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Technical Memorandum 

To: Sand Mining Benthic TAC 

From: Tim Hammermeister 

Date:   January 21, 2020 

Subject: Benthic Assessment of Sand Mining Supplemental Data Evaluation 

The purpose of this technical memorandum is to provide the findings of the supplemental data 
evaluation of the results from the Benthic Assessment of Sand Mining in Pont Knox Shoal 
(Central San Francisco Bay) and Suisun Bays (Figure 1; NewFields 2016, and 2018).  This 
investigation was conducted by NewFields (Edmonds, WA) on behalf of Hanson Marine 
Operations (Oakland, CA) and Lind Marine, Inc. (Petaluma, CA).  The supplemental data 
evaluation examined a subset of the data collected from within the treatment areas that were 
in the closest proximity to the recorded sand mining track locations.  This evaluation was 
conducted in response to the discussion of study findings held during the April 29, 2019, BTAC 
meeting. The supplement data evaluation provides a secondary analysis of the data collected, 
using the same accepted scientific protocols/methodologies for studying potential impacts to 
benthic communities and habitat as the original study. 

The supplemental data evaluation followed the original Before-After-Control-Impact (BACI) 

study design (Figure 2), used for the study (NewFields 2016, and 2018; Schmitt and Osenberg 

1996; Smith 2002; Underwood 1992).  The difference for this data evaluation was a reduced set 

of locations were considered ‘treatment’ vs. ‘reference’, compared to the original data 

evaluation. As per the conversation at the April BTAC meeting and as suggested by Pascale 

Soumoy, a subset of locations was identified using Thiessen Polygons, that contained the actual 

mining tracks.  The polygons were created using Voronoi tessellation around the SPI sampling 

grid locations. The SPI sampling locations were originally placed in a gridded pattern to provide 

spatial coverage of the representative benthic habitat within the respective study areas. The 

conventional parameters and benthic community analyses were conducted at a subset of the 

SPI locations to provide more detailed information on the benthic community and substrate 

conditions at each site.  The results of the conventional parameters and benthic community 

analysis indicate what conditions are expected at other locations in the study area that have 

similar SPI parameters.  Figures 3 and 4 present the reduced treatment locations in the mining 

area, as well as the SPI, benthic, and sediment sampling locations for Point Knox Shoal and 

Suisun Bay, respectively.  The  locations within the treatment area, but not within the mined 

area, will be considered reference for the supplemental data evaluation, as these locations are 
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representative of existing baseline conditions when surveyed (i.e., not mined) and any 

subsequent temporal environmental changes between the T0 and T12 surveys.  The designated 

reference area and treatment area locations for the supplemental data analysis are provided in 

Table 1.   

 

Sediment Profile Images 

The image parameters collected from the SPI survey were re-evaluated relative to the reduced 
number of T12 Survey treatment locations (within mining area) and increased number of 
reference locations (original reference locations + treatment location outside mining area).  As 
per the BACI study design, all locations from the T0 Survey will represent baseline (pre-mined) 
conditions.  For a detailed description of the SPI parameters please reference the original data 
report (NewFields 2018). 
 
A summary of the SPI parameters measured in the post-mining surveys (T12) with the treatment 
locations representing the reduced mining area and expanded reference area are provided in 
Tables 2 and 3 for Point Knox Shoal and Tables 4 and 5 for Suisun Bay, respectively.  The  
baseline parameters (T0) remain the same as originally reported (NewFields 2018). 
 
The supplemental analysis of key SPI parameters for Point Knox Shoal did not result in any 
changes from the post-mining survey from what was observed with the original study design.  
The median organism sediment index (OSI) increased from 6 to 7 in the treatment area with no 
change from an OSI score of 7 in the revised reference area (Figure 5).  The substrate type 
remained the same in both treatment and reference areas, predominantly hard bottom sand 
with a mix of medium sand/gravel in the treatment are, and hard bottom sand with gravel in 
the reference area.  All treatment and reference locations were identified as Stage I 
successional stage benthic communities (NewFields 2018).   
 
Therefore, the original interpretation of results of the SPI surveys at both the Point Knox Shoal 
treatment and reference areas remain the same.  The benthic infaunal community was 
comprised entirely of Stage I succession, which was reflective of the higher energy, physical 
sandy substrate that was prevalent across the Point Knox Shoal treatment and reference areas. 
The benthic habitat type was unchanged from the baseline survey with 93% of the locations 
(treatment and reference combined) considered to be a hard sand bottom with medium sand 
and gravel (NewFields 2018). 

 
The supplemental analysis of key SPI parameters for Suisun Bay, also did not result in any 
changes from the post-mining survey from what was observed with the original study design.  
The median OSI (Figure 6), grain size major mode, benthic habitat type, and successional stage 
remained the same in the supplemental analysis as the original analysis for both the Suisun Bay 
treatment and reference areas.  The only exception was the grain size major mode in the 
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expanded reference area for the supplemental analysis shifted to a slightly finer mean of 3 to 2 
phi from 2 to 1 phi in the original analysis. 
 
The results of the supplemental data evaluation for SPI parameters in both the Suisun Bay 
treatment and reference areas established the predominance of the Stage I succession is 
consistent with the findings of the baseline (T0) survey.  The benthic habitat type was also 
unchanged from the baseline (T0) survey with the majority of the locations (treatment and 
reference combined) considered to be a hard sand bottom with fine sand (NewFields 2018). 

Benthic Community Supplemental Data Evaluation 
MTS reanalyzed data collected in 2016 and 2017 at both project sites (Point Knox Shoal and 
Suisun Bay).  Previously, 20 out of 60 total stations at each study location were chosen to be 
sampled for benthic infauna. Twelve samples were collected in the treatment area and eight 
from the adjacent reference area for each study location.  
 
The supplemental data evaluation specifies a subset of stations which were in close proximity 
to mining activities as the treatment and all other stations to be considered reference locations. 
With the decreased number of total mined stations, the ratio of benthic treatment/reference 
stations dropped from 12:8 at each project site to 6:14 at Point Knox Shoal and 3:17 at Suisun 
Bay. The distribution of mined and reference stations is provided in the below table (Table 1). 
 
The calculation of metrics and indices and the analyses performed for the post-mining data 
report were repeated with the new treatment-station groups (MTS 2017, and 2018). The data 
analyses included ANOVA, ANOSIM, and SIMPER. Attachment 1 provide the revised data 
evaluation, results, and discussion similar to what was presented in the original data report. 
The low number of stations that were sampled for infauna and had mining activity limited the 
ability to draw conclusions (MTS 2019).   
 
The results of the re-assignment of sampling stations for treatment and reference treatment 
groups indicates that there are no statistically meaningful differences between the groups at 
either site. There were temporal differences noted for richness at Point Knox Shoal and for 
richness and diversity at Suisun Bay. However, these differences were independent of the area. 
In other words, some species varied across time but did so in a manner that was similar across 
the treatment and reference locations. Additionally, the species that accounted for within 
group similarity were the same across the reference and treatment areas within each site. 
Together, the SIMPER, ANOSIM, and ANOVA indicate that the communities were similar 
between the reference and treatment areas at each site. The ANOVA and ANOSIM indicate the 
communities were similar in terms of composition, metrics, and indices. The SIMPER reinforces 
the community similarity by showing that the same species account for within group similarity 
between the treatment and reference areas within each site. Note the species are somewhat 
different between Point Knox Shoal and Suisun Bay but within each site the respective 
treatment and reference area communities are similar based on the data (MTS 2019).  
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It should also be noted that re-assignment of stations meant that there were only 6 treatment 
locations at Point Knox Shoal and 3 treatment locations at Suisun Bay. The low replication 
within the mined sites combined with variation between stations, meant that the power to 
detect community differences was low. This is reflected in the values for statistical power for 
the treatment effects in the ANOVA models. Hence, while the statistics do not show a 
difference between mined and reference areas within the sites, the low power means there is a 
lower confidence in the statistical results than in the original study design (MTS 2019).  
 
