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Abstract The maritime fur trade (1785–1840s) led to the
local extinction of sea otters (Enhydra lutris) in many parts
of the northeast Pacific. On the basis of studies of extant sea
otter populations, it has been established that they have a
disproportionate effect on nearshore ecosystems by limiting
sea urchin abundance and facilitating the establishment of
nearshore kelp forests; in the absence of sea otters, a local
reduction in kelp-derived carbon is therefore expected. We
measured the isotopic composition (δ13C and δ15N) of rock-
fish (Sebastes spp.) bone collagen from late Holocene ar-
chaeological sites in southern Haida Gwaii, BC, Canada,
using δ13C as a proxy for kelp-derived carbon in the diet and
δ15N as a proxy for trophic position. We observed signifi-
cant spatial variability in rockfish kelp-derived carbon
(δ13C), but not trophic level (δ15N). Kelp-derived carbon
varied largely as a function of site characteristics (wave
exposure), suggesting that local oceanographic conditions
are important factors with respect to consumer tissue isoto-
pic compositions. Kelp-derived carbon decreased in post-
European contact rockfish relative to pre-European contact
rockfish, likely as a result of the reduction of kelp forests

associated with the local extirpation of sea otters. Although
we detected a reduction in kelp-derived carbon in rockfish
diets, we found no shift in trophic level at sites occupied
following the maritime fur trade. This implies a shift in local
ecosystems, and particularly in carbon sources, following
the maritime fur trade, likely due to a trophic cascade
resulting from the local extirpation of sea otters. Stability
in rockfish trophic levels, however, implies that rockfish
continued to feed at similar trophic levels, consuming prey
with similar nitrogen isotopic compositions.

Keywords Maritime fur trade . Tropic cascade . Stable
isotopes . Historical ecology . Sea otter (Enhydra lutris) .

Northwest coast

Introduction

The Pacific maritime fur trade, which peaked in the early
part of the nineteenth century, was a time of massive change,
in both social and ecological terms. The commercial mari-
time fur trade began in earnest with a surge in British
presence between 1780 and 1800, followed by a period of
American dominance with a large number of ships out of
New England until the 1840s (Gibson 1988). By this time,
fur-bearing marine mammal populations had markedly de-
clined and there was a complete shift in the nature of the fur
trade, which then became dominated by the Hudson’s Bay
Company and focused on terrestrial furs (Wolf 1982).

During the height of the Pacific maritime fur trade
(1785–1825), the most sought after species was the sea otter
(Enhydra lutris). One result of the fur trade was a massive
decline in sea otter populations, possibly in excess of 99 %
(Kenyon 1969; Riedman and Estes 1990), with otters
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extirpated from much of their pre-fur trade range. Sea otters
were once distributed along the entire northwest coast of
North America (NWC) from the Aleutian Islands to Baja
California (Kenyon 1969), with the probable exception of
the Salish Sea (Hanson and Kusmer 2001; but see McKechnie
and Wigen 2011). After the unregulated hunting of sea otters
ceased in 1919, only thirteen populations remained scattered
along the coast (Jameson et al. 1982; Kenyon 1969). Begin-
ning in the 1950s, sea otters were translocated to southeast
Alaska, British Columbia (BC), Washington and Oregon, and
established themselves in all locations (except Oregon), in-
cluding the northwest coast of Vancouver Island (Bigg and
MacAskie 1978; Breen et al. 1982; Morris et al. 1981). This
BC population has increased markedly in both size and range,
now occupying more than half of the west coast of Vancouver
Island and a smaller area on the central BC mainland from
Kildidt Sound to Aristizabal Island (Fig. 1; Nichol et al. 2009).

The local extirpation of sea otters from many regions of
the NWC is particularly noteworthy because many regions
have since experienced marked changes to nearshore food
web structure and ecosystem dynamics. It has been demon-
strated that sea otters have a disproportionately large impact

on their communities relative to their abundance (Duggins
1980; Estes and Palmisano 1974; Estes et al. 1978, 1982;
Simenstad et al. 1978). Because of its high per capita inter-
action strength, this keystone predator is well-known to
trigger a cascade of indirect effects in nearshore ecosystems
(Paine 1980). Through predation, sea otters limit grazing
pressure by invertebrate herbivores, particularly sea urchins
(Strongylocentrotus spp.). Sea urchins consume nearshore
macroalgae (kelp), attacking the base (holdfast) and sever-
ing the structures, which then drift away (Leighton et al.
1966). When sea otters are present, urchins are limited to
rock crevices and deeper habitats that are not easily acces-
sible to otters, and dense stands of kelp proliferate (Estes et
al. 1978). Conversely, when sea otters are absent, urchins
are abundant, and the extent of kelp forests is reduced,
although local oceanographic conditions play a major role
in mediating this otter–urchin–kelp trophic cascade and its
widespread applicability has been questioned, particularly
for California (Foster 1990; Foster and Schiel 1988, 2010;
Steneck et al. 2002).

Relatively few organisms consume kelp directly, but kelp
can be a very significant source of biomass in nearshore

Fig. 1 Maps of the northwest
coast of North America (a) and
Haida Gwaii (b) showing
locations of archaeological sites
discussed in this paper and
sampling areas for kelp. The
pre-fur trade distribution of the
sea otter spanned the entire
coast illustrated here, with the
exception of the Salish Sea
region. The distribution of
modern sea otter populations is
based on Gregr et al. (2008),
Laidre et al. (2009) and
Nichol et al. (2009)
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food webs through detrital pathways (Mann 1973). Through
the concentration and magnification of secondary produc-
tion, kelp forests support a diverse and abundant assemblage
of nearshore biota (Duggins et al. 1989). This includes
species that: (1) feed directly on kelp (Bustamante et al.
1995; Steneck and Watling 1982), (2) use kelp as a substrate
or feed on other kelp-based organisms (Hixon 1980; Holbrook
and Schmitt 1984), (3) spawn in and/or utilize kelp beds as
nurseries (Carr 1989, 1991, 1994; Dean et al. 2000; Ebeling
and Laur 1985; Holbrook et al. 1990; Love et al. 1991), and
(4) utilize the three dimensional habitat provided by kelp
forests as adults (Bodkin 1988; DeMartini and Roberts
1990; Holbrook et al. 1990; Laur et al. 1988). Some of the
relevant effects of the otter–urchin–kelp trophic cascade are
summarized in Fig. 2.

