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ABSTRACT. Indigenous communities have actively managed their environments for millennia using a diversity of resource use and
conservation strategies. Clam gardens, ancient rock-walled intertidal beach terraces, represent one example of an early mariculture
technology that may have been used to improve food security and confer resilience to coupled human-ocean systems. We surveyed a
coastal landscape for evidence of past resource use and management to gain insight into ancient resource stewardship practices on the
central coast of British Columbia, Canada. We found that clam gardens are embedded within a diverse portfolio of resource use and
management strategies and were likely one component of a larger, complex resource management system. We compared clam diversity,
density, recruitment, and biomass in three clam gardens and three unmodified nonwalled beaches. Evidence suggests that butter clams
(Saxidomus gigantea) had 1.96 times the biomass and 2.44 times the density in clam gardens relative to unmodified beaches. This was
due to a reduction in beach slope and thus an increase in the optimal tidal range where clams grow and survive best. The most pronounced
differences in butter clam density between nonwalled beaches and clam gardens were found at high tidal elevations at the top of the
beach. Finally, clam recruits (0.5-2 mm in length) tended to be greater in clam gardens compared to nonwalled beaches and may be
attributed to the addition of shell hash by ancient people, which remains on the landscape today. As part of a broader social-ecological
system, clam garden sites were among several modifications made by humans that collectively may have conferred resilience to past
communities by providing reliable and diverse access to food resources.

Key Words: ancient shellfish mariculture; bivalves; clam gardens; management portfolio; resilience; resource management; traditional
marine management

INTRODUCTION
Mounting evidence suggests that diversity and functional
redundancy within ecosystems, social systems, and management
systems are key factors that confer resilience to social-ecological
systems (Holling 1973, Folke et al. 1996, 2004, Low et al. 2003,
Folke 2006). Because social and ecological systems are intimately
linked and constantly in flux, flexible and diverse management
strategies can foster learning and adaptation to external
disturbances (Carpenter and Gunderson 2001, Peterson et al.
2003, Folke et al. 2005). Specifically, the diversification of
resource use in conjunction with multiple management strategies
can be used to cope with unanticipated shocks to these systems,
such as sudden climate shifts, natural disasters, and dramatic
changes in resource availability (Berkes and Folke 2003, Olsson
et al. 2004). A growing body of evidence reveals that indigenous
communities in North America developed a portfolio of diverse
technologies and management strategies over millennia to
enhance food production and increase food security (e.g.,
Anderson 2005, Deur and Turner 2005, Trosper 2009, Fowler and
Lepofsky 2011, Smith 2011, Turner 2014).  

Diverse and sophisticated conservation and management
strategies were created, modified, and maintained by indigenous
communities over hundreds, even thousands of years, allowing
for the development of responses to both long and short-term
perturbations (Berkes et al. 2000, Turner et al. 2000, Berkes and
Turner 2006, Berkes 2012). These systems evolved as experience
and traditional knowledge directed the learning, experimentation,
and adaptation of these physical technologies and practices
through time and across space. Many of these traditional
management systems have left structural and cultural legacies we

can observe today. These structural features and associated
governance protocols provide an opportunity to examine how
they might have functioned to confer resilience to social-
ecological systems in the past and how they might be retooled to
help address today’s management challenges.  

Along the northwest coast of North America, emerging evidence
suggests that indigenous communities, referred to as First Nations
in Canada, developed a suite of technologies to conserve and
manage resources within diverse nearshore habitats (Turner
2014). For example, along temperate shorelines, root gardens were
tended to increase crop yields of northern rice root (Fritillaria
camschatcensis), springbank clover (Trifolium wormskioldii), and
Pacific silverweed (Potentilla anserina ssp. pacifica; Deur 2005).
Terrestrial resources including various shrubs and trees were also
tended, pruned, and fertilized to increase berry and fruit
production (Thornton 1999, Trusler and Johnson 2008).
Landscapes were routinely cleared and burned to promote the
productivity of successional plant species (Boyd 1999, Lepofsky
et al. 2005a), such as the underground edible bulbs of camas
(Camassia spp.), one of the most widely traded food resources in
the Pacific Northwest (Turner and Turner 2007). In coastal
aquatic ecosystems, stone fish traps at the mouths of rivers (White
2006, Brown and Brown 2009) and wooden fish weirs within
streams were constructed by Haida and Heiltsuk First Nations
(Brown and Brown 2009, Kii′iljuus Wilson and Luu Gaahlandaay
Borserio 2011) and were used to selectively harvest all five species
and specific sizes of Pacific salmon. Large individuals were
intentionally allowed to escape the fishery to increase the
robustness of the next generation (Brown and Brown 2009).
Specific hook sizes (Brown and Brown 2009) and net mesh were
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employed to regulate the species and size of a catch (Lepofsky
and Caldwell 2013). Among the Heiltsuk First Nation, the impact
of harvests were also limited by restricting access to productive
gathering sites based on family lineages (Powell 2012). Ancient
clam gardens, a newly documented form of ancient mariculture
technology (Harper et al. 1995, Williams 2006, Groesbeck et al.
2014, Lepofsky et al. 2015), may have been the basis for yet
another form of ancient resource management embedded within
a portfolio of coastal management practices.  

Clam gardens are intertidal rock-walled terraces engineered by
humans in ancient times and have been documented from
northwest Washington, through British Columbia, to southeast
Alaska (Harper et al. 1995, Harper and Morris 2004, Harper
2007, Williams 2006, Caldwell et al. 2012, Deur et al. 2015). These
rock walls were constructed in the mid-intertidal zone, between
0.5-1.8 m above chart datum (LLWLT: lowest low water large tide;
Groesbeck et al. 2014), and are associated with a beach terrace
landward of the wall. It is hypothesized that these rock walls
transformed naturally sloping clam beaches into more levelled
terraces through a combination of natural sedimentation (Harper
2007) and the active addition of gravel and shell hash by people
(Groesbeck et al. 2014). Similar to other resource management
features and systems, clam gardens were embedded within a
broader set of governance rules that guided management and use
of associated land and seascapes (Lepofsky and Caldwell 2013,
Deur et al. 2015, Lepofsky et al. 2015).  

