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Abstract 
The Eastern oyster, Crassostrea virginica, influences a range of economic and 

ecological systems. The effects of agricultural runoffs, such as the herbicide atrazine, on 
marine species, has not been well documented. To analyze the effect of atrazine, the 
oyster shell surface was analyzed. The shell protects the internal organs from predators. 
The shells of adult oysters are also required in the spawning of new oysters. This study 
analyzed the effects of atrazine on oyster shells using Scanning Electron Microscopy 
(SEM). SEM images were taken of juvenile oysters exposed to three different 
concentrations of atrazine (30, 10, 3 µg/L) to determine if there is a statistical 
significance in microstructure frequencies and GLCM texture features of three regions 
of the shell. Using a multivariate t-test, a significant difference was found in the texture 
features of the edge regions of the shells treated with 30µg/L and 0 µg/L of atrazine. 
The same t-test found a significant difference in microstructures near the edge regions 
for shells treated with 10µg/L and 0 µg/L of atrazine. These results provide 
computational strategies to distinguish shells treated with high concentrations of 
atrazine. Future work will tie evidence collected from imaging analysis into 
transcriptome data to illustrate the genetic impacts of atrazine exposure. 

1 Introduction 
The Eastern oyster, Crassostrea virginica, gains its popularity not only because of its well known 

commercial use but also because it provides habitats for other organisms and filters water in the 
ecosystem. Due to this integral role, the key determinants owing to their decline in populations have 
recently become a topic of interest in research. One such determinant is herbicides. Glyphosate, the 
compound found in roundup, the most commonly used herbicide, was recently determined to be a 
cancer-causing agent. Atrazine right behind glyphosate is the second most commonly used herbicide 
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in the United States. However, unlike glyphosate, atrazine has been banned in Germany and Italy 
since 1991 and most of Europe since 2004 [1] (journal). At the molecular level in humans, atrazine 
has been found to spontaneously bind to Human Serum Albumin (HSA) changing its conformation 
and secondary structure [11] (journal). HSA is an important carrier of transport proteins and is one of 
the most abundant proteins in the blood plasma. Therefore, a structural change in HSA, can have 
serious harmful effects on the human body. In relation to marine ecosystem, atrazine has been found 
to affect both the flora and fauna. The most significant research proving the harmful effects of 
atrazine were done on frogs that changed into hermaphrodites after exposure to atrazine [6] (journal). 
In the pacific oyster (Crassostrea gigas), the creation of aneuploidy during development has been 
linked to increased exposure to atrazine [2] (journal). However, little research has been done on the 
effect of atrazine on the Eastern Oyster. The shell of the oyster is integral to its survival. This hard 
outer layer protects the internal organs to allow for their proper functioning. Apart from aiding the 
survival of the oyster itself, the shells of adult oysters are also required in spawning of new oysters. 
Therefore, the shell is integral to the continued survival of the species. Due to this important role of 
the oyster shell, this study uses scanning electron microscopy to assess the effect that atrazine has on 
the growth and maintenance of the shell in the Eastern Oyster.  

 
In this paper, we use two different methods to analyze the effect of atrazine on the shell. The first 

method uses Gray Level Co-Occurrence Matrix (GLCM) texture methods. The GLCM texture method 
is a way of extracting second order statistical texture features from gray-level images (in this case 
images obtained from a Scanning Electron Microscope (SEM)). The statistical measures from this 
matrix are extracted from how often pairs of pixels with a specified value occur together in a spatial 
area. Textural features are perceived patterns, variations, and randomness across image pixels [5] 
(journal). Imaging devices, such as computer-aided diagnostics rely on quantitative measurements of 
textures as input that aim to characterize biological or disease status [4] (journal). It is unclear if these 
features behave similarly to unconventional imaging biomarkers such as tumor volume etc. This paper 
investigates texture features as potential imaging biomarkers for discriminating shells exposed to 
atrazine at varying levels of concentration. The proposed method is accomplished in three stages: 
obtaining the image, computational feature extraction, and classification. Statistical analysis is used to 
obtain the best features for classification, which is to differentiate between the shells exposed to 
different treatment groups.  

 
The second method uses the frequency of the various microstructures that occur during shell 

growth to analyze the effects of atrazine on the shell. Crassostrea virginica shell structures have 
typical biological composite structures with various distributions and organizations of complex 
carbonate layers, commonly referred to as microstructures. The crystal microstructures that mollusks 
have employed in shell formation of Crassostrea virginica are complex. SEM microstructural analysis 
shows the occurrence of such microstructures. Through SEM and other microscopy methods, the 
following microstructures have been standardized [9] (book). 
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Figure 1a. The nacreous layer found on the inner surface of the mantle is composed of randomly 
assorted mineralized granules that grow laterally. These granules form flattened crystals, which are 
covered by an organic membrane. 

