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Creating Seasonal Wetlands and Upland Vegetation for the Hamilton 
Wetlands Restoration Project, Novato, California:  2015-2016 

 
Bruce Pavlik and Christina McWhorter 

BMP Ecosciences 
Salt Lake City, Utah and Richmond, California 

 
Overview 
 
As required by the monitoring and adaptive management plan for the Hamilton 
Wetlands Restoration Project (PWA-ESA and BMP Ecosciences 2013), this report 
documents the second year results of six related studies on the creation of seasonal 
wetlands and upland vegetation (Pavlik and McWhorter 2015).  Those studies have 
utilized native plant materials collected locally and propagated at the Hamilton Wetlands 
Restoration Nursery (Pavlik and McWhorter 2010) within the context of an adaptive 
management program.  The program was designed to address uncertainties in the 
conditions (e.g. soil salinity, inundation, soil quality and depth) within created wetland 
and upland habitats that would ultimately determine restoration success. Consequently, 
“founders” (seed lots or individual nursery-grown plants) would be monitored to various 
degrees to either determine how a created habitat was developing and influencing 
vegetation succession (i.e. in the North Seasonal Wetlands) or whether the created 
habitat would allow them to become established (i.e. in the case of the uplands of the 
wildlife corridor).  
 
As of July 2016, we have followed the fates of 11,088 wetland founders of 8 species in 
the North Seasonal Wetland (NSW) within 220 carefully monitored polygons that were 
installed in November 2014.  Soil salinity data were also obtained in relation to these 
polygons.  The purpose was to determine if the composition and structure of the 
developing vegetation can be controlled by adjusting water control structures that have 
been built into the NSW.  In the wildlife corridor we have so far outplanted 2,979 upland 
founders of seven woody species, sown over 174,000 seeds of seven herbaceous species 
and outplanted 5,148 ecotone founders of four herbaceous species.  These too have 
been monitored to determine whether the soils of the wildlife corridor will allow 
establishment of native, upland and ecotonal vegetation types. 
 
Full functionality of the created wetlands at Hamilton began on April 25, 2014, with the 
breach of the outer levee, allowing full tidal exchange with San Francisco Bay and 
incursion of salt water into the constructed wetland habitats.  Despite 1) prolonged 
regional drought after 2012, 2) differences between design and construction of habitat 
surfaces in of portions of the wildlife corridor, and 3) destructive erosion of the 
containment berm separating the NSW from the tidal wetlands in December 2014, we 
have begun to understand how to control vegetation development in the NSW.  This 
understanding is being used to transition from the experimental phase (using test 
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polygons of founders) to the restoration phase (using restoration polygons) of the NSW 
project (PWA-ESA and BMP Ecosciences 2013).  Development of the wildlife corridor in 
response to tidal inundation has led to better placement of seeds and nursery-grown 
plants for establishing upland and ecotonal vegetation.  
 
 
New in This Report 

Soil Salinity Monitoring 
 
Progressive increases in surface salinity were measured but only small increases in subsurface salinity, 
falling short of levels needed to completely control vegetation succession (Chap 1, Fig 3 and 4). 
 
North and South seasonal wetlands have developed very different levels and spatial patterns of soil salinity 
due to lack of water management control structures in the latter (Chap 1, Figs 3-8). 
 

Controlling Vegetation Succession 
 
The desired inhibition of some species (Salicornia, Distichlis) of the North Seasonal Wetland has been 
achieved in the deep basin bottom and shallow basin edge habitats but not for all (Bolboschoenus), 
probably due to low subsurface salinities (Chap 2, section 2.3.1). 
 
The desired inhibition of brackish and freshwater species (Bolboschoenus, Typha) has yet to be achieved in 
the low tension zone habitat, probably due to low subsurface salinities (Chap 2, section 2.3.1). 
 
Overall survivorship and growth data for two-year-old founders of eight species are presented (Chap 2, 
Figures 12-20). 
 
A summary comparison of desired vs. existing state of demographic performance of eight founder species 
outplanted into the North Seasonal Wetland, November 2014 to May 2016, is presented (Chap 2, Table 1). 
 

Control of Invasive Plants 
 
There has been no “explosive” invasion by species that have high ecological impact, with the exception of 
Lolium multiflorum in the wildlife corridor.   
 
Portions of the North Seasonal Wetland, mostly to the west and south of ponds 1B and 4B, have developed 
high weed cover due to a lack of flooding by saltwater. A remedy is recommended (Chap 3, section 3.3.2). 
 
Differences in water management regimes between the North and South seasonal wetlands have resulted 
in different amounts of non-native plant and Salicornia cover (Chap 3, Fig 6 and 7). 
 

Trees and Shrubs of the Wildlife Corridor 
 
Of the seven species of native trees and shrubs outplanted, only two (Quercus agrifolia and Aesculus 
californica) could possibly meet the success criterion of 30% or greater survivorship after five years (Chap 
4, Fig 1).  Extended drought is the likely cause of ongoing but slow mortality of mesophyllic species. 
 
At least three species (Symphoricarpus albus, Heteromeles arbutifolia and Baccharis pilularis) have begun 
to produce copious amounts of fruit and seed (Chap 4, Figs 2-4), thus supplying food resources for wildlife 
and hopefully, propagules for the establishment of self-sustaining populations within the corridor.   
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Inoculated Coast Live Oaks in the Wildlife Corridor 
 
By August 2016, 34% (32 trees) of the spring 2012 cohort had survived. Of these, there was a slightly higher 
survivorship of inoculated oaks (47%) compared to control oaks (24%), a trend that began in September 
2013 (Chap 5, Table 1). 
 
No significant differences could be detected in tree height, shoot lengths, number of live leaves or length 
of longest leaves when inoculated and control trees from the 2012 cohort were compared (Chap 5, Figs 1-
4).   
 

Direct Seeding and Outplanting in the Wildlife Corridor 
 
A total of 119,416 locally collected seeds of six species were sown into the wildlife corridor in 
2015.  Only 89 seedlings were produced, mostly of Clarkia unguiculata (Chap 6, Table 2). 
 
Several new sowing methods (wrapping seeds in rice paper, pasta sheets and covering with 
burlap) were employed to improve germination (Chap 6, 6.2A.3.2 and Fig 4).  Extended drought 
was the likely cause of low germination, but viable seeds from all sowing attempts have 
accumulated in the soil and could germinate in future years with higher rainfall. 
 
5,148 nursery-grown founders of Grindelia stricta, Juncus patens, Distichlis spicata and Frankenia 
salina were outplanted into the ecotone between the wildlife corridor and the tidal wetlands 
during two trials (Chap 6, section 6.2B).  Although the first trial failed, the second trial produced 
909 founders of the four species (mostly Distichlis spicata and Frankenia salina) by September 
2016 (Chap 6, Table 3). 
 
The placement of polygons in relation to MHHW represents a significant improvement in the 
attempt to establish ecotone vegetation. 
 
 
Executive Summaries 

 
1.0  Developing Patterns of Soil Salinity in the Created Seasonal Wetlands  

of the Hamilton Wetlands Restoration Project 
 
Soil salinities in the created seasonal wetlands of the Hamilton Wetlands Restoration 
Project continue to progress towards desirable levels in the managed North Seasonal 
Wetland (NSW), albeit restricted by the ambient tidal and rainfall regimes of recent 
years.  Habitats in the NSW that experienced alternating flood-evaporation regime (the 
low and high tension zones) developed very high surface salinities (> 100,000 ppm TDS) 
with relatively low spatial variability.  Intermediate surface salinities (around 80,000 ppm 
TDS) developed in the upland and shallow basin edge habitats, but these were much 
more variable spatially and would result in patchy responses in the vegetation.  The 
subsurface soil salinities, however, remained below 50,000 ppm TDS in all habitats across 
the NSW, even though a weak, net downward movement of salts in the profile had been 
detected since the 2015 sampling. This would mean that pannes would likely be 
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vegetated by halophytic and brackish wetland plant species without additional salt 
storage, especially in the shallow basin edge and deep basin bottom habitats (below 5.0’ 
NAVD).  It is recommended, therefore, that salt storage be encouraged by an alternating 
inundation-evaporation regime over the summer and fall of 2016 and 2017 by 
continuous adjustments to water control structures in the NSW.  Comparing the 
unmanaged South Seasonal Wetland (SSW) soil salinities with those in the NSW, it is clear 
that both surface and subsurface salinities in the SSW are lower, that the developing 
elevational (habitat) pattern is different, and that the processes of inundation, leaching 
by rainfall and evaporation were not operating in the same way at similar elevations.  
This has resulted in an arrested development of Salicornia-dominated vegetation in the 
SSW.  Without the capability of managing water levels, a stable gradient is developing 
that will allow invasion and dominance of brackish and salt marsh vegetation, rather than 
a seasonal wetland.  Additional monitoring is recommended to determine if such 
differences are maintained during years with varying tidal and precipitation regimes.   

 

2.0  Controlling Vegetation Succession in the North Seasonal Wetlands of 
the Hamilton Wetlands Restoration Project:  Experimental Outplanting, 

Year Two 
 

In order to create the open water, barren pannes and salt-stressed Salicornia that 
dominate a functional seasonal wetland in Northern California, control over vegetation 
succession should be achieved by adjusting salt and water storage with the North 
Seasonal Wetlands (NSW).  That control will be demonstrated by the differential 
survivorship and growth of eight wetland plant species along an elevational (habitat) 
gradient. During November and December of 2014, therefore, we outplanted 10,560 test 
founders in 220 test polygons and collected soil salinity and inundation data.  The 
successional trajectories forecast by survivorship and growth data over 1.5 years are in 
accordance with expectations based upon founder species tolerance limits and with the 
target (desired) vegetation/habitat conditions for the NSW.  Overall, physical conditions 
within the NSW are not yet fully developed, with lower subsurface soil salinities than 
required and shorter periods of inundation due to drought (62% of normal precipitation 
for July 2015 to May 2016).  Consequently, ongoing management of the water control 
structures is required to increase the storage of salt and water during 2016 and 2017, 
especially for the deep basin bottom and shallow basin edge habitats.  These data will be 
used to map optimal performance zones for each species that will guide establishment of 
the restoration polygons in November 2016.  The goal will be to position founders to 
maximize survivorship and growth in habitats that maintain the desired condition of the 
seasonal wetland vegetation forming under existing conditions.  Increased salinities and 
inundation periods will prevent colonization of deep basin bottoms  (especially by 
Salicornia and Bolboschoenus), while wave action and high salinities will establish the 
sparse, stressed Salicornia vegetation.  Existing conditions appear to favor narrow 
corridors of Salicornia-Distichlis vegetation in the lower and upper tension zones, while a 
brackish mix is likely to become established in the upland edge of the NSW.  
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Consequently, the current trajectory of succession, encouraged by ongoing water 
management that increases subsurface soil salinities, is likely to maintain habitat 
conditions that favor open water, barren pannes and stressed Salicornia vegetation that 
have been targeted to support shorebirds.   

3.0  Control of Invasive Plants at the 
Hamilton Wetlands Restoration Project 

 
Weed control and monitoring efforts in the tidal wetlands, seasonal wetlands and wildlife 
corridor of the HWRP are ongoing.  In general, there has been no “explosive” invasion of 
these developing habitats by species that have high ecological impact, with the exception 
of Lolium multiflorum in the wildlife corridor.  Portions of the North Seasonal Wetland, 
mostly to the west and south of ponds 1B and 4B, have developed high weed cover due 
to a lack of flooding by saltwater.  Construction of a drainage channel from pond 1A to 
pond 1B, as well as a lowering of the pond bottom, could partially remedy this problem.  
We suspect, however, that Spartina densiflora, Lepidium latifolium, Centaurea solstitalis 
and Salsola soda will require constant vigilance and focused eradication as the physical 
conditions of these habitats continue to change in response to natural processes (e.g. 
rainfall, tidal inundation, seed dispersal) and human intervention (e.g. water and salt 
management).   
 
 
 

4.0  Survivorship of Outplanted Native Trees and Shrubs in the  
Wildlife Corridor, Hamilton Wetlands Restoration Project 

 
A total of 2,979 founders of seven native tree and shrub species were outplanted to the 
WC between 2012 and 2016. Of these seven, only two (Quercus agrifolia and Aesculus 
californica) could possibly meet the success criterion adopted by Pavlik and McWhorter 
(2010) of 30% or greater survivorship after five years.  Prolonged drought, which 
extended into 2016, is one significant factor.  High mortality should also be attributed to 
flawed construction of the wildlife corridor surface, which apparently is so low in 
elevation that it permitted extensive inundation by salt-laden tidal waters.  In some 
portions of the WC the upland has been reduced to a narrow band by flooding.  When 
mortality due to salinity is factored out, six of the seven species would have survivorship 
values > 30% (thus meeting the success criterion).  Although the design of outplanting 
locations can be changed from now on, no amount of horticultural manipulation can 
compensate for this unanticipated stressor to these salt-intolerant, upland species.  
Therefore, a construction remedy must also be sought to prevent flooding of the wildlife 
corridor in future years if the proposed vegetation is to be achieved.   
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5.0  Monitoring the Growth of Inoculated Coast Live Oaks (Quercus 
agrifolia) in the Wildlife Corridor, Hamilton Wetlands Restoration Project 

 
A total of 110 two- and three-year-old coast live oaks (Quercus agrifolia) were outplanted 
onto dredged sand and mud substrates of the wildlife corridor (WC) in spring 2012 and 
winter 2014.  Roughly half had been inoculated with native soil slurries (presumably 
containing mycorrhizal spores) in the first years and half were given water (only once, 
during inoculation) as controls. By August 2016, 34% (32 trees) of the spring 2012 cohort 
had survived.  Of these, there was a slightly higher survivorship of inoculated oaks (47%) 
compared to control oaks (24%), a trend that began in September 2013. The winter 2014 
cohort had very low survivorship overall (6%) due to salt water flooding that occurred 
with multiple high tides (indicating that the WC surface is not built to sufficient, specified 
height).  

No significant differences could be detected in tree height, shoot lengths, number of live 
leaves or length of longest leaves when inoculated and control trees from the 2012 
cohort were compared.  As noted in the September 2013 report (Pavlik and McWhorter 
2013), it is likely that initial size, branching and vigor were probably inked to conditions 
established in the nursery rather than the field.  Continued drought since 2013, along 
with salt water flooding, imposed high levels of stress that suppressed growth.  It may 
also be the case that mycorrhizal fungi might be parasitizing trees rather than forming a 
symbiosis during these early years of establishment.  It is expected that effects and 
patterns will clarify in the next few years after more in situ responses of the trees have 
developed under non-drought conditions.   

6.0  Direct Seeding and Outplanting of Native Herbaceous Perennials in the  
Wildlife Corridor, Hamilton Wetlands Restoration Project 

 
A total of 119,416 locally collected seeds of Achillea millefolium, Chlorogalum 
pomeridianum, Scrophularia californica, Artemisia douglasiana, Limonium californicum 
and Clarkia unguiculata were sown in November 2015 into 90, 1 m2 plots in upland areas 
of the wildlife corridor (WC) at the Hamilton Wetlands Restoration Project (HWRP).  We 
experimented with several sowing methods (wrapping seeds in rice paper, pasta sheets 
and covering with burlap), but a total of only 89 seedlings of Achillea millefolium and 
Clarkia unguiculata (85 belonging to the latter) were found during spring and summer of 
2016. The 2015 seeds were in addition to the 55,324 seeds sown during the previous 
three attempts (in 2012, 2014, January 2015) that produced 188 seedlings of four species 
(Achillea millefolium, Chlorogalum pomeridianum, Atriplex triangularis, and Limonium 
californicum).  Low winter-spring rainfall after 2012 may have simply been inadequate, so 
it is likely that viable seeds from all sowing attempts are accumulating in the soil and 
could germinate in future years with higher rainfall.  Although some seedlings had 
survived at least a year, we suspect that erosion of dredge “soil” after tidal water 
inundation and construction activities account for a 35% loss of sown seeds. Ongoing 
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monitoring, as well as the installation of new plots in better locations, will by used to 
further test sowing methods and to document responses to rainfall variations. 
 
We also outplanted 5,148 nursery-grown founders of Grindelia stricta, Juncus patens, 
Distichlis spicata and Frankenia salina into the ecotone between the WC and the tidal 
wetlands (TW) using two trials.  Trial 1 was conducting in 2014-2015 with 1620 founders 
of Grindelia stricta and Juncus patens arranged in lobes along the 6.5’ NAVD elevation.  
This trial was unsuccessful, in part because it took place before the outboard levee had 
been breached so that the high tide line had not yet established and placed dredge 
material had not yet settled. Additionally, outplanting was done in March, outside of the 
ideal outplanting period of November to early February. Trial 2, however, was much 
more successful.  It was conducted in 2015-2016 with 3,528 founders of all four species, 
arranged in three types of polygons referenced to the well-developed MHHW line.  By 
September 2016, 909 founders of the four species (mostly Distichlis spicata and 
Frankenia salina, however) had become established. The placement of polygons in 
relation to MHHW represents a significant improvement in the attempt to establish 
ecotone vegetation between the WC and the TW.   
 
