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1 OVERVIEW AND CONTEXT 
 
The Marin County Open Space District (MCOSD) is in the process of developing a plan to protect and 
manage the natural resources of Bolinas Lagoon. Although changes in the Lagoon over the past few 
decades are noticeable, there is substantial disagreement over whether or not there is need for intervention 
of the scale proposed by the U.S. Army Corps of Engineers (USACE) in the June 2002 Draft Feasibility 
Report and Draft EIR/EIS for the Bolinas Lagoon Ecosystem Restoration Project (ERP). The MCOSD is 
currently reformulating the ERP and has hired Philip Williams & Associates, Ltd. (PWA) and Wetlands 
Research Associates (WRA) to assist in developing a plan that is supported by the community and 
scientifically sound. 
 
The PWA workplan is aimed at evaluating the need for intervention by predicting how the Lagoon is 
likely to evolve assuming no restoration actions are taken, and comparing the expected conditions under 
this “No Action” scenario to agreed-upon management goals and objectives. The workplan is divided into 
two phases, and includes the following tasks: 
 

Phase I (September 2003 – January 2004) 
� Establish Management Objectives 
� Data Review 
� Develop Conceptual Model 

 
Phase II (January 2004 – June 2004)  
� Collect Additional Data 
� Predict Lagoon Evolution under No Action 
� Determine Need for Intervention 

 
Specific management objectives were outlined in a draft memorandum and discussed during a public 
meeting on October 27, 2003.  PWA and WRA are currently refining these objectives based on input 
received during the public meeting and comments from the Science Panel conveyed by the MCOSD. A 
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forthcoming memorandum will present the conceptual model in detail and describe the linkages between 
physical and ecological processes that shape the Lagoon. The present memorandum summarizes our 
review of the USACE Draft Feasibility Report/EIR/EIS and previous studies, focusing on key questions 
that need to be addressed to understand the observed trends in the Lagoon and predict its future evolution.  
 
In the following pages, we list each of these key questions and comment on how the USACE incorporated 
these issues in their analysis. In cases where significant uncertainties exist, we recommend additional data 
collection and studies that would make predictions of future Lagoon evolution more accurate. 
 
2 KEY QUESTIONS 
 
An understanding of the ecological functions of the various habitats found in Bolinas Lagoon, and how 
physical processes shape the habitats, is required to interpret past changes in the Lagoon and predict its 
future evolution. Specifically, the following two key questions need to be addressed while evaluating the 
No Action alternative: 
 

� How has sedimentation changed the distribution of habitats from ‘natural’ conditions, and how 
will habitats shift in the future? 

� What is the present and future the risk of inlet closure, and how would closure affect estuarine 
processes? 

 
PWA and WRA reviewed the June 2002 Draft Feasibility Report/EIR/EIS, its supporting technical 
studies, and previous reports to ascertain if the existing data are sufficient to answer the questions above. 
Where data gaps exists, we recommend additional field surveys or studies that can be carried out as part 
of Phase II to increase confidence in the predictions of Lagoon evolution. Additionally, we comment on 
the adequacy of the conclusions established by the USACE and presented in the Draft Feasibility 
Report/EIR/EIS. 
 
3 SEDIMENTATION AND HABITAT DISTRIBUTION 
 
The diversity and abundance of plant and wildlife species in Bolinas Lagoon largely depend upon the 
relative distribution of different habitats. Habitat type is largely determined by Lagoon morphology, 
relative to the tidal range, which is in turn shaped and maintained by geomorphic processes. Therefore, 
the following questions need to be addressed to understand how sedimentation has changed the 
distribution of habitats from natural conditions, and to predict how habitats will shift in the future.    
 
3.1 WHAT ARE THE TRENDS AND PATTERNS OF SEDIMENTATION? 

3.1.1 What have been the net sedimentation rates in the past? 

Bathymetric surveys and analysis of sediment cores have been used by many investigators to estimate 
past net sedimentation rates in Bolinas Lagoon, although their findings have sometimes been 
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contradictory. As discussed by Byrne (2002), many of the estimates derived from core analysis, including 
those cited in USACE (2002), were established by extrapolating sedimentation rates from a single core to 
the entire Lagoon.  Table A-1 (Appendix A) summarizes the rates of Lagoon sedimentation derived from 
sediment core analysis.  
 
Pre-Euroamerican Sedimentation Rate 
Bergquist (1978) attempted to document long-term term (e.g., Holocene) sedimentation rates in Bolinas 
Lagoon from sediment cores by dating shell fragments with carbon isotopes (14C).  Based on results from 
two boreholes (locations 3 & 6 in  
Figure 1) removed from the western end of Stinson Spit, Bergquist estimated a sedimentation rate of 
about 3 mm/yr for the past 6,500 years (Table A-1, Appendix A). The USACE (2002b) interpreted this 
condition as representative of the entire Lagoon and therefore presumed a net sedimentation rate of 
16,700 yd3/yr for the entire Lagoon over the pre-Euroamerican period. This long-term rate seems 
reasonable given our understanding of past sea level rise and tectonic subsidence which maintained 
Bolinas Lagoon as a persistent feature for the last 7,000 years. 
 
19th and Early 20th Century Sedimentation Rates 
Bergquist (1978) derived 19th and 20th century sedimentations rates by examining the first appearance of 
non-native pollen observed in a core taken at the northern end of the Lagoon (location A in  
Figure 1; Table A-1, Appendix A).  Results from this core show about 16 mm/yr of deposition 
during the second half of the 19th century, and a lower rate of about 3.5 mm/yr during the 20th 
century.  Williams and Cuffe (1994), MCOSD (1996), as well as USACE (2002) have all assumed 
that values from Core A were representative of the entire Lagoon, and estimated that net 
sedimentation rates decreased from about 84,000 yd3/yr during the 19th century to approximately 
17,700 yd3/yr during the early 20th century. However, data derived from additional cores (locations 
B, C, and D in  
Figure 1; Table A-1, Appendix A) show that other areas of the Lagoon experienced significantly different 
rates of sedimentation, implying that previous estimates of net 19th and early 20th century sedimentation 
rates were not accurate (Byrne, 2002). This is not surprising given the fact that distinct features in the 
Lagoon are formed by different geomorphic processes, and that spatial variation sedimentation rates is 
expected.   
 
Late 20th Century Sedimentation Rates 
Estimates of more recent net sedimentation rates have been established by constructing three-dimensional 
surface models from data collected during bathymetric surveys in 1968, 1978, 1988, and 1998 (USACE, 
2002). Based on this analysis, the net sedimentation rates between 1968 and 1998 vary between 84,000 to 
18,500 yd3/yr and have an average value of about 45,000 yd3/yr. Although bathymetric analysis accounts 
for spatial variation in sedimentation patterns across the Lagoon, errors associated with the surveys 
introduce considerable uncertainties.   

3.1.2 What is the accuracy of estimates of past and future net sedimentation? 
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As noted above and summarized in Table A-1, estimates of net sedimentation rates from sediment core 
analysis vary widely, and the Lagoon-wide patterns and rates of sedimentation are not well defined. Many 
of the influential studies carried out over the past decade (Williams and Cuffe, 1994; MCOSD, 1996; and 
USACE, 2002) have derived late 19th century sedimentation rates for the entire Lagoon by extrapolating 
the relatively high rates derived from Core A.  While additional core collection and analysis would 
improve our understanding of past sedimentation patterns, the level of effort may not justify the benefits 
with regard to estimating future sedimentation rates. 
 