	

Figure 1b. The foliated microstructure derived from calcitic prisms, particularly from those with 
internal foliated structure. A smaller number of taxa acquired the ability to secrete calcite in their 
shells as prismatic and foliated microstructures. 
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Figure 1c. The prismatic layer found mainly on the outer shell layer grows as long prisms which are 
separate but connected due to large amounts of organic matrix. 

	

Figure 1d. Homogenous and granular are the same structures labeled based on size. Homogenous is a 
term designated for convenience for any fine-grained structure and granular refers to aggregates of 
these structures. 

 

Figures 1e. Core shell grains 1, Sheath. Core shell grains 1 were only found in the sheath structures. 
Sheath structures were found in the experimental analysis of foliated structure growth [8] (journal).  
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Figure 1f. Core shell grain 2 structures have been imaged as a stage in nacreous layer formation [10] 
(book). 

2 Methods 

2.1 Oyster Shell Collection and treatment 
 

The oyster spats used were purchased from Horn Point Laboratory in April 2016. 250 oyster spats 
were chosen and divided into 5 subgroups of 50 oysters each as seen in table 1. In order to determine 
effects of atrazine on shell growth at concentrations relevant to the current environmental scenarios, 
three atrazine concentrations were chosen for testing. An additional group with acetone was created 
since acetone was used as the solvent in atrazine treatment. The experimental groups were introduced 
to atrazine after a three month stabilization period. The oyster groups were placed in four individual 
4-liter glass tanks with the assigned atrazine and acetone concentrations. The treatments were 
conducted twice a week for 30 days after which the oysters were given a 30 day recovery period. At 
the end of the treatment and recovery periods the groups were divided into two groups for SEM image 
analysis: Group A, shells that were not given a recovery period, and Group B, shells that were given a 
recovery period. However, an unpaired t-test between the two groups showed that there was no 
difference between the microstructures and computational features between the two groups. 
Therefore, the two groups were combined during analysis. 
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Atrazine and 
Acetone 

concentration/ µg/L 

Environmental Significance 

30 µg/L atrazine Peak concentration of atrazine 
detected in any surface water 
sample in the Chesapeake Bay.   

10 µg/L atrazine Highest recorded concentration 
of atrazine concentration in 2011 
from upper Choptank River. 

3µg/L atrazine The EPA’s Maximum Residue 
Limit (MRL) for atrazine.  

30µg/L acetone 100% acetone solution was used 
to dissolve atrazine.   

0µg/L Control group for comparison. 
Table 1: Atrazine and Acetone concentrations assigned to each experimental oyster group [7] 

(journal), [13], [14] (online) 

2.2 SEM Observation of shells 
The collected number of shells from each experimental group was as follows: 7 from 30 µg/L 

Atrazine, 3 from 10 µg/L Atrazine, 3 from 3µg/L Atrazine, 7 from 30µg/L Acetone and 6 from 0µg/L 
of Atrazine (control). For scanning electron microscopy (SEM), images were taken using the LEO 
1430VP at the Department of Biology of The George Washington University. To prepare the 
specimens for SEM, the shells were washed in deionized water for 24 hours before air drying. The 
specimens were sputter-coated in a gold-palladium alloy for 270 seconds. Images were taken in 3 
different regions of the shell (Figure 2). A total of 7 images were taken of each oyster at two different 
magnifications (x1860 and x246). All confidential information regarding treatments was anonymized 
prior to data analysis. 

	
Figure 2: Regions of the shell imaged using the SEM 

2.3 User-Labeled Data Analysis 
The microstructures observed in SEM images were labelled with the standardized microstructures 

as seen in figure 1. The labeling was tabulated according to the microstructures seen in hinge, middle 
and edge of the shell. These microstructure tabulations were then averaged from each region of the 
shell across each experimental group. A unpaired t-test was used to assess the differences in micro 
structures between the experimental groups. The different groups were categorized as follows: (1) 
0µg/L of Atrazine vs. 3µg/L of Atrazine, (2) 0µg/L of Atrazine vs. 10µg/L of Atrazine, (3) 0µg/L of 
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Atrazine vs. 30µg/L of Atrazine, (4) 0µg/L of Atrazine vs. 30µg/L of Acetone, (5) 30µg/L of Acetone 
vs. 3µg/L of Atrazine, (6) 30µg/L of Acetone vs. 10µg/L of Atrazine, (7) 30µg/L of Acetone vs. 
30µg/L of Atrazine. A value of p < 0.01 was considered to be statistical significance. Three additional 
t-test were conducted to see if there was a varying frequencies of microstructures in the three different 
regions (hinge, middle, edge) of the shell. 