Simple inspection of the graphs and tables relative to abundance, richness, diversity, and 
community evenness, lead to a similar interpretation of the data as does interpretation of the 
statistical results. At Pt. Knox Shoal there was high variation in all measured and calculated 
values among stations. However, only average abundance was notably lower within the 
treatment area while richness, diversity, and evenness were similar or greater within the 
treatment area relative to the reference area. Overall, these trends suggest minimal if any 
adverse impact to the infaunal communities between the treatment and reference areas at 
Point Knox Shoal and trends for richness, diversity, and evenness suggest improvement in these 
community measures associated with the treatment area for the post-mining survey (T12; MTS 
2019). 
 
At Suisun Bay, evenness was similar between the treatment and reference areas with 
abundance, richness, and diversity all being greater on average at the treatment area locations 
relative to the reference area. Like Point Knox Shoal, simple inspection of these results is 
generally counter to any argument that sand mining at the intensity performed between the 
pre- and post-mining monitoring events had any measurable impact to the infaunal community 
at Suisun Bay (MTS 2019).  
 
While the relative statistical power of the data set in this supplemental evaluation is lower than 
the original data report (MTS 2019), the results remain consistent.  Overall, this supplemental 
evaluation and the original data report indicate that sand mining did not have discernable 
impacts to invertebrate infauna at the Central Bay and Suisun Bay sand mining sites over the 
duration of the study (NewFields 2018).  
 

Conventional Parameters 
The conventional parameters were also re-evaluated relative to the revised treatment locations 
(within mining area) relative to reference locations (original reference locations + treatment 
location outside mining area).  The summary statistics for the supplemental analysis are 
provided in Tables 6 & 7 and box plots are provided in Figures 7 & 8.   
 
At point Knox Shoal the mean percent sand was similar (within 5%) between the treatment and 
reference locations at both T0 and T12.  The mean percent sand in the reference area decreased 
slightly, whereas the mean percent sand increased at the treatment area from the baseline (T0) 
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to the post-mining (T12) surveys.  The mean percent TOC increased at both reference and 
treatment locations from the baseline (T0) to the post-mining (T12) surveys (Table 6 and Figure 
7).   
 
As per the original findings,  the TOC in the Point Knox Shoal reference and treatment stations 
increased between the two surveys at every station except one; though all values remained low 
in the T12 survey (< 3.3 percent).  Overall, the distribution of TOC values at the reference and 
treatment stations from Point Knox Shoal were similar. Grain size changes between the two 
surveys generally showed a shift towards lower percent fines in the treatment area in the T12 
survey, while the reference area showed very little change in the grain size percentages.  Both 
the treatment and reference areas were predominantly sand for both surveys.   
 
For Suisun Bay the mean percent sand increased at both reference and treatment locations 
from the baseline (T0) to the post-mining (T12) surveys. The mean percent TOC increased at both 
reference and treatment locations from the baseline (T0) to the post-mining (T12) surveys (Table 
7  and Figure 8).   
 
The Suisun Bay conventional results indicated that TOC values were relatively constant or 
increasing between the two surveys.  With the exception of the marked increases in TOC at 
SBR04-T12, and SBR07 (both reference area locations).  The mean grain size distribution for the 
post-mining survey for Suisun Bay treatment areas and the reference areas was also 
predominantly fine sand, with exception for two locations, SBR04-T12 and SBR07-T12 (both 
reference area locations), which comprised primarily of fines (silt + clay). Both the treatment 
and reference areas were predominantly fine sand for both the baseline and post-mining 
surveys.   
 
The supplemental data evaluation for conventional parameters did not indicate there were any 
significant changes to substrate conditions that could be attributed solely to sand mining, since 
any differences were observed in both the treatment and reference areas of both study sites.  
 
Conclusions 
 
Based on the results of the study parameters collected during the 2016 Baseline (T0) Survey and 
the 2017 Post-Mining Survey (T12) there do not appear to be any long-term adverse impacts to 
the benthic habitat or benthic community as a result of sand mining at the Point Knox Shoal or 
Suisun Bay study areas.  Both sand mining sites included as part of this study are located in high 
energy environments (i.e. strong bottom currents), that provides for the observed gradation of 
sediment particle size and benthic habitat type to be primarily sand, and the benthic 
successional stage as Stage I (colonizers). This means the sites are in a constant state of natural 
disturbance and benthic recolonization, which in part helps to explain the findings of both the 
supplement and original data evaluations. The supplement data evaluation findings, despite the 



 
 

www.NewFields.com    115 2nd Avenue North, Suite 100, Edmonds, Washington 98020    T. 425.967.5285      

 6 

www.NewFields.com    115 2nd Avenue North, Suite 100, Edmonds, Washington 98020    T. 425.967.5285      

 6 

 

www.NewFields.com    115 2nd Avenue North, Suite 100, Edmonds, Washington 98020    T. 425.967.5285       6 

 
 

lower statistical power, were consistent with those of the original study design that the relative 
level of disturbance observed 12 months following the mining event was within the background 
conditions observed during the baseline (T0) survey for both study areas. 
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Table 1. Designation of treatment and reference benthic and sediment conventional samples 
for the Point Knox Shoal and Suisun Bay Study Areas Supplemental Data Evaluation 

Point Knox Shoal Suisun Bay 

Treatment Reference Treatment Reference 

CB10 CB01 SB14 SB01 

CB17 CB03 SB17 SB03 

CB18 CB09 SB18 SB09 

CB25 CB14  SB10 

CB28 CB35  SB25 

CB31 CB38  SB28 

 CBR03  SB31 

 CBR04  SB35 

 CBR07  SB38 

 CBR09  SBR03 

 CBR11  SBR04 

 CBR14  SBR07 

 CBR16  SBR09 

 CBR19  SBR11 

   SBR14 

   SBR16 

   SBR19 
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Table 2: Summary of T12 SPI Image Analysis Results for Point Knox Shoal Supplemental 
Evaluation Treatment Area 

Station 

ID 

Camera 

Penetration 

(cm) 

Boundary 

Roughness 

(cm) 

RPD 

Depth (cm) 