Bathymetric analysis accounts for spatial variation in sedimentation rates, but uncertainties arise from 
survey errors and method of construction of the three-dimensional surface models. Although, these 
uncertainties have the potential to overshadow real trends in net sedimentation, the USACE (2002b) did 
not discuss the magnitude of these errors when presenting rapid changes in Lagoon volume from their 
bathymetric analysis. As a first approximation of these uncertainties, we estimated random and systematic 
errors based on the methods of Hapke et al. (2003) (Appendix B). Since many of the typical sources of 
error, such as benchmark vertical accuracy or aerial photo scale were not documented, we estimated 
values of these parameters, assuming maximum accuracies. For example, we assigned a vertical accuracy 
of ±0.05 ft to the benchmark used for vertical control in the bathymetric surveys. Additional systematic 
errors arise from other factors, such as the density of point measurements and how contours derived from 
the field surveys were incorporated into the surface models, but these errors were not included in our 
preliminary analysis of error bands. Figure 2 shows the results of our preliminary error assessment and 
indicate that under these assumptions, changes in Lagoon volume over a decadal period are close to 
accuracy of the analysis but a trend of decreasing volume is clearly present over the 1968 to 1998 study 
period. We recommend that further error analysis, particularly of the systematic errors not quantified 
here, to confirm the significance and magnitude of this 30-year trend. 
 
The USACE (2002b) derived future sedimentation rates by interpolating between the rates based on 
recent bathymetric analysis (1968-1998) and the ‘natural’ rate of 16,700 yd3/yr, assuming sedimentation 
rates are declining at rate of about 1,000 yd3 per decade and reaching the ‘natural rate’ by the year 2090. 
It is important to note that the natural rate was established by applying Bergquist’s long-term 
sedimentation rate estimate of 3 mm/yr uniformly throughout the Lagoon, which may not be valid on the 
time scale of 50 to 100 years. Combined with the errors associated with the bathymetric analysis, this 
approach introduced significant uncertainties in the estimates of future net sedimentation. We recommend 
predicting future Lagoon conditions by analyzing the processes that shape and maintain the distinct 
geomorphic units, and by extrapolating past sedimentation rates derived form one or more cores.   

3.1.3 What is the relative importance of watershed- and beach-derived sediments? 

 
Sediment deposited within the Lagoon comes from two sources: ‘alluvial’ or stream borne sediments 
eroded from the watershed by rain storms; and ‘littoral’ or beach sands suspended by wave action and 
carried into the Lagoon during flood tides. Both of these inputs contribute to the net sedimentation within 
Bolinas Lagoon, and explanations of past trends and patterns need to address the relative importance of 
each source. 
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Littoral inputs come primarily from cliff erosion of the marine terraces along Bolinas Point and longshore 
transport of sand from Stinson Beach. Wind-blown sand over Stinson Spit is now believed to contribute a 
relatively minor amount of sand since very little area is unvegetated or undeveloped. Bluff erosion 
provides approximately 75,000 yd3/yr of beach sediments that remain in the littoral zone, some of which 
are transported to the inlet by longshore currents (IEC, 1968). Other littoral inputs arrive at the inlet from 
Stinson Beach due to wave-induced sand transport. Ritter (1973) has estimated that 138,000 tons/yr of 
sand are imported through the inlet during flood tides and 148,000 tons/yr are exported during ebb tides, 
based on a sediment-rating curve that relates sediment discharge to tidal range. It is important to note that 
these estimates were derived from limited observations made during three calm summer days in 1968 and 
1969, and do not account for transport during energetic storm events when large morphological 
adjustments occur rapidly. Despite the fact that the above estimate of net transport is not representative of 
the annualized littoral sediment budget, the high gross to net ratio suggests that littoral processes have the 
capacity to transport significant amounts of sand into the Lagoon. The grain size map presented in 
USACE (2002b), which shows fine sand deposits throughout the central portion of the Lagoon, suggests 
that much of the beach material transported through the inlet are dispersed far into the Lagoon by tidal 
currents before depositing on the extensive intertidal sandflats and the large flood tide shoal (Kent Island). 
 
Alluvial sediments produced in the watershed due to erosion are either stored in the floodplain or 
transported downstream to the Lagoon.  Rapid deposition of coarse alluvial material form alluvial fans 
and deltas at the mouths of the tributaries, most notably Pine Gulch Creek.  Finer sediments are 
transported further into the Lagoon before depositing on subtidal shallows, mudflats and emergent salt 
marsh. Using different methods, Ritter (1973), Rowntree (1973), and Tetra Tech (2001) have estimated 
20th century average annual watershed sediment discharge as approximately 4,000, 17,000, and 10,000 
yd3/yr, respectively. Ritter (1973) based his estimate on limited measurements collected along Pine 
Gulch, Moses, and Audubon Creeks in 1968 and 1969, and are not representative of the highly variable 
sediment discharge associated with California streams.  Rowntree (1973) based his estimate of watershed 
input on bathymetric surveys in 1939 and 1968 and Wahrhaftig’s (1970) simplified assumption that all 
streams draining to the Lagoon deliver sediment at the same volume per unit area.  
 
Tetra Tech (2001) performed the only true sediment budget of the Lagoon watershed, but their conclusion 
that watershed inputs to the Lagoon are now near natural levels contrasts with Stillwater’s (2003) finding 
that, nearby, the Redwood Creek watershed is still discharging sediment significantly higher than pre-
disturbance levels. One possible explanation is that Tetra Tech assumed that no significant changes in 
channel storage have occurred over the study period (1951-2001) in the Lagoon watershed, whereas 
Stillwater (2003) found that channel incision and bank erosion contribute significant quantities of 
sediment to Redwood Creek.  We recommend that additional field investigation of lower Pine Gulch 
Creek be carried out to assess the potential of channel incision and bank erosion as important sediment 
sources.   
 
Although the precise distribution of watershed- and beach-derived sedimentation is uncertain, littoral 
inputs are clearly significant. The importance and role of littoral inputs were not adequately addressed by 
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the USACE (2002b) in their explanation of the above-normal sedimentation rates, which instead were 
attributed solely to changes in watershed inputs.  We recommend collection of additional sediment grab 
samples within the lagoon for grain size analysis to improve our understanding of sediment sources, 
sinks, and transport pathways in the Lagoon. 

3.1.4 How much does net sedimentation vary year-to-year in response to extreme events? 

 
Average annual inputs can be misleading because sediment inputs are highly episodic. For example, 
Ritter (1973) found that nearly half of the entire 1969 sediment yield from the watershed was transported 
on one day. Clearly, it is important to understand the transport potential during large events, such as the 
1982 or 1997-98 El Niño winters, to determine if episodic events could account for the deposition 
documented by USACE (2002).  
 
Existing suspended sediment and bedload transport data on Pine Gulch could be used to develop 
sediment-rating curves to estimate the variability in watershed sediment delivery to the lagoon in wet, 
dry, and average years. Tetra-Tech (2001) developed a suspended-rating curve based on a third-order 
polynomial relationship between streamflow and sediment transport, overestimating the sediment 
transport potential for episodic high flow events. We recommend that existing data be used to derive a 
more appropriate power law suspended-rating curve (Glysson, 1987) that could then be used to estimate 
the inter-annual variability of sediment discharge. 

3.1.5 How have watershed uses changed sediment inputs? 

 
Logging, grazing, and other changes in the watershed have undoubtedly affected the inputs of alluvial 
sediments, as indicated by the temporal changes in sedimentation rates summarized in Table A-1. 
Although no estimates have been made of pre-disturbance watershed inputs to the Lagoon, Ritter (1973) 
has attempted to estimate the increase in watershed sediment inputs to the Lagoon due to logging in the 
late 19th century. His estimate of sediment production was based on his 1968-69 fluvial sediment 
discharge estimate multiplied by the 5-fold increase in suspended sediment concentrations measured by 
Burgy (1970) on Pine Gulch Creek after logging in 1969 on Rigetti Ranch. Given the dependence on 
Ritter’s 1968-69 estimate and field measurements in one location, his estimate is likely not representative 
of fluvial sediment delivery during the high disturbance period. 
 
In order to assess changes in watershed sediment discharge, it is important to characterize conditions 
before human disturbances affect erosion and transport processes. Pre-Euroamerican watershed erosion 
rates for Tennessee Valley have been established by Heimsath et al. (1997), and we recommend that these 
estimates be pro-rated and applied to the Bolinas Lagoon watershed. 
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3.1.6 How much will future watershed-derived sedimentation fill the Lagoon?  