The purpose of this study was to assess the extent to
which the extirpation of sea otters from southern Haida

Gwaii (BC, Canada) may have influenced the relative con-
tribution of kelp-derived carbon to the nearshore foodweb
by comparing the isotopic signature of consumer tissues
(rockfish bone collagen) during and immediately following
the maritime fur trade. Moreover, we sought to examine
whether the foraging ecology of rockfish would be affected
by ecological changes occurring as a result of the maritime
fur trade. We hypothesized that kelp-associated rockfish
would feed at a higher trophic level (with a significant
contribution of juvenile rockfish to the diet) and assim-
ilate a higher percentage of kelp-derived carbon than
rockfish associated with urchin-dominated habitats or
habitats with low kelp standing stock. Consequently,
we expected proportionately more rockfish with kelp-
associated isotopic compositions from archaeological
contexts that predated European contact and the maritime
fur trade.

Fig. 2 Comparison of sea otter
(a) and sea urchin (b)
dominated communities. a Sea
otters present: (1) Sea urchins
are limited to small individuals,
confined to crevices and deeper
areas because of predation by
sea otters. (2) Kelp forests are
allowed to proliferate because
herbivory by sea urchins is
controlled by sea otter
predation. (3) Kelp-associated
species occur in greater
abundance due to the increased
secondary production and
structure provided by the kelp-
forest habitat. (4) Kelp forests
provide important nursery areas
for juvenile fish, which may
positively influence the
abundance of larger fish (3). (5)
Small species (e.g. herring) may
also use the kelp for spawning.
(6) Large, predatory species
(marine mammals and birds)
are more abundant due to
the increased productivity
associated with kelp forests.
b Sea otters absent: (7) Sea
urchins are released from
predation pressure; they are
distributed fairly evenly and are
of much larger size. (8) Kelp
forests are either completely
absent, or are limited to smaller
areas because of overgrazing by
sea urchins. (9) Consumer
species are absent or less
abundant
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Rockfish (Sebastes spp.)

Rockfish (Sebastes spp.) are a genus of nearshore and ben-
thic fish species that are abundant along the north Pacific
coast of North America (Heifetz et al. 2007; Love et al.
2002; Melteff 1987), being the most common group of
bottom-dwelling and mid-water fish in many regions
(Williams et al. 2010; Workman et al. 2008). Pacific rockfish
are among the longest-lived fishes in the world, with many
species living more than 50 years, and some well over
100 years (Love et al. 2002; Munk 2001; Parker et al. 2000).
While a large number of rockfish species may be present in an
area, typically one or a few species are extremely common
(Murie et al. 1994; Nagtegaal 1983; Richards 1986). BC is
home to a moderate number of rockfish species (Love et al.
2002), and the most common are: quillback rockfish (Sebastes
maliger), copper rockfish (Sebastes caurinus), black rockfish
(Sebastes melanops), yelloweye rockfish (Sebastes suberri-
mus), China rockfish (Sebastes nebulosus), and yellow tail
rockfish (Sebastes flavidus) (Murie et al. 1994; Richards
1986; Yamanaka and Lacko 2008).

Morphologically, rockfish species are very similar (usu-
ally distinct on the basis of coloration), conforming to a
generalized perciform body plan (Hallacher and Roberts
1985; Li et al. 2006); therefore, it is generally not possible
to determine species-level identifications of rockfish skeletal
material (Cannon 1987; Frederick and Crockford 2005;
McKechnie 2007). Species recovered from BC archaeolog-
ical assemblages are most likely to be one of the inshore (as
opposed to shelf or deepwater) rockfish common to the
region: yelloweye (Sebastes rubrimus), copper (S. caurinus),
tiger (Sebastes nigrocinctus), China (S. nebulosus), quillback
(S. maliger), black (S. melanops), redbanded (S. babcocki),
rougheye (S. aleutianus) (Martin et al. 2006; Yamanaka and
Kronlund 1997).

Most species of rockfish are generally sedentary, with
relatively small home ranges, and do not undertake long
migrations as adults (Larson 1980b; Love 1979; Mathews
and Barker 1983; Matthews 1990b, c). Many species, par-
ticularly those associated with complex-relief habitats, have
been observed to have home ranges on the order of 10 m2

(Hannah and Rankin 2011; Matthews 1990c), and most
other species tend to occupy home ranges of 10 km2 or less,
with a much smaller “core area” of highly concentrated
activity (Jorgensen et al. 2006; Mitamura et al. 2009; Parker
et al. 2007; Tolimieri et al. 2009). The vast majority of
rockfish species are strongly associated with complex relief
(kelp or rocky—specifically medium to large boulders) hab-
itats (Larson and DeMartini 1984; Martin and Yamanaka
2004; Matthews 1990a; O’Connell and Carlile 1993;
Richards 1986). While some species may occur on soft-
bottom habitats (e.g. black, canary, copper, quillback, yel-
lowtail), they still tend to be markedly more abundant in

high-relief habitats (Johnson et al. 2003; Pearcy et al. 1989).
Segregation of rockfish species, as well as size classes
within species, by depth is also of considerable importance
(Larson 1980a; Larson and DeMartini 1984; Love et al.
1990; Richards 1986).