Median 

OSI 

Grain Size 

Major 

Mode 

Benthic 

Habitat Type1 

Successional 

Stage2 

CB10 5.53 0.53 5.53 7 2 to 1 phi SA.M Stage I 

CB11 2.13 1.26 2.13 4 2 to 1 phi SA.M Stage I 

CB12 7.79 0.85 7.79 7 2 to 1 phi SA.M Stage I 

CB13 4.85 1.29 4.85 7 1 to 0 phi SA.G Stage I 

CB16 4.16 1.31 4.16 7 2 to 1 phi SA.M Stage I 

CB17 4.27 0.54 4.27 7 <-1 phi SA.G Stage I 

CB18 3.79 1.1 3.79 7 0 to -1 phi SA.G Stage I 

CB19 4.74 1.34 4.74 7 0 to -1 phi SA.G Stage I 

CB20 5.17 1.13 5.17 7 2 to 1 phi SA.M Stage I 

CB21 3.26 1.02 3.26 5 2 to 1 phi SA.M Stage I 

CB22 4.33 1.95 4.33 7 2 to 1 phi SA.M Stage I 

CB23 1.49 1.85 1.49 2 3 to 2 phi SA.F Stage I 

CB24 6.51 1.22 6.51 7 2 to 1 phi SA.M Stage I 

CB25 8.21 1.6 8.21 7 1 to 0 phi SA.G Stage I 

CB26 6.61 2.08 6.61 7 0 to -1 phi SA.G Stage I 

CB27 4.75 1.12 4.75 7 1 to 0 phi SA.G Stage I 

CB28 5.07 1.12 4.47 7 2 to 1 phi SA.M Stage I 

CB29** 5.67 2.68 5.67 7 3 to 2 phi SA.F Stage I 

CB30 6.18 2.34 6.18 7 2 to 1 phi SA.M Stage I 

CB31 5.48 2.29 5.48 7 2 to 1 phi SA.M Stage I 

CB32* 6.27 0.86 6.27 7 2 to 1 phi SA.M Stage I 

Min 1.49 0.53 1.49 2 3 to 2 phi SA.F Stage I 

Max 8.21 2.68 8.21 7 < -1 phi SA.G Stage I 

Mean 5.06 1.40 5.03 7 2 to 1 phi SA.M/ SA.G Stage I 

Notes: OSI=organism-sediment index; RPD= Redox Potential Discontinuity; *=2 replicates; **=4 replicates;  
1: SA=hard sand bottom; G=gravel; M=medium sand; F=fine sand; SS=fine sand/silty;  

2: Definitions of successional stage are discussed in Section 3.2.6  
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Table 3: Summary of T12 SPI Image Analysis Results for Point Knox Shoal Supplemental 
Evaluation Reference Area 

Station 

ID 

Camera 

Penetration 

(cm) 

Boundary 

Roughness 

(cm) 

RPD 

Depth 

(cm) 

Median 

OSI 

Grain Size 

Major 

Mode 

Benthic 

Habitat Type1 

Successional 

Stage2 

CB01 6.45 0.84 6.45 7 1 to 0 phi SA.G Stage I 

CB02 7.82 0.89 7.82 7 1 to 0 phi SA.G Stage I 

CB03 4.47 1.21 4.47 7 1 to 0 phi SA.G Stage I 

CB04* 10.94 0.82 16.41 7 1 to 0 phi SA.G Stage I 

CB05 6.12 0.55 6.12 7 0 to -1 phi SA.G Stage I 

CB06 4.67 1.14 4.67 7 2 to 1 phi SA.M Stage I 

CB07 5.6 1.08 5.6 7 2 to 1 phi SA.M Stage I 

CB08 9.27 1.29 9.27 7 1 to 0 phi SA.G Stage I 

CB09 5.36 2.88 5.36 7 2 to 1 phi SA.M Stage I 

CB14 8.85 1.71 8.85 7 2 to 1 phi SA.M Stage I 

CB15 4.49 2.76 4.49 7 2 to 1 phi SA.M Stage I 

CB33 5.19 1.53 5.19 7 1 to 0 phi SA.G Stage I 

CB34 6.53 1.58 6.53 7 0 to -1 phi SA.G Stage I 

CB35* 4.95 0.76 4.95 7 2 to 1 phi SA.M Stage I 

CB36 4.91 2.08 4.91 7 3 to 2 phi SA.F Stage I 

CB37 4.04 2.17 4.04 6 3 to 2 phi SA.F Stage I 

CB38 5.11 4.03 5.11 7 1 to 0 phi SA.G Stage I 

CB39 4.46 1.62 6.7 6 1 to 0 phi SA.G Stage I 

CB40 4.79 2.32 4.79 7 1 to 0 phi SA.G Stage I 

CBR01* 3.48 1.82 3.48 5.5 <-1 phi SA.G Stage I 

CBR02 4.74 0.69 4.74 7 2 to 1 phi SA.M Stage I 

CBR03* 5.25 1.36 5.25 7 1 to 0 phi SA.G Stage I 

CBR04 5.36 1.37 5.36 7 1 to 0 phi SA.G Stage I 

CBR05* 6.04 1.1 6.04 7 1 to 0 phi SA.G Stage I 

CBR06 5.8 0.68 5.8 7 1 to 0 phi SA.G Stage I 

CBR07 4.53 2.49 4.53 6 1 to 0 phi SA.G Stage I 

CBR08* 11.21 3.89 11.21 7 1 to 0 phi SA.G Stage I 

CBR09 2.74 0.71 4.12 7 0 to -1 phi SA.G Stage I 

CBR10 4.7 0.97 4.7 7 1 to 0 phi SA.G Stage I 

CBR11 2.84 0.9 2.84 5 2 to 1 phi SA.M Stage I 

CBR12 5.46 1.37 5.46 7 1 to 0 phi SA.G Stage I 

CBR13 2.64 1.29 2.64 5 1 to 0 phi SA.G Stage I 

CBR14 8.48 1.13 8.48 7 1 to 0 phi SA.G Stage I 

CBR15 4.74 0.8 4.74 7 2 to 1 phi SA.M Stage I 
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Station 

ID 

Camera 

Penetration 

(cm) 

Boundary 

Roughness 

(cm) 

RPD 

Depth 

(cm) 

Median 

OSI 

Grain Size 

Major 

Mode 

Benthic 

Habitat Type1 

Successional 

Stage2 

CBR16 6.04 3.71 6.04 7 1 to 0 phi SA.G Stage I 

CBR17 4.04 1.44 4.04 6 2 to 1 phi SA.M Stage I 

CBR18 3.89 0.32 5.84 7 2 to 1 phi SA.M Stage I 

CBR19 5.53 1.23 5.53 7 1 to 0 phi SA.G Stage I 

CBR20 5.28 0.85 5.28 7 2 to 1 phi SA.M Stage I 

Min 2.64 0.32 2.64 5 2 to 1 phi SA.F Stage I 

Max 11.21 4.03 16.41 7 < -1 phi SA.G Stage I 

Mean 5.56 1.52 5.84 7 1 to 0 phi SA.G Stage I 

Notes: OSI=organism-sediment index; RPD= Redox Potential Discontinuity; *=2 replicates 

1: SA=hard sand bottom, G=gravel; M=medium sand; F=fine sand; SS=fine sand/silty;  
2: Definitions of successional stage are discussed in Section 3.2.6  
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Table 4: Summary of T12 SPI Image Analysis Results for Suisun Bay Supplemental Evaluation 
Treatment Area 

Station 
ID 

Camera 
Penetration 

(cm) 

Boundary 
Roughness 

(cm) 

RPD Depth 
(cm) 

Median 
OSI 

Grain Size 
Major 
Mode 

Benthic 
Habitat Type 

Successional 
Stage 

SB14 4.35 1.01 4.35 7 3 to 2 phi SA.F Stage I 

SB15 5.32 1.42 5.32 7 3 to 2 phi SA.F Stage I 

SB16 5.69 1.35 5.69 7 3 to 2 phi SA.F Stage III 

SB17* 4.6 1.56 4.6 7 3 to 2 phi SA.F Stage I 

SB18 10.65 1.16 10.65 7 3 to 2 phi SA.F Stage I 

SB19 6.17 1.33 1.79 4 > 4 Phi UN.SS Stage I 

SB20 9.43 2.74 2.77 5 3 to 2 phi SA.F Stage I 

SB26 8.14 1.9 8.14 7 3 to 2 phi SA.F Stage I 

SB27 7.83 2.95 7.83 7 3 to 2 phi SA.F Stage I 

SB29 4.79 1.48 2.68 5 3 to 2 phi SA.F Stage I 

SB40 7.75 2.01 7.75 7 2 to 1 phi SA.M Stage I 

Min 4.35 1.01 1.79 4 > 4 phi UN.SS Stage I 

Max 10.65 2.95 10.65 7 2 to 1 phi SA.M Stage III 

Mean 6.79 1.72 5.60 6 3 to 2 phi SA.F Stage I 

Notes: OSI=organism-sediment index; RPD= Redox Potential Discontinuity; *=2 replicates 
1: SA=hard sand bottom, UN=unconsolidated soft bottom; M=medium sand; F=fine sand; SS=fine 
sand/silty;  
2: Definitions of successional stage are discussed in Section 3.2.6  
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Table 5: Summary of T12 SPI Image Analysis Results for Suisun Bay Supplemental Evaluation 
Reference Area 