 
Future delivery of alluvial sediments depends on how much the watershed has recovered from past land 
use practices and the degree to which incision or channelization, particularly along Pine Gulch Creek, has 
affected the capacity of natural floodplains to store material.   
Tetra Tech’s (2001) estimate of present sediment discharge (600 yd3/mi2yr) appears reasonable in 
comparison to nearby coastal streams:  
Redwood Creek (613 yd3/mi2yr; Stillwater, 2003),  
Russian River (548 yd3/mi2yr, Willis and Griggs, 2003) and  
Pescadero Creek (840 yd3/mi2yr, Willis and Griggs, 2003).  
 
The comparison to Redwood Creek is most apt due to similar hydrology, underlying geology, and land-
use histories.  However, Tetra Tech’s conclusion that watershed discharge to the Lagoon is near natural 
rates differs from Stillwater’s finding that the Redwood Creek watershed is currently producing sediment 
five times higher than pre-Euroamerican rates.  We recommend field surveys of the small tributaries in 
Bolinas Ridge and Pine Gulch Creek in order to confirm Tetra Tech’s assumption that no significant 
changes in channel storage (e.g., loss of sediment from floodplain deposition or addition of sediment from 
channel incision) have occurred during the study period (1951-2001).   

3.1.7 How much does tectonic subsidence and sea level rise offset the effects of net sedimentation?  

 
Relative sea level rise is a function of global changes in the volume of the ocean and local changes in the 
land elevation from tectonic movement or other mechanisms. At Bolinas Lagoon, sea level has been 
rising for the past 18,000 years due to the melting land ice and the warming of ocean temperatures and 
periodic tectonic events, like the 1906 earthquake that caused about 1 foot of subsidence in the Lagoon 
(Lawson, 1908). Based on sedimentary evidence from Bolinas and Bodega Bay and compiled by Knudsen 
et al. (1999 and 2002), large magnitude earthquakes on the San Andreas Fault appear to occur on the 
order of every 300-400 years.  
 
Atwater et al. (1977) and Bergquist (1978) have created sea level curves for the past 10,000 years for 
southern San Francisco Bay and Bolinas Lagoon, respectively.  The different rates of long-term sea level 
rise are a result in the different rates of tectonic movement at these two locations (Table 1). The higher 
rate of sea level rise at Bolinas may be a result of the large subsidence that occurs periodically on the San 
Andrea Fault. Twentieth century rates of sea level rise have been on the order of 0.7 ft/century (or 2 
mm/yr) as measured from tidal records at The Presidio in San Francisco (Table 1). However, sea level 
rise is expected to increase significantly to 1.0 – 1.6 ft/century (or 3.0 – 5.0 mm/yr) in the next 100 years 
(IPCC, 2001). 
 
Based on information from Knudsen et al. (1999), the USACE (2002b) concludes that tectonic 
subsidence and the associated increase in Lagoon tidal prism is very unlikely in the next 50 years. This 
conclusion was also reached by Byrne (2002), who estimated the return frequency of earthquakes at 
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Bolinas at approximately 385 years using a combination of sea level rise data from San Francisco Bay 
(Atwater, 1977) and of sea level rise data and long term sedimentation rates from Bolinas Lagoon 
(Bergquist, 1978). However, based on climate models, sea level is expected to rise between 0.16 ft to 0.92 
ft, with a median value of 0.54 ft, over the next 50 years (IPCC 2001). This would have the effect of 
increasing Lagoon volume and needs to be incorporated into the predictions of Lagoon evolution. Since 
the USACE (2002b) did not account for this effect, their predictions of tidal prism loss are significantly 
over-estimated. For example, the median value of future sea level rise would increase Lagoon volume by 
approximately 1,000,000 yd3 over the next fifty years. An increase of this magnitude would offset about 
95% of the volume loss projected by the USACE in the next 50 years due to sedimentation. We 
recommend that existing rates of future sea level rise be applied to Bolinas Lagoon for projections of 
future tidal prism. 
 

Table 1.  Rates of Sea Level Rise in San Francisco Bay Area 

Time  
Period 

Rate  
(mm/yr) 

Rate  
(ft/100 yrs) 

Method 

7,000 BP to Present 1.51 – 2.12 0.51 – 0.72 14C 

1854 - 1905 1.123 0.43 Tidal records 

1906 - 1999 2.133 0.73 Tidal records 

2000 - 2100 3.0 – 5.04 1.0 – 1.64 Climate models 
1Atwater et al.  (1977), southern San Francisco Bay;  
2Bergquist (1978), Bolinas Lagoon 
3Zervas (2001) at The Presidio in San Francisco; 4IPCC (2001) 
 
 
3.2 HOW HAS MORPHOLOGY CHANGED FROM PAST CONDITIONS, AND HOW WILL IT 

CHANGE IN THE FUTURE? 

3.2.1 How different is the 1854 map from the 1998 photo and bathymetric survey? 

 
Rowntree (1973) constructed the sequence of maps presented in Figure 3, which reveal the evolution of 
Bolinas Lagoon in planform from 1854 to 1969. Figure 4 shows the accompanying change in area of three 
habitat types in Bolinas Lagoon – subtidal, intertidal, and marsh/upland – as defined by the USACE 
(2002b) and Rowntree (1973) from 1854 to 1998.  The 1854 map indicates that prior to significant human 
disturbances in the watershed, Bolinas Lagoon consisted of extensive intertidal flats, one large subtidal 
channel, and a large flood tide shoal (Kent Island). Tectonic subsidence from the 1906 earthquake 
instantaneously generated about 1 foot of subsidence over much of the Lagoon (Lawson, 1908), and the 
1929 map shows an extensive open water basin in the northern section of the Lagoon and a much smaller 
flood shoal.  As indicated by the 1939 and 1969 maps, the Lagoon has been returning to pre-1906 
condition, with the open water basin in the north converting back to tidal flats. In general, the present day 
morphology is similar to conditions shown in the 1854 map, as noted by the USACE (2002b) and the 
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distribution of Lagoon elevation (hypsometry) plotted in Figure 5.  Based on the concept of rejuvenation, 
Rowntree (1973) suggested that rapid changes observed by many residents are linked to relatively high 
deposition rates and marsh expansion that would be expected after Lagoon rejuvenation (i.e., 
sedimentation rates increase because more of the Lagoon is inundated with sediment-laden water for 
longer).   
 
High-resolution infrared aerial photographs from 1972 and 1998 are presented in Figure 6, and cover 
much of the 1968-1998 study period examined in detail by the USACE (2002b). The most obvious 
change over this period is the expansion of the Pine Gulch Creek delta, which has two important 
secondary effects: sheltering of frequently inundated mudflats from wave action allowing their conversion 
to salt marsh, and constricting Bolinas Channel and tidal channel to the east of Kent Island reducing the 
tidal scour in this area.  
 
Lagoon bathymetries from 1968 to 1998, as computed from the 3D surface model generated by the 
USACE (2002b), are plotted in Figure 7.  These plots show a general increase in elevation on intertidal 
flats, deposition in the North Basin, and minor adjustments to the Main Channel. However, as noted 
above, survey errors contribute to uncertainties in these surface models. 

3.2.2 How was future morphology predicted by the USACE? 

 
The USACE (2002) described future Lagoon morphology as a transition from intertidal flats, to salt 
marsh, meadow, and finally upland as a natural progression of coastal lagoons.  However, coastal lagoons 
often maintain their shape and volume over thousands of years if sea level rise keeps pace with sediment 
inputs, as has been the case at Bolinas Lagoon.  Future Lagoon morphology described by the USACE 
(2002) did not account for sea level rise, and their analysis therefore overstated the effects of future net 
sedimentation rates and human-induced changes in the watershed. 
 
Future morphology was predicted by applying uniform sedimentation rates across the entire Lagoon and 
updating the surface models (USACE 2002b).  More accurate estimates of future Lagoon evolution can be 
established by applying appropriate tools to distinct geomorphic units.  For example, data from other sites 
should be applied to estimate the equilibrium size of subtidal channels that will be maintained by tidal 
scour.  Also, agitation from wind-waves will limit the amount of sedimentation over exposed mudflats 
and should be incorporated into their predicted evolution.  Additionally, sedimentation rates over 
sheltered tidal flats should account for reduced rates as elevation increases and tidal inundation decreases. 
Predictions based on geomorphic processes, as those described above, would improve predictions based 
on uniform sedimentation rates derived from core or bathymetric analysis. We recommend including such 
an analysis into Phase 2 of the present study. 
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3.3 HOW HAVE HABITATS SHIFTED IN RESPONSE TO MORPHOLOGICAL CHANGES AND 
WHAT WILL FUTURE CHANGES BE? 