 
 

 
Figure 1.  Training the 2015 AmeriCorps crew to ensure uniformity and quality of 
outplantings. 
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Figure 2.  Outplanting a replacement polygon in the North Seasonal Wetlands, Hamilton 
Wetlands Restoration Project, November 2015. 
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Chapter 1 
 

Developing Patterns of Soil Salinity in the Created Seasonal 
Wetlands of the Hamilton Wetlands Restoration Project 

 
1.0  Executive Summary 
 
Soil salinities in the created seasonal wetlands of the Hamilton Wetlands Restoration 
Project continue to progress towards desirable levels in the managed North Seasonal 
Wetland (NSW), albeit restricted by the ambient tidal and rainfall regimes of recent 
years.  Habitats in the NSW that experienced alternating flood-evaporation regime (the 
low and high tension zones) developed very high surface salinities (> 100,000 ppm TDS) 
with relatively low spatial variability.  Intermediate surface salinities (around 80,000 ppm 
TDS) developed in the upland and shallow basin edge habitats, but these were much 
more variable spatially and would result in patchy responses in the vegetation.  The 
subsurface soil salinities, however, remained below 50,000 ppm TDS in all habitats across 
the NSW, even though a weak, net downward movement of salts in the profile had been 
detected since the 2015 sampling. This would mean that pannes would likely be 
vegetated by halophytic and brackish wetland plant species without additional salt 
storage, especially in the shallow basin edge and deep basin bottom habitats (below 5.0’ 
NAVD).  It is recommended, therefore, that salt storage be encouraged by an alternating 
inundation-evaporation regime over the summer and fall of 2016 and 2017 by 
continuous adjustments to water control structures in the NSW.  Comparing the 
unmanaged South Seasonal Wetland (SSW) soil salinities with those in the NSW, it is clear 
that both surface and subsurface salinities in the SSW are lower, that the developing 
elevational (habitat) pattern is different, and that the processes of inundation, leaching 
by rainfall and evaporation were not operating in the same way at similar elevations.  
This has resulted in an arrested development of Salicornia-dominated vegetation in the 
SSW.  Without the capability of managing water levels, a stable gradient is developing 
that will allow invasion and dominance of brackish and salt marsh vegetation, rather than 
a seasonal wetland.  Additional monitoring is recommended to determine if such 
differences are maintained during years with varying tidal and precipitation regimes.   
 
1.2  Introduction 
 
The Monitoring and Adaptive Management Plan (MAMP) for the Hamilton Wetlands 
Restoration Project (HWRP) requires that post-breach habitat development of seasonal 
wetlands be quantitatively evaluated, especially in relation to soil salinity and inundation 
(ESA-PWA and BMP Ecosciences 2013, 1.4.2, section 4, Table 5.1 and Appendices D and 
E). Soil salinization and inundation, achieved by high tides that flood the North and South 
Seasonal Wetlands (NSW and SSW, respectively), create a regime that determines which 
plant species are either able to establish and grow, thereby affecting the quality of 
habitat for target animal species (as mandated) or are inhibited due to lack of salt 
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tolerance. A rather narrow set of conditions, determined by salt concentrations in the 
root zone and the duration of inundation during winter months are critical to developing 
the target vegetation characteristics for high habitat quality. The target conditions 
include open, barren pannes, sparse and patchy cover by Salicornia pacifica and 
minimum cover by brackish and freshwater wetland plants (e.g. Bolboschoenus robustus, 
Typha latifolia). In the absence of the correct salinity and inundation regimes, the 
vegetation will become dense, tall and infested with non-native plants (e.g. Salsola soda, 
Lepidium latifolium), thus of little or no habitat value. In this case the seasonal wetlands 
restoration would be considered a failure.  
 
Achieving the correct salinity and inundation regime depends upon more than just tidal 
flooding. The water control structures (weir boards, gates) of the NSW allow adaptive 
management of the net flows in and out of the constructed cell. Thus, salt storage and 
inundation duration can be adjusted (“dialed in”, MAMP Figure D1 and section 2.2, ESA-
PWA and BMP Ecosciences 2013) to achieve desired changes in vegetation composition 
and structure. The SSW, however, was not constructed with water control structures, so 
it can provide a comparison of managed (NSW) and unmanaged restorations. In this 
sense, vegetation development in the NSW is managed succession, whereas in the SSW it 
will be an unmanaged succession.  
 
Natural succession depends in part on the random dispersal of plant propagules into a 
given site, a process that can take very long periods of time. Propagules arrive in relation 
to source areas (distance and composition) and the characteristics of the transport path 
(e.g. tidal waters, air currents, animals). Ruderal plants, especially weeds, often are the 
best dispersers and can dominate succession in a disturbed landscape, such as the one 
surrounding Hamilton. Berms and water control structures can impede dispersal via tidal 
waters. For these reasons, the MAMP specifies that outplanting of nursery-grown native 
plants will be used as a substitute for natural dispersal in the NSW. Again, the SSW will 
serve as a comparison because it will not be outplanted. Furthermore, the outplanting 
will use a wide variety of wetland natives, from freshwater to salt-tolerant because we 
are not just planting the vegetation we ultimately want, we are outplanting the species 
we want to be able to control via water control structure management. If the correct 
salinity and inundation regime is achieved, then the undesirable but outplanted fresh- 
and brackish wetland species will largely die while the desired salt tolerant wetland 
species will either thrive or be controlled. Thus, the adaptive management of the water 
control structures of the NSW is an experiment that uses monitoring to test useful 
management hypotheses (“AMhyt”, MAMP section 6.3.2.2).  
 
The data collected on soil salinity, inundation and vegetation development will be 
essential for deciding how the water control structures will be adjusted, thus fulfilling the 
monitoring criteria of the MAMP (ESA-PWA and BMP Ecosciences 2013, pg. 11-12). 
Comparing monitoring data from the NSW and SSW will allow evaluation of wetland 
design, construction, outplanting and our basic understanding of seasonal wetland 
creation and restoration (ESA-PWA and BMP Ecosciences 2013, pg. 11-12).  
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1.3  Methods and Materials  
 

1.3.1  Water salinity 
 

Water salinities in the NSW were measured with a handheld salinity meter (Pro 30 
Conductivity, Salinity Instrument, YSI) in ponds as well as in the channel that connects 
the NSW to the waters of the bay.  Each value was the mean of at least two samples.   
 

1.3.2  Soil Salinity 
 

Soil salinity sampling in the NSW was conducted using the Noble geo-referenced grid (see 
Pavlik and McWhorter 2013 and Figure 1). At each of the 48 sampling stations, two soil 
samples (soil surface = 0 cm depth, soil subsurface = 20 cm depth) and one water depth 
measurement were taken at a distance of one meter from the sample point. 
Approximately 1 to 1.5 cups volume (>250 cc) of soil were collected into a zip-lock bag 
and stored in a refrigerator.   Dates of sampling were November 7-8, 2012, November 19, 
2013, October 6-14, 2014 and October 20-21, 2015.   
 

 
Figure 1.  Nobel sampling grid of the North Seasonal Wetland showing soil salinity 
sampling stations at the intersection of the horizontal and vertical transects.   
 
In the SSW, we established five permanent transects that radiate out from the center of 
each pond, cutting across all elevation bands (Figure 2) and in close proximity to the 
permanent line intercept sampling stations for vegetation development (Chapter 3). A 
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total of 20 sampling stations, producing 40 samples (from two depths) were collected.  
Pre-breach (referring to the outer levee) sampling took place on April 6, 2014 and post-
breach sampling on October 23-24, 2014 and October 23, 2015.   
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.  Salinity sampling stations (colored dots) in the South Seasonal Wetland. Colors 
indicate elevation gradient, with green = upland (> 7.0’ NAVD) and dark blue = basin 
bottom (<4.0’ NAVD). 
 
 
Soil salinity measurements were made on saturated pastes by stirring in just enough 
distilled water (usually 20 to 40 ml) to the soil sample to produce a surface sheen without 
excess. These pastes were allowed to equilibrate for at least 17 hr. A vacuum pump and 
manifold were used to extract the saturated solution from the soil, applying -700 mmHg 
to remove enough for measurement.  
 
A YSI Pro30 Field Conductivity/TDS Meter was regularly calibrated with distilled water 
and a standard salt solution. Its probe was submersed in the extracted soil solution, 
keeping away from the sides of the glass graduated cylinder (which appeared to 
influence the measurement). We recorded specific conductivity (mmoh/cm) and 
converted the values to total dissolved solids (TDS, in ppm) using a multiplier of 640.  
 



15 
 

1.4  Results 
 
Inundation of the north and south seasonal wetlands began after breach of the outer 
levee on April 25, 2014 and reached a maximum during the strong storms of early 
December 2014.  Consequently, saltwater permeated the upland elevation (>7.0’ NAVD) 
and filled most ponds to maximum depth, which then rapidly receded during the dry 
spring.  Adjustments to the upper and lower water control structures of the NSW allowed 
a few high tides (> 6’) to enter and intermittently fill some of the lower elevation ponds. 
These events were separated by long intervals of evaporation and pond recession, with 
only the deep basin bottoms of pond 6 remaining flooded between February and May 
2015.  Channels and ponds of the SSW were subject only to tidal action and rainfall 
because it was built with no water control structures. 
 
The predicted El Nino of 2015-2016 did not bring additional precipitation to the western 
shore of San Pablo Bay.  This region (San Rafael to Napa) received 62% of the July 1 to 
May 1 norm, compared to 65% in 2014-2015 (data from http://weather.sfgate.com/ 
auto/sfgate/geo/precip/index.html).  Water control structures in the NSW were, 
however, adjusted to increase inundation and pond filling as much as possible, taking 
advantage of king tides whenever possible.   
 
 

1.4.1  Water Salinities in the NSW 
 
Salt inputs to the North Seasonal Wetland occur as tidal waters enter the channel along 
the southern edge, between the separation berm and the bulge levee.  During winter 
2014-2015 the salinity in the channel water was about half of seawater due to dilution by 
freshwater in the San Francisco Bay estuary (Table 1).  As the spring progressed in this 
year of low rainfall, channel water salinities steadily increased.  Pond water salinities, 
however, were much lower in winter and early spring owing to meteoric inputs of 
freshwater, especially from the storms of early December 2014.  Eventually, pond 6 (the 
deep basin pond) salinities started to more closely resemble those in the channel.  
Summer evaporation led to desiccation of pond 1b and exceedingly high salinities in the 
residual waters of ponds 1a, 2, 3, 4, 5 and 6. 
 
Winter precipitation during 2015-2016, although below normal, lowered salinity in the 
channel and in all pods relative to the previous year.  Adjustments to water control 
structures have so far prevented desiccation of ponds 1a and 1b and kept pond water 
salinities below 14,000 ppm TDS (compared to 70,000 ppm in April 2015).   
 
 
 
 

http://weather.sfgate.com/
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Table 1.  Water salinities (ppm TDS) in the channel and ponds of the North Seasonal 
Wetland, HWRP, 2015-2016.   

 
 
 

1.4.2  Soil Salinities in the NSW 
 
During the fall of 2012, about 1.5 years before breach of the outer levee, soil salinities in 
the North Seasonal Wetland were rather uniform and probably reflected concentrations 
present in the dredged sediments that formed the marsh plain (Figures 3 and 4). The 
range was 20,000 to 44,000 ppm TDS at the surface and between 20,000 and 32,000 ppm 
TDS at a depth of 20 cm.  There were no significant differences between elevation zones 
(habitats) at this time.   
 
One year later, but still before the breach, there was evidence that salt was becoming 
redistributed vertically, affecting the soil profile within each zone.  There were significant 
increases in soil surface salinity compared to 2012 by a factor to two to three.  The 
highest values were obtained in the deep basin bottom and high tension zones (<4.0’ and 
6.1’ to 7.0’ NAVD, respectively), averaging near 80,000 ppm TDS.  Subsurface soil 
salinities declined significantly at the same time in four of the 5 zones, providing 
evidence that salt was moving up in the profile because of surface evaporation and 
consequent capillary action.   
 
During fall of 2014 and nearly six months post-breach, surface and subsurface salinities 
were increasing due to inputs from tidal waters.  Surface salinities were highest in the 
low tension and high tension zones (5.1’ to 6.0’ and 6.1’ to 7.0’ NAVD, respectively) and 
were at or exceeded 100,000 ppm TDS.  Surface salinities in the deep basin declined 
because of dilution by tidal and meteoric waters, while those in the uplands remained 
unexpectedly high.  Subsurface salinities had increased significantly in all but the upland 
habitat, indicating that a net downward movement from the surface had begun.  This 
would occur with high surface concentrations, inundation and percolation, and a 
reduction in evaporation driving capillary rise. On average, however, subsurface salinities 
were still below 50,000 ppm TDS at that time. 
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Figure 3.  Soil salinity at the surface in the North Seasonal Wetlands in five tidal elevation 
zones measured during fall of 2012 (blue), 2013 (green), 2014 (red, post-breach) and 
2015 (orange).  Shown as mean Total Dissolved Solids (ppm or mg/L TDS) + 1 SE (n = 46 
samples/year).   
 

 
Figure 4.  Soil salinity at 20 cm depth in the North Seasonal Wetlands in five tidal 
elevation zones measured during fall of 2012 (blue), 2013 (green), 2014 (red, post-
breach) and 2015 (orange).  Shown as mean Total Dissolved Solids (ppm or mg/L TDS) + 1 
SE (n = 46 samples/year).  
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When measured during the fall of 2015, mean surface salinities increased in four of the 
five elevation zones, although variability was greater than in previous years.  Significant 
increases occurred in the shallow (4.1’ to 5.0’) and deep basin (<4.0’) habitats compared 
to 2015, approaching or exceeding 80,000 ppm TDS.  Subsurface salinities, however, 
showed no consistent pattern, increasing or decreasing slightly relative to 2015 with 
greater variability.  On average, however, subsurface salinities were still below 50,000 
ppm TDS. 
 
Spatial variation in soil salinity was lower in 2015 than 2014, especially at higher 
elevations (Figure 5).  The coefficient of variation for surface salinities progressively 
declined from high to low elevations, indicating more redistribution of salts had taken 
place.  Subsurface variation was greater overall and more consistent between zones, 
although the deep basins had the lowest coefficient as in 2015.  
 
 

  
Figure 5.  Coefficient of variation (standard deviation to mean ratio) for surface and 
subsurface soil salinities of the North Seasonal Wetland, October 2015. 
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Figure 6.  Soil salinity at the surface in the South Seasonal Wetlands in five tidal elevation 
zones measured during fall of 2014 (red, post-breach) and fall of 2015 (orange).  Mean 
Total Dissolved Solids (ppm or mg/L TDS) + 1 SE (n = 25 samples/year).   
 
 

 
Figure 7.  Soil salinity at 20 cm depth in the South Seasonal Wetlands in five tidal 
elevation zones measured during fall of 2014 (red, post-breach) and fall of 2015 (orange).  
Mean Total Dissolved Solids (ppm or mg/L TDS) + 1 SE (n = 25 samples/year) 
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1.4.3  Soil Salinities in the SSW 
 

The patterns of salinity in the SSW were essentially unchanged between 2014 and 2015 
(Figures 6 and 7).  One year post-breach (October 2014) the upper elevation zones had 
higher levels in both surface and subsurface soils, reaching 100,000 and 40,000 ppm TDS 
respectively.  Although more variable the 2015 values did not significantly change.  
 
Spatial variation in post-breach soil salinity for the SSW differed from that of the NSW 
(Figure 8), indicating that the processes of inundation, leaching by rainfall and 
evaporation were not operating in the same way at similar elevations in the unmanaged 
and managed wetlands, respectively.  Surface variations (probably due to inundation-
evaporation alternations) progressively increased towards the deeper zones at the 
surface and at -20 cm, but diminished below 4.0’ NAVD.  
 
 

 
Figure 8.  Coefficient of variation (standard deviation to mean ratio) for surface and 
subsurface soil salinities of the South Seasonal Wetland, October 2015.   
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1.5  Discussion and Management Recommendations 
 
Soil salinities in the managed north seasonal wetlands (NSW) of the Hamilton Wetlands 
Restoration Project continue to progress towards desirable levels, albeit restricted by the 
ambient tidal and rainfall regimes of recent years.  Salt concentrations in tidal waters 
have approached those in seawater, especially during the dry spring and summer of 
2015. We conclude, therefore, that salt influx from the bay is sufficient to sustain 
development of soil salinities necessary to produce the desired habitat characteristics of 
the NSW as prescribed in Monitoring and Adaptive Management (ESA-PWA and BMP 
Ecosciences 2013, 1.4.2, section 4, Table 5.1 and Appendices D and E).  
 