Written information on clam garden antiquity, ecological
function, use, and management is just now accumulating
(Williams 2006, Groesbeck et al. 2014, Deur et al. 2015, Lepofsky
et al. 2015) and builds on the traditional knowledge held by First
Nations people (Deur et al. 2015, Lepofsky et al. 2015). Recent
archaeological excavations in southern British Columbia indicate
that clam gardens date to at least 1000 years Before Present (B.P.;
Lepofsky et al. 2015). Observational and transplant experiments
comparing clam gardens and nonwalled beaches have
demonstrated that clam gardens, by flattening the slope of the
beach, expand clam habitat at the tidal height at which clams grow
and survive best (Groesbeck et al. 2014). By extending the optimal
growing conditions for clams, clam gardens have increased
densities and biomass of native littleneck clams (Leukoma
staminea). However, it is not yet clear how clam gardens affect
clam community composition and recruitment and how they may
have operated in conjunction with other traditional management
policies governing the coastal land and seascape continuum. We
contribute to this growing body of research by quantifying the
variation in clam recruitment, diversity, density, and biomass
between clam gardens and unmodified, nonwalled beaches on the
central coast of British Columbia, Canada (Fig. 1) and by
documenting the diverse eco-cultural landscape within which
clam garden technology was embedded. Specifically, we build on
previous work by Groesbeck et al. 2014 by (1) testing the
generality of their hypotheses and evidence of increased
production in a different biocultural region of Canada’s Pacific
coast and by (2) placing clam gardens within a broader context
of coastal management technologies to explore how this ancient
management technique may have conferred resilience within a
portfolio of diverse ancient coastal management policies.

METHODS

Study area

Ecological context
This research was conducted on the central coast of British
Columbia, Canada, in Kwakshua Channel between Calvert and
Hecate islands (Fig. 1). Kwakshua Channel is 12 km long and is
characterized by its steep, rocky intertidal zone and deep waters.
Several sheltered inlets punctuate the western end of the channel
and provide relatively shallow water and soft sediment beaches
encompassing clam habitat. The dominant bivalves found in these
beaches include butter clams (Saxidomus gigantea), macoma
clams (Macoma spp.), native littleneck clams (Leukoma staminea),
horse clams (Tresus spp.), eastern soft shell clams (Mya arenaria),
and heart cockles (Clinocardium nuttallii). At the head of the inlets
are small, lake-fed creeks and rivers flowing out to productive
eelgrass habitats. Within 50 m to 1 km, the exposed outer coast
encompasses productive rocky intertidal and subtidal kelp forest
habitat that together support a diversity of reef associated fish
including lingcod (Ophiodon elongatus), rock fish (Sebastes spp.),
and greenling (Hexagrammidae), and invertebrates, such as
northern abalone (Haliotis kamtschatkana), sea urchin
(Strongylocentrotus spp.), marine snails (Astrea gibgerosa,
Littorina spp., Nucella spp.), mussels (Mytilus spp.), limpets
(Acmaea spp., Lottiidae), chitons (Polyplacophora), and barnacles
(Semibalanus spp., Balanus spp.).

Fig. 1. Kwakshua Channel, located between Calvert and Hecate
islands, on the central coast of British Columbia, Canada
encompasses a diversity of archaeological features (Table 1)
and evidence of ancient marine use and management, including
eight clam gardens. Radiocarbon dates suggest that people
inhabited this region during the early Holocene, from at least
8000-10,000 years B.P. (McLaren and Christensen 2014).

Above the surrounding foreshore is temperate rainforest
characteristic of the hypermaritime variants of the Coastal
Western Hemlock biogeoclimatic zone (Meidinger and Pojar
1991). This very wet hypermaritime forest covers much of the
outer coast of British Columbia and is characterized by high rates
of precipitation, cool summers, and wet winters (Meidinger and
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Pojar 1991) and is comprised of primary growth western red cedar
(Thuja plicata) and yellow-cedar (Cupressus nootkatensis),
western hemlock (Tsuga heterophylla), Sitka spruce (Picea
sitchensis), and amabilis fir (Abies amabilis) trees. Bog forests and
wetlands have developed in areas of low relief  and are associated
with high densities of sphagnum moss and stunted yellow-cedar,
mountain hemlock (Tsuga mertensiana), and lodgepole pine
(Pinus contorta). Together, the diverse terrestrial and highly
productive maritime landscapes provide habitats for a wide range
of species and thus resource use and a portfolio of ancient
management technologies.

Cultural context
Archaeological research indicates that people have lived on the
central coast of British Columbia, Canada continuously since at
least 10,000 B.P. (Hester and Nelson 1978, Carlson 1979, 1996,
Cannon 1991, 2000, McLaren and Christensen 2014, McLaren
et al. 2015) and that they used a range of seasonally available
marine and terrestrial species (Pomeroy 1980, Cannon and Yang
2006, Cannon et al. 2008, 2011). Faunal analyses of shell middens
indicate that a wide variety of fish, marine mammals, and
shellfish, including butter clam, native littleneck, horse clam,
cockle, whelk (Nucella spp.), sea urchin, barnacle, limpet, mussel,
and chiton were harvested. Site-specific patterns suggest an
emphasis on local resource procurement (Cannon et al. 2008,
2011) and indicate that the seasonal harvest of clams varied
among sites (Cannon and Burchell 2009, Burchell et al. 2013). In
Kwakshua Channel, archaeological sites with sequences that span
the early to late Holocene provide evidence of long-term
occupation and connection to place (McLaren et al. 2015). The
presence of at least four large village sites and many marine
resource harvesting and processing sites (McLaren and
Christensen 2014) suggests that the area was densely populated
in the past. Furthermore, oral histories by First Nations identify
Luxvbalis as a large winter village at the head of Kwakshua
Channel (Olson 1955).

Shoreline survey
We documented the presence of human-made intertidal features
in Kwakshua Channel, British Columbia, Canada (Fig. 1) with
systematic boat-based surveys conducted during two low tides in
the spring of 2012. Features including clam gardens, stone fish
traps, canoe runs (small clearings free of large rocks that allow
for the passage of canoes), and cleared clam beaches (the removal
of rocks and boulders from the beach surface) were documented.
We also documented upper intertidal and shoreline features (e.g.,
root garden, shell midden) along the southeastern most inlet in
May 2013 and summarized data from previous archaeological
surveys that include sites on north Calvert Island and west Hecate
Island (Hobler 1988, Stryd et al. 1993, McLaren and Christensen
2014). All documented archaeological features, including clam
gardens and nonwalled clam beaches, and new and previously
recorded archaeological sites were compiled, geo-referenced with
GPS, mapped using QGIS freeware, photographed, and
described.

Field surveys
To quantify differences in clam diversity, biomass, density, and
recruitment between clam gardens and nonwalled clam beaches,
we measured and identified clams in 25 x 25 x 25 cm sample
columns (0.0156 m3) along a vertical transect in replicate clam

gardens (n = 3) and nonwalled beaches (n = 3) in May 2013 (Fig.
2). Vertical transects ran perpendicular to the shore, extending
from the top of the clam habitat in the high intertidal to the rock
wall in clam gardens or to 0.8 m above Canadian chart datum at
nonwalled beaches, which was the average tidal height of the three
clam garden rock walls sampled in Kwakshua Channel. A total
of 15 evenly spaced and stratified tidal stations were established
along the length of each transect. Tidal station 1 represents the
top of clam habitat, whereas tidal station 15 is at the lowest
intertidal height. Sample columns were then excavated at each
tidal station. In some cases, columns could not be excavated to
25 cm depth because of the presence of rocks. In these cases, the
depth of each excavation was recorded and measures of density
were adjusted accordingly. The contents of each sample column
were screened using 1/8-inch mesh to recover all live clams present.
For 30% of the surveyed bivalves for which direct field biomass
measurements were not possible because of tide constraints, we
estimated their biomass by a length-weight regression (Appendix
1).