3.3.1 Have habitat types been defined and mapped? 

 
The relative habitat distribution within Bolinas Lagoon plays an important role in determining its 
ecological function, and accurate mapping of habitats is essential to predicting species abundance and 
diversity.  However, the habitats discussed in USACE (2002) were limited to only three “habitat” types 
(upland, intertidal, and subtidal) without consideration of the ecological meaning of these categories.  In 
fact, as shown below, the distribution of habitats within the Lagoon is much more complex, and alteration 
of these habitat types can have profound effects on the ecological functioning of the Lagoon.  
 
Based on our review of existing data, we have identified the following habitat types that occur in Bolinas 
Lagoon.  Changes to these various habitat types under the “No Action” alternative need to be more fully 
analyzed before the need for intervention can be evaluated. 
 

� Subtidal Channels 
 

The subtidal or open water portion of Bolinas Lagoon occurs below Mean Lower Low Water 
(MLLW). This habitat is strongly influenced by its connection with the Pacific Ocean. Daily tidal 
action introduces a substantial volume of ocean water, carrying suspended organisms and actively 
swimming organisms. The benthic community is characterized by the soft nature of the 
substratum, the lack of vascular plant vegetation, and the predominance of benthic invertebrates 
that burrow into the mud/sand surface generally within the top two feet of substrate. The most 
significant primary producers in this community are the phytoplankton and benthic diatoms 
(microflora) that become resuspended in the water column during the tidal cycle. Generally, 
benthic diatoms and phytoplankton biomass is highest in the spring months and lowest in late fall 
and winter. Eelgrass and Maiden's hair (Gracilaria spp.), a red algae, are found occasionally in 
the deeper channels of the Lagoon (Gustafson, 1968).    
 
Primary consumers of phytoplankton and zooplankton in subtidal habitat include fish, filter-
feeders such as clams and benthic worms, bottom feeders such as ghost shrimp, and birds. 
Common fish in the subtidal open water habitat at Bolinas Lagoon are arrow goby (Clevelandia 
ios), staghorn sculpin (Certocottus armatus), stickleback (Gasterosteus aculeatus), leopard sharks 
(Triakis semifasciata), dogfish (Squalus sucklevi), bat rays (Myliobatis californicus), herring, 
Northern anchovy, surf smelt, and jack smelt  (California Department of Transportation 2000; 
MCOSD, 1996). Herring, smelt and perch are important prey for birds such as grebes, brown 
pelicans, cormorants, ospreys, and terns that are found in the Lagoon.  Brown pelicans feed in the 
Lagoon for pelagic fish species such as northern anchovy, topsmelt, and Pacific sardine.  Terns 
generally feed on the smaller fish found near the surface such as topsmelt and northern anchovy 
(MCOSD, 1996).   
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The deposit feeders are a major group of omnivores that obtain nutrients from the sediments of 
soft-bottom habitats (muds and sands).  The predominant deposit feeders in subtidal habitat are 
polychaetes (segmented worms). Most species of polychaetes are benthic, dwelling on or in the 
bottom at various depths. The differences exhibited by various polychaete families reflect 
differences in ecological roles or ways of life, particularly differences in food and habitat 
utilization. Some polychaetes are carnivorous predators, some are herbivores, and still others may 
be omnivores, scavengers, filter feeders, or deposit feeders.  In turn, polychaetes are eaten by a 
variety of invertebrates, fishes, and shorebirds (Morris et al., 1980). Several molluscan deposit 
feeders occur both subtidally and intertidally.  The littleneck clam (Protothaca staminea), a 
nonselective suspension/filter feeder, is found in shallow burrows in coarse sand or sandy mud in 
the middle to low intertidal zones of bays and coves.   
 
Within the subtidal habitat, fish are the primary secondary consumers.  Shiner surfperch, arrow 
gobies, diamond turbot, and staghorn sculpin may be the most common (Gustafson, 1968). Arrow 
goby is one of the four most common fish in the Lagoon and inhabits the burrows of crabs and 
ghost shrimp.  Juveniles and adults consume copepods, ostracods, nematodes, oligochaetes, and 
amphipods.  Other food may include isopods, filamentous algae, and diatoms.  The arrow goby is 
consumed by Pacific staghorn sculpin, diamond turbot, round stingray, shovelnose guitarfish, 
California killifish, and probably many species of piscivorous birds. 
 
Harbor seals use the main channel of Bolinas Lagoon to enter and exit the lagoon and access 
favored haul-out and pupping sites. Haul-out sites provide seals with resting, breeding, and 
nursery areas (Allen et al., 1989).  These sites are used daily throughout the year, and 
successively from year to year. The primary haul-out sites on Bolinas Lagoon are Kent Island and 
Pickleweed Island with exposed sand bars along the main channel providing secondary sites.  At 
Bolinas Lagoon, harbor seals use haul-out sites primarily during daylight hours with peak 
numbers in early afternoon (Allen, et al. 1984 and 1989).  Harbor seals are opportunistic feeders 
and forage on shallow water estuarine and marine species of fish, cephalopods and crustaceans. 
Many of their preferred prey species (e.g., jacksmelt, topsmelt, starry flounder, and shiner perch) 
occur in Bolinas Lagoon; however, no feeding studies have been conducted in the Lagoon. 
 
Eelgrass (Zostera marina) habitat plays several important ecological roles by stabilizing 
sediment, contributing to primary productivity and foraging habitat, and providing nursery and 
spawning habitat.  Eelgrass grows in beds in shallow subtidal sandy mudflats.  
 
Eelgrass provides living space and structure for many species that grow on or among its blades, 
on its roots, or in the stabilized substrate it colonizes.  The dense eelgrass beds serve as a refuge 
from predators for small fish and invertebrates.  Many species, such asherring, crabs, and juvenile 
salmon (Onchorhynchus spp.), use eelgrass as a nursery area.  Herring spawn on eelgrass, laying 
as many as three million eggs on a single blade in the spring (Hood and Zimmerman 1986). The 
nutritious eggs attract gulls, scoters, other birds, and fish to feed.   
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� Intertidal Mudflats   
 

The intertidal mudflat zone is found between MLLW and approximately one foot above MSL, 
and generally lacks vascular plants (eelgrass does occur in this zone and historically occurred at 
Bolinas Lagoon).  While sand and gravel beaches can be found in high wave energy 
environments, such as the western side of the Seadrift Spit, mudflats form only in low energy 
areas in the inner lagoon, where finer sediments can settle. As in all intertidal habitats, aspects of 
wave exposure, tidal elevation, and substrate largely determine the community composition and 
species distribution in mudflats (Ricketts and Calvin 1968).  These communities support 
numerous species of clams, polychaete worms, amphipods, and other invertebrates.  They provide 
foraging grounds for shorebirds, ducks, fish, and marine invertebrate predators, as well as 
spawning and nursery habitats for forage fish and juvenile crustaceans. Harbor seals (Phoca 
vitulina) also use mudflats and protected beaches as haulout areas. Of the unconsolidated habitats, 
mudflats support the greatest species diversity and biomass (Lees et al., 1980; Carroll, 1994). 
  
Several species of two green macroalgae genera, Enteromorpha and Ulva, are common in the 
intertidal mudflats (Gustafson, 1968).  After the algae and diatoms die and fall to the bottom, they 
decompose and are colonized by bacteria and are carried as detritus to soft-bottom communities.  
Most mudflat dwellers are deposit- or filter-feeders, gleaning minute organic particles from the 
sediment or water column. Filter-feeding clams and deposit-feeding worms convert the detritus 
into biomass (Sanger and Jones, 1984).  Common worms include phoronid worms (Phoronopsis 
viridis) and the joint worm (Axiothella rubrocincta) (Gustafson, 1968).  Benthic meiofauna play a 
significant role in the grazing and processing of primary production by algae and benthic diatoms. 
 Crabs, in particular the mud crab (Hemigrapsus oregonensis), are important grazers on the 
mudflat. The mud crab feeds mainly on diatoms and green algae.  On the higher intertidal 
mudflats, the California horn snail (Cerethidia californica) is a dominant grazer, feeding on fine 
organic detritus and microorganisms occurring at the mud surface.   
 