Inundation of the NSW began after breach of the outer levee on April 25, 2014 and 
reached a maximum during the strong storms of early December 2014.  Adjustments of 
water control structures to increase the duration and levels of inundation, especially 
during the winter of 2015-2016, provided additional inputs of water and salt to the 
wetland.  Consequently, saltwater permeated the upland elevation (>7.0’ NAVD) and 
filled most ponds to maximum depth, which then rapidly receded during the dry spring of 
2015.  Adjustments to the upper and lower water control structures allowed a few high 
tides (> 6’) to enter and intermittently fill some of the lower elevation ponds. These 
events were separated by long intervals of evaporation and pond recession, with only the 
deep basin bottoms of pond 6 remaining flooded between February and May 2015.  
Habitats that experienced the alternating flood-evaporation regime, the low and high 
tension zones, developed very high surface salinities (> 100,000 ppm TDS) with relatively 
low spatial variability.  Intermediate surface salinities (around 64,000 ppm TDS) 
developed in the upland and shallow basin edge habitats, but these were more variable 
spatially (although less so by fall of 2015) and would result in patchy responses in the 
vegetation.  The subsurface soil salinities, however, remained below 50,000 ppm TDS in 
all habitats across the NSW, with a weak, net downward movement of salts in the profile 
had been detected between 4 and 6’ NAVD. This would mean that pannes would likely be 
vegetated by halophytic and brackish wetland plant species without additional salt 
storage, especially in the shallow basin edge and deep basin bottom habitats (below 5.0’ 
NAVD).  It is recommended, therefore, that salt storage be encouraged by an alternating 
inundation-evaporation regime over the summer and fall of 2016 by continuous 
adjustments to water control structures in the NSW.   
 
Comparing the SSW soil salinities with those in the NSW, it is clear that both surface and 
subsurface salinities in the SSW are lower, that the developing elevational (habitat) 
pattern is different, and that the processes of inundation, leaching by rainfall and 
evaporation were not operating in the same way at similar elevations when compared to 
the NSW.  The 2014 and 2015 patterns are identical, suggesting that without the 
capability of managing water levels, a stable gradient is developing that will allow 
invasion and dominance of brackish and salt marsh vegetation, rather than a seasonal 
wetland.  Additional monitoring is recommended to determine if such differences are 
maintained during years with varying tidal and precipitation regimes.  
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Measurements of vegetation cover using permanent line intercept transects now show 
an arrested development of Salicornia-dominated vegetation in the SSW (Chapter 3).  
Cover by Salicornia in the SSW has fluctuated between 4 and 5% between 2015 and 
2016, whereas it has progressively increased to 11% in the NSW (Chapter 3, Figure 7).  On 
the positive side, total cover by all non-native species was much lower in the SSW than in 
the NSW (Chapter 3, Figure 6), probably as the result of frequent tidal inundation at 
lower elevations. 
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Chapter 2 

Controlling Vegetation Succession in the North Seasonal 
Wetlands of the Hamilton Wetlands Restoration Project:   

Experimental Outplanting, Year Two 
 

2.0  Executive Summary 

In order to create the open water, barren pannes and salt-stressed Salicornia that 
dominate a functional seasonal wetland in Northern California, control over vegetation 
succession should be achieved by adjusting salt and water storage with the North 
Seasonal Wetlands (NSW).  That control will be demonstrated by the differential 
survivorship and growth of eight wetland plant species along an elevational (habitat) 
gradient. During November and December of 2014, therefore, we outplanted 10,560 test 
founders in 220 test polygons and collected soil salinity and inundation data (Pavlik and 
McWhorter 2015).  The successional trajectories forecast by survivorship and growth 
data over 1.5 years are in accordance with expectations based upon founder species 
tolerance limits and with the target (desired) vegetation/habitat conditions for the NSW.  
Overall, physical conditions within the NSW are not yet fully developed, with lower 
subsurface soil salinities than required and shorter periods of inundation due to drought 
(62% of normal precipitation for July 2015 to May 2016).  Consequently, ongoing 
management of the water control structures is required to increase the storage of salt 
and water during 2016 and 2017, especially for the deep basin bottom and shallow basin 
edge habitats. These data will be used to map optimal performance zones for each 
species that will guide establishment of the restoration polygons in November 2016.  The 
goal will be to position founders to maximize survivorship and growth in habitats that 
maintain the desired condition of the seasonal wetland vegetation forming under 
existing conditions.  Increased salinities and inundation periods will prevent colonization 
of deep basin bottoms (especially by Salicornia and Bolboschoenus), while wave action 
and high salinities will establish the sparse, stressed Salicornia vegetation.  Existing 
conditions appear to favor narrow corridors of Salicornia-Distichlis vegetation in the 
lower and upper tension zones, while a brackish mix is likely to become established in 
the upland edge of the NSW.  Consequently, the current trajectory of succession, 
encouraged by ongoing water management that increases subsurface soil salinities, is 
likely to maintain habitat conditions that favor open water, barren pannes and stressed 
Salicornia vegetation that have been targeted to support shorebirds.   

2.1  Introduction 

Although there is a wealth of scientific data and practical experience pertaining to 
natural and created wetlands in California (Josselyn 1982, Zedler et al. 1982, Josselyn and 
Buchholz 1984, Zedler and Langis 1990, Zedler and Calloway 2000, Perrow and Davy 
2002, Pavlik 2003, PWA, 2004; Breaux et al. 2005, Calloway et al. 2011), very little of it 
pertains to seasonal or ephemeral wetlands.   Yet, these wetlands were prominent, 
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natural features across 19th century marsh landscape (Atwater et al. 1979, Collins and 
Grossinger, 2004) and are now thought to provide productive habitat for a wide variety 
of associated plant and animal species. Seasonal wetlands whose hydrology is affected 
only by precipitation and evaporation are called vernal pools, while those also affected 
by tidal inundation are called marsh plain pools or seasonal wetlands.  After evaporation 
of the standing water (the pool), the dry, clay-dominated, unvegetated basin is referred 
to as a panne. Of existing natural systems, by far the best studied in the Bay Area are 
freshwater vernal pools.  Elsewhere, salt-influenced pannes have been mainly studied in 
continental desert regions and along non-Californian arid, semi-arid and tropical 
shoreline (see review in PWA and others 2005).   

Relevant to the creation of seasonal wetlands for the Hamilton Wetlands Restoration 
Project (HWRP) are natural, saline pannes and artificial muted tidal wetlands associated 
with San Francisco Bay.  Some natural pannes, such as the salt ponds of the remaining, 
undisturbed tidal marshes along the Petaluma River, might be quite old, as determined 
by maps dating back to the 1850’s that show pan features still recognizable within the 
landscape. They were historically referred to as salinas (Spanish and Portuguese for salt-
making), and commonly harvested for salt.  Coastal playa (Spanish for beach) habitats are 
similar to the salinas habitat, but occurring where soil salinities are low to moderate and 
vegetation development is largely controlled by wave and wind disturbance.   

The development of natural pannes is dependent upon local topography, soil drainage 
and the nature of any inflowing water (precipitation patterns and amounts, tidal inflows, 
salt content).  At high intertidal elevations, saline pannes that develop on the mature 
marsh plain are often flooded by spring tides and tend to hold ponds throughout much of 
the year.  Precipitation is second to tides in terms of water input.  At higher elevations or 
in areas where tidal exchange is restricted by topography, saline pannes may support 
more ephemeral ponds that are flooded only by rare tides and surges.  They are also 
influenced by precipitation amounts and patterns in a given weather year.  Such ponds 
flood less frequently (two or three times per year), develop extreme soil salinities by 
evaporation (> 50,000 ppm TDS) and are dry for a greater length of time (four to eight 
months depending on rainfall) (PWA and BMP Ecosciences 2008). Longer-lasting, less 
saline ponds may develop along the margins of upland areas with groundwater recharge 
or overland flow into localized pannes.   

Unlike the sedimentation processes that dominate formation and vegetation succession 
in tidal wetlands, the storage processes for water and salt dominate vegetation 
formation and succession in seasonal wetlands.  Plant species that colonize and persist 
along the margins of these pannes must not only tolerate prolonged inundation, but also 
high levels of soil salinity that accumulate with each flood and concentrate with 
evaporation.  Much about the plant species composition and community structure of the 
transition between dense tidal marsh and open seasonal panne is thus determined by 
the interaction of inundation and salinity in an ecological “tension zone” (PWA 2005).  
Germination and growth of annual plants, such as brass buttons (Cotula coronopifolia), 
occurs in response to saturating winter rains on shallow panne surfaces, (“high tension 
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zone) but such plants are often excluded from lower, more frequently flooded surfaces 
(“low tension zone”) and basin bottoms.  Perennial plants that dominate salt and 
brackish marshes (e.g. Salicornia, Bolboschoenus) will produce a dense canopy (absolute 
cover exceeding 100%) within the high tension zone but will become stressed and sparse 
within the low tension zone and pool bottoms where inundation lasts for 6 to 8 months 
and subsurface soil salinity exceeds 50,000 ppm TDS (Mall 1969). Such conditions lead to 
sparse, stressed plant growth around open pannes that appear as gaps in the marsh 
vegetation.  Thus, natural succession and the development or inhibition of vegetation in 
seasonal wetlands is a process controlled by inundation and salinity in the habitat. 

To a great extent we expect the vegetation and other habitat elements of the created 
seasonal wetlands at the HWRP will then reflect biological responses to water and salt 
storage in and around constructed pannes.  Operation of water control structures built 
into the North Seasonal Wetlands (NSW) will test whether the composition and structure 
of the developing vegetation (the succession) can be actively controlled by manipulating 
these two factors in the context of an adaptive management program.  Open, 
unvegetated waters surrounded by exposed, barren pannes and an open tension zone of 
stressed Salicornia are the desired future habitat elements that should form over a 
majority of the area of created seasonal wetlands (ESA-PWA and BMP Ecosciences 2013).  
Such habitat elements will promote colonization by invertebrates and provide protected 
areas for shorebird feeding and resting, thus achieving a primary project goal.  
Furthermore, we predict that the upper tension zone will eventually be vegetated with a 
mix of salt and brackish marsh species (e.g. Distchlis, Bolboschoenus) and that cattail 
(Typha) will be inhibited across much of the NSW.  But given the uncertainties of 
achieving the target physical conditions and of controlling vegetation succession, an 
experimental framework was adopted in combination with a validation monitoring 
program. 
 
The validation monitoring of created seasonal wetlands used 220 “test polygons” that 
were outplanted In November 2014 to 9 January 2015 with 10,560 container-grown 
individuals of eight target plant species (Pavlik and McWhorter 2015). These “test 
founders” were used as management indicators for controlling succession in the 
developing seasonal wetlands of the NSW. This experimental approach tests the 
hypothesis that species survivorship and growth can be controlled by adjustments to 
water and salt storage in the wetland (e.g. weir board heights and gate openings). If 
reasonable control over succession in test polygons is established, hydrologic 
management will be subsequently applied. During the subsequent second phase in 
November 2016, “restoration polygons” will bring container-grown founders of 
acceptable plant species (“restoration founders”) into the wetlands in appropriate 
microhabitat zones to facilitate vegetation development. Details of this validation 
monitoring program are presented in Appendix D of ESA-PWA and BMP Ecosciences 
(2013).   
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Figure 1.  Salt-hardened founders ready for outplanting at the Hamilton Wetlands 
Restoration Nursery, November 2014.   

 

2.2  Methods and Materials 

2.2.1  Test Founder Species 

Eight species were chosen to indicate physical conditions (soil salinity and inundation) in 
the North Seasonal Wetland of the HRWP.  By their demographic performance 
(survivorship and vegetative growth) among elevation zones (= habitats) in the 
constructed wetland, control of water and salt storage using adjustments to water 
control structures will be exerted in the context of an adaptive management program 
(see  section 6.1.3 and Appendix D of ESA-PWA and BMP Ecosciences 2013).  Salt marsh 
species included Salicornia pacifica, Distichlis spicata and Frankenia salina, brackish 
marsh species included Bolboschoenus robustus and Grindelia stricta, freshwater marsh 
species included Typha latifolia and Juncus patens, and the upland species was Baccharis 
pilularis.  Each of these has physiological tolerance limits that have been previously 
characterized with respect to salinity and inundation by work conducted in the Suisun 
Marsh (Mall 1969, ESA-PWA and BMP Ecosciences 2013).   

Beginning in 2012 the seeds and vegetative material of test founders were collected 
locally (along the NW edge of San Pablo Bay, especially from populations at Rush Creek, 
China Camp State Park and in the vicinity of the former Hamilton Army Air Force Base.  
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These were brought back to the Hamilton Wetlands Restoration Nursery and propagated.  
The plants were eventually transplanted into “Stuewe tubes” and allowed to develop a 
robust underground root system for two years (Figure 1).  Several weeks prior to 
outplanting, The plants were hardened by watering with increasing concentrations of salt 
water (up to 25 ppt TDS).  All founders were considered vigorous at the time of 
outplanting, with abundant green shoot tissue from the previous growing season.   

 

Figure 2.  Securing tarp template for installing a polygon in the NSW, November 2014. 
 

2.2.2  Polygon Designs 

The uniform outplanting of test founders was achieved using heavy tarp templates 
(approximately 3 X 3 m with additional border) oriented north to south using a PVC pipe 
frame (see Appendix for complete detail).  The template was anchored to the soil with 4 
corner stakes and had a centerpost hole that allowed insertion of a 3’ permanent 
centerpost (Figure 2).  It had a 6 X 8 grid of small locator holes on 40 cm centers that 
allowed insertion of colored flags (each color corresponding to a different species) into 
the soil so that when the template was removed, the test founder planting positions 
were marked and regular.   
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Figure 3.  Planting patterns for a two species polygon (left) or a four species polygon 
(right). 

 

Polygons were comprised of either 2 or 4 test founder species.  The planting patterns for 
these are shown in a single diagram (Figure 3).  Note the alteration of species order 
between columns to minimize intraspecific competition.  Founders in pots were planted 
out in the correct pattern and checked before planting.  Each team (supplied by 
AmeriCorps National Civilian Community Corps (AmeriCorps NCCC) Pacific Region) had an 
outplanting diagram of polygons to use as a guide and as a quality check document.   

The number and species composition of the polygons were determined by the 1) number 
of elevational zones (= habitats) within the NSW (deep basin bottom ( < 4.0’ NAVD), 
shallow basin edges (4.1’ to 5.0’ NAVD), lower tension zone (5.1’ to 6.0’ NAVD), high 
tension zone (6.1’ to 7.0’ NAVD) and upland (>7.0’ NAVD), 2) the surface area of each 
habitat in the NSW, with larger areas receiving more polygons, and 3) the desired final 
composition of the vegetation as specified in Appendix D of ESA-PWA and BMP 
Ecosciences 2013 ).   
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Figure 4.   Placement of 2 (left) or 3 (right) polygon clusters in salinity quadrats around 
the salinity sampling station stake.  Polygon types (A,B,C,D,E) vary in species composition                   
according to ESA-PWA and BMP Ecosciences 2013, Appendix D Tables D1 and D2). 

 

2.2.3  Polygon Cluster Design and Distribution 

To better link habitat conditions to performance of founder species, test polygons were 
arranged in “clusters”, each cluster associated with a permanent soil salinity/water depth 
sampling station located on the Noble reference grid (Figure 4).  The clusters were 
composed with different polygons depending on whether the salinity and inundation 
conditions of a particular location would be expected to: 

1)  promote high survivorship and rapid growth of species in the polygon, leading to 
dominance in a given habitat (elevational zone).   

2)  inhibit survivorship and growth of species in the polygon, leading to control or 
extirpation in a given habitat (elevational zone).   

3)  lead to “contamination” of a particular habitat by a species with wide tolerance limits. 
In these locations clusters were composed of polygons with fewer of these species to 
minimize future weeding efforts if control failed.   

4) obviously exceed the tolerance limits of founder species with no yield of meaningful 
information.  For example, no deep basin cluster would have polygons that included the 
upland species Baccharis. 

5) exhibit high variance due to uncertainties imposed by rainfall, tide heights, 
evaporation, and water control adjustments (e.g. basin edges, low tension zone). In these 
locations a larger number of clusters (= replicates) and founders would be installed. 
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In general, expectations about founder survivorship and growth should be governed by 
soil salinity to the higher, more frequently exposed NW end of the NSW and inundation 
towards the lower, more frequently flooded SE end.  The expectations are based upon 
the known physiological tolerance limits of the founder species based upon Mall (1969) 
and detailed in Appendix D of ESA-PWA and BMP Ecosciences (2013).   

2.2.4  Outplanting of Test Founders 

Outplanting of 10,560 test founders in 220 test polygons took place between 10 
November 2014 and 9 January 2015.  A supervisory crew of three provided training, 
logistical support and oversight for an AmeriCorps crew of 12.  A strong storm with 
severe winds in early December, which led to a breach of the berm separating the NSW 
from the tidal wetland, damaged some of the already planted polygons, so a crew of 
three repaired these in early January 2015.  A total of 2344 person-hours of effort were 
required for this entire effort (see Appendix for additional details).   

The saltwater-hardened founders were placed next to colored flags that specified which 
species would be in what position in the polygons (Figure 5).  Training and constant 
oversight ensured a high quality and uniform planting of each founder, with multiple 
quality control quality assurance (QAQC) points during the process.  Care was taken to 
correctly orient and position the root system in the excavated hole and that the crown 
was not buried once filling and soil compression were complete.  For details see 
Appendix. 