Rockfish are important components in nearshore ecosys-
tems in the North Pacific (Mills et al. 2007). Juveniles are
significant or dominant prey items for numerous predatory
species of anadromous fish (Brodeur 1991; Lowry et al.
1991; Mills et al. 2007), marine fish (Beaudreau 2009;
Hallacher and Roberts 1985; Johnson 2006; Love and
Westphal 1981; Love et al. 1991; Markel 2011), mammals
(Lowry et al. 1991) and birds (Miller and Sydeman 2004;
Sydeman et al. 2001; Thayer et al. 2008). Many rockfish
species are closely tied to the nearshore ecosystems created
by kelp forests (especially as juveniles), and are thus poten-
tially sensitive to changes in those systems.Markel (2011), for
example, has documented a close relationship between rock-
fish recruitment and the presence or absence of sea otters, and
by extension the abundance of kelp forest cover, on the west
coast of Vancouver Island. Using experimental removal of
canopy-forming kelp forest, Bodkin (1988) found a marked
reduction in the abundance of a number of species, including
various rockfish.

Rockfish have long been an important economic resource
for human populations in the northeast Pacific, and rockfish
are abundant in faunal assemblages from archaeological
sites representing human activities spanning the Holocene
(Acheson 1998; Codding and Jones 2007; Colten 1994;
Fedje et al. 2005; Gobalet and Jones 1995; Jones et al.
2008, 2009; McKechnie 2007; Orchard 2003, 2009). In-
creasingly, such archaeological records are seen as a useful
source of data for examining long-term historical ecology
(Braje and Rick 2011; Erlandson and Rick 2009; Jackson et
al. 2001; Pitcher 2005; Rick and Erlandson 2008). Stable
isotope analysis of zooarchaeological material has been used
with increasing regularity to examine historical and paleo-
ecological dynamics (Burton et al. 2001; Jones et al. 2011;
Misarti et al. 2009; Moss et al. 2006; Newsome et al. 2007a;
Szpak et al. 2009, 2012). Rockfish, then, provide a poten-
tially useful, and abundant, source of insight into prehistoric
ecological patterns along the NWC, and can also potentially
provide a useful baseline from which to examine and un-
derstand ecological changes that may have accompanied the
over-hunting and extirpation of sea otters from the region as
a result of the maritime fur trade.

Stable isotope biogeochemistry of nearshore marine
environments

In the nearshore marine environment, as in the terrestrial
environment, the stable carbon isotopic compositions of
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consumer tissues have been regarded as an indicator of the
source of primary production in the diet. On land, this
distinction is possible because of the differences in carbon
acquisition strategies between C3 and C4 plants, allowing
the relative importance of graze vs. browse to be examined
in some environments (e.g. Ambrose and DeNiro 1986;
Cerling et al. 1999; Wittmer et al. 2010). In the northeast
Pacific, the two most important sources of production are
phytoplankton and kelp (Laminariales), which tend to be
isotopically distinct. Kelps are relatively enriched in 13C
compared to phytoplankton (Dunton 2001; France 1995;
Page et al. 2008; Schaal et al. 2010; Wainright et al.
1998), and numerous studies have demonstrated that the
carbon isotopic composition of consumer tissues is infor-
mative with respect to the relative percentage of kelp-
derived carbon in nearshore food webs (e.g. Bustamante
and Branch 1996a; Duggins et al. 1989; Dunton and Schell
1987; Fredriksen 2003; Hill and McQuaid 2008; Kaehler et
al. 2006; Kang et al. 2008; Schaal et al. 2009, 2010;
Simenstad et al. 1993). The decomposition of fresh kelp
appears to be associated with some degree of isotopic frac-
tionation, leaving the decomposed kelp relatively depleted
in 13C and 15N, thus making the isotopic composition of
degraded kelp slightly less distinct from phytoplankton than
fresh kelp (Kaehler et al. 2006).

The nitrogen isotopic composition (δ15N) of consumer
tissues is informative with respect to trophic level and
foraging ecology. This is due to the consistent enrichment
in consumer tissue 15N of 3 to 5‰ that occurs at each
trophic level (Minagawa and Wada 1984; Schoeninger and
DeNiro 1984). Trophic discrimination factors for bone col-
lagen fall within this range, with a recent survey of pub-
lished literature findingΔ15Nbone collagen−diet to be +3.6±1.3‰
for mammalian bone collagen (Szpak et al. 2012). For most
other tissues, it has been found, or at least assumed, that there is
a comparatively smaller fractionation in 13C that occurs be-
tween trophic levels (0 to +2‰), particularly higher trophic
levels (DeNiro and Epstein 1978; Newsome et al. 2010; Wyatt
et al. 2010). Bone collagen is somewhat unique in this respect
as Δ13Cbone collagen−diet is generally appreciably larger, +3.7±
1.6‰ (Szpak et al. 2012). This larger difference between
consumer tissue and dietary δ13C can be attributed to the
glycine content of bone collagen, which accounts for approx-
imately one third of all amino acid residues in the collagen of
all vertebrates (Szpak 2011); glycine is characterized by
a particularly large 13C enrichment relative to the diet
(Hare et al. 1991).