Fish that inhabit intertidal flats include the gobies and sculpin and species such as sharks and rays 
move from the subtidal areas into flooded tidal flats to forage on the abundant benthic 
invertebrates.  Some small, channel-dwelling fish species (e.g., sculpin) are prey for shorebirds 
(egrets, herons, and kingfishers) (Stenzel et al., 1983).  Topsmelt and jacksmelt enter on rising 
tides and are taken by osprey. 
 
Perhaps the most distinctive feature of the intertidal mudflat is the abundance of shorebirds.  At 
Bolinas Lagoon the most numerous are the dunlin, least and western sandpiper, marbled godwit, 
willet, and American avocet. Willets feed on small invertebrates and insects including sand crabs, 
amphipods, marine worms, molluscs, and grasshoppers.  The western sandpiper is a common 
migrant occurring in flocks of up to 30,000 at the Lagoon.  Western sandpipers are small 
shorebirds with short bills, which restrict them to foraging on the surface of mudflats and along 



Ron Miska, Marin County Open Space District  December 2003 
Page 13  
 
 

P:\Projects\1686_BolinasLagoonERP-PhaseI\Task02_Data_Review\1686.02_Report\1686.02_Data_Review_Memo_v4.5Out.doc 

the water's edge.  Prey items include polychaete worms, small crustaceans and snails.  American 
avocets have strongly upcurved bills that allow them to forage in shallow water channels, low 
marsh, and on mudflats. Their diet consists of insects and insect larvae, small crustacea, tiny 
snails and worms, and seeds of aquatic and marsh plants (MCOSD, 1996).   

 
� Frequently Submerged Mudflats 
 

Frequently submerged mudflats generally occur from MLLW to approximately 0.5 foot below 
MSL. Studies conducted by Gustafson (1968) concluded that a much greater abundance of 
invertebrate life, including polychaete worms, amphipods, and mud crabs was observed on lower 
elevation, frequently submerged mudflats as compared to higher elevation, frequently exposed 
mudflats. The distribution of invertebrates did show definite relationships with the ratios of mud 
to sand. However, the distributions of invertebrate species within a given area appeared to be 
random (Gustafson, 1968).  
 
Unconsolidated substrate characterizing frequently submerged mudflat habitat plays an important 
role as nursery and spawning habitat for several commercially and recreationally important fish 
and invertebrates, including Pacific herring (Clupea pallasi), Tanner crabs (Chionoecetes bairdi), 
and Dungeness crabs (Cancer magister).  Pacific herring spawn in the intertidal mudflats, and in 
the mixed sand, gravel, and mud beaches. They are an important prey for birds, marine mammals, 
and predatory fish.  
 
Fish species likely to frequently submerged mudflats include topsmelt, shiner surfperch, staghorn 
sculpin and longjaw mudsucker. Fish using tidal marsh and channels employ two general 
strategies.  Relatively efficient swimmers species such as topsmelt move into tidal habitats on 
incoming tides to feed, and move out on outgoing tides to avoid becoming stranded.  Benthic 
species such as staghorn sculpin and longjaw mudsucker remain in tidal channels in the salt 
marsh habitat and retreat into burrows and depressions (MCOSD, 1996).  

 

� Frequently Exposed Mudflats 
 

Frequently exposed mudflats generally occur between 0.5 foot below MSL and approximately 
one foot above MSL.  Dominant invertebrates within the frequently exposed mudflat areas of 
Bolinas Lagoon include several oligochaetes, polychaetes including Capitella sp. and Streblospio 
benedicti, arthropods including Corophium spp. and Leucon sp., as well as mollusks including 
Gemma gemma (CDT, 2000). 
 
Dowitchers, like other "surface"-feeding shorebirds, are primarily confined to tidally exposed 
portions of mudflat and feed on small invertebrates on and just below the surface of the mud.  
Their diet includes marine worms, small burrowing crustaceans, and midge and fly larvae.  
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Marbled godwits forage in shallow water during tidal activity, on exposed mudflats, and in 
upland habitats. 
 
Herons and egrets are particularly abundant in intertidal mudflats along tidal channels but may 
also forage extensively in salt marsh and upland areas. The snowy egret (Egretta thula) and great 
egret (Casmerodius albus) are resident species.  Egrets are opportunistic foragers and are found in 
a variety of habitats ranging from grasslands and agricultural lands to ponds, bays, lagoons, and 
fresh, brackish, and salt marshes.  Egrets forage alone on small reptiles, amphibians, crustaceans, 
fish, young birds, small mammals, and invertebrates.  The great blue heron (Ardea herodias) are 
also permanent residents of the area.  The great blue heron has similar habits to egrets and will 
travel several miles to and from foraging and roost sites.  They can be found associated with 
egrets and use all of the same habitats. They also forage on similar items, however the size of 
potential prey can be quite large.  

 

� Emergent Salt Marsh 
 

Emergent salt marsh occurs on the margins of Pine Gulch Creek delta, Kent Island and in a 
narrow band along the fringes of the Lagoon.  Salt marsh is found in a relatively narrow elevation 
band between 0.5 foot above MSL and five feet above MSL.  Bolinas Lagoon’s tidal marshes are 
well known as critical nesting, resting, breeding, and feeding habitats for birds throughout the 
year.  They serve as feeding areas in winter and nesting sites during the summer (Watson et al., 
1981). 
 
The most apparent plants of the tidal marsh are salt-tolerant or halophytic flowering plants.  Due 
to variations in drainage along an elevation gradient, spatial zonation of plant communities is 
typical of tidal marshes.  Several environmental factors affect zonation, including salinity, 
elevation, drainage, and soil type (Hall, 1988). Seaward, the salinity will be closest to that of 
seawater. As seawater mixes with freshwater and the tidal influence is diminished, the salinity is 
lowered.  Dominant salt marsh species include Pacific cordgrass (Spartina foliosa), pickleweed 
(Salicornia virginica), and salt grass (Distichlis spicata).   

 

� Low-Elevation Salt Marsh 
 

Low-elevation salt marsh occurs from 0.5 foot above MSL to two feet above MSL.  Cordgrass 
cannot tolerate the high salinity levels sometimes found in the higher marsh elevations but can 
tolerate longer periods of inundation, compared to other salt marsh species.  Like many 
halophytes, cordgrass occurs in discrete colonies as a result of vegetation reproduction.   
 
Benthic algae are an important element of the primary production of low-elevation tidal marshes 
(Zedler 1982).  Algal mats in tidal marshes consist of green algae such as Enteromorpha and 
bluegreen algae such as Microcoleus and Schizothrix, and numerous species of diatoms.  Light 
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penetration through the vascular plant canopy, temperature, and soil moisture are important 
factors affecting the abundance and type of algae present. The higher the elevation of the marsh 
surface, the lower the diversity and abundance of the algal mats.   
 
As with the mudflat, epibenthic invertebrates within the low-elevation salt marsh are a significant 
group of secondary consumers and provide a forage base for a variety of fish. Molluscan 
communities are usually dominated by epifaunal surface feeders such as the horn snail, which are 
important grazers on marsh algal mats (Zedler 1982).  

 
� Mid-Elevation Salt Marsh 
 

Mid-elevation salt marsh typically occurs between 2.5 feet and 3.5 feet MSL.  Pickleweed occurs 
at higher elevations, approximately MHW to above tidal action where salt is still present in the 
soil.  Pickleweed has the widest elevational range of the plant species found in the high marsh.  
The lower areas are dominated by pickleweed interspersed with fleshy jaumea (Jaumea carnosa), 
arrow grass (Triglochin concinnum), and sea lavender (Limonium californicum).  An increase in 
fleshy jaumea cover as the elevation due to sedimentation increases is a normal progression in 
coastal salt marshes (CDT, 2000). Salt marsh dodder (Cuscuta salina) is a parasitic plant found in 
association with pickleweed and other salt marsh species at various elevations. Alkali heath 
(Frankenia grandifolia) can be found in the midrange elevation.   