2.2.5  Monitoring and QAQC 

A final QAQC inspection after the last week of outplanting in January provided assurance 
that all founders were alive at this time (t = 0 days).  Subsequent monitoring of all 
polygons took place on several days beginning around 30 March and 15 May, 2015.  Each 
founder was inspected and assigned one of six status categories, adjusted slightly to 
accommodate the characteristics of each species: 

Active = shoot growth (green or reddish tissue, turgid) is observable above ground 
Present = shoot is present above ground but is inactive (brown and/or dried) 
Dormant = shoot tissue is not observable above ground but rootball probably intact 
Dead = shoot and/or root ball obviously dead but present, no signs of live tissue 
Not Present = shoot not present at all 
Not Present, root ball missing – shoot not present at all, empty hole without root ball  
 
For the purposes of data summary, Active + Present + Dormant = presumed alive and 
Dead + Not Present + Not Present, root ball missing = presumed dead.   

Additional survivorship monitoring takes place at roughly 1.5 month intervals though 
2016.  Measurements of aboveground canopy growth (volume or height) were added in 
October 2015 and May 2016 as another measure of founder performance.  
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Figure 5.  Flagging a four species polygon with QAQC observers to ensure proper 
outplanting.   
                                                                                                     

 

 

 

 

 

 

 

 
Figure 6.  Outplanted Distichlis spicata, with green tissue indicating “active”.              
 

2.2.6  Analysis 

On any monitoring date a founder was considered “alive” if it was present or active or 
dormant.  It was considered “dead” if it had been assigned a status of dead, missing or 
missing with root cavity.  Survivorship of a founder species was calculated on each 
monitoring date, in each polygon, as the ratio of alive to total installed on day 0.  If 
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subsequent observations indicated that a plant thought to be dead was in fact alive, the 
calculated survivorship value was re-calculated.   

Founder survivorship was pooled for each species in polygons that occurred in the same 
habitat.  This allowed calculation of mean survivorship and variance statistics for 
performance under a set of conditions defined by elevations of the sampling stations.  
These were compared to expected trends (and desired final vegetation) for each species 
in a given habitat and graphically represented as first year survivorship curves (December 
2014 to November 2015) that illustrate the initial rates of mortality (slope of the line) 
and the probabilities of persistence.  

After the May 2016 monitoring it was possible to summarize survivorship and growth 
data to determine 1) species survivorship across the North Seasonal Wetland by 
combining data from all habitats tested, and 2) species survivorship and growth across 
the North Seasonal Wetland within each habitat tested. 

To express survivorship within multiple time intervals, a “survivorship index” was 
calculated for each species.  This index was the sum of 1) year one survivorship 
(December 2014 to November 2015, 2) year 1.5 survivorship (December 2014 to May 
2016), 3) winter one survivorship (December 2014 to May 2015) and 4) winter two 
survivorship (November 2015 to May 2016) in each habitat tested for each species 
(Appendix Table 1).  The maximum value for a species in any one habitat would thus be 
4.0.  A mean index could then be calculated for each species by summing the individual 
indices for all habitats tested and dividing by the number of habitats tested, thus 
expressing species survivorship across the North Seasonal Wetland by combining data 
from all habitats tested (Figure 12).  Keeping indices separate for each species in each 
habitat tested allowed evaluation by habitat (Figures 13-20).   

Interpretation of the index is as follows:  Year one survivorship incorporates maximum 
mortality of young founders under novel habitat conditions. Year 1.5 incorporates overall 
founder response to-date.  Winter one survivorship isolates the effects of transplant 
shock immediately after outplanting.  Winter two survivorship expresses responses of 
established founders for comparison with winter one (to factor out transplant shock).  
These values are presented in the appendix to this chapter 

To express growth, measurements of canopy volume (height X mean width, calculated as 
a cylinder) were made for Salicornia and Baccharis and canopy height for all other 
species in October 2015 and May 2016.  

2.3  Results                    
2.3.1  First Year Survivorship Curves 

Mean first year (Dec 2014 to Nov 2015) survivorship of founders in each of the five 
habitats within the NSW are illustrated in Figures 7 to 11.  The desired trajectories (to 
achieve target vegetation/habitat conditions), based upon expected responses if salinity 
and inundation conditions have been realized, are shown hypothetically as dashed lines.   
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2.3.1.1  Deep Basin Bottom (Fd) 

Deep basin bottom habitat is found only in Pond 6 on the southeastern end of the NSW.  
Water depth ranged between 0 and 50 cm for portions of the December to November 
23, 2015 interval, with surface and -20 cm soil salinities averaging 76,481 + 2,646 and 
29,317 + 549 ppm TDS, respectively (mean + SE) in October 2015.  The desired future 
condition is open, unvegetated panne. 

Two of the salt marsh founder species, Salicornia and Distichlis, had high survivorship 
until late summer and fall of 2015, declining to only 5% and 1% by late November (Figure 
7).  At that time 25% of Salicornia founders were still physiologically active (i.e. with 
green, presumably photosynthesizing shoot tissues), but only 1% of Distichlis founders 
had green tissue.  All other taxa showed steady declines throughout the year. The 
brackish and freshwater founder species, Bolboschoenus and Typha, had 17% and 8% 
survivorship, respectively, but no individuals appeared to be physiogically active (they 
appeared dormant).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.  Survivorship (year 1) of founders in test polygons within the deep basin bottom 
habitat of the North Seasonal Wetlands, HWRP.  Day 0 = December 12, 2014. Dashed 
lines illustrate desired trajectories for achieving target vegetation/habitat conditions. 
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2.3.1.2  Shallow Basin Edges (Fs) 

Shallow basin edge habitat is found in Ponds 2, 3, 4, 5 and 6 of the NSW.  Water depth 
ranged between 0 and 20 cm for the December 2015 to November 2015 interval.  Wave 
action during high winds was common in ponds 5 and 6, especially during winter months.  
Surface and -20 cm soil salinities averaged 97,626 + 3,572 and 44,491 + 6,592 ppm TDS, 
respectively (mean + SE) in October 2015.  The desired condition is stressed Salicornia 
vegetation, with extensive patches of open, unvegetated panne. 

Salicornia and Distichlis, had moderate survivorship, 34% and 57% respectively, through 
most of the year, declining abruptly in the late summer and fall of 2015 (Figure 8). Only 
3% of Salicornia founders and 1% of Distichlis founders were active in late November.  All 
other species were declining rapidly, down to only 1 to 6% survivorship.  

 
Figure 8.  Survivorship (year 1) of founders in test polygons within the shallow basin edge 
habitat of the North Seasonal Wetlands, HWRP.  Day 0 = December 12, 2014. Dashed 
lines illustrate desired trajectories for achieving target vegetation/habitat conditions. 
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2.3.1.3  Low Tension Zone (Tz) 

Low tension zone habitat surrounds Ponds 2, 3, 4, 5 and 6 and forms the basin bottoms 
of ponds 1A and 1B.  This extensive area, about 60% of the NSW, was rarely inundated 
during the December 2014 to November 2015 interval. Surface and -20 cm soil salinities 
averaged 101,868 + 6,933 and 48,290 + 5,606 ppm TDS, respectively (mean + SE) in 
October 2015.  The desired condition is Salicornia marsh and stressed Salicornia, with 
patches of open panne. 

The salt marsh species Salicornia and Distichlis, had moderate to very high survivorship 
until the late summer and fall of 2015, declining to 17 and 2%, respectively (Figure 9). 
However, 17% of Salicornia founders and 12% of Distichlis founders were still active at 
this time.  The brackish and freshwater founder species, Bolboschoenus and Typha, 
steadily declined to 48% and 40% survivorship, but with less than 1% of all individuals 
appearing active (these could either be dead or dormant).  

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 9.  Survivorship (year 1) of founders in test polygons within the lower tension 
zone. 
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2.3.1.4  High Tension Zone (Rs) 

High tension zone habitat surrounds ponds 1A, 1B and 2.  It was rarely inundated during 
the December to May 2015 interval and tended to be very dry. Surface and -20 cm soil 
salinities averaged 110,247 + 9,783 and 38,788 + 4,898 ppm TDS, respectively (mean + 
SE) in October 2015.  The desired condition is a mix of Salicornia and brackish marsh. 

The salt marsh species Salicornia and Distichlis, had relatively high survivorship, 52% and 
14% respectively, by November 2015, and may be on a trajectory towards habitat 
dominance (Figure 10). A robust 92% of Salicornia founders and 39% of Distichlis 
founders were active at this time.  The brackish and freshwater founder species, 
Bolboschoenus and Typha, were gradually declining, but still had 34% and 24% 
survivorship in November. These species did not appear to be physiologically active at 
this time. 

 

 
Figure 10.  Survivorship (year 1) of founders in test polygons within the upper tension 
zonehabitat of the North Seasonal Wetlands, HWRP.  Day 0 = December 12, 2014. 
Dashed lines illustrate desired trajectories for achieving target vegetation/habitat 
conditions. 
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2.3.1.5  Upland (Up) 

Upland habitat surrounds the NSW, rising from the marsh plain surface onto the 
surrounding levees.  Its lower edges were occasionally inundated during the December 
2014 to November 2015 interval, but tended to be very dry. Surface and -20 cm soil 
salinities averaged 96,377 + 12,197 and 21,045 + 2,331 ppm TDS, respectively (mean + 
SE) in October 2015.  The desired condition is Baccharis scrub with a grassy or 
herbaceous understory. 

The brackish and freshwater founder species, Bolboschoenus, Grindelia, and Juncus 
gradually declined or stabilized (Figure 11).   Typha had high survivorship of 60% by 
November while Baccharis declined to 4%.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11.  Survivorship (year 1) of founders in test polygons within the upland habitat of 
the North Seasonal Wetlands, HWRP.  Day 0 = December 12, 2014. Dashed lines illustrate 
desired trajectories for achieving target vegetation/habitat conditions. 
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2.3.2  Overall Survivorship, Growth and Performance by Species 

2.3.2.1.  Survivorship across the North Seasonal Wetland (habitats combined) 

Of the eight species tested across the North Seasonal Wetland, Salicornia had the highest 
mean survivorship index in the four habitats tested (Figure 12), with 137 actively growing 
founders present in May 2016.  Juncus had the lowest mean index in the three habitats 
tested, with all other species in-between.  

Figure 12.  Mean survivorship indices for the eight species outplanted into test polygons 
within the North Seasonal Wetland, November 2014 to May 2016.  Shown mean + 1 SE 
(habitats combined for each species).   

 

2.3.2.2 Survivorship and Growth across the North Seasonal Wetland by Habitat 

2.3.2.2.1  Salicornia pacifica 

Survivorship and growth (increase in canopy volume) of Salicornia were lowest in the 
deep basin bottom (frequently inundated, deep water = Fd) habitat, progressively 
increasing into the high tension zone (rarely inundated, shallow water = Rs) habitat 
(Figure 13a and b). There was a 60-fold difference in mean canopy volume between 
these two habitats in May 2016.   
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2.3.2.2.2  Distichis spicata 

Survivorship and growth (increase in canopy height) of Distichis were lowest in the 
shallow basin edge (frequently inundated, shallow water = Fs) habitat and highest in the 
high tension zone (rarely inundated, shallow water = Rs) habitat (Figure 14a and b).   

2.3.2.2.3  Bolboschoenus robustus 

Survivorship of Bolboschoenus was lowest in the shallow basin edge (frequently 
inundated, shallow water = Fs) habitat and highest in the upland zone (Up) habitat 
(Figure 15a and b).  No growth was apparent in October 2015 as the one-year-old 
founders were apparently dormant until the spring of 2016.  At that time, however, 
growth (increase in canopy height) was highest in the deep basin bottom (frequently 
inundated, deep water = Fd) habitat and lowest at the shallow basin edge (Fs).  The 
tallest individuals at that time were between 40 and 60 cm, indicating that they had 
become established in the ponds under existing conditions of moderate salinity and 
intermittent inundation.   

2.3.2.2.4  Typha latifolia 

Survivorship of Typha was lowest in the shallow basin edge (frequently inundated, 
shallow water = Fs) habitat and highest in the high tension zone (rarely inundated, 
shallow water = Rs) habitat (Figure 16a and b). No growth (increase in canopy height) of 
these surviving founders was apparent in either October 2015 or May 2016, probably 
indicating that most survivors that were marked as “dormant” were probably dead.  

2.3.2.2.5  Juncus patens 

Survivorship of Juncus was lowest in the low tension zone (Tz) and highest in the upland 
zone (Up) habitat (Figure 17a and b). No growth (increase in canopy height) of these 
surviving founders was apparent in either October 2015 or May 2016.  

2.3.2.2.6  Frankenia salina 

Survivorship and growth (increase in canopy height) of Frankenia were lowest in the 
shallow basin edge (frequently inundated, shallow water = Fs) habitat and highest in the 
low tension zone (Tz) habitat (Figure 18a and b).  

2.3.2.2.7  Grindelia stricta 

Survivorship and growth (increase in canopy height) of Grindelia were lowest in the in 
the low tension zone (Tz)  and highest in the upland (Up) habitats (Figure 19a and b).  

2.3.2.2.8  Baccharis pilularis 

Survivorship of Baccharis was low in the upland (Up) habitat and growth (increase in 
canopy volume) was modest (Figure 20a and b). 
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Figure 13.  Survivorship (a, left) and growth (b, right, canopy volume mean + SE) of 
Salicornia pacifica along an elevational habitat gradient in the North Seasonal Wetland, 
Hamilton Wetland Restoration Project, November 2014 to May 2016 (opaque). Fd = Deep 
basin bottom, Fs = shallow basin edges, Tz = lower tension zone, Rs = upper tension zone 
habitats. 

 

  
Figure 14.  Survivorship (a, left) and growth (b, right, canopy height mean + SE) of 
Distichlis spicata along an elevational habitat gradient in the North Seasonal Wetland, 
Hamilton Wetland Restoration Project, November 2014 to May 2016 (opaque).  Fd = 
Deep basin bottom, Fs = shallow basin edges, Tz = lower tension zone, Rs = upper tension 
zone habitats. 

 
Figure 15.  Survivorship (a, left) and growth (b, right, canopy height mean + SE) of 
Bolboschoenus robustus along an elevational habitat gradient in the North Seasonal 
Wetland, Hamilton Wetland Restoration Project, November 2014 to May 2016 (no 
growth apparent in 2015).  Fd = Deep basin bottom, Fs = shallow basin edges, Tz = lower 
tension zone, Rs = upper tension zone, Up = upland habitats. 
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Figure 16.  Survivorship (a, left) and growth (b, right) of Typha latifolia along an 
elevational habitat gradient in the North Seasonal Wetland, Hamilton Wetland 
Restoration Project, November 2014 to May 2016 (no growth apparent in either 2015 or 
2016).  Fd = Deep basin bottom, Fs = shallow basin edges, Tz = lower tension zone, Rs = 
upper tension zone, Up = upland habitats. 

 
Figure 17.  Survivorship (a, left) and growth (b, right) of Juncus patens along an 
elevational habitat gradient in the North Seasonal Wetland, Hamilton Wetland 
Restoration Project, November 2014 to May 2016 (no growth apparent in either 2015 or 
2016).  Fd = Deep basin bottom, Fs = shallow basin edges, Tz = lower tension zone, Rs = 
upper tension zone, Up = upland habitats. 
 

 
Figure 18.  Survivorship (a, left) and growth (b, right, canopy height mean + SE) of 
Frankenia salina along an elevational habitat gradient in the North Seasonal Wetland, 
Hamilton Wetland Restoration Project, November 2014 to May 2016 (opaque).  Fd = 
Deep basin bottom, Fs = shallow basin edges, Tz = lower tension zone, Rs = upper tension 
zone habitats. 
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Figure 19.  Survivorship (a, left) and growth (b, right, canopy height mean + SE) of 
Grindelia stricta along an elevational habitat gradient in the North Seasonal Wetland, 
Hamilton Wetland Restoration Project, November 2014 to May 2016 (opaque).  Tz = 
lower tension zone, Rs = upper tension zone, Up = upland habitats. 
 

 
Figure 20.  Survivorship (a, left) and growth (b, right, canopy volume mean + SE) of 
Baccharis pilularis along an elevational habitat gradient in the North Seasonal Wetland, 
Hamilton Wetland Restoration Project, November 2014 to May 2016. Up = upland 
habitat. 
 
 

2.4  Discussion and Management Implications 

In general, the trajectories forecast by survivorship and growth data are in accordance 
with expectations based upon founder species tolerance limits and with the target 
(desired) vegetation/habitat conditions for the North Seasonal Wetlands (Table 1).  
Overall, physical conditions within the NSW are not yet fully developed, with lower 
subsurface soil salinities than required and shorter periods of inundation due to multi-
year drought.  Consequently, ongoing management of the water control structures of the 
NSW is required to increase the storage of salt and water during 2016 and 2017.   
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With respect to habitats within the NSW: 

Deep, long-inundated ponds, basin bottoms (Fs, <4.0' NAVD zone) – The amount of water 
held in pond 6 during the winter and spring of 2014-2015 did not deeply or continuously 
inundate the basin bottom.  Low rainfall (the fourth year of drought) did not add to tidal 
flooding despite the fierce storm that began the season in early December 2014. Soil 
salinities remain below 50,000 ppm TDS as well.  Consequently, these physical conditions 
have not, as of May 2016, been completely effective at reducing halophyte (Salicornia 
and Distichlis) and brackish (Bolboschoenus) species survivorship and growth as desired. 
In some locations (e.g. the bottom of pond 4B), however, inhibition of Salicornia 
establishment has been complete (Figure 21). The freshwater (Typha) species was 
completely eliminated from this and other parts of the wetland.   The recommended 
management action is to increase inundation/water depth in pond 6 by allowing flooding 
during multiple high tides during the fall and winter of 2016-2017.  During summer the 
lower water control structure (gates) could be operated to alternately flood and dry out 
pond 6, thus storing more salt and increase soil salinity. 