Station 
ID 

Camera 
Penetration 

(cm) 

Boundary 
Roughness 

(cm) 

RPD Depth 
(cm) 

Median 
OSI 

Grain Size 
Major 
Mode 

Benthic 
Habitat Type 

Successional 
Stage 

SB01* 3.59 2.48 2.1 6 3 to 2 phi SA.F Stage II 

SB02* 0.75 0.13 0.75 2.5 3 to 2 phi SA.F Stage I 

SB03 6.92 2.96 6.23 9 2 to 1 phi SA.M Stage III 

SB04 3.33 1.17 2.33 6.5 3 to 2 phi SA.F Stage III 

SB05 5.67 1.48 5.67 7 3 to 2 phi SA.F Stage I 

SB06 5.99 1.52 5.99 7 3 to 2 phi SA.F Stage I 

SB07 3.05 2.1 3.05 6 3 to 2 phi SA.F Stage I 

SB08 6.11 1.22 6.11 7 3 to 2 phi SA.F Stage I 

SB09 7.73 1.62 4.91 7 3 to 2 phi SA.F Stage I 

SB10 4.51 1.96 4.51 7 3 to 2 phi SA.F Stage I 

SB11 4.81 1.07 4.81 7 3 to 2 phi SA.F Stage I 

SB12 4.98 2.06 3.51 6 2 to 1 phi SA.M Stage I 

SB13 2.03 1.04 1.65 4 3 to 2 phi SA.F Stage I 

SB21* 10.25 1.61 10.25 7 2 to 1 phi SA.M Stage I 

SB22 11.08 1.98 3.01 6 3 to 2 phi SA.F Stage III 

SB23 9.34 1.83 3.41 4 3 to 2 phi SA.F Stage I 

SB24 9.7 1.32 2.91 5 3 to 2 phi SA.F Stage I 

SB25 8.7 0.84 8.7 7 3 to 2 phi SA.F Stage I 

SB28 7.14 1.36 7.14 7 3 to 2 phi SA.F Stage I 

SB30 4.52 2.58 4.52 7 3 to 2 phi SA.F Stage I 

SB31 6.36 1.98 6.36 7 3 to 2 phi SA.F Stage I 

SB32 7.26 1.07 7.26 7 3 to 2 phi SA.F Stage I 

SB33 7.01 1.7 5.89 7 2 to 1 phi SA.M Stage I 

SB34 10.22 1.33 10.22 7 2 to 1 phi SA.M Stage I 

SB35 9.12 2.15 9.12 7 2 to 1 phi SA.M Stage I 

SB36* 3.76 1.59 2.47 4.5 > 4 Phi UN.SS Stage I 

SB37 1.34 1.15 1.27 3 > 4 Phi UN.SS Stage I 

SB38 9.94 1.57 4.13 7 2 to 1 phi SA.M Stage III 

SB39 6.17 0.7 6.17 7 2 to 1 phi SA.M Stage III 

SBR01 5.76 2.07 5.76 7 3 to 2 phi SA.F Stage III 

SBR02 5.57 1.25 4.46 7 3 to 2 phi SA.F Stage I 

SBR03* 5.49 2.26 5.72 11 3 to 2 phi SA.F Stage III 
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Station 
ID 

Camera 
Penetration 

(cm) 

Boundary 
Roughness 

(cm) 

RPD Depth 
(cm) 

Median 
OSI 

Grain Size 
Major 
Mode 

Benthic 
Habitat Type 

Successional 
Stage 

SBR04 3.16 0.99 3.1 5 2 to 1 phi SA.M Stage I 

SBR05 3.46 1.91 1.16 3 > 4 Phi UN.SS Stage I 

SBR06 4.57 1.22 1.48 3 > 4 Phi UN.SS Stage I 

SBR07* 4.26 2.67 4.52 6 > 4 Phi UN.SS Stage I 

SBR08* 6.43 3.49 6.43 7 3 to 2 phi SA.F Stage I 

SBR09 6.56 1.52 6.43 7 2 to 1 phi SA.M Stage I 

SBR10 3.81 0.97 2.26 4 3 to 2 phi SA.F Stage I 

SBR11 7.81 1.86 6.85 7 3 to 2 phi SA.F Stage I 

SBR12 3.89 0.79 1.5 3 3 to 2 phi SA.F Stage I 

SBR13 3.27 0.83 3.27 7 2 to 1 phi SA.M Stage I 

SBR14 1.08 1.24 1.08 3 2 to 1 phi SA.M Stage I 

SBR15 8.62 1.09 3.78 6 2 to 1 phi SA.M Stage III 

SBR16 7.03 0.96 5.56 7 2 to 1 phi SA.M Stage I 

SBR17 6.5 2.01 6.5 7 2 to 1 phi SA.M Stage I 

SBR18 6.19 2.24 6.19 7 2 to 1 phi SA.M Stage I 

SBR19 6.09 1.72 6.09 7 2 to 1 phi SA.M Stage I 

SBR20 6.64 2.06 6.64 7 2 to 1 phi SA.M Stage I 

Min 0.75 0.13 0.75 2.5 > 4 phi UN.SS Stage I 

Max 11.08 3.49 10.25 11 2 to 1 phi SA.M Stage III 

Mean 5.87 1.61 4.76 6 3 to 2 phi SA.F/SA.M Stage I 

Notes: OSI=organism-sediment index; RPD= Redox Potential Discontinuity; *= 2 replicates 
1: SA=hard sand bottom, UN=unconsolidated soft bottom; M=medium sand; F=fine sand; SS=fine 
sand/silty;  
2: Definitions of successional stage are discussed in Section 3.2.6  
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Table 6: Summary Statistics (mean ± sd, (median)) of Point Knox Shoal Conventional 
Parameters 

Area Survey Fines (%) Sand (%) Gravel (%) TOC (%) 

Reference 

T0 
(n=8) 

1.2 ± 0.28 
(1.2) 

93 ± 4.9 
(95) 

5.6 ± 5.1 
(4.3) 

0.47 ± 1.2 
(0.05) 

T12 
(n=14) 

0.59 ± 0.55 
(0.65) 

89 ± 14 
(95) 

12 ± 15 
(5.8) 

1.5 ± 0.82 
(1.4) 

Treatment 

T0 
(n=12) 

2 ± 1.4 
(1.7) 

91 ± 8.5 
(94) 

7 ± 8.9 
(3.4) 

0.064 ± 0.044 
(0.05) 

T12 
(n=6) 

0.23 ± 0.44 
(0.0) 

95 ± 4.5  
(95) 

5.6 ± 5.1 
(5.2) 

1.0 ± 0.48 
(0.95) 

 

Table 7: Summary Statistics (mean ± sd, (median)) of Suisun Bay Conventional Parameters 

Area Survey Fines (%) Sand (%) Gravel (%) TOC (%) 

Reference 

T0 
(n=8) 

27 ± 26 
(22) 

72 ± 26 
(77) 

0.46 ± 0.78 
(0.15) 

1.4 ± 2.9 
(0.42) 

T12 
(n=17)  

14 ± 28 
(3.1) 

86 ± 28 
(97) 

0.6 ± 1.5 
(0.1) 

4.44 ± 7.8 
(2.0) 

Treatment  

T0 
(n=12) 