 

� High-Elevation Salt Marsh and Transitional Areas 
 

High-elevation salt marsh occurs from 3.5 feet to five feet above MSL.  Salt grass (Distichlis 
spicata) and saltbush (Atriplex watsonii), interspersed with rush (Juncus spp.) and marsh 
gumplant (Grindelia stricta var. angustifolia) are dominant plants in the higher marsh areas. 
Smaller areas of freshwater marsh intergrade with salt marsh in transition areas where streams 
enter the Lagoon.  Where freshwater flows into the Lagoon, a transitional, brackish marsh forms 
with species such as cattails (Typha latifolia) and bulrush (Scirpus spp.).   
 
High-elevation marsh areas at the Lagoon support a variety of land birds, rails and raptors, 
including the black rail and other special status species. Small mammals such as the California 
vole (Microtus californicus) also forage on marsh vegetation. Voles are herbivores and are known 
to feed on grasses, sedges and other green vegetation. They can be found in a variety of habitats 
including fresh and salt marshes, wet meadows, and grassy hillsides (MCOSD, 1996).     

 

� Riparian Habitat 
 

Pine Gulch Creek delta supports a number of distinct “beds” of life.  Algal mats occur alongside 
braided creek channels throughout the delta.  Among these mats are abundant mud crabs.  An 
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increase in the proportion of mud to sand along the north end of the delta is paralleled by an 
increase in the number of amphipod crustaceans. 
 
Pine Gulch Creek is the major stream that flows into the Lagoon.  The other major stream that 
flows into the Lagoon is Easkoot Creek.  Pine Gulch Creek supports a small, remnant population 
of steelhead and coho salmon.  Striped bass enter both Pine Gulch Creek and Easkoot Creek.  
Riparian vegetation along Pine Gulch Creek provides habitat for invertebrates, reptiles, 
amphibians, birds, and mammals. 
   
With the cessation of grazing, a dense tangle of riparian vegetation grew, dominated by red alder 
(Alnus rubra) and willow (Salix spp.).  Since the early 1980s, migrant land birds have used the 
riparian forest and Pine Gulch Creek.  Bird use of this area includes species never before recorded 
in California (sulphur-bellied flycatcher, sedge wren), rare transient species (long-eared owl, 
mourning warbler, dusky-capped flycatcher) and extremely rare breeders (yellow warbler, 
yellow-breasted chat).  The riparian habitat at the Pine Gulch Creek delta is primarily used as a 
migrant stop during the fall months (August-October), while deciduous trees are still in leaf, and 
spring breeding habitat and migrant roost cover for several rare species including green heron, 
red-shouldered hawk, long-eared owl, yellow warbler, and yellow-breasted chat (MCOSD, 1996). 

3.3.2 Were predicted habitat changes based on future morphology and estuarine processes? 

 
The USACE (2002b) predicted future changes in habitat based on the expected morphology, although 
conversion of “subtidal” and “intertidal” habitats to “upland” is overstated since sea level rise was 
excluded in the analysis.  Although the degree to which sea level rise will offset net sedimentation over 
the next 50 years remains uncertain, these two processes counteract each other and need to be included in 
estimates of future habitat conversion.  Also, the USACE’s definition of “upland” as areas above +2.54 ft 
NGVD fails to recognize tidal marsh as a habitat type and its ecological significance.  
 
In addition to predicted changes in habitat area, the USACE (2002b) reported many of the changes in 
terms of volumes. These changes are more difficult to interpret because the total volume is not constant in 
time and the ecological functions associated with habitat volume are not described. 
 
Changes in estuarine processes and the resulting impacts to habitats were not described, although 
intermittent closures of the tidal inlet were predicted (USACE, 2002b).  These closures would certainly 
affect the Lagoon salinity regime and its exchange of tidal waters with the ocean, and these impacts to 
habitat type and the estuarine system should be included as part of the assessment of the No Action 
alternative.    
 



Ron Miska, Marin County Open Space District  December 2003 
Page 17  
 
 

P:\Projects\1686_BolinasLagoonERP-PhaseI\Task02_Data_Review\1686.02_Report\1686.02_Data_Review_Memo_v4.5Out.doc 

3.4 HOW HAVE SPECIES RESPONDED TO CHANGES IN HABITAT DISTRIBUTION, AND 
HOW WILL THEY RESPOND AS HABITATS SHIFT IN THE FUTURE? 

3.4.1 How are ecological functions affected by Habitat Types? 

 
The distribution and relative size of habitat types within Bolinas Lagoon directly affect ecological 
functioning in the following ways: 
  

� Primary production: Open water systems tend to be dominated by phytoplankton dominated food 
webs.  The phytoplankton consist of species that remain suspended in the water column as well as 
those that are resuspended from mudflats by currents and waves.  All are fed upon by 
zooplankton which in turn support small forage fish.  Filter-feeding benthic invertebrates also 
feed on the plankton in the water column or on the mud surface.  Mudflats are dominated by 
microalgae that grow on the surface and large macrophytic algal like sea lettuce (Ulva sp).  In 
some cases, the large drift algae may increase in abundance such that it has an adverse impact on 
the benthic community by smothering filter feeders and contributing to anoxic conditions. 

  
Once marsh plants begin to colonize the mudflats, the form of primary production shifts towards 
vascular plants – species which are known of their high productivity, but also high carbon content 
and relative indigestibility to marine organisms. Insects and birds feed on the seeds and plant 
parts; but for the most part the primary production from salt marsh plants needs to be processed 
through the detrital food web.  Detrital material is the decaying plant parts that fall onto the mud 
or are exported to deeper parts of the Lagoon where beneficial bacteria and fungi break down the 
organic material into more digestible forms to benthic invertebrates.  Generally, smaller 
invertebrates such as amphipods and polycheates utilize this material – eventually being 
consumed by small shorebirds that forage over the mudflats. 

  

� Sediment accretion: Colonization of mudflats by salt marsh plants can also lead to increased 
sediment accretion due to the stilling of water.  Seedling establishment by cordgrass in Bolinas 
Lagoon occurs at 0.3 to 1 ft above NGVD (Greer, 1998).  Once established it can effectively 
increase the rate of accretion, both through accumulation of organic matter and settling of fine 
mud particles.  Accretion data for Bolinas Lagoon marshes have not been collected; however, in 
San Francisco Bay marshes it can lead to substantial increases in sedimentation rates (Larrson, 
1996).  However, as the elevation of the marsh plain increases, the rate of sedimentation 
decreases as the period of inundation is reduced.  This results in an equilibrium being reached in 
which the high marsh plain tracks sea level rise (Josselyn, 1983). An exception occurs where 
sediment is being delivered from a river source such as the Pine Gulch Creek or where sand 
brought into the Lagoon from littoral currents is being deposited by wind action as on portions of 
Kent Island. 
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� Breeding: Habitat types are directly related to ability of organisms to breed within the Lagoon.  
Lagoons are often referred to as nursery grounds for fish and wildlife.  At certain times of the 
year, the open water and subtidal areas provide important breeding areas for coastal fish and 
many benthic invertebrates.  Often these species spend critical life stages within the Lagoon 
before moving off-shore.  Eelgrass habitats provide additional advantages for breeding where 
eggs are laid on the blades and are oxygenated by the flow of water through the eelgrass bed. 
While sand and mudflats are not usually considered breeding habitats, they are important for 
benthic invertebrates that deposit eggs on the surface.  Salt marsh and riparian habitats often 
numerous breeding opportunities for larger wildlife, especially birds and in the case of riparian 
habitats, amphibians, fish, and mammals. However, the structure of the vegetative canopy and the 
size of the suitable breeding territory often dictate the success of breeding by a particular species. 