Shallow basin edges (Fs, 4.1 to 5.0' NAVD zone) – Shallow ponds and basin edges were 
intermittently flooded during 2014 to May 2016.  Wave action during the winters of 2014 
and 2015 caused intense physical disturbance to founders that had been covered only by 
a few centimeters of water.   Soil salinities have been gradually increasing since 2012. 
Nearly all species have been eliminated from this habitat, with low levels of Salicornia 
and Frankenia survivorship (but poor growth). The habitat seems to be operating as 
desired, albeit more like a tension zone due to low water levels over the winter and 
spring.   

Low tension zone (Tz, 5.1 to 6.0' NAVD zone) – The low tension zone was rarely flooded 
during the two years since breach.  Surface salinities reached very high levels, with 
subsurface concentrations approaching 50,000 ppm TDS on average.  Under these 
conditions the halophytes Salicornia and Distichlis have become established and growth 
has been moderate (Figure 21). Brackish and freshwater founders have been reduced as 
subsurface salinities have increased, with a few exceptions (Figure 22).    

High tension zone (Rs, 6.1 to 7.0' NAVD zone) - The high tension zone was hardly 
distinguished from the low tension zone, with rare flooding and similar soil salinities.  
Halophytes have become established and Salicornia performance is peaking, as 
desired.  Summer drought has negatively affected brackish and freshwater species. 

Upland (Up, >7.0' NAVD zone) – Although rarely inundated, it does appear that soils in 
this habitat do have high surface salinities (>90,000 ppm TDS) that must have come from 
flooding by tidal waters.   Subsurface salinities remained low (25,000 ppm TDS), however, 
apparently allowing brackish and freshwater species to establish at high levels (except 
Juncus).  Baccharis, however, appears to be essentially inhibited by existing conditions 
(perhaps due to drought), so that this zone is developing into a brackish mix with 
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Bolboschoenus and Grindelia), rather than an upland.  Summer drought may have an 
additional negative effect on these species. 

These data will be used to map optimal performance zones for each species that will 
guide establishment of the restoration polygons in November 2016.  The goal will be to 
position founders to maximize survivorship and growth in habitats that maintain the 
desired condition of the seasonal wetland vegetation forming under existing conditions.  
Increased salinities and inundation periods will prevent colonization of deep basin 
bottoms  (especially by Salicornia and Bolboschoenus), while wave action and high 
salinities will establish the sparse, stressed Salicornia vegetation.  Existing conditions 
appear to favor narrow corridors of Salicornia-Distichlis vegetation in the lower and 
upper tension zones, while a brackish mix is likely to become established in the upland 
edge of the North Seasonal Wetland.  Consequently, the current trajectory of succession, 
encouraged by ongoing water management that increases subsurface soil salinities, is 
likely to maintain habitat conditions that favor open water, barren pannes and stressed 
Salicornia vegetation that have been targeted to support shorebirds.   

 

Table 1.  Comparison of desired vs. existing state of performance of eight founder species 
outplanted into the North Seasonal Wetland, November 2014 to May 2016.  + = high, 0= 
moderate, - = low performance of survivorship (S) and growth (G).  nt = habitat not 
tested. 
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Appendix Table 1.  Survivorship values for founder species by habitat and calculation of mean 
survivorship indices (SI). S (yr1)= year one survivorship (December 2014 to November 2015, S 
(yr2) = year 1.5 survivorship (December 2014 to May 2016), S (F0 to Sp1)= winter one 
survivorship (December 2014 to May 2015) and S (F1 to Sp2) = winter two survivorship 
(November 2015 to May 2016) in each habitat tested for each species. See text for 
interpretation. 

   survivorship 
values 

   habitat 

species habitat S (1 yr) S (1.5 yr) S (F0 to Sp 1) S (F1 to Sp 2) sum S rank 

Salicornia        

 Fd 0.05 0.01 0.89 0.15 1.10 3 

 Fs 0.00 0.00 0.36 1.00 1.36 4 

 Tz 0.17 0.11 0.78 0.66 1.71 2 

 Rs 0.36 0.32 0.84 0.89 2.42 1 

      6.59 sum 

      1.65 mean SI 

        Distichlis Fd 0.00 0.00 0.93 0.00 0.93 3 

 Fs 0.00 0.00 0.58 0.00 0.58 4 

 Tz 0.02 0.01 0.95 0.57 1.55 2 

 Rs 0.05 0.05 0.98 1.08 2.16 1 

      5.23 sum 

      1.31 mean SI 

        Bolboschoenus Fd 0.17 0.06 0.58 0.39 1.20 2 

 Fs 0.06 0.00 0.07 0.00 0.13 5 

 Tz 0.48 0.01 0.64 0.01 1.14 3 

 Rs 0.34 0.07 0.55 0.10 1.06 4 
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 Up 0.58 0.14 0.86 0.24 1.81 1 

      5.34 sum 

      1.07 mean SI 

        Typha Fd 0.08 0.00 0.48 0.00 0.56 4 

 Fs 0.03 0.00 0.08 0.00 0.11 5 

 Tz 0.40 0.00 0.67 0.00 1.07 3 

 Rs 0.24 0.00 0.52 1.00 1.76 1 

 Up 0.60 0.00 0.86 0.00 1.46 2 

      4.96 sum 

      0.99 mean SI 

        Frankenia Fd 0.18 0.00 0.61 0.00 0.79 2 

 Fs 0.01 0.00 0.08 0.00 0.10 4 

 Tz 0.31 0.17 0.52 0.80 1.79 1 

 Rs 0.04 0.00 0.13 0.00 0.17 3 

      2.85 sum 

      0.71 mean SI 

        Grindelia Tz 0.00 0.00 0.00 0.00 0.00 3 

 Rs 0.00 0.01 0.05 0.67 0.73 2 

 Up 0.20 0.15 0.79 0.95 2.08 1 

      2.81 sum 

      0.94 mean SI 

        Juncus Tz 0.00 0.00 0.00 0.00 0.00 3 

 Rs 0.00 0.00 0.03 0.00 0.03 2 
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 Up 0.00 0.00 0.13 0.00 0.13 1 

      0.16 sum 

      0.05 mean SI 

        Baccharis Up 0.09 0.02 0.21 0.63 0.94 SI 

 

 
Figure 21.  Total inhibition of Salicornia establishment in polygons 21da and 21db in the 
bottom of pond 4B (l) by high soil salinity, compared to establishment of Salicornia in 
polygon 17cc on the edge of pond 1B (r), September 2016.   
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Figure 22.   Lack of control over establishment of Bolboschoenus in polygon 13cd on the 
bottom of pond 1B, September 2016.   

 
 
 
 
 
 
 



51 
 

Chapter 3 
 

Control of Invasive Plants at the  
Hamilton Wetlands Restoration Project 

 
3.0  Executive Summary 
 
Weed control and monitoring efforts in the tidal wetlands, seasonal wetlands and wildlife 
corridor of the HWRP are ongoing.  In general, there has been no “explosive” invasion of 
these developing habitats by species that have high ecological impact, with the exception 
of Lolium multiflorum in the wildlife corridor.  Portions of the North Seasonal Wetland, 
mostly to the west and south of ponds 1B and 4B, have developed high weed cover due 
to a lack of flooding by saltwater.  Construction of a drainage channel from pond 1A to 
pond 1B, as well as a lowering of the pond bottom, could partially remedy this problem.  
We suspect, however, that Spartina densiflora, Lepidium latifolium, Centaurea solstitalis 
and Salsola soda will require constant vigilance and focused eradication as the physical 
conditions of these habitats continue to change in response to natural processes (e.g. 
rainfall, tidal inundation, seed dispersal) and human intervention (e.g. water and salt 
management).   
 
3.1  Introduction 
 
Aggressive control measures for invasive plants (“weeds”, “non-natives”) are prescribed 
in the Monitoring and Adaptive Management Plan (ESA-PWA and BMP Ecosciences 2013, 
Appendices C and D) to limit spread and cover within the HWRP site.  Some weed species 
are largely threats to tidal wetlands (e.g. Spartina densiflora and hybrids with the native 
S. pacifica, Lepidium latifolium), some to seasonal wetlands (e.g. Salsola soda, Picris 
echinoides, Lolium multiflorum) and some to uplands (e.g. Centaurea solstitalis, Dittrichia 
graveolens), such as those of the wildlife corridor.  The control plan allows for the use of 
all reasonable tools (including hand pulling, weed whacking, blanketing, mowing and 
approved herbicides) to completely eradicate the most invasive and ecologically 
damaging (e.g. Spartina densiflora and hybrids with the native S. pacifica, Lepidium 
latifolium) and to reduce all others to 5% cover or less.  Therefore, the Site Manager 
treats major infestations (those covering >100 m2) immediately and then works on 
smaller, more diffuse pockets of weed populations without substantially hindering or 
harming the establishment of native vegetation.   
 
Weed control is part of the HWRP Common Practices Management program (Sections 
6.2.1 and 6.3.1 of ESA-PWA and BMP Ecosciences 2013), which only requires a simple 
monitoring effort that documents where work has been done or should be done and 
provides information to determine whether habitat quality objectives are being met.   
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Herein we describe and document the weed control measures and monitoring 
techniques used at the HWRP between August 2012 and August 2016 within three 
created habitats – tidal wetlands (TW), north and south seasonal wetlands (NSW and 
SSW) and the uplands of the wildlife corridor (WC). 
 
3.2  Methods and Materials 

3.2.1  Tidal Wetlands 
 
Surveys of the tidal wetlands occur continuously, searching for new infestations of the 
most highly invasive, ecologically damaging weeds (California Invasive Plants Council 
2016, www.cal-ipc.org/paf/).  All nomenclature follows Calflora (www.calflora.org). As 
prescribed in ESA-PWA and BMP Ecosciences 2013, Appendices C, the targets for 
immediate eradication are; 
 
Carpobrotus edulis (= CAED, ice plant) 
Lepidium latifolium (= LELA, perennial pepperweed) 
Spartina densiflora and hybrids with native S. pacifica (= SPDE, Chilean cordgrass) 
 
Locations of infestations and subsequent eradication efforts are documented with GPS 
location and mapping. 
 

3.2.2  Seasonal Wetlands 
 

The primary method of weed control within the seasonal wetlands should be through the 
storage of water and salt (Appendix D of ESA-PWA and BMP Ecosciences 2013).  
Adjustments of weir boards that allow the intrusion of salt from tidal waters and that 
affect inundation period, frequency and depth are part of the “dial-up” model of 
adaptive management (Figure D1, Ibid) used to influence the development of seasonal 
wetlands.  There are no comprehensive studies, however, on the responses of wetland 
weeds to salt and inundation, so the question of whether achieving target conditions for 
the seasonal wetland will also be affective for retarding weed invasion remains to be 
seen.  The weed species of primary concern in this habitat are; 
 
Carpobrotus edulis (= CAED, ice plant) 
Centaurea solstitalis (= CESO, yellow star thistle) 
Lepidium latifolium (= LELA, perennial pepperweed) 
Picris echinoides (= PIEC, bristly oxtongue) 
Raphanus sativa (= RASA, wild radish) 
Salsola soda (= SASO, glasswort) 
Polypogon monspeliensis (= POMO, rabbitsfoot grass) 
Polygonum aviculare (=POAV, prostrate knotweed) 
Spartina densiflora and hybrids with native S. pacifica (= SPDE, Chilean cordgrass) 

 

http://www.calflora.org/
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Weed control efforts and monitoring in the NSW have primarily focused on the 220 test 
polygons used to outplant native species (e.g. pickleweed, saltgrass, bulrush) during the 
Phase I validation monitoring program (Appendix D of ESA-PWA and BMP Ecosciences 
2013).  These polygons were established in December 2014 within all five microhabitats 
(deep basin bottom, shallow basin edge, lower tension zone, upper tension zone and 
upland) of the NSW.  The presence of weeds within these polygons was recorded and the 
cover measured during the summer of 2015 and all subsequent years.  Secondarily, 
adjacent areas that become heavily infested with high priority weed species have 
received attention when time permitted.   
 
In addition, we have placed five 100 m permanent transects in both the NSW and SSW to 
record both weed cover and Salicornia cover using the line intercept method (Mueller-
Dombois and Ellenberg 1975).  A measuring tape was laid between stakes within each 
transect and the linear cover intersecting the tape was recorded for every species.  This 
allows us to monitor and compare natural invasion and subsequent succession within the 
two seasonal wetlands (NSW with water control structures, the SSW without).  
 

 
 

 
 
Figure 1.  Locations of five 100 m permanent transects for monitoring invasion and 
establishment of weeds and Salicornia in the NSW (top) and SSW (bottom). 
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3.2.3  Wildlife Corridor 
 

Weed control efforts in the upland habitat of the WC have been primarily focused on the 
93 polygons used to outplant native species (e.g. coast live oak, toyon, snowberry and 
coyote brush).   The polygons are 2-5 m in diameter and require hand pulling in the 
mulch basins immediately around the outplanted natives and the use of weed whackers 
or hand pulling in the areas between these mulch basins. Secondarily, adjacent areas that 
were heavily infested with high priority weed species have received attention when time 
permitted.  The species that were most common in the WC include the following; 
 
Avena fatua (=AVFA, wild oat) 
Centaurea solstitalis (= CESO, yellow star thistle) 
Cotula coronopifolia (= COCO, brass buttons) 
Dittrichia graveolens (= DIGR, stinkwort) 
Foeniculum vulgare (= FOVU, fennel) 
Lolium multiflorum (= LOMU, Italian ryegrass) 
Lotus corniculatus (= LOCO, birdsfoot trefoil) 
Medicago polymorpha (= MEPO, California burclover) 
Meliotus officinalis (= MEOF, yellow sweet clover) 
Miscellaneous grass species (= MISGRASS) 
Picris echinoides (= PIEC, bristly oxtongue) 
Plantago coronopus (=PLCO, buckhorn plantain) 
Polygonum aviculare (= POAV, knotweed) 
Polypogon monspeliensis (= POMO, rabbitsfoot grass) 
Salsola soda (= SASO, glasswort) 
Taraxicum officianalis (= TAOF, dandelion) 
Vicia sp. (=VISP, vetch species) 
 
Monitoring was conducted during July of 2013 to 2016 at the 93 outplanting polygons 
using a circular, 100 cm2 (34 cm radius) quadrat divided into four quartiles with string.  A 
rope marked with the half radiuses and double radiuses of the polygons was anchored at 
the center of the polygon and oriented either north or south using a compass.  The 
quadrat was then laid at the half and double radius marks in both directions, so that 
there were four samples per polygon, two inside and two outside (Figure 2a).  
 
Each weed species in the quadrats was identified and its absolute cover (% of quadrat 
area) recorded.  To ensure consistency, a cover estimator (Figure 2b) was used as a guide 
for making ocular estimates. Estimates of 5% and 100% were also applied as appropriate. 
Cover that extended inside the quadrat from a plant rooted outside was included in the 
estimate. 
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Figure2a.  Placement of four, weed sampling quadrats within and outside of the 
outplanting polygons of the wildlife corridor, HWRP.   

 
 

Figure 2b.  Reference guide for estimating cover in sampling quadrats. 
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3.3  Results 
3.3.1  Tidal Wetlands 

 
No infestations of Spartina densiflora or hybrids have been found within the tidal 
wetlands.  The outboard marsh is patrolled by the Invasive Spartina Project and we have 
not received any reports of infestation along the edge of the bay. On the west end of the 
bay levee, scattered individuals of Lepidium latifolium had emerged amongst black 
mustard that had been disturbed during construction of the breach in 2014.  These were 
immediately removed by hand and amounted to a volume of approximately ¼ cubic yard.  
There was also an infestation along the east end of the bay levee on the states land 
parcel, but these were not removed because it was outside of the HWRP boundaries. 
 

3.3.2  Seasonal Wetlands 
 
Monitoring of weeds within the 220 test polygons was begun in July 2015. Up until May 
2015, infestations of Lotus corniculatus (LOCO), Meliotus officinalis (MEOF), Polygonum 
aviculare (POAV), Taraxicum officianalis (TAOF) and miscellaneous grass species (= 
MISGRA) were removed from within polygons to ensure there was no interference with 
establishment of test founders. 
 
Weed removal outside of the test polygons and along the margins of the North Seasonal 
Wetland began in March 2013 and have continued through July 2016 (Figures 3 and 4).    
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Much of the NSW surface remains free of invasive plants despite disturbance. 
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Figure 4.  Weed removal in the North Seasonal Wetlands of the HWRP, 2013-2016. 
Top left    – March to August 2013.  Weed whacking of CESO (yellow) and RASA (red). 
Top right  – January to October 2014.  Weed whacking, rolling and hand removal of SASO 

(orange) and FOVU (green). 
Bottom left – January to June 2015.  Weed whacking of CESO, PIEC and RASA (yellow) 

and SASO (orange).  Note the area to the southwest of pond 1B.  
Bottom right – January to July 2016. Weed whacking and hand removal of SASO (yellow 

single pass and orange double pass), Hand removal of maturing SASO (blue, 
single pass), Mowing of SASO and CESO (green, single pass). 