Fig. 2. We surveyed clams across vertical transects that ran
from the top of clam habitat to 0.8 m above chart datum in
both clam gardens (n = 3) and nonwalled clam beaches (n = 3).
All visible clams in 25 x 25 x 25 cm samples (n = 15 per beach,
represented by blue and green dots) were identified and
measured. Based on previously published work on clam
gardens elsewhere in British Columbia, we predicted that
nonwalled beaches (A) would have a steeper slope and less area
within optimal intertidal clam habitat (red box) compared to
clam gardens (B). Redrawn from Groesbeck et al. 2014.

To quantify differences in bivalve recruitment between clam
gardens and nonwalled beaches, we subsampled sediment from
tidal stations 1, 5, 11, and 15 from each site. The sediment was
sifted through a 1/16-inch mesh screen to remove larger rocks and
debris and a wet-screening process was used to remove the
remaining silt and sand. A ¼ subsample was hand sorted on a
tray to recover live clam recruits. After remixing the subsample,
we conducted a second sort for any additional clam recruits and
counted all macroscopic clam recruits visible to the naked eye (≥
0.5 mm). The clam recruits were binned into two size categories, <
2 mm and 2-5 mm, to differentiate between those that might have
settled in the year they were observed and those that likely settled
late in the previous year.

Statistical analysis

Clam recruitment, biomass, and density
To assess whether differences exist in clam biomass and density
between clam gardens and nonwalled beaches, we used linear
mixed-effects models (LME), where beach type (clam garden vs.
nonwalled beach) and tidal station (stations 1-15) were treated as
fixed effects, and site was treated as a random effect. We used an
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interaction term of beach type * tidal station as an additional fixed
effect in the models to test whether differences between beach type 
varied by tidal station. Beach type was selected to test for a clam
garden effect, and beach type * tidal station interaction was
selected to test for across-beach effects of tidal station between
clam gardens and nonwalled beaches. We constructed these
models for butter clams, native littleneck clams, and bentnose
macoma (Macoma nusata) because these species composed the
majority of clams found. We also constructed linear models to
examine patterns in clam recruitment between clam gardens and
nonwalled beaches. Variance structures were assessed and selected
for each model based on the Akaike information criterion,
corrected for small sample size (AICc; Burnham and Anderson
2002). Final models met homoscedastic variance and normality
assumptions. Although tidal stations were spatially autocorrelated
along each transect, we found that adding correlation structures
to clam biomass and density models did not improve the fit of
our models.  

We competed models with all possible combinations of fixed
factors and determined the relative support for each model using
AICc. Models were standardized to the best-fit and most
parsimonious model to determine ∆AICc values, with the lowest
values having the best compromise between model fit and number
of parameters (Burnham and Anderson 2002). The ∆AICc values
≤ 2 show substantial support for a given model over others. Akaike
weights (wi) were calculated as the ratio of ∆AICc values for each
model relative to the entire set of candidate models. All models
were constructed and analyzed in R (R Core Team 2014).

Optimal clam habitat models
To assess if  and how clam garden engineering altered intertidal
height and optimal growing conditions for clams, we modeled the
relationship between intertidal height and the biomass and
density of clams in clam gardens and nonwalled beaches, by fitting
Gaussian models (Eq. 1) to clam biomass and density (y) as a
function of intertidal height: 

� = � ∗ ���.	

���
 �

�
 (1) 

 
  

where α (curve height) describes the magnitude of clam biomass
or density, µ (curve mean) is the intertidal height at which biomass
or density is greatest, and σ (curve width) describes the standard
deviation in clam biomass or density. We then compared fitted
model parameters across clam gardens and nonwalled beaches
based on our predictions (Appendix 2).

Hypotheses
Based on previous research (Groesbeck et al. 2014), we predicted
that clam gardens expand the amount of optimal clam habitat by
reducing the slope of the beach relative to nonwalled clam beaches
(Fig. 2), thereby increasing the area of habitat situated within
optimal tidal height for clams. Thus, we expected to find greater
biomass and density of clams particularly at the higher tidal
stations of clam gardens compared to nonwalled beaches. In
addition, we predicted that Gaussian models of clam biomass
and density would peak at approximately the same tidal height µ 
but would differ in their maximum height α such that biomass
and density would be elevated in clam gardens because of
differences in sediment composition and water retention afforded
by the rock wall. Finally, we predicted that clam recruitment

would be enhanced in clam gardens compared to nonwalled
beaches due to an expanded range of optimal clam habitat and
superior shell hash substrate known to induce the settlement of
pelagic larval clams and improve conditions for their growth and
survival post settlement (Butman et al. 1988, Green et al. 2013).
We expected that the greatest differences in clam abundance and
recruitment between site types would occur near the top and
bottom of sampled beaches because these are the areas that would
be most affected by a change in beach slope. Although we expected
the biomass and density of clams to vary between clam gardens
and nonwalled beaches, we did not expect species composition to
differ.

RESULTS

Evidence of ancient human landscape modification and use
We surveyed 32 kilometers of coastline from the intertidal (0 m,
i.e. chart datum) to the foreshore (approximately 7 m above chart
datum). We documented previously unrecorded anthropogenic
modifications to the landscape, including eight clam gardens (Fig.
3A), three cleared clam beaches with no wall that appeared to be
anthropogenically altered with most stones removed or moved
shoreward (Fig. 3B), a possible root garden (Fig. 3C), two stone
fish traps (Fig 3D), a canoe run, and a shell midden site with an
associated artifact (Table 1). We also recorded 16 unmodified no-
walled clam beaches with no observable human modifications.
Previous surveys of this area have documented an additional 24
shell middens, 18 culturally modified tree sites, 9 intertidal lithic
scatters, 7 rock art sites, 5 canoe runs, 4 stone fish traps, 4 villages,
2 clam gardens, a burial site, and a defensive site (Pomeroy 1980,
Hobler 1988, Stryd et al. 1993, White 2006, McLaren and
Christensen 2014) (Table 1).  

We identified clam gardens and cleared beaches in various
habitats and observed that their sediment composition and slope
differed from nonwalled beaches. The clam gardens were found
along the mouths and/or edges of small inlets, had shallower
slopes compared to unaltered beaches (Fig. 4), and their sediment
was primarily composed of shell hash and gravel. The cleared
clam beaches were often found along the edges of inlets and had
a mix of sand, gravel, and shell hash substrate. In contrast, the
nonwalled beaches we documented were primarily located at the
head of small inlets, had a steeper slope, and were composed of
sediment that was primarily silty sand and mud.  