2.4 Texture Analysis 
MATLAB® (Mathworks, Natick, MA) was used to write all programs for the image analysis (a 

graphical user interface was created to help assist with analysis). Analysis was done in three steps - 
(1) noise in the image was removed using median filtering, (2) Haralick’s features were calculated 
from the Gray-level co-occurrence matrix (GLCM) of the image, (3), features were selected using a 
multiple comparison t-test. The GLCM is a statistical method that calculates how often pairs of pixel 
with specified values and spatial orientation occur in an image. It is often represented as a matrix 
where the number of rows and columns are equal to the number of quantized gray levels, in the image 
[3] (journal).  For our images we apply a quantization level of 256 with a offset degree of 0. 19 
different features were computed from the GLCM: Auto Correlation, Cluster Prominence, Cluster 
Shade, Contrast, Correlation, Difference Entropy, Difference Variance, Dissimilarity Energy, 
Entropy, Homogeneity, Information Measure Of Correlation 1, Information Measure Of Correlation 
2, Inverse Difference, Maximum Probability, Sum Average, Sum Entropy, Sum Of Squares Variance, 
and Sum Variance [12] (journal). To reduce the number of required features to the best features for 
differentiating the different concentrations of atrazine from the control, an unpaired t-test was used to 
examine the significance of the difference between the different groups. The different groups are 
described in the previous section. 

3 Results 

3.1 User-Labeled Data 
Multivariate t-test conducted between 0µg/L of Atrazine against experimental groups with a 

cumulation of all microstructures yielded insignificant results (p>0.01) across all groups. Similar 
results were acquired with 30µg/L of Acetone treated groups against all experimental groups. The 
three additional t-test conducted were as follows:  

1. T-test for the foliated and nacreous microstructures at the hinge: The foliated and nacreous 
microstructures during tabulation were the most frequently occurring microstructures at the hinge. 

2. T-test for all structures excluding nacreous and foliated at the edge: The average foliated and 
nacreous microstructures at the edge were 0 or close to zero in most shells which would produce a 
skewed p-value when evaluating all microstructures.  

3. T-test for prismatic and homogeneous microstructures at the edge: The prismatic and 
homogeneous microstructures were found in most abundance at the edge.  

 
Results for the unpaired statistical tests are displayed in tables 2 and 3. A significance was seen in 

the frequency of prismatic and homologous structures at the edge for t-test conducted with 0 µg/L 
Atrazine against 10 µg/L Atrazine (p=0.01), and 30 µg/L Acetone against 10 µg/L Atrazine 
(p=0.00087). Additionally, a significance was seen when a t-test was conducted excluding nacreous 
and foliated structures at the edge. This was observed with 0 µg/L Atrazine against 10 µg/L Atrazine 
(p=0.0094), and 30 µg/L Acetone against 10 µg/L Atrazine (p=0.00099). 
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Microstructure 
grouping 

3 µg/L 
Atrazine  

10 µg/L 
Atrazine 

30 µg/L 
Atrazine 

Hinge: 
Foliated and 
Nacreous 

0.763 0.763 0.686 

Edge: No 
nacreous and 
foliated 

0.296 0.009 0.670 

Edge: 
Prismatic and 
Homogenous 

0.350 0.010 0.710 

Table 2: Unpaired statistical test for additional t-tests conducted for 0 µg/L Atrazine vs. other 
experimental groups 

Microstructure 
grouping 

0 µg/L 
Atrazine  

3 µg/L 
Atrazine 

10 µg/L 
Atrazine  

30 µg/L 
Atrazine 

Hinge: 
Foliated and 
Nacreous 

0.292 0.289 0.289 0.124 

Edge: No 
nacreous and 
foliated 

0.451 0.010 0.001 0.244 

Edge: 
Prismatic and 
Homologous 

0.483 0.155 0.001 0.760 

Table 3 Unpaired statistical test for additional t-tests conducted for 30 µg/L Atrazine vs. other 
experimental groups 

3.2 Feature Extraction 
Results from unpaired statistical tests are displayed in Tables 4 and 5 comparing the significant 