There are a number of environmental factors that have
been correlated with aquatic producer carbon and nitrogen
isotopic compositions. Salinity (Cornelisen et al. 2007),
extracellular [CO2] (Burkhardt et al. 1999; Kopczyńska et
al. 1995), light intensity (Cornelisen et al. 2007), algal
growth rate (Laws et al. 1995), water velocity (Osmond et

al. 1981) and water temperature (Wiencke and Fischer 1990)
have all been shown to influence the carbon isotopic com-
position at the base of the food web. Producer δ15N varies
according to N source (NO3

−, NH4
+, N2), and the biogeo-

chemical processes that occur prior to and during the assim-
ilation into organic N (Ostrom et al. 1997). Oligotrophic
(nutrient-poor) systems tend to be more dependent on
recycled NH4

+, which is relatively depleted in 15N in com-
parison to upwelled NO3

−. This results in producer δ15N
values being comparatively enriched in 15N where the in-
fluence of upwelled nutrients is strong (Wu et al. 1997).

The number of factors that may influence the carbon and
nitrogen isotopic composition at the base of the food web
are numerous, complex and often difficult to isolate. Some
generalizations, however, have been made with respect to
the ways in which isotopic variation is reflected in higher-
level consumers. Nearshore and benthic organisms tend to
be comparatively enriched in 13C and 15N in comparison to
offshore and pelagic organisms (Cherel and Hobson 2007;
Hill et al. 2006; Hill and McQuaid 2008; Kang et al. 2003).
Clementz and Koch (2001) outlined the differentiation of
marine mammals living in distinct habitats (seagrass bed,
kelp forest, nearshore marine, offshore marine) on the basis
of the carbon isotopic composition of tooth enamel.

Materials and methods

Study region

Haida Gwaii, an archipelago composed of two large islands
(Graham and Moresby) surrounded by hundreds of smaller
islands and islets, is located off the northern coast of BC,
Canada (Fig. 1). Haida Gwaii is located in a transitional area
between an upwelling region to the south, and a downwel-
ling region to the north (Peterson et al. 2007). The physical
oceanography of the region is fairly well-described (Crawford
and Thomson 1991; Crawford et al. 1988, 1995; Robinson et
al. 2005). The eastern side of Haida Gwaii is bordered by
Hecate Strait, a relatively well-mixed and shallow (40 to
300m) stretch of ocean (Peterson et al. 2007), which separates
the islands from the BC mainland. The southeast portion of
Haida Gwaii, which is the focus of this study, consists of a
series of shallow (40 to 60 m) and deep bays (200 m)
(Peterson et al. 2007). Within the area, there is a diverse array
of intertidal marine habitats, owing to the large variation in
wave exposure and substrate, which are each characterized by
their own set of marine plants and fauna (Harper et al. 1994).

Surveys conducted in the 1970s and 1980s found the
distribution of urchin barrens (areas with abundant sea
urchins lacking nearshore canopy-forming kelp) in southern
Haida Gwaii to be patchy, often recording sites with rich
algal diversity and no sea urchins within less than a
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kilometer of sites with large urchin populations and a very
limited macroalgal community (Harper et al. 1994). Typi-
cally, these urchin barrens are located immediately sea-ward
of narrow fringing extant kelp forests located between the
0–7 m depth contour and composed primarily of the annual
canopy forming bull kelp (Nereocystis luetkeana), and a
diversity of understory kelps of the order Laminariales
(Harper et al. 1994; Sloan 2006). Harper and Morris
(2006, p. 196) note that urchin barrens were observed along
∼23 % of the coast, typically associated with rocky sub-
strates, and semi-exposed or semi-protected wave energies.
The abundance of urchin barrens in Haida Gwaii today is
likely at least partly a result of the extirpation of sea otters
from the region by the early 1900s (Sloan and Bartier 2000;
Sloan 2006:260), although sea otter populations may have
been locally depressed in the vicinity of villages as a result
of First Nations hunting prior to the maritime fur trade
(Szpak et al. 2012).

Materials, archaeological and ecological context

Rockfish (Sebastes spp.) were sampled from six late-
Holocene sites in southern Haida Gwaii (Fig. 1). The sites
from which materials were sampled span the period from ca.
1500 BP to AD 1880 (Table 1; Fig. 3). These six sites were
tested during recent archaeological excavations in Gwaii
Haanas National Park Reserve and Haida Heritage Site
(hereafter Gwaii Haanas), located in southernmost Haida
Gwaii, and have produced a number of diverse faunal
assemblages spanning Haida use of the region from the late
Holocene (ca. 1,500 years before present [BP]) to the post-
maritime fur trade period (Table 1; Orchard 2009). This
project represents part of a larger research program aimed
at better understanding the historical ecology of southern
Haida Gwaii through a combined isotopic and zooarchaeo-
logical approach (Orchard and Szpak 2011; Szpak et al.
2009, 2012).

Faunal samples utilized in this study are derived from six
shell midden sites located in eastern Gwaii Haanas (Fig. 1;
Orchard 2009). Sites 781T, 785T and 924T represent small-

to medium-sized villages (roughly two to six houses) that
contain substantial shell-midden deposits containing diverse
faunal assemblages which point to multi-season occupations
and a range of activities. Similarly, site 699T contains a
diversity of faunal remains from substantial shell midden
deposits, but is significantly larger, containing 16 house
depression features. Site 740T is a slightly smaller occupa-
tion, containing evidence of perhaps two house depressions,
and producing a faunal assemblage that suggests a more
limited, seasonal occupation aimed at harvesting small sea-
birds during nesting season. Finally, site 1134T appears to
be a relatively short-lived and possibly entirely post-contact
occupation, with two to three house depression features and
a faunal assemblage that suggests a seasonally limited oc-
cupation focused on salmon harvesting.