Near the head of the southeastern most inlet, we recorded a
concentration of archaeological features including a cleared
beach, a possible small root garden, a canoe run, a stone fish trap,
and a shell midden with an associated artifact that is likely a net
weight used for fishing. Based on the surface exposure, the shell
midden reveals the use of shellfish, fish, and marine mammals.
The possible root garden was situated on a small terrace in the
upper intertidal and was dominated by Pacific silverweed with
dispersed springbank clover. This feature was also associated with
the recently identified canoe run and with one previously recorded
double walled fish trap (Fig.3D). The previously unrecorded stone
fish trap identified in our survey was located in the upper intertidal
near the mouth of a small river and included a series of circular
traps or pools that were created by clearing away rocks and
boulders.

http://www.ecologyandsociety.org/vol21/iss4/art20/


Ecology and Society 21(4): 20
http://www.ecologyandsociety.org/vol21/iss4/art20/

Table 1. Our shoreline surveys at low tide, in combination with previous records, revealed a diverse range of archaeological site types
within Kwakshua Channel, British Columbia, Canada.
 
Site Type †Total number of sites

or features on landscape
Sites

identified in
2012 survey

Sites
identified in
2013 survey

Previously
recorded

sites

Archaeological reports Publication

Shell midden 25 0 1 24 Pomeroy 1980, Hobler 1988, Stryd
et al. 1993, McLaren and
Christensen 2014

McLaren et al. 2015

Culturally modified tree (CMT) 18 0 0 18 Stryd et al. 1993, McLaren and
Christensen 2014

Nonwalled clam beach 16 16 0 0 N/A
Clam garden 10 8 0 2 McLaren and Christensen 2014
Lithic scatter 9 0 0 9 Hobler 1988, McLaren and

Christensen 2014
Rock art 7 0 0 7 Hobler 1988, Stryd et al. 1993,

McLaren and Christensen 2014
Stone fish trap 6 2 0 4 McLaren and Christensen 2014
Canoe run 6 1 0 5 McLaren and Christensen 2014
Village/large settlement 4 0 0 4 McLaren and Christensen 2014 McLaren et al. 2015
Cleared beach 3 3 0 0 N/A
Root garden 1 0 1 0 N/A
Burial/cemetery 1 0 0 1 Hobler 1988
Defensive 1 0 0 1 McLaren and Christensen 2014
†Note: The total number of sites indicated does not necessarily represent the total number of components or features per site (e.g., culturally modified tree (CMT)
sites may have multiple trees, rock art may have multiple images or panels, etc.). In addition, a single designated archaeological site may have multiple
components and therefore be represented more than once in the table (e.g., registered site EjTa-17 has a clam garden, shell midden, canoe run, and multiple
CMTs).

Fig. 3. Our shoreline survey revealed: (A) eight ancient clam
gardens built along the edges of inlets with distinct rock walls
between 0.5-0.8 m above chart datum and beach terraces
landward of the wall; (B) three nonwalled but cleared clam
beaches with stones moved shoreward; (C) a possible estuarine
root garden with Pacific silverweed (Potentilla anserina ssp.
pacifica) and dispersed springbank clover (Trifolium
wormskioldii); and (D) a double walled fish trap at the mouth of
a small river found in associated with the root garden, a cleared
beach, circular fish traps, and a shell midden with a net fishing
weight artifact. These and previously recorded archeological
features in the area, including culturally modified trees,
intertidal lithics, canoe runs, and 2 village sites with early
components that date to 10,000 and 6000 years B.P. (McLaren
et al. 2015), are all listed in Table 1. Photographs by A.
Salomon (A), J. Jackley (B), N. Turner (C, an example root
garden from nearby Hunter Island), and A. Groesbeck (D).

Fig. 4. Intertidal height of our 15 tidal stations where clams
were surveyed from 25 x 25 x 25 cm samples at 3 ancient clam
gardens (green) and 3 nonwalled clam beaches (blue) in
Kwakshua Channel, British Columbia, Canada. LLWLT =
lowest low water large tide.

Clam gardens

Bivalve biomass, density, and community composition
Strong evidence suggests that greater butter clam biomass exists
in clam gardens compared to nonwalled beaches and that butter
clam biomass differed between clam gardens and nonwalled
beaches as a function of tidal station (Table 2, Fig. 5A,B).
Furthermore, as predicted, the effect of tidal station on butter
clam biomass was mediated by the effect of beach type (Table 2;
full model plus interaction term ∆AICc = 0, wi = 1), such that the
biomass of butter clams tended to be greater in clam gardens than
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Table 2. Strength of evidence for alternative candidate models examining the effects of beach type (clam garden versus nonwalled
beach) and tidal station on the biomass and density of adult butter (Saxidomus gigantea), bentnose macoma (Macoma nusata), native
littleneck clam (Leukoma staminea), and total clams, in addition to clam recruits, both < 2 mm and 2-5 mm. Models with parameters
(K) were compared using small-sample bias-corrected Akaike’s information criterion (AICc), differences in AICc (∆AICc) and
normalized Akaike weights (Wi) representing the strength of evidence for model i. All models include site as a nested, random factor,
and variance structures denoted as: ¹constant power variance structure, ²power variance structure, ³exponential variance structure,
§identity variance structure fitted by type, †identity variance structure fitted by beach.
 
Response and Model AIC

c
∆AIC

c
w

i
K

Biomass of butter¹

Type + Station + Type*Station 1086.39 0 1 8
Type + Station 1119.80 33.41 0 7
Station 1133.86 47.47 0 6
Type 1143.23 56.84 0 6
Intercept 1180.22 93.83 0 5

Biomass of littleneck²
Type + Station + Type*Station 913.23 0 0.88 7
Type 918.12 4.89 0.08 5
Type + Station 919.22 5.99 0.04 6
Station 976.98 63.75 0 4
Intercept 978.01 64.78 0 3

Biomass of macoma²
Type + Station 696.00 0 0.59 6
Type + Station + Type*Station 697.52 1.52 0.28 7
Station 698.97 2.97 0.13 5
Type 721.97 25.98 0 5
Intercept 725.76 29.77 0 4

Biomass of total clams²
Type + Station + Type*Station 1113.31 0 1 7
Type + Station 1133.47 20.16 0 6
Type 1144.64 31.33 0 5
Station 1145.56 32.26 0 5
Intercept 1181.30 67.99 0 3

Density of butter³
Intercept 330.29 0.00 0.46 5
Type 330.92 0.63 00.33 6
Station 332.96 2.67 0.12 6
Type + Station 333.60 3.31 0.09 7
Type + Station + Type*Station 339.38 9.09 0.00 8