21 ± 21 
(17) 

79 ± 21 
(82) 

0.25 ± 0.31 
(0.1) 

0.72 ± 0.52 
(0.63) 

T12 
(n=3) 

0.9 ± 1.2 
(0.1) 

99 ± 1.5 
(99.5) 

0.23 ± 0.21 
(0.2) 

1.1 ± 0.10 
(1.1) 
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Figure 2. Data Comparisons for Benthic Assessment of Sand Mining 

T0 Survey (baseline) T12 Survey (post-mining) 

 
 

Treatment Area 
 
 

 
 

Treatment Area 
 
 

 
 

Reference Area 
 
 

Reference Area 

Notes: 
T0: Time zero = baseline survey representative of existing conditions prior to sand mining. 
T12: Time 12 = post sand mining survey conducted 12 months following baseline survey. 
A: Evaluation of Treatment Area and Reference Area at T0 to determine range of baseline conditions; 
B: Data comparisons within the Treatment Area from T0 to T12 will be conducted to discern any changes in benthic conditions due to sand mining 
activities and regional conditions; 
C: Data comparison within the Reference Area from T0 to T12 will be conducted to discern changes in benthic conditions due only to regional 
conditions, thereby serving as a study control; 
D: Evaluation of differences between any changes in benthic conditions observed in the Treatment Area relative to changes observed in the Reference 
Area will be conducted to determine the extent of change in in the Treatment Area associated with sand mining.
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Figure 7: Point Knox Shoal Conventional Parameter Boxplots 
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Figure 8: Suisun Bay Conventional Parameter Boxplots 
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Memorandum 
 
To: Tim Hammermeister (Newfields) 

From: Robert Mooney 

Date: November 13, 2019 

Re: Hanson Sand Mining Follow Up Benthic Infauna Analysis 

 
 

Introduction 
This technical memorandum is written to provide the results of a follow-up analysis on the 
Hanson Sand Mining Benthic Community Assessment Project (Project). Below I have outlined the 
methods and results of an updated analysis of benthic infaunal data that incorporates 
information relative to the areas actually mined between the 2016 and 2017 field investigations. 
This analysis was requested because it was realized that sand was not mined from all areas 
proposed within the Project’s sampling and analysis plan. Thus, some sampling stations were 
included in the analysis as “mined” when those areas were not mined and therefore could 
arguably be re-assigned as “reference” stations. 
 

Methods 
The methods used to analyze the infauna data were identical to those specified in our February 
2018 report, Post-Mining Benthic Infauna Sampling of Sand Mining Study Sites, San Francisco and 
Suisun Bays, California. However, for this analysis the sampling stations were designated as 
shown in Table 1. 
 

Results 

Central Bay 
All the same stations were included in the analysis as were originally sampled.  However, the re-
assignment of Central Bay stations to reference stations resulted in 6 of the original 12 Central 
Bay stations being re-categorized as reference stations (Table 1). All the originally captured 306 
individuals and 25 benthic invertebrate taxa were included in the analyses for Central Bay (both 
mined and reference stations combined).  
 
There were 59 invertebrates within the 6 Central Bay stations that were mined (Table 2, Figure 
1). These 6 stations had 11 total taxa (Table 2, Figure 2).  The 6 mined stations had an average 
abundance of 10 animals per station with a range of 6 to 19 animals per station. The mined 
stations averaged 4 taxa per station with a range from 2 to 6 taxa per station.  The overall diversity 
of the mined stations was 2.75 when pooled and the average diversity was 1.75 (Table 2, Figure 
3). Overall evenness was 0.79 across mined stations with an average of 0.92 per station (Table 2, 
Figure 4). 

Marine Taxonomic Services, Ltd. 
920 Rancheros Drive, Suite F-1 

San Marcos, CA 92069 
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Table 1. Project invertebrate infaunal sampling stations as assigned within the sampling and analysis plan and the 
re-assigned station groups for the current analysis. 

Original Station Groups Re-Assigned Station Groups 

Central Bay  Suison Bay Central Bay  Suison Bay 

Treatment  Reference Treatment  Reference Treatment  Reference Treatment  Reference 

CB01 CBR03 SB01 SBR03 CB10 CB01 SB14 SB01 

CB03 CBR04 SB03 SBR04 CB17 CB03 SB17 SB03 

CB09 CBR07 SB09 SBR07 CB18 CB09 SB18 SB09 

CB10 CBR09 SB10 SBR09 CB25 CB14  SB10 

CB14 CBR11 SB14 SBR11 CB28 CB35  SB25 

CB17 CBR14 SB17 SBR19 CB31 CB38  SB28 

CB18 CBR16 SB18 SBR16  CBR03  SB31 

CB25 CBR19 SB25 SBR14  CBR04  SB35 

CB28  SB28   CBR07  SB38 

CB31  SB31   CBR09  SBR03 

CB35  SB35   CBR11  SBR04 

CB38  SB38   CBR14  SBR07 

     CBR16  SBR09 

     CBR19  SBR11 

       SBR14 

       SBR16 

       SBR19 
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Table 2. Statistics and indices calculated from benthic infaunal grab data at the Central Bay sand mining area (top), and the Central Bay reference area 
(bottom). Note that Central Bay monitoring stations that were not mined were included in the reference data. 

Central Bay 

Station C
B

-1
0

 

C
B

-1
7

 

C
B

-1
8

 

C
B

-2
5

 

C
B

-2
8

 

C
B

-3
1

 

A
ll 

Abundance 6 10 7 19 8 9 59 

Mean Abundance             10 
Density (per square meter) 60 100 70 190 80 90 98 
Taxa Richness 3 5 2 5 3 6 11 
Mean Taxa Richness             4 
Diversity H' 1.46 2.12 0.99 2.02 1.41 2.50 2.75 
Mean H'             1.75 
Evenness (J') 0.92 0.91 0.99 0.87 0.89 0.97 0.79 

Mean J'             0.92 

                                

Central Bay Reference 

Station C
B

-0
1

 

C
B

-0
3

 

C
B

-0
9

 

C
B

-1
4

 

C
B

-3
5

 

C
B

-3
8

 

C
B

R
-0

3
 

C
B

R
-0

4
 

C
B

R
-0

7
 

C
B

R
-0

9
 

C
B

R
-1

1
 

C
B

R
-1

4
 

C
B

R
-1

6
 

C
B

R
-1

9
 

A
ll 

Abundance 16 16 6 3 1 63 16 17 11 11 20 19 12 36 247 
Mean Abundance                             18 
Density (per square meter) 160 160 60 30 10 630 160 170 110 110 200 190 120 360 176 

Taxa Richness 5 5 3 1 1 3 4 4 4 4 13 4 1 7 20 
Mean Taxa Richness                             4 
Diversity H' 1.77 2.05 1.46 0.00 0.00 0.68 1.59 1.45 1.28 1.49 3.62 1.43 0.00 2.07 2.73 
Mean H'                             1.35 
Evenness (J') 0.76 0.88 0.92 0.00 0.00 0.43 0.80 0.73 0.64 0.75 0.98 0.71 0.00 0.74 0.63 

Mean J'                             0.60 
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Figure 1. The above figure illustrates the total benthic invertebrate abundance for each sampling station at the 
Central Bay sediment sampling site. The bars labeled “group mean” represent the mean abundance for all 
sampling station within the sand mining area and the reference area; the associated error bars are the standard 
error of the means. 

 
Figure 2. The above figure illustrates the benthic invertebrate taxa richness for each sampling station at the 
Central Bay sediment sampling site. The bars labeled “group mean” represent the mean richness for all sampling 
stations within the sand mining area and the reference area; the associated error bars are the standard error of 
the means. 
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Figure 3. The above figure illustrates the benthic invertebrate Shannon diversity (H’) for each sampling station at 
the Central Bay sediment sampling site. The bars labeled “group mean” represent the diversity for all sampling 
stations within the sand mining area and the reference area; the associated error bars are the standard errors of 
the means. 