Dating of these archaeological sites (Table 1; Fig. 3)
draws on a range of chronological indicators, including
radiocarbon dates (Table 2), temporally diagnostic artifacts
(particularly those associated with the maritime fur trade),
and historic descriptions of the occupation of some locations
(Orchard 2009). Site 699Twas likely occupied from the late
pre-contact through to the post-fur trade period, based on
archaeological (Chinese coin, white glass button) and eth-
nohistoric evidence. Site 740T appears to represent a strictly
pre-contact occupation, a temporal assignment that is sup-
ported by two radiocarbon dates (Table 2), and a lack of
contact-period artifacts. The recovery of small assemblages
of contact-period items (lead musket ball, glass fragment)
from the upper layers of site 781T indicates that this site was
occupied at least briefly during the early maritime fur trade
period, while underlying deposits, characterized by dense
shell midden, and two radiocarbon dates (Table 2) point to
the late pre-contact period. Site 785T produced good evi-
dence for both a lengthy pre-contact occupation, evident in a

Table 1 Summary of archaeological sites from which rockfish were
sampled for stable isotope analysis (Orchard 2009)

Site Wave
exposure

n rockfish
sampled

Dates

699T Exposed 19 ca. AD 1500–1880

740T Exposed 8 ca. AD 1400–1650

781T Semi-protected 32 ca. AD 900–contact

785T Protected 9 ca. AD 50–contact

924T Protected 1 ca. AD 1500–contact

1134T Protected 6 Post-contact

Fig. 3 Overview of the chronology of the sites included in the rockfish
analysis (after Orchard 2009, p. 72). Solid lines represent established
dates while dashed lines represent estimated spans of site occupations.
Contexts (units and layers) representing each time period are listed
above each line; data sources are listed below each line
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series of four radiocarbon dates (Table 2), and a fur-trade
period occupation, indicated by the recovery of historic arti-
facts (blue glass trade bead, rolled sheet-copper bead). Depos-
its tested at site 924T are somewhat more difficult to assign
temporally. A single radiocarbon date from these deposits
(Table 2) places this occupation in the late pre-contact period
(ca. 270 to 380 BP; Orchard 2011). The only other chrono-
logical indicator recovered from the site is a very small frag-
ment of glass from excavation unit 2. Though this is arguably
a strong indicator of a contact-period occupation, the lack of
supporting evidence suggests that the glass fragment may be
intrusive. The final site, 1134T, contains no clear evidence of a
pre-contact occupation, whereas numerous historic arti-
facts (four blue glass trade beads, white glass button,
bottle glass, clay pipe stem, and miscellaneous fragments of
glass, iron and ceramic) as well as several recent radiocarbon
dates (Table 2) suggest a relatively intensive, if short-lived fur-
trade period or post-fur trade period occupation (Orchard
2009).

As noted above, the six sites for which material was
analyzed in this study have been classified by degree of
wave exposure (Table 1; following Acheson 1998). The
numerous islands and inlets that dominate the archipelago
create a complex shoreline, which causes a wide variety of
wave exposures, ranging from completely sheltered bays
and inlets to exposed coasts that receive some of the stron-
gest waves in the world (Harper et al. 1994). Drawing on
Harper et al. (1994), Acheson (1998, 2005) presented a
simplified classification of relative exposure of archaeolog-
ical site locations. Specifically, Acheson defined three cate-
gories of site setting as follows: “Protected waters occur

only within the upper reaches of the major inlets and deeper
bays…Areas marginally affected by heavy seas, such as at
the entrances to these bodies of water, and some stretches of
coastline in the lee of smaller islands, are classed as semi-
protected. Exposed coasts are those areas subject to inces-
sant or frequent heavy seas and include linear stretches of
shoreline, smaller islands, and points or bays” (Acheson
1998, p. 129). Based on this model, archaeological sites
used in the current analysis are characterized as exposed,
semi-protected or protected (Orchard 2009). Site 1134T is
classified as protected, but is treated separately because it is
the only site occupied entirely following European contact.

It is well established that wave exposure is among the most
important factors with respect to kelp productivity, and the
structuring of nearshore ecosystems in general (Bustamante
and Branch 1996b). In fact, this variable ecology has been
shown to greatly influence the composition of archaeological
faunal assemblages from the study area, and by extension the
nature of human foraging activities in Gwaii Haanas in the late
Holocene (Orchard 2009). Specifically, among the sites
analyzed here, protected localities tend to be dominated
by small mussels and clams among the invertebrate
remains, and are characterized by the greatest quantities
of smelt, northern river otter and, to a lesser extent, dolphins
and porpoises among the vertebrate remains. Exposed locali-
ties tend to be dominated by California mussel among the
invertebrate remains and contain greater quantities of gunnels
and pricklebacks, halibut, northern fur seals and, to a lesser
extent, sea otters among the vertebrate remains. Semi-
protected localities are intermediate between these two
extremes.

Table 2 Summary of relevant radiocarbon dates from sampled sites.
Dates calibrated using Calib 6.0 (http://radiocarbon.pa.qub.ac.uk/calib/
calib.html), using INTCAL09 or MARINE09 data sets. Marine shell
dates corrected for marine reservoir effect using a local reservoir value
(ΔR) of 250±50 (Southon and Fedje 2003). Note that the two samples

from 740T1A2 and the two samples from 1134T3A1 represent shell-
wood pairs (ie. shell and charcoal samples recovered in immediate
association with each other) dated in conjunction with concurrent
research examining the local marine reservoir effect (Southon and
Fedje 2003)

Site Context Lab no. Material 14C age (BP) Calibrate age range (95.4 % c.i.) Source