Density of littleneck§

Intercept 249.38 0.00 0.54 4
Type 249.75 0.37 0.45 5
Station 257.48 8.10 0.01 5
Type + Station 257.90 8.52 0.01 6
Type + Station + Type*Station 263.24 13.86 0.00 7

Density of macoma†

Intercept 251.30 0.00 0.30 8
Station 251.85 0.55 0.23 9
Type 251.97 0.67 0.22 9
Type + Station 252.63 1.33 0.16 10
Type + Station + Type*Station 253.67 2.38 0.09 11

Density of total clams³
Type 240.53 0.00 0.42 6
Station 241.42 0.88 0.27 6
Type + Station 241.51 0.98 0.26 7
Type + Station + Type*Station 245.13 4.60 0.04 8
Intercept 251.43 10.90 0.00 4

Density of clam recruits (< 2 mm)
Intercept 222.67 0 0.56 2
Station 224.54 1.86 0.22 3
Type 225.20 2.53 0.16 3
Type + Station 227.34 4.67 0.05 4
Type + Station + Type*Station 230..56 7.89 0.01 5

Density of clam recruits (2-5 mm)
Station 291.77 0 0.42 3
Intercept 292.19 0.43 0.34 2
Type + Station 294.44 2.68 0.11 4
Type 294.62 2.85 0.10 3
Type + Station + Type*Station 297.22 5.45 0.03 5
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Fig. 5. Variation in species-specific bivalve biomass and density (± SE) as a function of tidal
station in (A and C) nonwalled beaches (n = 3) and (B and D) clam gardens (n = 3) in
Kwakshua Channel, British Columbia, Canada. Unique symbols and colors represent
different species of clams: Butter clam (Saxidomus gigantea), bentnose macoma (Macoma
nusata), native littleneck clam (Leukoma staminea), and cockle (Clinocardium nuttallii).

nonwalled beaches, particularly at tidal stations toward the top
of the beach, where optimal clam habitat was extended. This effect
was strongest at tidal stations two to six, between tidal heights of
1 to 1.5 m. On average, butter clam biomass was 1.96 times greater
in clam gardens than nonwalled beaches. These differences in
biomass were driven by differences in clam sizes between clam
gardens and nonwalled beaches. For example, the range in butter
clam length was larger in clam gardens (7-137 mm) versus
nonwalled beaches (8-91 mm). Additionally, a greater proportion
of larger clams (length > 60 mm) were found in clam gardens
compared to nonwalled beaches.  

Similarly, we found strong evidence that the biomass of native
littleneck clams was greater in clam gardens than nonwalled
beaches. Here too, the effect of tidal station was mediated by the
effect of beach type (Table 2; full model plus interaction term
∆AICc = 0, wi = 0.88). Although the biomass of bentnose macoma
was also driven by beach type and tidal station, there was no
evidence that beach type did or did not meditate the effect of tidal
station (Table 2; full model plus interaction term ∆AICc = 0, wi 
= 0.28). Over all species of clams, we found more clam biomass
in clam gardens than nonwalled beaches, and this effect varied
with tidal station because of a reduction in clam garden beach
terrace intertidal height (Table 2, Fig. 4, 5, 6).  

We detected higher total clam density in clam gardens compared
to nonwalled beaches, with strong evidence to suggest that there
was an effect of both tidal station and beach type (Table 2, Fig.
6B). Although we observed, on average, higher densities of butter
clams, native littlenecks, and macoma clams in clam gardens
compared to nonwalled beaches, we found no clear evidence that

beach type or tidal station affected their species-specific densities
(Table 2; intercept model of no effect for each species wi = 0.46,
0.54, 0.30, respectively; Fig. 5C,D).

Fig. 6. Total bivalve (A) biomass and (B) density (± SE) as a
function of tidal station in clam gardens (n = 3) and nonwalled
beaches (n = 3) in Kwakshua Channel, British Columbia,
Canada.
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Clam community composition differed slightly between beach
types. Specifically, butter, bentnose macoma, native littleneck
clams, and cockles were present in the sediment of both clam
gardens and nonwalled beaches. However, Baltic macoma
(Macoma balthica) and the invasive littleneck clam (Venerupis
philippinarum) were present only in nonwalled clam beaches.

Optimal clam habitat models
As predicted, the magnitude of biomass and density (a) of all
clam species was higher in clam gardens compared to nonwalled
beaches, and the standard deviation (σ), describing the range of
intertidal heights at which clams are found, was consistently lower
(Table 3; Fig. 7; Fig. A2.1). Total clam density and biomass peaked
at approximately the same intertidal height μ (mean) in clam
gardens and nonwalled beaches (Table 3). Native littleneck and
bentnose macoma biomass and density did not conform well to
a Gaussian relationship because of higher densities found in the
lower intertidal than expected. Although we did not detect an
effect of beach type for bentnose macoma clam density, the
parameter a was higher in clam gardens relative to nonwalled
beaches (Table 3).

Bivalve recruitment
Overall, we found high variability in the density of bivalve recruits
within and between tidal stations, in both clam gardens and
nonwalled beaches (Fig. 8). Although we did not detect evidence
for an effect of beach type on clam recruitment (intercept model
of no effect within two ∆AICc units of top models; Table 2), clam
recruits between the sizes of 0.5-2 mm tended to be in greater
densities, albeit more variable, in clam gardens compared to
nonwalled beaches (Fig. 8A). Across both beach types, densities
of 2-5 mm clam recruits were lowest at the top of the beach (tidal
station 1) and highest at tidal station 11 (0.88-1.09 m intertidal
height; Fig. 8B).

Table 3. Parameters for the modeled response of biomass
(g/0.0156 m³) of butter clam (Saxidomus gigantea), bentnose
macoma (Macoma spp.), native littleneck clam (Leukoma
staminea), and total clam species as a function of intertidal height.
Each response was predicted by modeling a gaussian curve to the
data, y = a*exp(-0.5*((x-μ)/σ)2), where y = response, x = intertidal
height, a = height, μ = mean, and σ = standard deviation. NW =
nonwalled, CG = clam gardens.
 
Type Response a

(height)
μ

(mean)
σ 

(standard
deviation)

SSQ (sum
of squares)

NW S. gigantea biomass 112.54 1.31 0.57 375,386.44
CG S. gigantea biomass 521.96 1.32 0.15 986,214.38
NW L. staminea biomass 16.14 1.43 0.88 21,965.58
CG L. staminea biomass 106.66 0 0.93 219,956.79
NW M. spp. biomass 13.17 0 700.50 6104.26
CG M. spp. biomass 15.13 1.10 0.39 1292.47
NW All spp. biomass 141.39 1.35 0.66 438,020.69
CG All spp. biomass 504.59 1.31 0.21 1,409,346.45

DISCUSSION
According to our findings, ancient clam gardens on the central
coast of British Columbia, Canada, have higher total clam
biomass and density than nonwalled clam beaches and they are

Fig. 7. Actual (symbols) and predicted (line) biomass of (A and
B) butter clams, (C and D) native littleneck clams, (E and F)
macoma clams, and (G and H) total clams as a function of
intertidal height (m above LLWLT) in nonwalled beaches (blue)
and clam gardens (green). Note variation in y-axes range
among different bivalve species. LLWLT = lowest low water
large tide.