 
 
The most problematic weeds in the vicinity of the North Seasonal Wetlands are 
Centaurea solstitalis, Polypogon monspeliensis and Salsola soda.  These have been 
treated by weed whacker prior to reproduction, sometimes with multiple passes if 
resprouting was observed.  The management practice post seed-set, was to remove 
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mature plants by hand and haul them out of the site (to a local industrial composting 
facility). 
 
From the standpoint of vegetation quality, the most problematic area in the NSW 
surrounds the western, southern and eastern portions of pond 1B and the southern side 
of pond 4B (Figure 5).  This area is responsible for the majority of the weed cover 
recorded in the line transects of the NSW (Figures 6 and 7).  Lack of saltwater flooding 
due to high surface elevation prevents or reduces inundation and salt accumulation. This 
situation could be partially ameliorated by cutting a channel from pond 1A to pond 1B 
and/or removing soil from the southern third of the pond 1B basin.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.  High cover by Cotula coronopifolia, Polygonum aviculare, Polypogon 
monspeliensis and Salsola soda in pond 1B, looking southeast towards pond 4B, 
September 2016.   
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Figure 6.  Total non-native cover measured with permanent transects in the NSW (blue) 
and SSW (yellow), 2014-2016 (Sp = spring, Su = summer).  Most of the non-native cover 
in the NSW is due to lack of saltwater flooding in pond 1B.  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.  Total Salicornia cover measured with permanent transects in the NSW (blue) 
and SSW (yellow), 2014-2016 (Sp = spring, Su = summer).  Management of inundation by 
saltwater in the NSW is producing a steady increase in Salicornia cover, whereas the lack 
of water management in the SSW has already resulted in maximum cover.  
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Weed removal in the South Seasonal Wetlands began in January 2015 and has mainly 
focused on weed whacking Salsola soda, Picris echinoides and Centaurea solstitalis 
(Figure 8).   
 
 

 
 
Figure 8.  Weed removal in the South Seasonal Wetlands of the HWRP, 2015-2016. 
Left –  January to June 2015.  Weed whacking of CESO, PIEC (yellow) and SASO (orange).  
Right –January to July 2016. Weed whacking and hand removal of CESO, SASO, PIEC and 

FOVU (yellow single pass, orange double pass). Tractor mowing of SASO and DIGR 
(green single pass).  

  
3.3.3  Wildlife Corridor 

 
Estimates of the absolute cover of 17 weed species and “miscellaneous grass” within the 
93 outplanting polygons of the wildlife corridor were grouped into three ecological 
impact categories (following Cal-IPC 2006).  The higher or moderate impact category 
included Centaurea solstitalis (CESO), Dittrichia graveolens (DIGR), Foeniculum vulgare 
(FOVU), Lolium multiflorum (LOMU) and Avena fatua (AVFA).  Only the Lolium had cover 
that exceeded 50% in 2015 and 2016 (Figure 9).  Lolium multiflorum is a facultative 
wetland species that is difficult to control over large areas.  We have removed it within 
the polygons but it will be problematic across much of the site in terms of the 
establishment of native forbs.  
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Figure 9.  Mean absolute cover (+ 1 SE) of invasive species with high or moderate overall 
ecological impacts (Cal-IPC 2006) that occur in the wildlife corridor, HWRP, 2013 (blue), 
2014 (red), 2015 (green) and 2016 (purple).   
 
 
 

 
Figure 10.  Mean absolute cover (+ 1 SE) of invasive species with limited overall ecological 
impacts (Cal-IPC 2006) that occur in the wildlife corridor, HWRP, 2013 (blue), 2014 (red), 
2015 (green) and 2016 (purple).   
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The second category consisted of five species with limited overall impact (Figure 10).  
These included Cotula coronopifolia (COCO), Medicago polymorpha (MEPO), Picris 
echinoides (PIEC), Polypogon monspeliensis (POMO) and Salsola soda (SASO).  Only MEPO 
and POMO had high cover, but the latter seems to be diminishing through time.  Of 
these, only PIEC and SASO were the focus of weed whacking efforts in and around the 
polygons.   
 
Cover by species in the third category, species not listed as having significant ecological 
impact, was highest overall (Figures 11 and 12).  These included Lotus corniculatus 
(LOCO), Meliotus officinalis (MEOF), Plantago coroponpus (POCO), Polygonum aviculare 
(POAV), Taraxicum officianalis (TAOF), Vicia sp. (VISP) and miscellaneous grass species (= 
MISGRA).  None of these taxa were targeted for weed removal efforts unless they 
occurred within the test polygons.  
 

 
Figure 11.  Mean absolute cover (+ 1 SE) of invasive species that are not listed by Cal-IPC 
(2006) but occur in the wildlife corridor, HWRP, 2013 (blue), 2014 (red), 2015 (green) and 
2016 (purple).   
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Figure 12.  Weed removal in the wildlife corridor of the HWRP, 2012 and 2016. 
Left –  2012.  Multi-species removal using a variety of techniques.  
Right –2016.  Removal of SASO, FOVU, PIEC, CESO, and others by hand and weed 
whackering (yellow single pass and orange double pass). 
 
 
3.4  Conclusions 
 
Weed control and monitoring efforts in the tidal wetlands, seasonal wetlands and wildlife 
corridor of the HWRP are ongoing.  In general, there has been no “explosive” invasion of 
these developing habitats by species that have high ecological impact, with the exception 
of Lolium multiflorum in the wildlife corridor.  Portions of the North Seasonal Wetland, 
mostly to the west and south of ponds 1B and 4B, have developed high weed cover due 
to a lack of flooding by saltwater.  Construction of a drainage channel from pond 1A to 
pond 1B, as well as a lowering of the pond bottom, could partially remedy this problem.  
We suspect, however, that Spartina densiflora, Lepidium latifolium, Centaurea solstitalis 
and Salsola soda will require constant vigilance and focused eradication as the physical 
conditions of these habitats continue to change in response to natural processes (e.g. 
rainfall, tidal inundation, seed dispersal) and human intervention (e.g. water and salt 
management).  Successful creation of target habitat qualities that support shorebird 
feeding, roosting and nesting (e.g. Figure D1, Appendix D in ESA-PWA and BMP 
Ecosciences 2013) will depend on these ongoing efforts coupled with development of 
native vegetation cover that captures and holds the site against weed invasion over the 
long run. 
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Chapter 4 
 

Survivorship of Outplanted Native Trees and Shrubs in the  
Wildlife Corridor, Hamilton Wetlands Restoration Project 

 
 
4.0  Executive Summary 
 
A total of 2,979 founders of seven native tree and shrub species were outplanted to the 
WC between 2012 and 2016. Of these seven, only two (Quercus agrifolia and Aesculus 
californica) could possibly meet the success criterion adopted by Pavlik and McWhorter 
(2010) of 30% or greater survivorship after five years.  Prolonged drought, which extended 
into 2016, is one significant factor.  High mortality should also be attributed to flawed 
construction of the wildlife corridor surface, which apparently is so low in elevation that it 
permitted extensive inundation by salt-laden tidal waters.  In some portions of the WC the 
upland has been reduced to a narrow band by flooding.  When mortality due to salinity is 
factored out, six of the seven species would have survivorship values > 30% (thus meeting the 
success criterion).  Although the design of outplanting locations can be changed from now on, no 
amount of horticultural manipulation can compensate for this unanticipated stressor to these 
salt-intolerant, upland species.  Therefore, a construction remedy must also be sought to prevent 
flooding of the wildlife corridor in future years if the proposed vegetation is to be achieved.   

4.1  Introduction 
 
The planting plan for the constructed wildlife corridor (WC) of the Hamilton Wetlands 
Restoration Project (HWRP) presented a polygon-based outplanting design that would 
result in a series of tree-dominated “clusters”, tree “smears”, and shrub clusters, along 
with an herbaceous matrix of native forbs and grasses, that would essentially connect 
the north and south seasonal wetland units (details discussed in Pavlik and McWhorter 
2010).  The WC substrate has been largely composed of coarse dredged sediment 
(mostly sands), underlain by lens of bay muds that were formed into low mounds.  The 
mounds would be used as sites for planting the tree clusters because of the increased 
rooting depth, water holding capacity and cation exchange capacity they would afford 
the trees and larger shrubs.   

It was suspected, however, that getting long-lived trees and shrubs established on this 
novel substrate would be a challenge.  Summer drought, low nutrient availability, gopher 
predation and depauperate soil biota would be sure to reduce survivorship and growth.  
Consequently, tree and shrub outplants would have to be watered at least during the 
first four summers of establishment (2012-2015).   

This report examines the fate of 2,979 founders of seven native woody species that were 
outplanted to the WC between 2012 and 2016.  Details of the design, proposed 
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operation, propagule sources, installation, monitoring and success criteria for this upland 
vegetation are found in Pavlik and McWhorter (2010).   

4.2  Methods and Materials 
 
A total of 2,979 founders of Quercus agrifolia, Baccharis pilularis, Aesculus californica, 
Heteromeles arbutifolia, Rosa californica, Symphoricarpus albus, and Artemisia douglasiana were 
raised from locally collected seed in the nursery facility of the Hamilton Wetlands Restoration 
Project (Table 1).  Collection began in 2008 and propagation in 2010 so that founders were at 
least two years old when moved to the field during the early spring of 2012.  Planting polygons 
containing multiple species were established in precise, permanently marked locations according 
to the planting plan (Pavlik and McWhorter 2010).  All were mulched and surrounded by a 
browse protector.  An attempt was made to inoculate approximately half of the Quercus agrifolia 
founders with a native soil slurry to determine if mycorrhizal infection would facilitate 
establishment and growth (see separate report).   

Over the summers of 2012 to 2014, from approximately June to October, the outplanted 
founders were hand-watered with a hose approximately every two weeks. No supplemental 
water was provided after 2014.  Browse protectors were maintained upright and intact. Invasive 
plants were removed from the mulched basin routinely throughout the summer.  

Monitoring took place in either the late spring (June), fall (October) or summer (August) 
of each year, recording the presence of green tissue (usually leaves) as an indicator of 
status.  New growth, evidence of browsing, and the effects of tidal water intrusion (after 
April 2014) were also noted. 
 
 
Table 1. Total number of founders of each perennial species (N) outplanted into the 
wildlife corridor, HWRP, 2012 to 2016.  Arrangement in polygons followed the planting 
plan detailed in Pavlik and McWhorter, 2010. 

  2012 2013 2014 2015 2016 
Quercus agrifolia 95 95 105 105 105 

      Baccharis pilularis 0 336 660 660 660 

      Aesculus californica 90 94 112 112 112 

      Heteromeles arbutifolia 39 287 568 568 568 

      Rosa californica 0 204 496 515 515 

      Symphoricarpus albus 95 250 559 591 680 

      Artemisia douglasiana 20 122 339 339 339 
totals 339 1388 2839 2890 2979 
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4.3  Results and Discussion 
 
Survivorship of the perennial founders in the wildlife corridor by August 2016 ranged 
from a high of 50% (Quercus agrifolia) to a low of 9% (Artemisia douglasiana) (Figure 1).  
Sclerophyllic taxa tended to have higher survivorship than mesophyllic taxa, with the 
exception of Aesculus californica, which is drought-deciduous and performed better than 
Heteromeles arbutifolia.  In August 2016, 530 of the 2,979 founders (18%) were alive. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.  Survivorship (% of N, total number of founders) outplanted to the wildlife 
corridor, HWRP, beginning in 2012.  Only 2014 to 2016 data are shown. 
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Figure 1.  (Cont.) 

0%

10%

20%

30%

40%

50%

60%

Spring 2014 Fall 2014 Spring 2015 Summer 2016

Heteromeles arbutifolia
N = 568

0%

10%

20%

30%

40%

50%

60%

Spring 2014 Fall 2014 Spring 2015 Summer 2016

Rosa californica
N = 515

0%

10%

20%

30%

40%

50%

60%

Spring 2014 Fall 2014 Spring 2015 Summer 2016

Aesculus californica
N = 112



69 
 

 
 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  (Cont.) 

 
 
In general, the mortality rates have declined and survivorship had begun to stabilize.  The 
small increase in survivorship observed for one species, Aesculus californica, was an 
artifact of not being able to tell the difference between “dead” and simply “dormant”.  At 
least three species (Symphoricarpus albus, Heteromeles arbutifolia and Baccharis 
pilularis) have begun to produce copious amounts of fruit and seed (Figures 2, 3 and 4), 
thus supplying food resources for wildlife and hopefully, propagules for the 
establishment of self-sustaining populations.   
 
The causes of stress and/or mortality varied by species, year and season.  
Symphoricarpus albus experienced intense defoliation (largely by leaf cutter bees 
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Megachile spp.) and some browsing (rabbits?) during 2012 and 2013, with between 6% 
and 43% of founders affected (Figure 2).  This compares to less than 2% for all other taxa 
during the same period.  Beginning in the spring of 2014, flooding by tidal waters was a 
major source of mortality for all species.  Erosion of the soil, salt intrusion and physical 
disturbance accounted for 50% of the deaths of Artemisia californica and 39% of the 
deaths of Symphoricarpus albus during 2014.  Founders that were planted on the raised 
knolls (Figure 3), such as Quercus agrifolia and Aesculus californica, were less affected 
(13% mortality in 2014, 18 to 19% in 2015).   
 
Significant declines in mortality took place between the spring and fall of each year 
despite ongoing watering of founders until fall 2014.  Again sclerophyllic taxa appeared 
less sensitive (i.e. maintained higher survivorship) than mesophyllic taxa, with the 
exception of Aesculus californica.  Given the prolonged drought, which extended into 
2016, it is remarkable that any perennials are surviving in this shallow soil.   
 
The success criterion adopted by Pavlik and McWhorter (2010) of 30% or greater 
survivorship after five years could only be met by two of the seven species (Quercus 
agrifolia and Aesculus californica) if no more founder deaths took place over the next year, an 
unlikely scenario.  High mortality could largely be attributed to flawed construction of the wildlife 
corridor surface, which apparently is so low in elevation that it permitted inundation by salt-
laden tidal waters (Figure 5).  When mortality due to salinity is factored out, six of the seven 
species would have survivorship values > 30% (thus meeting the success criterion).  Without the 
salt intrusion, only Artemisia douglasiana would have < 30% survivorship at this time.   
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Despite heavy browsing pressure, outplanted Symphoricarpus albus still 
produced flowers and fruit within the wildlife corridor, November 2014.   
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Figure 3.  Heteromeles arbutifolia and Baccharis pilularis doing well on mound (polygon 
3a6) within the wildlife corridor, HWRP, September 2016. Note abundant fruits.  
 
 

 
 

Figure 4.  Fruiting Baccharis pilularis (l) and a vigorous Quercus agrifolia (r), on mounds in the 
wildlife corridor, HWRP, September 2016.   
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Figure 5.  Inundation and erosion of the wildlife corridor by tidal waters (note developing 
drainage channel) in front of the viewing platform, September 2016.  Upland habitat is only a few 
meters wide at this point.   
 
 

Table 1.  Survivorship values of founders not affected by saltwater inundation in the wildlife 
corridor, 2012-2015, Hamilton Wetlands Restoration Project.  The number of live plants of each 
represents the population size of each founder species as of May 2015.   
 

 
 

Founder species 

# live plants in areas not 
affected by saltwater 

inundation 

 
 

Survivorship (%) 
Quercus agrifolia 86 60 
Baccharis pilularis 390 66 
Aesculus californica 91 38 
Heteromeles arbutifolia 347 42 
Rosa californica 304 39 
Symphoricarpus albus 331 36 
Artemisia douglasiana 143 22 
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Although the design of outplanting locations can be changed from now on, no amount of 
horticultural manipulation can compensate for this unanticipated stressor to these salt-
intolerant, upland species.  Therefore, a construction remedy must also be sought to prevent 
flooding of the wildlife corridor in future years if the current population sizes are to be 
maintained and the proposed upland vegetation is to be achieved.   
 
 
4.4  Literature Cited 
 
Pavlik, B.M. and C. McWhorter. 2010.  Wildlife corridor planting plan and native plant 
nursery for the Hamilton Wetlands Restoration Project, Novato, CA.  Report to the U.S. 
Army Corp of Engineers, San Francisco, CA.  35 pp.  
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Chapter 5 
 

Monitoring the Growth of Inoculated Coast Live Oaks (Quercus agrifolia) in 
the Wildlife Corridor, Hamilton Wetlands Restoration Project,  

Novato, California 
 
5.0  Executive Summary 

A total of 110 two- and three-year-old coast live oaks (Quercus agrifolia) were outplanted 
onto dredged sand and mud substrates of the wildlife corridor (WC) in spring 2012 and 
winter 2014.  Roughly half had been inoculated with native soil slurries (presumably 
containing mycorrhizal spores) in the first years and half were given water (only once, 
during inoculation) as controls. By August 2016, 34% (32 trees) of the spring 2012 cohort 
had survived.  Of these, there was a slightly higher survivorship of inoculated oaks (47%) 
compared to control oaks (24%), a trend that began in September 2013. The winter 2014 
cohort had very low survivorship overall (6%) due to salt water flooding that occurred 
with multiple high tides (indicating that the WC surface is not built to sufficient, specified 
height).  