740T 1A2 CAMS-70707 Marine shell 1090±40 cal AD 1392–1641 Mackie et al. 2001

1A2 CAMS-70708 Charcoal 390±50 cal AD 1435–1635 Mackie et al. 2001

781T 4A3a Beta-229459 Charcoal 550±40 cal AD 1304–1438 Orchard 2009

4A4a Beta-229460 Charcoal 1020±40 cal AD 898–1152 Orchard 2009

785T 1A3b TO-10888 Charcoal 630±60 cal AD 1276–1415 Orchard 2009

1A4b TO-10889 Charcoal 850±60 cal AD 1040–1271 Orchard 2009

2A2c TO-10890 Charcoal 570±50 cal AD 1297–1431 Orchard 2009

2A3c TO-10891 Charcoal 1810±60 cal AD 74–380 Orchard 2009

924T 3A5b UCIAMS-75530 Marine shell 925±20 cal AD 1490–1801 Orchard 2011

1134T 1A CAMS-14421 Charcoal 160±60 cal AD 1655–1953 Mackie et al. 2001

1A CAMS-14422 Charcoal 240±60 cal AD 1481–1952 Mackie et al. 2001

3A1 CAMS-70705 Marine shell 970±40 cal AD 1468–1691 Mackie et al. 2001

3A1 CAMS-70706 Charcoal 190±40 cal AD 1645–1953 Mackie et al. 2001
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Kelp standing stock tends to be higher in more wave-
exposed conditions when compared to sheltered conditions
(Bustamante and Branch 1996b; Christie et al. 2003; Hurd
2000; Sjøtun and Fredriksen 1995; Wernberg and Connell
2008). While the amount of standing kelp may tend to be
greatest at wave-exposed sites, this does not mean that
proportionately more kelp-derived carbon will enter local
food webs at these locations. Numerous studies have dem-
onstrated that the amount of kelp-derived carbon entering
the nearshore food web via direct grazing of living plants is
minimal, largely because of the low nutritive quality of fresh
kelp (Norderhaug et al. 2003) and the presence of polyphe-
nolic compounds that deter grazers (Buchsbaum et al. 1991;
Duggins and Eckman 1997; Steinberg 1988). The vast ma-
jority of kelp-derived carbon enters the food web through
detrital pathways (as dissolved organic matter or particulate
organic matter) (Mann 1973) after deterioration and bacte-
rial degradation, which enhances the nutritive quality of the
kelp (Duggins and Eckman 1997; Newell et al. 1980). Kelp
detritus may be exported to other nearshore habitats (Britton-
Simmons et al. 2009; Soares et al. 1997; Tallis 2009;
Vanderklift and Wernberg 2008; Wernberg et al. 2006),
beaches (Graeme 1989; Orr et al. 2005) or to other sites with
topographies that may act to trap detritus (Krumhansl and
Scheibling 2011; Vetter 1995).While wave-exposure and kelp
standing stock may be positively correlated, kelp detritus (and
also drift kelp) available to consumers may be negatively
correlated with wave-exposure, with highly exposed condi-
tions being associated with increased rates of detrital and drift
kelp export (Schaal et al. 2009). Drift kelp and detritus are
therefore more likely to settle in more sheltered locations
(Crossman et al. 2001; Rodil et al. 2007). Gerard (1976)
demonstrated that drifting Macrocystis pyrifera in central
California tended to accumulate in larger quantities where
water movement was slower. Rodríguez (2003) found higher
levels of drift kelp at sites with calm conditions, compared to
sites with intense wave action on the central Chilean coast.
Moreover, Schaal et al. (2009) found a larger diversity of
grazers feeding on Laminaria digitata at a sheltered, com-
pared to a more exposed, site which they attributed to bio-
chemical differences (higher protein content, lower C/N ratio)
in L. digitata at the sheltered site. While comparatively few
studies have assessed the differences in consumer isotopic
composition between exposed and protected locations, those
that have found the δ13C values of consumers at exposed sites
to be lower than those at protected sites in similar environ-
ments (Bode et al. 2006; Schaal et al. 2009), implicating the
greater local accumulation of kelp-derived detrital matter at
protected sites.

Selection of samples for analysis was based on a largely
judgmental approach. Within sites and contexts that pro-
duced significant quantities of rockfish elements, samples
for isotopic analysis were selected initially based on the size

of the elements themselves, with the aim of providing
enough bone, and by extension sufficient collagen, to facil-
itate isotopic analysis. Sampling always aimed, however, to
avoid duplication of sampling of individuals by selecting,
whenever possible, elements that clearly represented distinct
individuals based on repetition of specific elements and on
non-repetition of size classes. Finally, we aimed to select
samples from diverse contexts (i.e. distinct stratigraphic
units across multiple excavation units) within the available
archaeological assemblages, to both further limit the possi-
bility of re-sampling individuals, and to produce a general
isotopic signature of the site as a whole, and not simply of
specific contexts.

Bone collagen extraction and stable isotope analysis

Bone collagen was extracted using a modified Longin
(1971) method, as previously described (Szpak et al.
2010). Entire skeletal elements (typically 200 to 800 mg)
were demineralized in 0.5 M HCl at room temperature for
several days. The insoluble collagen residue was then trea-
ted with 0.1 M NaOH for 15 min repeatedly, until the
solution ran clear; this step aids in the removal of soil
contaminants, particularly humic acids. The insoluble resi-
due was rinsed to neutrality with MQ water, and heated in
sealed glass vials in 10−3M HCl at 80 °C for 18 h to
solubilize the collagen. The water-soluble collagen was then
transferred to 4 ml glass vials and air-dried at 80 °C. Dried
collagen was weighed into tin capsules for isotopic analysis.
Isotopic (δ13C, δ15N) and elemental compositions (%C,
%N) were determined at McMaster University with a
Thermo Finnigan DeltaPLUS XP continuous-flow isotope
ratio mass spectrometer coupled to a Costech elemental
analyzer. Accuracy for measurements was better than 0.2
‰ for δ15N and 0.1‰ for δ13C.