Fig. 8. Density (0.0156 m³ ± SE) of bivalve recruits (A) < 2 mm
in length and (B) 2-5 mm in length in clam gardens (n = 3) and
nonwalled beaches (n = 3) at tidal stations 1, 5, 11, and 15.
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but one ancient management technology nested within a broader
eco-cultural landscape. This landscape includes a diversity of
resource harvesting and processing sites that could have helped
ancient communities adapt to a range of external perturbations
experienced in the area. Although the antiquity of many of these
features has yet to be determined by radiocarbon dating, the
presence and spatial distribution of resource use and a portfolio
of management technologies evident across this land and seascape
continuum suggests that this system was modified and managed
to enhance food production, access, and security over millennia
(Table 1). Clam gardens would have been an important
component to this diverse and complex coastal resource
management system.

Enhanced bivalve biomass and density in clam gardens
Strong evidence suggests that clam gardens in the Kwakshua
Channel have greater total bivalve biomass and density when
compared to nonwalled beaches (Fig. 5, 6). This was particularly
the case for butter clams that had 1.96 times the biomass and 2.44
times the density in clam gardens relative to unmodified beaches.
Clam species have a specific range of intertidal heights at which
they are found (Quayle and Bourne 1972), and a flatter beach
within this range would increase the area of optimal habitat for
certain species (Fig. 2A,B). Consequently, the enhanced clam
biomass within clam gardens that we report, most notably at
upper tidal stations, is likely attributable to the increase in optimal
clam habitat and thus ideal growing conditions (i.e., optimal
moisture and temperature) due to their reduced beach slope (Table
2; Fig. 4). These findings are consistent with our predictions and
with previous research on clam gardens conducted elsewhere in
British Columbia, on Quadra Island, 300 km south of Kwakshua
Channel (Groesbeck et al. 2014).  

Mechanisms in addition to the modification of beach slope may
magnify the densities of butter clams detected in clam gardens
compared to nonwalled beaches. We observed a difference in
substrate type and quality between beach types where clam garden
sediment was primarily composed of shell hash and gravel
whereas nonwalled beach sediment was primarily silty sand and
mud. The addition of shell hash and gravel to clam gardens has
the effect of modifying the substrate size in a beach, which can
influence clam recruitment, growth, and survival (Paterson and
Neil 1997). The difference in substrate between clam gardens and
nonwalled beaches may also explain the differential presence of
Baltic macoma and invasive littleneck clams, which were only
found in unmodified, nonwalled beaches, possibly because of the
siltier and muddier conditions (Huxham and Richards 2003).

Larval clam delivery and recruitment
Although we predicted that clam gardens would experience higher
rates of larval clam recruitment because of an expanded range of
optimal clam growing conditions (e.g., moisture, temperature)
and the presence of shell hash substrate known to induce the
settlement of pelagic larval clams (e.g., Butman et al. 1988, Green
et al. 2013), we found little evidence in support of this hypothesis,
likely because of the high variability in bivalve recruits we found
within and between tidal stations in clam gardens and nonwalled
beaches. However, consistent with our prediction, we did find that
the number of clam recruits between the sizes of 0.5-2 mm tended
to be higher, albeit more variable, in clam gardens compared to
nonwalled beaches (Fig. 8A). A greater number of samples of

clam recruits, across both beach types and over the spring and
summer spawning seasons, in addition to the enumeration of
microscopic clam recruits smaller than 0.5 mm, would vastly
improve our ability to assess the effect of clam gardens on clam
recruitment. Nonetheless, the trend in our data suggests that the
alteration of postsettlement processes that influence clam recruit
growth may contribute to the elevated adult clam biomass and
density in clam gardens. These postsettlement processes could
include physical disturbance, oxygen limitation, desiccation, food
delivery, and predation (Rodnick and Li 1983, Hunt and
Scheibling 1997). For example, optimal substrate composition for
native littleneck clams is a mix of coarse sand, gravel, and shell,
which was present at the clam gardens we sampled. It is possible
that in nonwalled beaches, larval recruits experience higher
mortality caused by a higher likelihood of being buried, or
smothered in less stable substrates such as fine silts (Peterson 1985,
Quayle and Newkirk 1989, Toba et al. 1992). Additionally, clam
gardens may retain water for longer periods of time because of
their reduced slope. In such conditions, larvae may experience less
desiccation and more consistent temperatures, reducing the
thermal stress associated with variable temperatures in both the
winter (i.e., when clams are prone to freezing events) and summer
(i.e., when high midday temperatures coinciding with the low tide
might exceed thermal tolerances of some clam species). Increased
submersion times and water retention in clam gardens compared
to nonwalled beaches may also increase the delivery, availability,
and thus consumption of phytoplankton. To test among
competing mechanisms that promote increased clam growth and
survivorship in clam gardens, future experimental transplants of
clam recruits in clam gardens and nonwalled beaches while
manipulating and measuring factors such as predator access,
water moisture, temperature, pH, amount of shell hash, and pore
water, would help resolve what factors drive the variation in beach
type we have reported here.  

In our study, we measured larval recruitment by assessing the
density of clam recruits between 0.5-5 mm. Most clams in British
Columbia spawn as early as April or May (Quayle and Bourne
1972), and our investigation took place in late May. The larval
period for native littleneck clams is three weeks in length, and
newly settled recruits (< 0.5 mm in length) were noted in some of
our samples, so it is likely that a settlement event(s) occurred
before our study. Previous work has shown that juvenile clams,
but not adults, experience higher growth rates in clam gardens
(Groesbeck et al. 2014), and it is possible that clam gardens may
influence the growth of clam recruits as well. Moreover, if  clam
gardens are constructed in areas that would not otherwise support
clam populations (e.g., steep and rocky shorelines), there may be
an overall increase in survival of larval recruits where ordinarily
it would be low or nonexistent.