 
Figure 4. The above figure illustrates the benthic invertebrate evenness (J’) for each sampling stations at the 
Central Bay sediment sample site. The bars labeled “group mean” represent the evenness for all sampling stations 
within the sand mining area and the reference area; the associated error bars are the standard error of the means. 
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There were 247 invertebrates within the 14 Central Bay reference stations (Table 2, Figure 1). 
These 14 stations had 20 total taxa (Table 2, Figure 2).  The 14 reference stations had an average 
abundance of 18 animals per station with a range of 1 to 63 animals per station. The reference 
stations averaged 4 taxa per station with a range from 1 to 13 taxa per station.  The overall 
diversity of the reference stations was 2.73 when pooled and the average diversity was 1.35 
(Table 2, Figure 3). Overall evenness was 0.63 across reference stations with an average of 0.92 
per station (Table 2, Figure 4). 
 
The results of the calculations of the Bray-Curtis Measure for the Central Bay stations is provided 
in Table 3. The matrix provides the pairwise dissimilarity for all station combinations. Stations 
with a value close to 1.0 indicate greater difference with regards to community composition.  
There were multiple pairwise comparisons that were calculated at 1.0.  This was due to the low 
taxa richness at some stations; when taxa do not overlap between stations then there is no 
community similarity and therefore the value represents complete dissimilarity. The Bray-Curtis 
values are provided for inspection and because they are used to calculate the ANOSIM. 
 
The results of the Analysis of Similarity (ANOSIM) show that there was no statistical difference 
between the Central Bay treatments within the post-construction data (r=-0.055; p=0.624; Table 
4).  The Similarity Percentages (SIMPER) analysis was used to evaluate the species most 
responsible for within group similarity (Table 5).   
 

The same three taxa were found to explain at least 90% of the within group similarity for the 
Central Bay treatments (Table 5).  These were Hemipodia simplex, Tellina carpenteri, and 
Saccocirrus sp.  The within groups similarity among stations were 37.8% and 28.4% for the Central 
Bay mined and reference stations, respectively.  This means that community composition was 
37.8% and 28.4% similar on average within the groups, and within those groups the three taxa 
specified accounted for 90% of the observed similarity. 
 

The results of the repeated measures Analysis of Variation (ANOVA) detected a temporal 
difference in the analysis of taxa richness (F=6.51; df=1,18; p=0.02).  In other words, there was a 
significant difference in taxa richness between the pre- and post-dredge sampling events.  There 
were no other significant differences in the tested metrics and indices over time or between the 
mined and reference areas at the Central Bay mining area (Table 6).  Statistical power was 
generally low due to the high variation and low sample size in the Central Bay mine treatment 
group after reassignment of half of the mined stations to the reference treatment group.  
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Table 3. The below table provides the Bray-Curtis ordination matrix of all pairwise comparisons between sampled stations. Shaded cells represent pairwise 
comparisons between stations that occur across treatments. 

 

Central Bay Stations

Sand Mining Area Stations Reference Area Stations

CB
-1

0
CB

-1
7

CB
-1

8
CB

-2
5

CB
-2

8
CB

-3
1

CB
-0

1
CB

-0
3

CB
-0

9
CB

-1
4

CB
-3

5
CB

-3
8

CB
R-03

CB
R-04

CB
R-07

CB
R-09

CB
R-11

CB
R-14

CB
R-16

CB
R-19

CB-10

CB-17 0.375

CB-18 0.385 0.294

CB-25 0.520 0.448 0.462

CB-28 1.000 0.889 1.000 0.778

CB-31 0.333 0.579 0.625 0.643 1.000

CB-01 0.636 0.615 0.565 0.600 1.000 0.760

CB-03 0.455 0.462 0.391 0.371 0.750 0.600 0.438

CB-09 0.167 0.500 0.538 0.600 1.000 0.467 0.727 0.545

CB-14 0.333 0.538 0.400 0.727 1.000 0.667 0.684 0.684 0.333

CB-35 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

CB-38 0.826 0.808 0.800 0.756 1.000 0.861 0.873 0.772 0.855 0.909 1.000

CBR-03 0.636 0.538 0.391 0.486 1.000 0.760 0.438 0.375 0.727 0.684 1.000 0.797

CBR-04 0.652 0.556 0.417 0.556 1.000 0.769 0.455 0.394 0.739 0.700 1.000 0.825 0.091

CBR-07 0.412 0.429 0.444 0.533 1.000 0.600 0.333 0.333 0.412 0.571 1.000 0.838 0.333 0.357

CBR-09 0.765 0.619 0.556 0.333 0.789 0.800 0.852 0.704 0.882 0.857 1.000 0.865 0.630 0.714 0.818

CBR-11 0.769 0.733 0.778 0.744 0.857 0.793 0.667 0.722 0.846 0.826 0.905 0.928 0.778 0.784 0.806 0.806

CBR-14 0.760 0.793 0.769 0.474 0.926 0.786 0.943 0.657 0.840 1.000 1.000 0.756 0.771 0.833 0.867 0.533 0.897

CBR-16 0.667 0.636 0.579 0.677 1.000 0.810 0.429 0.500 0.667 0.600 1.000 0.893 0.357 0.241 0.304 0.913 0.875 1.000

CBR-19 0.714 0.696 0.674 0.455 1.000 0.778 0.654 0.538 0.762 0.846 0.946 0.798 0.423 0.472 0.574 0.660 0.821 0.527 0.625

St
at

io
n



 

MAIN OFFICE | 920 RANCHEROS DRIVE SUITE F-1 | SAN MARCOS CA 92069 | 760.410.8392 
OREGON OFFICE | 5125 NW CRESCENT VALLEY DRIVE | CORVALLIS OR 97330 | 858.232.1958 

SOUTH LAKE TAHOE | 1155 GOLDEN BEAR TRAIL | SOUTH LAKE TAHOE CA 96150| 858.232.1958 
 

WWW.MARINETAXONOMICSERVICES.COM 

Table 4. The below table summarizes the results of the ANOSIM among the Central Bay station groups. The 
stations within each group are provided at the bottom “group names”. 

 
Table 5. The below table provides the results of the within groups similarity percentage (SIMPER) analysis for 
Central Bay. Average similarity within groups refers to the average similarity between group members (stations) 
based on the Bray-Curtis dissimilarity. The taxa required to explain at least 90% of the total similarity within 
groups are provided for each group. 

 
 
  

1st Group

CBMine (6)

Group Names Stations

CBMine CB-10 CB-17 CB-18 CB-25 CB-28 CB-31

Reference CB-01 CB-03 CB-09 CB-14 CB-35 CB-38 CBR-03 CBR-04 CBR-07 CBR-09 CBR-11 CBR-14

CBR-16 CBR-19

P Value

0.624

Sample Stat. 