Calculation of trophic level and kelp-derived carbon

Trophic level was calculated using the following equation
(Hobson et al. 1994):

TLconsumer ¼ 1þ d15Nconsumer # d15Nbase
! "

=TEF

where TLconsumer is the trophic level of the consumer,
δ15Nconsumer is the nitrogen isotopic composition of the
consumer tissue (in this case bone collagen), δ15Nbase is
the nitrogen isotopic composition of the base of the food
web, and TEF is the enrichment in 15N at each trophic level.
For δ15Nbase, we used a value of 5.8‰, which represents an
average of δ15N values for particulate organic matter (POM)
and kelp from southern Haida Gwaii—assuming a 50/50
contribution from each of these sources (δ15Nkelp=7.0‰,
δ15NPOM=4.6‰; Salomon, unpublished data).
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The relative percentage of kelp-derived carbon was cal-
culated using a simple two-source mixing model (modified
from Duggins et al. 1989):

%Kelp Carbon ¼ d13Cconsumer # d13CPOM# λ Þ= d13Ckelp # d13CPOM
! "!

where δ13Cconsumer is the δ13C value of rockfish bone colla-
gen, δ13CPOM is the δ13C value for offshore particulate organ-
ic matter (POM), δ13Ckelp is the δ

13C value of kelp, l is the
combined fractionations in 13C between the base of the food
web and bone collagen. The δ13C values for POM and kelp
were taken frommodern surveys conducted in southern Haida
Gwaii in 2011 (Salomon, unpublished data) and have been
adjusted by +1‰ to account for changes in oceanic δ13C due
to the burning of 13C-depleted fossil fuels (Newsome et al.
2007b). For each of the archaeological sites, site-specific
δ13Ckelp and δ13CPOM values were used (Table 3). Each of
the δ13Ckelp values in Table 3 represent an average δ

13C value
for the two dominant canopy-forming kelp species in the
region, M. pyrifera and Nereocystis luetkeana.

The variable l is somewhat complicated to derive because
if the magnitude of fractionation in 13C between the ultimate
source (kelp or POM) and the consumer (rockfish) is depen-
dent on trophic level, l cannot be assumed to be constant
between individuals. To account for potential variance in
rockfish δ13C caused by trophic level, rather than source
carbon, we incorporated individual rockfish trophic level
(calculated based on bone collagen δ15N as described
above) into the variable l:

l ¼ TEFcollagen þ TLresidual

where TEFcollagen is 3.7‰, following the review by Szpak et
al. (2012), and constant for all individuals. TLresidual represents
the residual trophic fractionation of 13C after accounting for
TEFcollagen and will vary between individuals. TLresidual is in
turn comprised of two components:

TLresidual ¼ TLð ÞðxÞ

TL is the calculated trophic level based on the rockfish
bone collagen δ15N values. To calculate x, we assumed that
the lowest rockfish δ13C value (−13.1‰) represented 0 %
kelp-derived carbon in the diet (following Duggins et al.
1989) and solved the equation for x, which was determined
to be 1.22. The assumption of 0 % kelp-derived carbon for
this δ13C value (−13.1‰) is not altogether unreasonable, as
Pacific herring (a highly pelagic, but lower trophic level
species) from the same contexts produced a mean δ13C
value of −13.6±0.9‰ (Szpak et al. 2009). This approach
will tend to overestimate the amount of phytoplankton-
derived carbon (Duggins et al. 1989), and is thus a fairly
conservative estimate of kelp-derived carbon. It is important
to point out that this estimation of kelp-derived carbon is
associated with a high degree of uncertainty due primarily to
estimation uncertainty and natural variation (kelp and POM
δ13C values). Therefore, while these estimations provide a
reasonable means of making comparisons within this data-
set, they are not likely to be directly comparable to other
studies of this nature.

Statistical analyses

Differences in isotopic compositions between sites and be-
tween site types (wave exposures) were assessed with a one-
way analysis of variance (ANOVA). Levene’s test was used
to assess homogeneity of variance; if variance was homo-
scedastic, a post hoc Tukey’s honestly significant difference
(HSD) test was applied and if variance was not homosce-
dastic, Dunnett’s T3 test was applied. A significance level of
p<0.05 was used for all statistical analyses. All statistical
analyses were performed using SPSS 16 for Windows.

Results

The isotopic compositions (δ13C and δ15N) of rockfish bone
collagen, collagen yield, and C/N ratio are presented in
Table 4. Three of the 75 samples analyzed produced C/N
ratios outside of the acceptable range of 2.9–3.6 for unal-
tered bone collagen (DeNiro 1985; Szpak 2011), and have
been discarded from all calculations, figures and statistical
analyses, but are still presented in Table 4. Rockfish bone
collagen δ13C and δ15N values ranged from −13.1 to −8.6
and 14.0 to 18.3‰, respectively.

Mean rockfish trophic level was calculated to be 3.9±0.2,
with a range between 3.3 and 4.5. The calculated percentage
of kelp-derived carbon for individual rockfish ranged from 0
to 86 %, with mean values for individual sites ranging
between 15 and 50 % (Table 5). Mean rockfish carbon and
nitrogen isotopic compositions, as well as calculated kelp-
derived carbon and trophic levels are presented in Table 5,
summarized according to site. Summary statistics for

Table 3 Carbon isotopic compositions used for kelp and POM inputs
in the mixing model (mean±one standard deviation). The δ13Ckelp

values represent the average carbon isotopic composition of the two
dominant macroalgal species in the region: M. pyrifera and N. luet-
keana. Kelp/POM sampling locations are depicted in Fig. 1

Site δ13Ckelp

(‰)
δ13CPOM

(‰)
Kelp/POM sampling
location(s)

699T −14.5±2.3 −21.3±0.6 Benjamin Point, Koya Point

740T −14.8±2.5 −21.4±0.3 Benjamin Point,
Murchison Island

781T −16.0±1.7 −21.1±0.2 Murchison Island

785T −14.6±2.3 −20.8±0.1 Fuller

924T −16.0±1.7 −21.1±0.2 Murchison Island

1134T −14.6±2.3 −20.8±0.1 Fuller
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Table 4 Bone collagen isotopic and elemental data, and calculated kelp-derived carbon and trophic levels for all rockfish analyzed

Site Site type
(exposure)

Age Sample
no.