Landscape modification, management, and biological
productivity
There is increasing recognition that indigenous people in North
America developed a range of land- and sea-scape management
practices to increase the availability, abundance, and diversity of
resources (e.g., Hunn 1990, Blackburn and Anderson 1993, Boyd
1999, Anderson 2005, Berkes and Davidson-Hunt 2006, Fowler
and Lepofsky 2011, Turner 2014). Although much of this work
has focused on terrestrial management systems, the clam gardens
documented in this study add to a growing literature documenting
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traditional marine management systems and the long-term effects
these practices can have on species and ecosystems (e.g., Costa-
Pierce 1987, Hunn et al. 2003, Langdon 2006, Lepofsky and
Caldwell 2013, Lepofsky et al. 2015, Thornton 2015). Although
evidence for past resource management can be somewhat elusive
(Lepofsky and Lertzman 2008), many management practices do
leave an imprint on the landscape, resulting in a mix of
archaeological site types. The abundance and diversity of sites
within Kwakshua Channel is reflective of the range of past
landscape modifications as well as the natural diversity of
ecosystems in the area.  

Our study provides a focused examination of just one of the many
ways past peoples modified a diverse coastal landscape to enhance
resource production and access. By reducing the beach slope, clam
gardens in Kwakshua Channel expanded optimal clam habitat to
increase both the abundance and biomass of clams. Our shoreline
survey indicated that, in addition to clam gardens, shellfish may
have been available in other locations (e.g., cleared beaches,
nonwalled beaches), although in less abundance and possibly of
smaller sizes. The diversity in the locations of these harvesting
areas may have provided relatively consistent access to shellfish
over time and the availability of other marine and terrestrial
resources within the channel could have reduced the risk of food
insecurity when shellfish were less available or possibly
contaminated by natural toxins in some spring and summer
phytoplankton blooms. Furthermore, these management features
within Kwakshua Channel could have been connected to broader
social networks that shared resources across ecologically diverse
landscapes to help mitigate resource scarcity (e.g., Suttles 1987,
Lepofsky et al. 2005b).  

Previous archaeological excavation and our shoreline survey
suggest that people have gathered and processed resources and
lived on the landscape for millennia (Table 1). Along the north
end of Kwakshua Channel, two village sites provide evidence of
long-term human occupation and use (McLaren et al. 2015). One
site revealed early cultural components that were radiocarbon
dated to at least 90000-10,000 years B.P. (McLaren and
Christensen 2014) and a second site suggests continuous
occupation beginning around 6000 years B.P. (McLaren et al.
2015). The ages of other features on the landscape are currently
unknown, but clam gardens (Lepofsky et al. 2015) and fish traps
(Pomeroy 1980, Moss and Erlandson 1998) located elsewhere on
the northwest coast have been dated to the late Holocene.
However, given that sea levels in this region have been relatively
stable since the early Holocene (McLaren et al. 2014), it is possible
that the features in Kwakshua Channel could be as old, if  not
older, than those documented elsewhere in British Columbia and
thus could provide insight to early marine management on North
America’s Pacific northwest coast.  

The long-term use and occupation of sites in Kwakshua Channel
provide evidence of a deep connection to and investment in place.
The relative stability of the shoreline through time in conjunction
with deeply held traditions of land ownership by specific chiefs
and families allowed for the accumulation of large and deep
archaeological deposits that range from the early to late Holocene
(McLaren et al. 2015). Although the age of many of the sites and
features is unknown, it is clear that the landscape was imprinted
by a diversity of management technologies and strategies and it

is likely that together they represent many generations of use and
management.  

The archaeological record reflects the use of both marine and
terrestrial ecosystems ranging from the low intertidal to the
surrounding hillsides. The majority of the recorded sites and
features are located in the intertidal or near the shoreline
(McLaren and Christensen 2014), reflecting the importance of
marine resources. However, terrestrial resources would also have
been essential as they provided food, construction material, fibre,
and medicine for past communities (Turner 2014). Although
limited, faunal analyses from shell midden sites within and near
Kwakshua Channel reveal that a range of taxa were processed,
including fish, shellfish, terrestrial and sea mammals, and birds
(Stryd et al. 1993, McLaren and Christensen 2014). The presence
of a possible root garden along the shoreline suggests that clover
and silverweed roots were cultivated and harvested. These highly
prized foods were important sources of carbohydrates and were
often used as gifts in potlatch ceremonies (Turner and Kuhnlein
1987, Turner et al. 2013). The number of culturally modified tree
(CMT) sites in the hillsides above the channel provides evidence
of the use of red cedar for the collection of bark, boards, planks,
and kindling, Sitka spruce for cambium and pitch collection, and
western hemlock for cambium collection (Stryd et al. 1993, White
2006, McLaren and Christensen 2014).  

The diversity of technologies and strategies in Kwakshua Channel
could have provided alternative harvesting opportunities when
key resources were less abundant or unavailable. On the central
coast, people relied primarily on resources located within the
immediate vicinity of village sites (Cannon et al. 2008, 2011,
Cannon and Burchell 2009). The variability of resources through
time and across space (Suttles 1987, Ames and Maschner 1999,
Cannon et al. 2011) would thus necessitate the development of
multiple subsistence strategies. Therefore, the diversity of
technologies dispersed across this landscape in multiple locations
and numbers would have provided past communities with options
in response to change.

Resilience, diversity, and northwest coast sustainability
Ethnographic sources and traditional knowledge suggest that
indigenous peoples of the northwest coast of British Columbia
had territorial governance systems and complex protocols that
delineated access rights to land and seascapes as a means to
conserve and manage most resources (Olson 1955, Hilton 1990,
Harkin 1997, Jones 2002, Turner et al. 2005, Trosper 2009, Powell
2012, Salomon et al. 2014). Proprietorship of these territories was
designated through a system of family-based clans, each with their
own designated access areas containing seasonal fishing and
hunting sites, cultivated gardens, and berry picking and tending
sites, which in turn produced food, trade goods, medicines, and
other important resources (Turner et al. 2005, Turner 2014). Clam
gardens and clam beaches were similarly owned by specific
families, and harvests were controlled by family heads (Lepofsky
et al. 2015).  

On the central coast, traditional management among the Heiltsuk
indicate that systems of territoriality, ownership, and governance
have been in place for generations and included many strategies
and practices that supported long-term human interaction and
use of specific resources (Hilton 1990, Harkin 1997, Jones 2002,
Powell 2012, Housty et al. 2014, Gauvreau 2015; HLUP, undated
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living document). Rules and regulations, including restricted
access to harvesting locations (Powell 2012), limits on the timing
and methods of harvesting (Jones 2002), and intentional disuse
of areas to allow for recovery (Housty et al. 2014) helped to ensure
that resources were not overexploited. Although harvesting
locations and resources were strictly regulated (Hilton 1990,
Harkin 1997), permission to access resources could be granted
upon request and elaborate winter ceremonies, such as the
potlatch, facilitated the exchange of resources (Harkin 1997).
These public exchanges served, in part, to demonstrate successful
resource and landscape stewardship (Powell 2012) and reinforced
individual and family status and rank (Hilton 1990).  

