone I, II, and III was 18, 14, and 

6 stations at the distance of 0.5, 1, and 2 km (Table 2). 

Result of this data was plotted on the map, to obtain the 

optimal grid sampling stations for water quality moni-

toring in the Banda Sea Conservation Park (Figure 4).  
 

Table 2. Sum of optimal research station in zone I, zone II, and zone 

III at Banda Sea Conservation Park  

Parameter 
Location 

Zone I Zone II Zone III 

(1) Ratio of standar error 0.086 0.067 0.029 

(2) Number of optimal stations 18 14 6 

 

The variogram application in this study is suc-

cesfully detect the spatial autocorrelation, to make a 

correction of sampling stations design which is based 

on autocorrelation distance (Dheenan et al., 2016). 

However, the targeted variable in variogram needs to 

be selected carefully in order to get representative re-

sult. The multivariate analysis techniques, such as PCA 

and DA, can be performed to identify the main variable 

that describe the difference of multivariables character-

istics in the observation area (Panagopoulos et al., 

2016).  

 

Zone I

Zone II

Zone III

(a)

(b)
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Figure 3. Variogram graph of dissolved oxygen vs distance 

in zone I (a), zone II (b), and zone III (c) at Banda Sea Con-

servation park  

 

Figure 4. Optimal water quality monitoring stations in zones 

I ( ), zone II (  ), and  zone III ( ) at Banda Sea Con-

servation Park  

4. Conclusion 

Systematic grid design is not optimal to maximize 

the spatial data information in water quality monitor-

ing. Combination of multivariate and spatial variogram 

statistic is a potential technique to optimize the sam-

pling design of water quality monitoring. Therefore, 

even the principal variable may vary at other locations, 

depends on hydrology and other area specific charac-

teristics, the proposed technique could be applied in 

sampling design concerning water quality monitoring. 
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