No significant differences could be detected in tree height, shoot lengths, number of live 
leaves or length of longest leaves when inoculated and control trees from the 2012 
cohort were compared.  As noted in the September 2013 report (Pavlik and McWhorter 
2013), it is likely that initial size, branching and vigor were probably inked to conditions 
established in the nursery rather than the field.  Continued drought since 2013, along 
with salt water flooding, imposed high levels of stress that suppressed growth.  It may 
also be the case that mycorrhizal fungi might be parasitizing trees rather than forming a 
symbiosis during these early years of establishment.  It is expected that effects and 
patterns will clarify in the next few years after more in situ responses of the trees have 
developed under non-drought conditions.   

5.1  Introduction 

The planting plan for the constructed wildlife corridor (WC) presented a polygon-based 
outplanting design that would result in a series of tree-dominated “islands” that would 
essentially connect the north and south seasonal wetland units (Pavlik and McWhorter 
2010).  The WC substrate has been largely composed of coarse sands, underlain by lens 
of bay muds that were formed into low mounds.  The mounds would be used as sites for 
planting the islands because of the increased rooting depth, water holding capacity and 
cation exchange capacity they would afford the trees.   
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It was known, however, that getting long-lived trees and shrubs established on this novel 
substrate would be a challenge.  Summer drought, low nutrient availability, gopher 
predation and depauperate soil biota would be sure to reduce survivorship and growth.  
Consequently, tree and shrub founders would have to be watered during the first four 
summers of establishment (2012-2015).  Inoculation using native soil extracts, 
presumably containing mycorrhizae and other beneficial microorganisms, might help 
overcome other belowground limitations. 

Herein we report on the effects of inoculation on the growth of coast live oak (Quercus 
agrifolia) founders in the WC during the first five years of the Hamilton Wetlands 
Restoration Project (HWRP).  This is a follow-up report to Pavlik and McWhorter (2013, 
2015) that described the propagation and outplanting in greater detail, as well as the 
second and third year results.   

5.2  Methods and Materials 

5.2.1  Outplanting 

A total of 95 Quercus agrifolia seedlings were planted between the end of March and 
mid-May 2012, a mixture of two and three-year-olds. These seedlings were grown from 
acorns collected from local Quercus agrifolia growing in relatively close proximity to the 
tidal transition zone.  Planting polygons containing multiple species were established in 
precise, permanently marked locations according to the planting plan (Pavlik and 
McWhorter 2010).  All were mulched and surrounded by a browse protector.  This group 
constitutes the 2012 cohort. 

An additional 15 seedlings were planted between January and March of 2014, 
constituting the 2014 cohort. 

Over the summers of 2012 and 2013, from approximately June to October, the 
outplanted oaks were hand-watered with a hose approximately every two weeks. 
Browse protectors were maintained upright and intact (although they were not widened 
as the trees grew larger). Invasive plants were removed from the mulched basin routinely 
throughout the summer.  No supplemental watering was scheduled to take place after 
October 2015.   

5.2.2  Inoculation 

In early January 2013 an inoculation slurry was made using a 5-gallon bucket of soil 
harvested from around the base of “wild” Quercus agrifolia trees growing along the 
eastern face of Ammo Hill (closest oak population to the site). Visual inspection of the 
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soil established the presence of hyphae as well as recent fruiting bodies. The 5-gallon 
bucket was divided into two 60 l plastic containers and approximately 30 l of water was 
added to each, making loose slurry.  Approximately two to three cups of slurry or water 
were poured at the base of each oak tree after removal of mulch debris, to ensure direct 
contact with the dredge material. A total of 45 trees were inoculated and 45 served as 
controls, all from the 2012 cohort (5 trees had died by this time).  A repeat inoculation of 
the same individuals was performed in late February 2013. In mid January and late 
February 2014, repeat inoculations of the same cohort 1 individuals were performed. 
Cohort 2 trees were inoculated (10 of the 15 in both mid January and late February 2014.  
The remaining controls were given an equal allotment of water without the soil slurry.  
All the same individuals in both cohort 1 and 2 were given a repeat inoculation in January 
2015. 

5.2.3  Monitoring 

Trees from Cohort 1 were examined during mid-September 2013, approximately 16 
months and two summers after outplanting, and again in August 2014, 2015 and 2016.  
Cohort 2 trees were examined at the same time. The uppermost, apparently dominant 
shoot was selected, along with three other randomly selected lateral shoots.  
Randomness was achieved by using three free-hanging ribbons attached to a four-inch 
diameter ring.  The ring was suspended over the dominant shoot and whichever lateral 
shoots were touched by the ribbons (moved by the wind or manual spinning) became the 
measured shoots (primary, secondary and tertiary by position away from (basally) the 
dominant).  The length of the current year’s growth was measured, not the cumulative 
length of all previous year’s growth.  The number of live leaves on each shoot was 
counted and the length of the longest leaf on each shoot measured (base of petiole to 
apex).   

5.3  Results and Discussion 

5.3.1  Cohort 1 (52 months post-outplanting) 

Of the 95 coast live oaks outplanted by May 2012, 90 (95%) had survived until January 
2013 (Table 1).  Another 14 died (5 inoculated, 9 control) by September 2013 and 
another 44 (19 inoculated, 25 control) by August 2016.   Of these, there was a slightly 
higher survivorship of inoculated oaks (47%) compared to control oaks (24%), a trend 
that began in September 2013.  
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Table 1.  Survivorship of Cohort 1 Quercus agrifolia in the wildlife corridor, HWRP 
between May 2012 and August 2016.  Inoc = inoculated with native soil 
slurry, con = controls given equal volume of water. 

 

 

Those that survived had quite variable growth and overall appearance, but most had 
produced new leaves and stems (Tables 2 and 3).  Overall, there were no significant 
differences between inoculated and control trees in any of the parameters measured 
(Figures 1-4).  Given that initial size, branching and vigor were probably linked to 
conditions established in the nursery rather than the field, it is likely that any treatment 
effects have yet to develop or manifest themselves since first being inoculated.  
Individual trees were extremely variable with respect to shoot lengths, leaf numbers and 
maximum leaf length, as indicated by the size of the standard deviations.  But we suspect 
that over the next several years such differences could develop (especially with the end 
of the ongoing drought) and that comparison with these baseline data will prove 
informative.   

There were, however, some consistent patterns offering early, potential insights worth 
ongoing monitoring.  Despite inoculated trees being slightly larger than control trees in 
2013 (Figure 1), it seems that growth of control trees has been consistently more robust.  
During the first two years control trees had on average, twice the growth of the 
dominant shoot (Figure 2) and nearly twice the number of leaves per shoot (Figure 3) 
compared with inoculated trees.  The pattern held for the primary, secondary and 
tertiary shoots as well, although the difference has diminished progressively (thus 
supporting the idea of nursery-established plant architecture).  Maximum leaf length 
(Figure 4) did not exhibit this pattern and means differed between treatments by a 
maximum of 0.4 cm. 
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Figure 1.  Tree height (mean + 1 SD, base at soil to tip of dominant shoot) of 
inoculated (stippled, n = 40 in 2013, n = 32 in 2014) and control (solid, n = 36 in 
2013, n = 29 in 2014) Quercus agrifolia outplanted in spring 2012 as two and 
three-year-old trees into the wildlife corridor for the HWRP.  Data were taken in 
September or late August.   

 

  
Figure 2.  Lengths (mean + 1 SD) of current year’s shoot growth (cm) of inoculated and control 
Quercus agrifolia outplanted into the wildlife corridor for the HWRP, Sept 2013 (blue), Aug 2014 
(red), Aug 2015 (green) and Aug 2016 (purple). Shoot hierarchy (dominant, primary, secondary 
and tertiary) is basally progressive.  Inoculated (n = 40 in 2013, n = 32 in 2014) and control (n = 36 
in 2013, n = 29 in 2014). 
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Figure 3.  Number of live leaves (mean + 1 SD) on current year’s shoots of inoculated and control 
Quercus agrifolia outplanted into the wildlife corridor for the HWRP, Sept 2013 (blue), Aug 2014 
(red), Aug 2015 (green) and Aug 2016 (purple).  Inoculated (n = 40 in 2013, n = 32 in 2014), control (n = 
36, n = 29). 

 

 

Figure 4.  Length of largest live leaf (mean + 1 SD ) on each current year’s shoot of inoculated and 
control Quercus agrifolia outplanted into the wildlife corridor for the HWRP, Sept 2013 (blue), 
Aug 2014 (red), Aug 2015 (green) and Aug 2016 (purple). Inoculated (n = 40 in 2013, n = 32 in 2014), 
control (n = 36, n = 29). 

 

5.3.2  Cohort 2 (30 months post-outplanting) 

Of the 18 coast live oaks outplanted by March 2014, only 3 (17%) had survived until 
August 2014 and one until 2016 (Table 4).  This very low survivorship was probably due 
to a combination of prolonged drought and salt water flooding that occurred with 
multiple high tides (indicating that the WC surface is not built to sufficient, specified 
elevation).  
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Table 4.  Survivorship of Cohort 2 Quercus agrifolia in the wildlife corridor, HWRP 
between February 2014 and August 2016.  Inoc = inoculated with native soil 
slurry, con = controls given equal volume of water. 

  

 

To date we have only weak evidence to suggest that inoculation has improved oak 
survivorship and no evidence that performance was enhanced in either cohort of oaks.  
As previously postulated (Pavlik and McWhorter 2013), the initial resource costs (e.g. 
photosynthetic carbohydrates) for supporting a symbiosis could have reduced inoculated 
tree growth relative to controls.  The relationship between trees and fungi has probably 
been, therefore, entirely parasitic during these early years.  Only when mineral resources 
are delivered back to the tree from the fungus would there be a measurable advantage 
and a shift to mutualism.  This raises the question of whether the nutrient-poor substrate 
of the wildlife corridor will be an adequate source for essential minerals.  If the current 
treatment pattern is maintained or accentuated over the next few years, we can assume 
that the substrate is limiting oak growth and that the fungi are parasitizing the inoculated 
trees.  Intervention with suitable fertilizer would then be required to counteract the 
disadvantage (but this would also inhibit mycorrhizal formation).  If the pattern is 
reversed and inoculate oaks outperform control oaks within a few years, we can 
conclude that the substrate is supplying mineral nutrients through the fungal mycelia and 
that mycorrhizal advantage has been established. 

But it is also clear that prolonged drought (2012 through August 2016), combined with 
saltwater intrusion into the WC, produced overwhelming levels of stress in the root zone 
of many founders.  Perhaps subsequent winter storms will finally deliver significant 
amounts of rainfall to flush salts from the WC soils and provide a much needed stimulus 
to growth in the spring of 2017 (Figure 5).   
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Figure 5.  Quercus agrifolia outplanted to a mound in the wildlife corridor, HWRP, in 
November 2014. 
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Chapter 6 
 

Direct Seeding and Outplanting of Native Herbaceous Perennials in the  
Wildlife Corridor, Hamilton Wetlands Restoration Project 

 
6.0  Executive Summary 
 
A total of 119,416 locally collected seeds of Achillea millefolium, Chlorogalum 
pomeridianum, Scrophularia californica, Artemisia douglasiana, Limonium californicum 
and Clarkia unguiculata were sown in November 2015 into 90, 1 m2 plots in upland areas 
of the wildlife corridor (WC) at the Hamilton Wetlands Restoration Project (HWRP).  We 
experimented with several sowing methods (wrapping seeds in rice paper, pasta sheets 
and covering with burlap), but a total of only 89 seedlings of Achillea millefolium and 
Clarkia unguiculata (85 belonging to the latter) were found during spring and summer of 
2016. The 2015 seeds were in addition to the 55,324 seeds sown during the previous 
three attempts (in 2012, 2014, January 2015) that produced 188 seedlings of four species 
(Achillea millefolium, Chlorogalum pomeridianum, Atriplex triangularis, and Limonium 
californicum).  Low winter-spring rainfall after 2012 may have simply been inadequate, so 
it is likely that viable seeds from all sowing attempts are accumulating in the soil and 
could germinate in future years with higher rainfall.  Although some seedlings had 
survived at least a year, we suspect that erosion of dredge “soil” after tidal water 
inundation and construction activities account for a 35% loss of sown seeds. Ongoing 
monitoring, as well as the installation of new plots in better locations, will by used to 
further test sowing methods and to document responses to rainfall variations. 
 
We also outplanted 5,148 nursery-grown founders of Grindelia stricta, Juncus patens, 
Distichlis spicata and Frankenia salina into the ecotone between the WC and the tidal 
wetlands (TW) using two trials.  Trial 1 was conducting in 2014-2015 with 1620 founders 
of Grindelia stricta and Juncus patens arranged in lobes along the 6.5’ NAVD elevation.  
This trial was unsuccessful, in part because it took place before the outboard levee had 
been breached so that the high tide line had not yet established and placed dredge 
material had not yet settled. Additionally, outplanting was done in March, outside of the 
ideal outplanting period of November to early February. Trial 2, however, was much 
more successful.  It was begun in November 2015 with 3,528 founders of all four species, 
arranged in three types of polygons referenced to the well-developed MHHW line.  By 
September 2016, 909 founders of the four species (mostly Distichlis spicata and 
Frankenia salina, however) had become established. The placement of polygons in 
relation to MHHW represents a significant improvement in the attempt to establish 
ecotone vegetation between the WC and the TW.   
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6.1  Introduction 
 
The planting plan for the constructed wildlife corridor (WC) of the Hamilton Wetlands 
Restoration Project (HWRP) presented a polygon-based outplanting design that would 
result in tree- and shrub-dominated stands, underlain by an herbaceous matrix of native 
forbs and grasses (details discussed in Pavlik and McWhorter 2010).  The WC substrate 
has been largely composed of coarse dredged sediment (mostly sands), underlain by lens 
of bay muds formed into low mounds.  Its lower edge would grade into the adjacent tidal 
wetlands (TW), which would eventually develop an ecotonal vegetation that includes 
Grindelia stricta, Juncus patens, Distichlis spicata, and Frankenia salina (Figure 1).    
 
To establish the herbaceous matrix in the uplands of the WC, hand sowing was used to 
establish populations of seven native perennials in carefully selected locations in the WC 
over four years (2012-2016).  
 
To establish an ecotonal vegetation between the WC and the TW, we conducted two 
trials that attempted to locate transition conditions between mean high and low tides.  
These conditions began to develop after breach of the outboard levy in 2014, interacting 
with variations in marsh plane elevation and rainfall that would be hard to predict a 
priori.   

 
Figure 1.  Cross-section of the wildlife corridor and the transition to tidal wetlands. Note 
the location of Grindelia and Distichlis between 6’ and 7’ NAVD.  Diagram from PWA 
(2008).   

 
6.2  Methods and Materials 
 
6.2A.  Uplands of the Wildlife Corridor  
A total of 119,416 seeds of Achillea millefolium, Chlorogalum pomeridianum, 
Scrophularia californica, Artemisia douglasiana, Limonium californicum and Clarkia 
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unguiculata were sown in November 2015 into 90, 1 m2 plots of the wildlife corridor 
(WC) of the Hamilton Wetlands Restoration Project (HWRP). 
  

6.2A.1  Seed Collection, Cleaning and Storage 
 

Mature seed was collected from local stands of six native herbaceous perennial species 
(Pavlik and McWhorter 2010). Seed collection occurred primarily during the summers of 
2009, 2011, 2012, 2013, 2014 and 2015 in nearby locations, including Rush Creek Open 
Space, China Camp State Park and around the HWRP site itself. GPS coordinates, 
collection date, number of source plants (if more than 1 in a stand) and collector name 
were recorded for each seed collection. Seeds were cleaned as is appropriate for each 
species, by hand and by sieving, and stored in a refrigerator at 4o C. Prior to direct 
seeding, seeds from each lot were usually divided into 1 g or 2 g packets to allow for an 
approximate known quantity to be planted at a time. 
 

6.2A.2  Establishment of Direct Seeding Plots 
 
The establishment of direct seeding plots in the wildlife corridor (WC) took place 
between November and December 2015 to take advantage of winter rains. The exact 
date of seeding depended on weather (e.g. timed prior to precipitation events) and the 
availability of seeds and volunteers (Table 1). The numbers of plots and the number of 
seeds sown in each plot could also vary, as there was considerable uncertainty as to how 
much germination and establishment could take place under ambient environmental 
conditions.   
 
 

Table 1.  Timing, number of plots and the range of seeds sown per plot of seven native 
herbaceous perennials in the wildlife corridor, HWRP, 2012-2015. 