Territorial access rights and rules governing the behavior of chiefs
created a system of governance over common pool fisheries
resources that would have conferred resilience to societies on the
northwest coast for millennia (Trosper 2009). Specifically,
proprietorship over territories was contingent on maintaining the
productivity of a territory’s resources for future generations
(Turner and Jones 2000, Trosper 2009, Turner 2014). Clam
gardens would have been one means by which to accomplish this.
Moreover, chiefs needed to publicly demonstrate the continued
productivity of resources (Turner 2014), otherwise their
effectiveness as leaders could be called into question (Turner and
Jones 2000, Trosper 2009). This rule created an important
feedback that provided strong incentive for learning how to
manage for continued use (Berkes and Turner 2006, Trosper
2009). Finally, the protocol of reciprocity, held by many coastal
First Nations in British Columbia, provided additional incentives
for sustainable management (Turner et al. 2005, Turner 2014). It
afforded social insurance against misfortune, such that
neighbouring clans could be asked for support when resources
were low or management failed, knowing that such support would
be reciprocated if  needed in the future. Furthermore, the sharing
and exchange of a territory’s net returns reduces competition
among resource users and incentive to overharvest, thereby
providing a solution to the tragedy of the commons (Trosper
2009). The enforcement of reciprocity was made legal via the
potlatch system, a public governance system among coastal First
Nations whose ubiquity implies its benefits (Barnett 1938, Suttles
1960, Drucker 1965). Consequently, in addition to the structural
technologies that enhanced resource production that we have
documented (Table 1; Fig. 3), ancient marine tenure systems and
governance protocols founded in reciprocity were likely used to
conserve and manage most coastal resources.  

Together, the diversity of ecosystems, available resources, resource
locations, harvesting technologies, and governance protocols may
have constituted a portfolio of resource use options and
management strategies. A diverse resource use and management
portfolio would offer an adaptive strategy to cope with fluctuating
resources by reducing overall resource variability and risk of
overexploitation, thereby conferring socioeconomic resilience to
external perturbations through complementary and/or redundant
use and management technologies (Figge 2004, Schindler et al.
2010).  

We provide empirical evidence that clam gardens are but one
technology within a variety of other management technologies
and strategies (Table 1; Fig. 3) aimed at maintaining and/or
increasing the productivity of coastal resources. These sites and

features are the physical imprint of generations of human
decisions and actions around the use and management of coastal
ecosystems and resources. The diversity of these technologies
enhances social-ecological resilience in terms of variety (i.e., how
many of each feature), disparity (i.e., how different the features
are from each other) and redundancy, because it provides options
for responding to change and disturbance (Biggs et al. 2012).
Together these management strategies facilitate the continued
learning and adaptation of systems through time by connecting
daily human actions and decisions with long-term effects on the
environment (Berkes and Turner 2006).

CONCLUSION
We provide evidence that clam gardens in Kwakshua Channel on
the central coast of B.C. increased clam biomass and density and
were used in concert with a suite of other harvesting and
processing methods to ensure the longevity of food security.
Although the features may not have been tended in the more recent
past, or for many generations, they maintain a legacy of increased
shellfish productivity today, suggesting that clam gardens
provided a reliable source of food for past populations through
time. The persistence of clam gardens and their continued
ecological effects, in addition to the diversity of eco-cultural
features and structural legacies that remain on the land and
seascape today, offer clues to past resource management regimes.
They suggest that these features were likely part of a diverse
system of management strategies used to confer resilience to
ancient coastal communities by offering a portfolio of use and
management options. With the integration of additional data
sources (e.g., oral history, ethnography, etc.), our data can be used
to better understand the social systems that directed the use and
maintenance of these features and provide broader insight to
resource management systems on the northwest coast.

Responses to this article can be read online at: 
http://www.ecologyandsociety.org/issues/responses.
php/8747
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Appendix 1. Clam length-weight regression 

 
Equation A1.1. Formula for clam length-weight regression where W = weight, L = 
length, and alpha (a) and beta (b) are constants. 
 
W = a × Lb 	

 

Table A1.1. Values by species for clam length-weight regression. 

Species alpha beta 

Macoma spp 0.00002983 3.18 

S. giganteus 0.000017734 3.52 

L. staminea 0.000015696 3.64 

C. nuttallii 0.00022 3.02 
 
 



Appendix 2. Bivalve density 
 
 
Figure A2.1. Actual (symbols) and predicted (line) density of butter clams (a, b), littleneck 
clams (c, d), Bentnose macoma (e, f) and total clams (g, h) as a function of intertidal 
height (m above LLWLT) in clam gardens (green) and non-walled beaches (blue).  Note 
variation in y-axes range among different bivalve species.  

  



Equation A2.1. Formula for fitted gaussian curve where y=response, x=intertidal height, 
a=height, µ=mean, and σ=standard deviation. 
 
y = a*exp(-0.5*((x-µ)/σ)2) 
 
 
 
Table A2.1. Parameters for the modeled response of density (count/0.0156m3) of butter 
clam (Saxidomus gigantea), Bentnose macoma (Macoma spp.), littleneck clam (Leukoma 
staminea) and total clam species as a function of intertidal height. Each response was 
predicted by fitting a Gaussian curve (Eq. A4.1) to the data. 
 

Predictive Gaussian Curves, 3 parameter: y = a*exp(-0.5*((x-µ)/σ)2) 

Type Response a (height) µ (mean) σ (standard 

deviation) 

SSQ (sum of 

squares) 

NW S.g. Density 3.05 1.39 0.39 163.91 

CG S.g. Density 8.74 1.35 0.24 570.19 

NW L.s. Density 1.60 0 1.30 74.90 

CG L.s. Density 2.56 0.82 1.15 327.15 

NW M.spp. Density 7.82 0.67 1.04 1277.24 

CG M.spp. Density 14.24 0.99 0.43 3115.82 

NW All spp. Density 10.61 1.05 0.87 1654.02 

CG All spp. Density 23.10 1.14 0.44 6491.84 

 
 


	Title
	Abstract
	Introduction
	Methods
	Study area
	Ecological context
	Cultural context

	Shoreline survey
	Field surveys
	Statistical analysis
	Clam recruitment, biomass, and density
	Optimal clam habitat models

	Hypotheses

	Results
	Evidence of ancient human landscape modification and use
	Clam gardens
	Bivalve biomass, density, and community composition
	Optimal clam habitat models
	Bivalve recruitment


	Discussion
	Enhanced bivalve biomass and density in clam gardens
	Larval clam delivery and recruitment
	Landscape modification, management, and biological productivity
	Resilience, diversity, and northwest coast sustainability

	Conclusion
	Responses to this article
	Acknowledgments
	Literature cited
	Figure1
	Figure2
	Figure3
	Figure4
	Figure5
	Figure6
	Figure7
	Figure8
	Table1
	Table2
	Table3
	Appendix 1
	Appendix 2