(r)

-0.055

2nd Group

Reference (14)

Permutations

38760

Permutations 

Done

1000

Analysis of Similarity - Central Bay

Observations  

W>=B

624

CBMine Average Sim 37.8

Taxa Ave. Abund Ave. Simil % Contribution Cumulative %

Hemipodia simplex 3.0 20.0 52.9 52.9

Tellina carpenteri 2.5 9.3 24.7 77.6

Saccocirrus sp. 1.2 5.8 15.3 92.9

Reference Average Sim 28.4

Taxa Ave. Abund Ave. Simil % Contribution Cumulative %

Hemipodia simplex 5.5 19.7 69.4 69.4

Tellina carpenteri 3.7 5.8 20.5 89.9

Saccocirrus sp. 4.9 1.5 5.1 95.0

SIMPER Analysis - Taxa Percent Similarities Within Groups
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Table 6. Results from repeated measures ANOVA for abundance, taxa richness, diversity (H'), and evenness (J') at 
Central Bay. 
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Suisun Bay 
All the same stations were included in the analysis of Suisun Bay data as were originally sampled.  
However, the re-assignment of Suisun Bay stations to reference stations resulted in 9 of the 
original 12 Central Bay stations being re-categorized as reference stations (Table 1). All the 
originally captured 519 individuals and 16 benthic invertebrate taxa were included in the analyses 
for Suisun Bay.  
 
There were 107 invertebrates within the 3 Suisun Bay stations that were mined (Table 7,Figure 
5). These 3 stations had 11 total taxa (Table 7, Figure 6).  The 3 mined stations had an average 
abundance of 36 animals per station with a range of 19 to 62 animals per station. The mined 
stations averaged 5 taxa per station with a range from 5 to 6 taxa per station.  The overall diversity 
of the mined stations was 2.19 when pooled and the average diversity was 1.81 (Table 7, Figure 
7). Overall evenness was 0.63 across mined stations with an average of 0.76 per station (Table 7, 
Figure 8). 
 

There were 412 invertebrates within the 17 Suisun Bay reference stations (Table 7, Figure 5). 
These 17 stations had 14 total taxa (Table 7, Figure 6).  The 17 reference stations had an average 
abundance of 24 animals per station with a range of 0 to 85 animals per station. The reference 
stations averaged 4 taxa per station with a range from 0 to 7 taxa per station.  The overall diversity 
of the reference stations was 2.67 when pooled and the average diversity was 1.50 (Table 7, 
Figure 7). Overall evenness was 0.70 across reference stations with an average of 0.75 per station 
(Table 7, Figure 8). 
 
The results of the calculation of the Bray-Curtis Measure for the Central Bay stations is provided 
in Table 8. The matrix provides the pairwise dissimilarity for all station combinations. Stations 
with a value close to 1.0 indicate greater difference with regards to community composition.  
Station SBR-19 was not included in the calculations because there were no animals present in the 
sample at SBR-19 and therefore the calculation could not be performed. The Bray-Curtis values 
are provided for inspection and because they are used to calculate the ANOSIM. 
 
The results of the Analysis of Similarity (ANOSIM) show that there was no statistical difference 
between the Suisun Bay treatments within the post-construction data (r=0.120; p=0.226; Table 
9).  The Similarity Percentages (SIMPER) analysis was used to evaluate the species most 
responsible for within group similarity (Table 10).   
 

The same three taxa were found to explain 100% and 88% of the observed within group similarity 
for the Central Bay mined and reference stations, respectively (Table 5).  These were 
Potamocorbula amurensis, Corbicula fluminea, and Saccocirrus sp.  A fourth taxa, Gammarus 
daiberi, was required to explain at least 90% of the within group similarity at the reference area. 
The within groups similarity among stations were 39.4% and 29.3% for the Suisun Bay mined and 
reference stations, respectively.  This means that community composition was 39.4% and 29.3% 
similar on average within the groups, and within those groups the taxa specified accounted for 
at least 90% of the observed similarity.   
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Table 7. Statistics and indices calculated from benthic infaunal grab data at the Suisun Bay sand mining area (top), and the Suisun Bay reference area (bottom). 
Note that Suisun Bay monitoring stations that were not mined were included in the reference data. 

Suisun Bay  

Station SB
-1

4
 

SB
-1

7
 

SB
-1

8
 

A
ll 

Abundance 62 19 26 107 

Mean Abundance       36 
Density (per square meter) 620 190 260 357 
Taxa Richness 6 5 5 11 
Mean Taxa Richness       5 
Diversity H' 1.37 1.98 2.08 2.19 
Mean H'       1.81 
Evenness (J') 0.53 0.85 0.90 0.63 

Mean J'       0.76 
 

Suisun Bay Reference 

Station SB
-0

1
 

SB
-0

3
 

SB
-0

9
 

SB
-1

0
 

SB
-2

5
 

SB
-2

8
 

SB
-3

1
 

SB
-3

5
 

SB
-3

8
 

SB
R

-0
3

 

SB
R

-0
4

 

SB
R

-0
7

 

SB
R

-0
9

 

SB
R

-1
1

 

SB
R

-1
4

 

SB
R

-1
6

 

SB
R

-1
9

 

A
ll 

Abundance 31 28 21 24 41 22 5 11 6 85 34 43 22 11 24 4 0 412 
Mean Abundance                                   24 
Density (per square meter) 310 280 210 240 410 220 50 110 60 850 340 430 220 110 240 40 0 242 

Taxa Richness 5 3 4 5 5 6 3 3 2 7 4 4 4 3 7 3 0 14 
Mean Taxa Richness                                   4 
Diversity H' 1.34 1.55 1.73 2.02 1.83 2.52 1.37 0.87 1.00 2.08 1.37 1.51 1.08 1.24 2.50 1.50 0.00 2.67 
Mean H'                                   1.50 
Evenness (J') 0.58 0.98 0.86 0.87 0.79 0.97 0.86 0.55 1.00 0.74 0.68 0.76 0.54 0.78 0.89 0.95 0.00 0.70 

Mean J'                                   0.75 
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Figure 5. The above figure illustrates the total benthic invertebrate abundance for each sampling station at the 
Suisun Bay sediment sampling site. The bars labeled “group mean” represent the mean abundance for all sampling 
stations within the sand mining area and the reference area; the associated error bars are the standard errors of 
the means. 

 
Figure 6. The above figure illustrates the benthic invertebrate taxa richness for each sampling station at the Suisun 
Bay sediment sampling site. The bars labeled “group mean” represent the mean richness for all sampling stations 
within the sand mining area and the reference area; the associated error bars are the standard error of the means. 
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Figure 7. The above figure illustrates the benthic invertebrate Shannon diversity (H’) for each sampling station at 
the Suisun Bay sediment sampling site. The bars labeled “group mean” represent the diversity for all sampling 
station within the sand mining area and reference area; the associated error bars are the standard errors of the 
means. 

 
Figure 8. The above figure illustrates the benthic invertebrate evenness (J’) for each sampling station at the Suisun 
Bay sediment sampling site. The bars labeled “groups mean” represent the evenness for all sampling stations 
within the sand mining area and the reference area; the associated error bars are the standard error of the means. 
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Table 8. The below table provides the Bray-Curtis ordination matrix of all pairwise comparisons between sampled stations at Suisun Bay. Shaded cells 
represent pairwise comparisons between stations that occur across treatments. 
 