  

� Foraging/Refugial Habitat: Fish and wildlife are specialists and are limited by their adaptations 
to specific foraging techniques and the availability of suitable habitat for all stages of their life 
histories. Of particular interest to Bolinas Lagoon is the distribution of habitat types that provide a 
range of foraging opportunities on all stages of the tide and in different seasons. For example, 
many resident fish forage over mudflats during most of the time, but during the highest tides 
penetrate the marsh. Fish that access the marsh surface often grow faster than those without 
access (Madon et al., 2001). In addition, different habitat types offer differing foraging 
opportunities – subtidal areas are more used by fish and diving birds where as mudflats are used 
by shorebirds and wading birds.  Refugial habitats such as those used by harbor seals as haul out 
areas and salt marshes and low sand bars that support shorebirds during high tide also need to be 
preserved in the lagoon. Despite the variety of wildlife that utilize the lagoon, the USACE (2002) 
only assessed the project benefits for diving ducks. 

3.4.2 How have shifts in habitat affected species diversity and abundance? 

 
Subtidal Channels 
Bolinas Lagoon has long been considered a “nursing ground” for flatfish; however, populations of several 
species appear to have decreased over the past decade. The shiner surfperch is another dwindling species 
in the Lagoon; it was once typically found in large schools, which are still present in San Francisco Bay 
and Bodega Bay, but have been absent from the Lagoon for approximately a decade. Additional common 
species remaining in the subtidal areas of the Lagoon include plainfin midshipmen (Porichthys notatus), 
rock cod (monkey-faced eels (Cebidichthys violaceus), cabezone (Scorpaenichthys marmoratus), and 
juvenile rockfish (Churchman, pers. comm.). The ghost shrimp was once common in sandy substrata 
within the Lagoon, but anecdotal evidence has indicated a sharp decline in population numbers. 
 
Frequently Submerged Mudflats  
Historically, frequently submerged mudflats supported large populations of ghost shrimp, gaper clams 
(Tresus nuttallii), Washington clams (Saxidomus nuttallii), and other commercially harvested clams.  
Population numbers and age classes have been greatly reduced since Gustafson’s study (1968). 
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3.4.3 How have special-status species been affected by habitat changes? 

 
The presence of sensitive species of wildlife in the Lagoon is dictated by the presence of specific habitat 
types. While the USACE (2002) listed the various species that have a potential to occur within Bolinas 
Lagoon, no specific recommendations to protect or expand habitats that might serve these species were 
developed. 
 
4 INLET DYNAMICS AND ESTUARINE PROCESSES 
 
4.1 HAVE CLOSURE CONDITIONS BEEN DEFINED? 

4.1.1 What are the expected frequency and duration of inlet closures as tidal prism changes? 

 
The ability of a tidal inlet to maintain its shape and location is a function of wave action, which deposits 
sand in the inlet channel and tends to close the inlet, and tidal currents, which scour material out of the 
inlet and keep the inlet open. Therefore, inlet stability is driven by the probability of energetic wave 
events coincident with weak neap tides, and inlet closure analysis should account for the highly variable 
nature of the wave and tidal environments.  Ideally, analysis of inlet stability should describe the expected 
frequency and durations of the predicted closures, since closed inlets reopen through natural mechanisms 
or excavation. 
 
Although the inlet closures predicted by USACE (2002b) are described as first occurring intermittently, 
no assessment of their frequency or duration is provided.  As described below, characterizations of 
frequency and duration are necessary to fully understand the impacts to estuarine processes and species 
response. More detailed analysis that can provide estimates of closure frequency and duration is possible 
by applying appropriate criteria and replacing the average wave conditions with time series data so that 
discrete closure/breaching events can be simulated.  Such an analysis was used by Williams and Cuffe 
(1994) at Estero San Antonio, by PWA at the Russian River mouth (PWA, 1993) and the Crissy Field 
Inlet (unpublished). We recommend applying this type of analysis to characterize the stability, 
particularly the expected frequency and duration of closures, of the Bolinas Lagoon Inlet.  

4.1.2 Have the closure and breaching mechanisms been defined? 

 
Inlet morphology and hydraulics continually adjust in response to changing wave and tidal conditions, 
and a variety of mechanism may lead to closure or breaching. For example, seasonal changes in channel 
cross section have been documented at Bolinas Inlet (Johnson, 1973; DeTemple et. al., 1999) and have 
the potential to reduce the threshold of wave action that would induce closure.  Analysis of inlet closure 
should account for these seasonal changes in morphology and wave climate, as well as adjustments that 
occur at shorter time scales in response to the spring-neap tide cycle.  The USACE (2002b) analysis used 
a static description of inlet shape and hydraulics, although a sensitivity study was carried out to examine 
the influence of changing width and streamflow.  
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Closed inlets may reopen through natural or artificial means, and these breaching mechanisms should be 
identified so that the duration and frequency of closure/breaching events can be characterized.  Natural 
breaching of tidal inlets occurs when water levels reach some critical threshold, or when seepage liquefies 
a large amount of sand material into slurry (Kraus, 2002). Artificial breaching consists of mechanical 
excavation, as is required at several lagoons and river mouths along the California coast. Although the 
USACE (2002b) correctly noted that inlet closures would first occur intermittently, breaching 
mechanisms were not identified or analyzed. 

4.1.3 What are trends of tidal prism changes and their uncertainties? 

 
The USACE (2002) applied an inlet stability parameter defined by O’Brien (1971), and later modified by 
Goodwin (1993) to account for freshwater discharge, which relies on estimates of tidal prism.  However, 
as described in Section 3.1.2 and illustrated by Figure 2, the Lagoon volumes (tidal prisms) reported by 
USACE (2002b) contain uncertainties due to errors in the bathymetric analysis. Future Lagoon volumes 
estimated by the USACE, and used to predict inlet closure, are even more uncertain due to the errors in 
predicted net sedimentation rates and the failure to include the effects of accelerated sea level rise. 
 
4.2 HOW WILL ESTUARINE PROCESSES RESPOND TO CLOSURE? 

4.2.1 What type of estuarine system can we expect if the inlet closes intermittently, and would the 
salinity and tidal regimes change? 

 
Excessive sedimentation and future inlet closures would certainly change the estuarine system presently 
found at Bolinas Lagoon, although the details and ecological implications of this are overly simplified or 
completely neglected by the USACE (2002b).  If closures do occur in the future, the Lagoon would 
slowly transform from a continuously open system to an intermittently closed, and then an intermittently 
open lagoon.  Unlike open estuaries, these types of systems would not drain with the twice-daily low tides 
of Bolinas Bay, and water levels would rise as streamflow from Pine Gulch Creek and the other 
tributaries become impounded behind the closed beach barrier.  Depending on the timing of inlet closure, 
Lagoon salinities could become hypersaline due to summertime evaporation, or brackish in response to 
significant rainfall runoff during the winter or spring. None of these changes were addressed by USACE 
(2002b) but should be included in predictions of future Lagoon conditions. 
 

4.2.2 How do habitat and species use change in response to changes in estuarine processes and closure? 

  
Lagoon systems which are closed in summer undergo a rapid decrease in dissolved oxygen as dying 
organisms use the oxygen in the water column, sometimes leading to fish kills and a decrease in the 
diversity of benthic invertebrates.  If the Lagoon is closed in the winter, freshwater will build up behind 
the lagoon; flooding salt marsh areas and converting them to more brackish water wetlands.  This will 
effectively increase the amount of open water habitat and decrease the amount of mudflat. Depending 
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upon the height of the sill, it may also pond water into areas of low marsh.  Cordgrass (Spartina foliosa) is 
often eliminated in areas where tidal action is limited or ponding is increased.  Mudflats will become 
flooded in the early fall and/or spring, reducing foraging habitat for migratory birds. In some cases, 
marine organisms that require certain breeding cycles will be disrupted by the closure.  None of these 
changes in species use were addressed by USACE (2002). 
 
5 CONCLUSIONS AND RECOMMENDATIONS 
 
Based on our understanding of the key questions that need to be addressed in order to demonstrate need 
for intervention at Bolinas Lagoon and review of the June 2002 Draft Feasibility Report/EIR/EIS, its 
supporting technical studies, and previous reports, we have established the following conclusions: 
 

� The existing literature, including the recently studies carried out by the USACE, contain a wealth 
of information that can be used to predict future Lagoon evolution.  These data include detailed 
bathymetric surveys, characterization of the nearshore wave environment, analysis of sediment 
cores from various locations within the Lagoon, and more.  Some of this information was not 
used by the USACE (2002b) but should be applied during Phase 2 of the present study. 
 