Haralick’s features (HF) capable of distinguishing between all 5 groups. Overall, the metrics for 
choosing statistically significant HFs were chosen with corresponding p-values < .01. Starting with 
the hinge region, Homogeneity (p=.0063) and Inverse Difference (p=.0068) were significantly 
capable of distinguishing between the Control and acetone treated shells. Likewise, Entropy, Sum 
Entropy, Sum of Squares Variance, and Sum Variances were significantly different between acetone 
and 30 µg/L atrazine in the same respective region. The middle region showed no significance, 
however, the edge region showed the most promising results. The edges of the control and 30 µg/L 
atrazine group had a significant difference in features between difference entropy, dissimilarity, 
homogeneity, inverse difference. The edges for the 30 µg/L atrazine and acetone groups has 
significant differences in dissimilarity, energy, entropy, homogeneity, difference entropy, contrast, 
inverse difference. Conversely, we observed no significant differences between the 3 µg/L atrazine 
and 10 µg/L atrazine groups.  
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Features 3 µg/L 
Atrazine  

10 µg/L 
Atrazine 

30 µg/L 
Atrazine 

Contrast 0.103 0.050 0.016 
Difference 
Entropy  

0.079 0.045 0.008 

Dissimilarity 0.064 0.032 0.007 
Energy 0.299 0.185 0.015 
Entropy 0.328 0.231 0.013 
Homogeneity 0.035 0.035 0.004 
Inverse 
Difference 

0.051 0.033 0.004 

Table 4 Unpaired statistical test of Harlick's features (HF) for 0 µg/L Atrazine vs. other 
experimental group 

Features	 0 µg/L 
Atrazine 	

3 µg/L 
Atrazine	

10 µg/L 
Atrazine 	

30 µg/L 
Atrazine	

Contrast	 0.006	 0.493	 0.727	 0.120	
Difference 
Entropy 	

0.005	 0.494	 0.848	 0.144	

Dissimilarity	 0.003	 0.605	 0.635	 0.141	
Energy	 0.010	 0.196	 0.203	 0.364	
Entropy	 0.009 

	
0.224	 0.252	 0.364	

Homogeneity	 0.003	 0.607	 0.952	 0.239	
Inverse 
Difference	

0.003	 0.618	 0.876	 0.225	

Table 5 Unpaired statistical test of Harlick's features (HF) for 30 µg/L Acetone vs. other 
experimental group 

4 Discussion 
This paper proposed a novel framework to quantify and assess the statistical significance of 

microstructures and classify textural features in SEM images of Crassostrea Virginica treated with 
Atrazine. Our pilot experimental results provide computational strategies to identify oysters that have 
been exposed to high concentrations of Atrazine. The statistical analysis of the user tabulated 
microstructures showed a significant difference between the edge regions of the 10 µg/L Atrazine and 
0 µg/L Atrazine treated shells. This is important as the edge region of the shell represents the new 
growth layer. Since the types of microstructures that appeared in this region differed from those that 
were in the control group, it can be said that atrazine had some effect on the maintenance and growth 
of the shell even though the exact mechanism by which microstructures appear in different regions of 
the shell is still largely unknown. 

 
The results for the feature extraction showed a significant difference for the edge regions of shells 

treated with 30 µg/L atrazine vs. 0 µg/L atrazine. From Table 4, the high entropy values calculated for 
the edge image in the oyster implies that the elevated level of disorder occurred due to the 30 µg/L of 
atrazine. The difference in the entropy values near the edge can represent the variation of 
microstructures seen in the atrazine treated shells, indicating abnormal shell growth. The Sum 
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Entropy, Sum of Squares Variance, and Sum Variances are also features that can be considered as 
significant biomarkers to differentiate between the 30 µg/L of atrazine from the normal shells.  

 
Our results indicate that textural analysis has the potential to develop into valuable biological tools 

that improve the diagnosis of biological conditions. While our results are promising, there is still 
further work that can be done in detecting the abnormality of the shell surface when exposed to 
atrazine and other pollutants. Here, a preliminary investigation has been done using statistical analysis 
to identify the most useful texture features and microstructures that can be fed to any classification 
technique later. Our future work also includes considering more flexible area divisions, evaluating 
other physical measures of the shell with different observations of microstructures, extending 
treatment periods and applying machine learning classifiers to develop a predictive system and 
experimenting with larger datasets. In addition, the shell growth data will be compared against oyster 
transcriptome analysis to show the overall effect of Atrazine on the eastern oyster.   
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