Suisun Bay Stations

Sand Mining Area Stations Reference Area Stations

SB
-14

SB
-17

SB
-18

SB
-01

SB
-03

SB
-09

SB
-10

SB
-25

SB
-28

SB
-31

SB
-35

SB
-38

SB
R-

03

SB
R-

04

SB
R-

07

SB
R-

09

SB
R-

11

SB
R-

14

SB
R-

16

SB-14

SB-17 0.580

SB-18 0.682 0.556

SB-01 0.806 0.640 0.895

SB-03 0.400 0.277 0.444 0.695

SB-09 0.566 0.250 0.489 0.654 0.224

SB-10 0.488 0.209 0.400 0.636 0.192 0.244

SB-25 0.670 0.533 0.552 0.889 0.478 0.548 0.538

SB-28 0.786 0.561 0.375 0.887 0.640 0.628 0.522 0.714

SB-31 0.881 0.583 0.742 0.889 0.758 0.692 0.724 0.783 0.704

SB-35 0.753 0.533 0.514 0.952 0.538 0.750 0.543 0.615 0.636 0.500

SB-38 0.824 0.520 0.625 0.892 0.647 0.556 0.600 0.745 0.571 0.273 0.647

SBR-03 0.510 0.673 0.676 0.810 0.504 0.623 0.578 0.635 0.738 0.911 0.813 0.868

SBR-04 0.417 0.509 0.700 0.723 0.323 0.345 0.483 0.680 0.786 0.846 0.911 0.750 0.429

SBR-07 0.219 0.452 0.536 0.730 0.239 0.438 0.313 0.595 0.662 0.833 0.667 0.755 0.406 0.273

SBR-09 0.905 0.805 0.750 0.849 0.840 0.814 0.739 0.873 0.636 0.926 1.000 0.786 0.664 0.857 0.815

SBR-11 0.808 0.533 0.459 0.905 0.641 0.750 0.486 0.692 0.515 0.500 0.273 0.647 0.792 0.911 0.667 0.818

SBR-14 0.814 0.674 0.360 0.891 0.654 0.511 0.625 0.662 0.348 0.724 0.771 0.667 0.725 0.621 0.701 0.696 0.657

SBR-16 0.939 0.739 0.800 0.886 0.875 0.840 0.786 0.867 0.769 0.333 0.600 0.600 0.933 0.895 0.872 0.923 0.467 0.714
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Table 9. The below table summarizes the results of the ANOSIM among the Suisun Bay treatment groups. The 
stations within each group are provided at the bottom “Group Names”. 

 
Table 10. The below table provides the results of the Suisun Bay within groups similarity percentage (SIMPER) 
analysis. Average similarity within groups refers to the average similarity between members (stations) of a group 
based on Bray-Curtis dissimilarity. Within groups, the contribution taxa required to describe at least 90% of the 
within group similarity are shown. 

  

1st Group

SBMine (3)

Group Names Stations

SBMine SB-14 SB-17 SB-18

Reference SB-01 SB-03 SB-09 SB-10 SB-25 SB-28 SB-31 SB-35 SB-38 SBR-03 SBR-04 SBR-07

Reference SBR-09 SBR-11 SBR-14 SBR-16 SBR-19

0.120

Analysis of Similarity - Suisun Bay

Reference (17)

Observations  2nd Group Permutations

1140

Permutations

1000 226

P Value

0.226

Sample Stat. 

Suisun Bay Average Sim 39.4

Taxa Ave. Abund Ave. Simil % Contribution Cumulative %

Potamocorbula amurensis 7.7 19.9 50.5 50.5

Corbicula fluminea 5.7 13.8 34.9 85.4

Saccocirrus sp. 17.0 5.8 14.6 100.0

Reference Average Sim 29.3

Taxa Ave. Abund Ave. Simil % Contribution Cumulative %

Potamocorbula amurensis 5.6 13.2 45.1 45.1

Corbicula fluminea 5.9 7.8 26.6 71.7

Saccocirrus sp. 6.2 4.7 16.1 87.7

Gammarus daiberi 2.8 2.3 7.9 95.6

SIMPER Analysis - Taxa Percent Similarities Within Groups
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The results of the repeated measures Analysis of Variation (ANOVA) detected a temporal 
difference in the analysis of taxa richness (F=5.29; df=1,18; p=0.03) and diversity (F=8.31; df=1,18; 
p=0.001).  In other words, there was a significant difference in taxa richness and diversity 
between the pre- and post-dredge sampling events.  There were no other significant differences 
in the tested metrics and indices over time or between the mined and reference areas at the 
Suisun Bay mining area (Table 11).  Statistical power was generally low and the result of high 
variation and low sample size in the Suisun Bay mine treatment group after reassignment of 9 of 
the mined stations to the reference treatment group.  
 

Discussion 
The results of the re-assignment of sampling stations for mined and reference treatment groups 
indicates that there are no statistically meaningful differences between the groups at either site. 
There were temporal differences noted for richness at Central Bay and for richness and diversity 
at Suisun Bay.  However, these differences were independent of the treatments.  In other words, 
some species varied across time but did so in a manner that was similar across the mined and 
reference treatment groups. Additionally, the species that accounted for within group similarity 
were the same across the groups within each site.  Together, the SIMPER, ANOSIM, and ANOVA 
indicate that the communities were similar between the groups at each site.  The ANOVA and 
ANOSIM indicate the communities were similar in terms of composition, metrics, and indices.  
The SIMPER reinforces the community similarity by showing that the same species account for 
within group similarity between the mined and reference groups within each site.  Note the 
species are somewhat different between Central Bay and Suisun Bay but within each site the 
respective mined and reference communities are similar based on the data. 
 
It should be noted that re-assignment of stations meant that there were only 6 mined stations at 
Central Bay and 3 mined stations at Suisun Bay.  The low replication within the mined sites 
combined with variation between stations, meant that the power to detect community 
differences was low.  This is reflected in the values for statistical power for the treatment effects 
in the ANOVA models.  Hence, while the statistics do not show a difference between mined and 
reference areas within the sites, the low power means there is a low confidence in the statistical 
results. 
 
Simple inspection of the graphs and tables relative to abundance, richness, diversity, and 
community evenness, lead to a similar interpretation of the data as does interpretation of the 
statistical results.  At Central Bay there was high variation in all measured and calculated values 
among stations.  However, only average abundance was notably lower within the mined group 
while richness, diversity, and evenness were similar or greater within the mined group relative 
to the reference group. Overall, these trends suggest minimal if any impact to the infaunal 
communities between the treatment groups at Central Bay and trends for richness, diversity, and 
evenness suggest improvement in these community measures associated with sand mining. 
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Table 11. Results from repeated measures ANOVA for abundance, taxa richness, diversity (H'), and evenness (J') 
at Suisun Bay. 

  

Effect
Sum 

Squares

Degrees Of 

Freedom

Mean 

Squares
F-value p-value

Observed power 

(alpha =0.05)

Location 770.84 1 770.84 2.40 0.14 0.31

Error I 5786.06 18 321.45

Time 530.20 1 530.20 2.85 0.11 0.36

Time*Location 3.80 1 3.80 0.02 0.89 0.05

Error II 3350.80 18 186.16

Location 7.30 1 7.30 2.31 0.15 0.30

Error I 56.80 18 3.16

Time 7.30 1 7.30 5.29 0.03 0.59

Time*Location 0.10 1 0.10 0.07 0.79 0.06

Error II 24.80 18 1.38

Location 0.23 1 0.23 0.45 0.51 0.10

Error I 9.26 18 0.51

Time 2.33 1 2.33 8.31 0.01 0.78

Time*Location 0.05 1 0.05 0.17 0.69 0.07

Error II 5.05 18 0.28

Location <0.01 1 <0.01 <0.01 0.96 0.05

Error I 1.55 18 0.09

Time 0.29 1 0.29 3.67 0.07 0.44

Time*Location <0.01 1 <0.01 <0.01 >0.99 0.05

Error II 1.44 18 0.08
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At Suisun Bay, evenness was similar between the mined and reference areas with abundance, 
richness, and diversity all being greater on average at the mined sites relative to the reference 
sites. Like Central Bay, simple inspection of these results is generally counter to any argument 
that sand mining at the intensity performed between the pre- and post-mining monitoring events 
had any measurable impact to the infaunal community at Suisun Bay. 
 
Overall, the results of this analysis indicate that sand mining did not have significant impacts to 
invertebrate infauna at the Central Bay and Suisun Bay sand mining sites over the duration of the 
study.  However, low statistical power and natural variation make it difficult to state that there 
are no impacts with any degree of certainty.   
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