� The USACE overlooked the distribution of specific habitat types, including the distribution of 
eelgrass, within the Lagoon despite their significance to ecological functions.  To adequately 
assess the impacts of sedimentation and inlet closure on lagoon organisms, a more detailed 
habitat mapping effort is required.  Additionally, the ecological functions need to be tied to 
physical processes through a conceptual model. 
 

� The distribution of special status species that are likely to occur within the Lagoon and their 
potential suitable habitat that they may use was not mapped or considered in the selection of 
alternatives for the dredging project. 

 

� It is not clear that present rates of watershed sediment delivery are similar to natural rates, as 
concluded by Tetra Tech (2001).  The sediment budget derived by Tetra Tech assumes that bed 
and bank erosion in Pine Gulch Creek was not a significant source of sediment to the Lagoon 
over the budget time period (1950 – 2000), although a more thorough study by Stillwater (2003) 
has shown these processes to be important in the nearby, similar watershed of Redwood Creek.  

 

� The net sedimentation rate of 45,000 yd3/yr (1.2 million ft3/yr) in Bolinas Lagoon from 1968–
1998 cited by the USACE (2002b) appears to be a real trend, based on our initial error analysis 
and morphological changes apparent on aerial photos from this period.  However, this rate of 
Lagoon sedimentation cannot be explained by watershed sediment inputs alone.  A more refined 
model of how alluvial and littoral inputs form Lagoon morphology needs to be developed in order 
to predict future changes in habitat distribution. 

 

� Although the USACE (2002b) predicted inlet closures would occur in the future, the frequency 
and duration of these events were not characterized.  A more refined inlet closure analysis is 
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required in order to characterize the details of closure events and assess the impacts to estuarine 
processes and ecology. 

 
Predictions of future Lagoon evolution can be improved by application of appropriate geomorphic tools 
and understanding interactions between physical and ecological functions.  In addition to the conceptual 
model we are developing, the following data collection could be integrated into Phase 2 task in order to 
resolve specific uncertainties outlined above. 
 

� Utilize existing aerial photography and the U.S. Fish and Wildlife Service National Wetland 
Inventory mapping protocols to develop a detailed habitat map for Bolinas Lagoon.  Additional 
field verification will be required to complete the map including some vegetation sampling 
transects in the Lagoon and ground verification within the Pine Gulch Creek delta.  A map of the 
extent of eelgrass in the Lagoon and a measurement of the density of eelgrass plants needs to be 
undertaken.  
 

� Prepare maps of known locations for sensitive plant and animal species, including assessments of 
Kent Island as nesting and breeding habitat for sensitive birds.  Conduct interviews with local 
biologists and undertake species assessments to determine potential of various habitats for use by 
sensitive species. Maps will also need to provide some estimation of acreage that is necessary for 
sensitive species to continue to occupy or utilize the lagoon under current and future conditions. 

 

� A field geomorphic reconnaissance should be carried out along lower Pine Gulch Creek to assess 
the potential of channel incision and bank erosion as important sediment sources.  We also 
recommend field surveys of the lower Pine Gulch Creek thalweg and adjacent valley profile to 
measure the extent of channel incision. 

 

� Collection and analysis of sediment grain size distribution to aid in the identification of sediment 
sources, sinks, and their transport pathways and whether the bottom sediments are accreting, 
eroding, or in dynamic equilibrium.  This task would include: (i) the collection of up to 300 
sediment grab samples from within the Lagoon and immediately offshore of the inlet; (ii) 
determination of grain size distributions for each sample by a laser particle size analyze; and (iii) 
analysis of the grain size distributions. 

 

� Conduct additional surveys along the Bolinas Inlet (cross section and thalweg profiles), so that 
this information can be incorporated into a refined inlet closure analysis.  Time series of wave 
and tidal data could then be applied to simulate frequency and duration of future inlet closures.   

 

� Field surveys to document characteristics of the various geomorphic units found within the 
Lagoon. This will include a reconnaissance determination of the elevation, aerial extent, 
vegetation cover, and other characteristics of these units.  

 
In addition to the field data collection above, we recommend that future Lagoon evolution be based on a 
conceptual model that outlines the linkages between physical and ecological processes.  Additionally, 
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geomorphic evolution should be based on physical processes that shape and maintain the distinct units 
within the Lagoon.  
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APPENDIX A 
 
 

 Table A-1. Lagoon Sedimentation Rates from Cores  

Core Time Sedimentation Rate Dating 
ID Period  (mm/yr) (ft/100 yrs) (yd3/yr)a Method 

3 & 61 6,500 BP - Present 3 0.98 16,700 14C 
A2 1850-1875 15 4.9 79,000 Pollen 

 1875-1906 16 5.2 84,000 Pollen 
 1906-1976 3.5 1.1 17,700 Pollen 

B3 1860-1875 13.3 4.4 71,000 Pollen 
 1875-1975 1 0.33 5,324 Pollen 

C4 1860-1975 6.5 2.13 34,400 Pollen 
D5 1848-1901 3.8 1.2 19,400 210Pb 

 1901-1995 12.8 4.2 67,800 210Pb 
1Bergquist (1978), Boreholes 3 & 6; 2Bergquist (1978), Core 76-6; 3Mudie (1975) 
4MacDonald and Byrne (1977); 5Byrne (2002);   
aThis volumetric sedimentation rate is calculated by extrapolating the rate found at 
the respective core over the entire Lagoon.  However, Lagoon sedimentation  
rates are highly site specific, so  we do not necessarily expect these sedimentation rates  
to be valid but are calculated here for illustrative purposes only. 
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APPENDIX B 
 

Error Analysis for Bolinas Lagoon Surface Models 
 
Hapke et al. (2003) used photogrammetry methods to determine landslide volumes on the coast of Big 
Sur, California. Here we use their Root Mean Squares Error (RMSE) formula for error in 
photogrammetry applied to volume calculations to determine some reasonable estimate for error in the 
calculation of Bolinas Lagoon volume using TINs. 
 
Error is defined as: 
 
Et = [(eg)2 + (er)2 + (ed)2 + (ep)2]0.5  
 
Where eg = ground control error, er = rectification error, ed = DTM error, ep = pixel resolution, and t = a 
given time from which the data are derived. 
 
eg = 0.05 ft  
 
[All of the Towill maps reference the same benchmark, which rests at an elevation of 15.03 ft. Assuming 
the ground control error to be the limitation of the vertical control measurement, we assumed 0.05 ft, a 
difference of 0.02 ft from the precision of the instrument.]  
 
er = 0.5 ft  
 
[The National Standards for Map Accuracy state that 90% of the vertical points in a map must be within 
one half of the contour interval. The Towill maps have 2-foot contours, which “in areas of dense 
vegetation where the ground is obscured from view, … may deviate from correct elevation by one half the 
height of the cover.” (Towill map notes) It was thought that ¼ of the contour interval (6 in.) reasonably 
approximated half the height of the cover in the Bolinas Lagoon.] 
 
ed = 1 + 0.5 ft.  
 
[“Error associated with the vertical accuracy of the DTM is a function of the scale of the stereo 
photography (Ackerman, 1996), with an additional (dimensionless) environmental factor, ranging from 
one to three, to accommodate for nonsystematic errors in the model (Saleh, 2001).” (Hapke et al, 2003) 
To be conservative, we apply a dimensionless environmental factor of 1, and the vertical accuracy was 
assessed to be ¼ of the contour interval.] 
 
ep = 1 ft 
 
[Hapke et al (2003) state “this is simply the visual limitation of identifying an object (or location) that is 
smaller in dimension than the pixel size of the digital image.” We use 1 ft. because it was thought to 
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reflect the limit of the size of identifiable objects in the most clear of the scanned aerial photographs, the 
1998 infared photo. The previous survey years (’68, ’78, ’88) would have more error, but we chose the 
most conservative year.]  
 
t = 1998 
 