 

 
 
 

species  

# plots 
sown 

Nov/Dec 
2012 

# plots 
sown 

Jan/Feb 
2014 

# plots 
sown 

Jan/Feb 
2015 

# plots 
sown 

Nov/Dec 
2015 

 
mean # 

of 
seeds/g 

 
range of 

# 
seed/plot 

Achillea millefolium  12  6  0  8  750  375-750 

Chlorogalum pomeridianum  11  8  1  20  130  10-273 

Atriplex triangularis  0  2  20  0  200  200-800 

Scrophularia californica  11  5  0  20  2500  100-1740 

Artemisia douglasiana  3  4  0  20  2000  100-6000 

Limonium californica  0  4  8  18  160  128-300 

Clarkia unguiculata                0                 0                0                4   3000 
 

600-2700 
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During November and December 2012, the WC was under pre-breach conditions so that 
the ultimate location of mean tide lines could only be guestimated. Additionally, slight 
elevational differences in the surface of the WC were taken into account for each 
species.  For example, Scrophularia californica often thrives in more moist conditions 
relative to Chlorogalum pomeridianum, so slight depressions in the placed dredge “soil” 
were chosen for the former.  
 
By January 2014, the adjacent tidal wetlands had been developing for almost nine 
months, so that salt-affected areas of the WC could be either avoided for plots of salt-
sensitive species (Achillea millefolium, Chlorogalum pomeridianum, Scrophularia 
californica, Artemisia douglasiana, Clarkia unguiculata) or targeted for locating plots of 
salt-tolerant species (Atriplex triangularis, Limonium californicum). 
 
Breach of the outer levee in April 2014 allowed extensive saltwater intrusion into the 
WC, especially as dredge material settled and shifted alongside full tidal action. By 
November 2015, this provided even clearer information on where to locate new direct 
seeding plots, as well as which existing plots had been exposed to saltwater and whether 
germination of the six species was likely to occur. 

 
6.2A.3  Direct Seeding Methodologies 

 
The establishment of each direct seeding plot began with the identification of an 
appropriate location for the particular species. A central stake was driven into the ground 
to mark the center of the plot and a code identifying the species and plot number were 
recorded on the center stake. GPS coordinates were recorded for the center stake.  
 
Within the 1m2 area that was to be the direct seeding plot, all pre-existing vegetation, if 
any, was removed by hand. The dredge material was then either smoothed or cultivated 
by hand to a depth of 1-2”, depending on the planting treatment tested. 
6.2A.3.1  Initial Methodologies 2012 – Feb 2015 
 
Smaller seeds were broadcasted as evenly as possible over the entire 1m2 plot. Only in 
the case of Chlorogalum pomeridianum, these larger seeds (1-2 mm long) were pushed 
into the soil by hand because the depth should be roughly twice the seed length. The 
amount (g) of seed planted and the seed lot(s) were recorded per plot. 
 
Depending on the planting treatment being tested, broadcast seeds were either lightly 
covered by in-situ dredge material or by a potting medium to a maximum depth of about 
¼”. 
 
In a few plots, plastic netting was installed as a treatment to reduce seed or seedling loss 
due to herbivory by birds. The plots were not watered at any time but received natural 
rainfall and tidal water inundation.  Care was taken to avoid damage from foot traffic 
during ongoing sowing and outplanting efforts in the WC.  
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6.2A.3.2  New Methodologies Nov-Dec 2015 
 
The first of three new methodologies was inspired by research at the Eastern Oregon 
Agricultural Research Center to promote native bunchgrass germination after fire.  We 
made “pasta seed pillows” by mixing seeds with flour, water and other nutrient materials 
(Peacher 2015).  Adapting this approach for the HWRP, a similar “seed soil pasta” was 
made by hand, using a measured amount of seed (often 1 g but at times more or less 
depending on seed availability and quality), 1 cup of seed germination soil mix (Sunshine 
Mix #4, sifted through a coarse sieve - 1.11 mm pore size - to remove large perlite 
pieces), 1 cup of all-purpose flour, a ½ teaspoon of dry powder “Maxsea” a seaweed 
based plant food (16-16-16) and 1-1.5 cups of tap water to create a “dough” that could 
be rolled out into a half-inch thick “pancake” and then cut into 1 square inch “seed soil 
pasta” pieces (Figure 4). The “seed soil pasta” pieces were allowed to dry and then 
planted in an evenly distributed pattern throughout the 1 m2 plot, below a ½” of in situ 
soil.   
  

The second of the three new methodologies was a variation on the seed soil pasta, called 
the “rice paper” methodology, in which a seed/soil/fertilizer/water mixture was placed 
within moistened race paper and wrapped up into a roll similar to a “spring roll” as in 
found in Thai and Vietnamese cuisine. The “rice paper” in this methodology provides a 
biodegradable external cover that hypothetically may decompose enough to allow 
germination and remain intact enough to provide protection from desiccation and 
erosion. The seed/soil/fertilizer/water mixture did not include flour as in the “seed soil 
pasta” methodology. The soil used is slightly different in that the 1-cup of soil contained 
half sifted germination mix (as in the “seed soil pasta”) and half un-sifted germination 
mix containing larger perlite pieces. The presence of the larger perlite pieces would allow 
for greater drainage within the rise paper wrap. The “rice paper” rolls were allowed to 
dry and then planted in an evenly distributed pattern throughout the 1 m2 plot, below a 
½” of in situ soil.   
  

The final new methodology was inspired by anecdotal observation of native plants 
installed at the HWRP nursery’s native demonstration garden.  These had been covered 
by a layer of  coyote bush branches, which allowed plants to establish and mature faster 
than those without branches, presumably due to extra sun protection.  This “layered” 
methodology utilized an upper layer of coyote brush branches over a lower 1 m2  layer 
of burlap fabric. The branches and burlap together prevent erosion by rain and wind 
while providing shade. The in situ soil was removed back to a depth of approximately 1”, 
the seeds were sown evenly across the 1 m2 plot, then covered by in situ soil, burlap and 
coyote brush branches. The burlap fabric was held in place by a 12” bamboo stake driven 
into the ground through each of the four corners. 
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6.2A.4  Monitoring 
 

The direct seeding plots were carefully checked for germination during the February to 
June periods of 2013, 2014, 2015 and 2016 after winter rains and elevated daily 
temperatures . Other plant species in the plots, particularly non-native invasives, were 
carefully removed by hand. Records and photographs were taken of any germinated 
seedlings. 
 
6.2B.  Wildlife Corridor – Tidal Wetland Ecotone 
 

6.2B.1 Outplanting of Founders in Trial 1 

In early spring of 2014 a total of 1080 nursery-grown seedlings of Grindelia stricta and 
540 of Juncus patens were outplanted in plots approximately centered along the 6.5’ 
NAVD elevation contour between the developing tidal plane and the upland of the WC.  
A surveyor walked the ecotone zone with GPS equipment to establish the contour and 
position plots (Figure 3). Founders came from locally collected seeds that germinated and 
developed 7” deep root systems.  They had been exposed to saltwater at the nursery 
prior to outplanting.   

Plots were arranged in “lobes” above and below the 6.5’ elevation (Figure 2). The design 
was intended to capture enough variation in elevation and microtopography in each lobe 
to allow a subset of founders to establish and persist. In each of the 27 lobes, 40 
Grindelia and 20 Juncus were randomly arranged, outplanted over seven days between 
March 5 and March 28. Labor was provided by nine regular volunteers and two classes of 
students (3rd and 7th grades). After installation the founders were not watered and the 
lobes were not weeded. 

 

 

 

 

 

 

 

Figure 2. “Lobed” arrangement of founders along the 6.5’ NAVD elevation in Trial 1, 
2014. 
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Figure 3. Position of ecotone “lobes” relative to the 6.5’ NAVD contour of wildlife 
corridor and Tidal Wetlands, HWRP. 

6.2B.2 Outplanting of Founders in Trial 2 

During fall 2015 a second outplanting trial was designed and implemented, aided by the 
settling of dredge material along the shore and more clearly defined high tide elevations. 
A new design incorporated two additional native species, Distichlis spicata and Frankenia 
salina, along with Grindelia stricta and Juncus patens. Three different ecotone polygons 
(Figure 4 and 6) were designed for installation in three zones across the transition 
between upland WC and tidal wetlands. The “7A polygon” contained 24 Distichlis, 24 
Frankenia and 24 Grindelia founders and was installed within the Mean High High Water 
(MHHW) zone above where Salicornia has naturally recruited. It was expected that the 
Distichlis and Frankenia would thrive in this portion of the ecotone, where they would be 
more frequently inundated. Grindelia would persist in niches within the polygon where 
the surface was slightly elevated. The “7B polygon” contained 24 Grindelia, 12 Distichlis, 
12 Frankenia and 12 Juncus, installed in the zone just above MHHW where the invasive 
species Salsola soda dominates. It was expected that this would be the ideal zone for 
Grindelia and Juncus to establish but marginal for Distichlis and Frankenia. Above tidal 
influence, where upland grasses and weeds thrive, the “7C polygon” contained 36 
Grindelia and 24 Juncus in a zone that would require ample winter-spring rainfall. 
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Figure 4. Compositions and arrangements of founders in 7A, 7B and 7C polygons, Trial 2, 
2015.  

 

The ecotone polygons were outplanted over eight days between November 17 and 
December 17, 2015. Labor was provided by members of the AmeriCorps National Civilian 
Community Corps, trained to ensure that all founders were placed in the correct location 
and at the correct height relative to the soil to optimize establishment. Outplanting 
templates, in the form of a tarp with species-specific, color-coded flagging, were used to 
correctly position each founder (Figure 5).  A sturdy “mud cap” with a 6” radius was 
installed around each founder in an attempt to limit erosion and dislodging by tidal 
action. To further protect the plants from tidal disturbance, rolls of plastic construction 
fencing (or sometimes chicken wire) were secured to the ground by bamboo stakes along 
the sides of the polygon most exposed to wave action. The rolls allowed water through 
and around them, but buffered wave action just enough to reduce erosion. In January 
2016 casual monitoring of all ecotone polygons to ensure that all founders were still in 
place, that the rolls were secured and mud caps effective in stabilizing the outplanting.  
Finally, we conducted detailed monitoring of all founders in Trial 2 on April 4-8 and 
September 12-13, 2016 to determine survivorship. 
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Figure 5. Tarp and species-specific flagging of WC ecotone polygon 7B19. Note its 
position parallel to the tidal wetland’s edge (right), just above MHHW. 

 

6.3  Results and Discussion 
 
6.3A.  Uplands of the Wildlife Corridor  
 
Despite sowing over 119,000 seeds of six native perennial herb species in 90 direct 
seedling plots during November 2015, only 89 seedlings of two species (Achillea 
millefolium, Clarkia unguiculata) were produced by spring and summer of 2016 (Table 2).  
A good number of Clarkia plants germinated and survived to flower and produce seeds 
(Figure 5).  The 2015 seeds were in addition to the 55,324 seeds sown during the 
previous three attempts (in 2012, 2014 and January 2015) that produced 188 seedlings of 
four species (Achillea millefolium, Chlorogalum pomeridianum, Atriplex triangularis, and 
Limonium californicum) (Figures 1-3).   
 
What were the factors that limited germination in direct seeding plots?  It is possible that 
the “seed soil pasta” and the “rice paper roll” methodologies, while not improving 
germination in the first year post-sowing, may do so during the second or third years 
post-sowing. The additional planting depth and soil/rice paper covering may limit sun 
exposure initially until decomposition has allowed seed to be shallow enough to 
germinate. Consequently, many sown seeds could still be alive and part of a created seed 
bank.    
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Table 2.  Germination, seedling production and plot disturbance by inundation and 
trail/berm construction in all years for seven native perennial herbs in the wildlife 
corridor, HWRP, 2012-2016. 

Species 

 
 
 

total # 
plots 

 
 

total # 
seeds 
sown 

estimated 
germination 

in each 
active plot 

(%) 

 
 

total # 
seedlings 
produced 

 
# plots 

inundated 
by tidal 
waters 

 
# plots 

destroyed 
by 

construction 

Achillea millefolium  
 

26 
 

15000 
1.3%, 0.4%, 

0.13% 13 13 1 

Chlorogalum pomeridianum  
 

40 
 

5012 
4%, 4%, 10%, 

13%, 13% 31 10 2 

Atriplex triangularis  22 7400 3%, 5%, 25% 130 2 0 
Scrophularia californica  36 53600 0% 0 19 2 
Artemisia douglasiana  27 102300 0% 0 2 1 
Limonium californica  30 5392 1%, 3%, 3% 18 4 0 
Clarkia unguiculata 4 8100 14% 85 0 0 

   
 
 
We  also suspect the following additional factors may have inhibited germination: 
 
1)  Erosion of dredge “soil” - After establishment of the first direct seeding plots in 2012, 
heavy rains appeared to have eroded the dredge “soil” from some plots and washed the 
seeds away. This could not be quantified with certainty 
 
2)  Tidal water inundation – At least 33 plots were inundated by salt-laden tidal waters, 
especially in 2014.  The salt, as well as the physical disturbance, could have affected 
approximately 13,875 of the 55,324 seeds (25%) that had been sown up to that time. 
 
3)  Construction in the WC – Construction of the bay trail and removal of the tidal berm 
(separating the WC from the tidal wetlands) destroyed six plots and affected 5,442 seeds 
(10%). 
 
Other sources of mortality could have included competition from invasive or native 
species within plots (prior to removal) and herbivory by birds and rodents. Low rainfall 
during most of the post-2012 years, however, may have simply been inadequate to 
stimulate germination of seeds that still reside in the seed bank of the WC.  Ongoing 
monitoring, as well as the installation of new plots in better locations, will be used to 
further test these and other sowing methods and to document responses to rainfall 
variations.    
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6.3B.  Wildlife Corridor – Tidal Wetland Ecotone 
 

6.3B.1 Establishment of Founders in Trial 1 

Establishment of the Grindelia and Juncus founders was monitored in June 2014, 
resulting in 90 living Grindelia (8% of the original 1080) and 0 living Juncus. Across most 
of the Trial 1 ecotone plots, founders had been entirely covered by thick algal mats. 
These mats greatly limited sun and air exposure and are the most likely cause for the 
poor establishment. In addition, 11 of the 27 lobes had ponding water up to 3” deep 
even at low tides, causing seedlings to be inundated for long periods. Every attempt had 
been made to best locate the 6.5’ NAVD elevation, but this was before the outboard 
levee had been breached in April 2014. Thus, the high tide line was not yet developed 
and placed dredge material had not yet settled. Months of tidal inundation reshaped and 
reduced major portions of the WC (Pavlik and McWhorter 2015), but eventually 
established a new marsh plane and MHHW elevation.  It is also true that March is outside 
of the ideal outplanting period of November to early February and so founders did not 
benefit from a long, cool winter and an influx of rainwater.  Another monitoring in 
August 2014 found that none of these Trial 1 founders of either species had survived.   
 

6.3B.2 Establishment of Founders in Trial 2 

Establishment of founders in the ecotone during Trial 2 was much more successful than 
during Trial 1.  Of the 1512 Grindelia founders (all three polygons combined), 180 
survived until April 2016 and 54 until September (many of which flowered).  These were 
mostly above MHHW in the 7B and 7C polygons.  Although 271 Juncus founders were 
alive in April, none survived through the summer.  This mirrored the poor performance of 
this species observed in the NSW polygons.  Both Distichlis and Frankenia, however, 
became established in high numbers at, and just above, MHHW through September 
2016.  The placement of the three polygon types in relation to MHHW elevation 
represents a significant improvement in the attempt to establish ecotone vegetation 
between the WC and the TW.   
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Table 3.  Outplanting and establishment of four founder species in ecotone between the 
wildlife corridor and the tidal wetlands during Trial 2, HWRP, 2015-2016.  Survivorship 
(%) and number (#) of founders shown.  “Not included” means the species was not 
included in the outplanted polygon. 

APRIL 2016 

(original # of  
founders) 

Grindelia 

(1512) 

Juncus 

(672) 

Distichlis 

(672) 

Frankenia 

(672) 

7A polygons 1% not included 58% 66% 

7B polygons 7% 10% 76% 83% 

7C polygons 26% 71% not included not included 

Total # of 
founders alive 

180 271 501 451 

SEPT 2016     

7A polygons 0% not included 44% 63% 

7B polygons 3% 0% 68% 79% 

7C polygons 7% 0% not included not included 

Total # of 
founders alive 

54 1 475 379 

 

http://www.opb.org/news/article/pasta-seed-pillows-give-native-plants-a-boost/
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Figure 1. Achillea millefolium in plot AM10 sown 11/27/12, germinated by 2/26/14 and 
observed on 3/18/15. 
 
 

 
 
Figure 2. Chlorogalum pomeridianum in plot CP11 sown 12/12/12, germinated by 3/7/14 
and observed on 2/4/15. 
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Figure 3. Limonium californica in plot LC7 sown 1/21/15, germinated by and observed on 
6/10/16.  
 

 
Figure 4.  Example of “seed soil pasta” for Scrophularia californica (containing 1.0 g of 
seed lot #01 collected in 2014).  
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Figure 5. Clarkia unguiculata in plot CU1 sown in November 19, 2015 and observed on 
May 26, 2016. Note presence of ~85 flowering founders in “layered” method plot 
(highlighted in orange). 
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Figure 6.  Comparison of 7A (left), 7B (middle) and 7C polygons for establishing ecotonal 
vegetation between the wildlife corridor and tidal wetland, HWRP, 2015-2016.  7A 
polygons are at MHHW and 7B and 7C are at increasing elevations above MHHW. 
 

 

 

 

 

 