Context δ13C
(‰)

δ15N
(‰)

Trophic
level

% Kelp-
derived C

C/N
ratio

Collagen
yield

699T Exposed Pre-contact RF–003 6A3a −11.3 15.7 3.8 25 3.43 10.8

RF–0091 5A2c −13.6 15.3 – – 3.81 2.1

RF–011 4A2b −11.4 15.6 3.7 23 3.54 4.4

RF–012 4A2b −9.9 16.3 3.9 41 3.29 10.4

RF–013 4A2c −11.4 15.1 3.6 26 3.40 7.8

RF–014 4A2c −11.0 16.1 3.9 26 3.40 7.4

Post-contact RF–001 6A2a −12.5 15.7 3.8 6 3.41 9.7

RF–002 6A2D −11.4 16.1 3.9 21 3.40 3.9

RF–004 5A1b −12.1 16.4 4.0 8 3.47 5.4

RF–005 5A2a −11.9 17.1 4.1 9 3.51 6.6

RF–006 5A2a −11.4 15.1 3.6 26 3.32 7.0

RF–007 5A2b −10.8 16.0 3.8 29 3.32 14.8

RF–008 5A2b −10.3 16.5 4.0 36 3.50 5.3

RF–0101 4A2a −12.5 14.8 – – 3.94 1.9

RF–104 5A2c −11.5 14.9 3.5 25 3.08 6.9

RF–105 5A2c −10.3 16.1 3.8 37 2.99 12.2

RF–106 5A2c −12.2 15.2 3.6 14 3.11 5.4

RF–111 5A2b −11.5 15.0 3.6 25 3.13 6.4

RF–112 5A2b −10.0 15.0 3.6 47 3.05 7.5

740T Exposed Pre-contact RF–136 2A2 −13.1 15.5 3.7 0 3.25 1.4

RF–137 2A4 −11.5 15.3 3.6 24 3.21 8.7

RF–138 2A4 −11.1 17.0 4.1 22 3.33 5.6

RF–139 2A4 −12.1 15.5 3.7 14 3.13 7.7

RF–300 2B2 −13.1 15.5 3.7 0 3.47 9.7

RF–301 2A4 −11.5 15.3 3.6 25 3.39 6.5

RF–302 2A5 −11.1 17.0 4.1 22 3.16 4.7

RF–303 2A6 −12.1 15.5 3.7 14 3.36 6.1

781T Semi-protected Pre-contact RF–036 2A4b −10.5 16.5 4.0 41 3.35 10.7

RF–037 2A4b −10.4 16.7 4.0 42 3.31 10.4

RF–038 2A4b −10.4 18.3 4.5 31 3.39 7.9

RF–015 4A2b −11.2 16.8 4.1 26 3.28 8.5

RF–016 4A3a −10.1 16.0 3.8 53 3.35 5.4

RF–122 4A3a −10.1 15.7 3.8 54 3.36 4.3

RF–017 4A3b −10.0 16.5 4.0 51 3.32 11.2

RF–018 4A3b −10.3 15.7 3.8 51 3.36 6.8

RF–019 4A3b −10.3 16.6 4.0 45 3.34 9.3

RF–020 4A3b −10.5 16.8 4.1 40 3.31 5.5

RF–116 4A3b −10.2 16.0 3.8 50 3.56 1.6

RF–117 4A3b −10.3 16.1 3.9 48 3.55 11.6

RF–022 4A3c −10.7 15.8 3.8 42 3.09 6.0

RF–023 4A3c −11.2 14.0 3.3 44 3.28 8.6

RF–123 4A3c −10.2 15.5 3.7 54 3.36 12.0

RF–124 4A3c −10.1 16.2 3.9 51 3.30 8.0

RF–125 4A3c −10.5 15.9 3.8 47 3.45 2.8

RF–024 4A4a −9.4 17.6 4.3 56 3.15 6.7

RF–025 4A4a −10.5 16.3 3.9 43 3.17 4.2

RF–026 4A4a −9.8 16.6 4.0 55 3.40 7.7

RF–027 4A4a −9.8 15.9 3.8 59 3.38 8.0
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comparisons between rockfish kelp-derived carbon with
respect to site are presented in Table 6, and with respect to
site type (exposure) in Table 7. Summary statistics for
comparisons between rockfish trophic level with respect to

site are presented in Table 8, and with respect to site type
(exposure) in Table 9.

Rockfish kelp-derived carbon is plotted according to site
in Fig. 4a. There were significant differences in kelp-derived

Table 4 (continued)

Site Site type
(exposure)

Age Sample
no.

Context δ13C
(‰)

δ15N
(‰)

Trophic
level

% Kelp-
derived C

C/N
ratio

Collagen
yield

RF–118 4A4a −10.8 15.4 3.7 43 3.10 7.4

RF–119 4A4a −10.4 15.0 3.6 53 3.15 6.6

RF–120 4A4a −10.4 15.4 3.7 52 3.06 8.0

Post-contact RF–028 2A3a −9.8 16.1 3.9 58 3.31 6.7

RF–0291 2A3a −11.3 15.6 – – 3.65 1.6

RF–030 2A3a −10.1 17.0 4.1 45 3.28 8.0

RF–031 2A3a −10.5 17.8 4.3 33 3.29 6.3

RF–032 2A3a −9.8 17.3 4.2 50 3.29 5.4

RF–033 2A3b −10.4 17.1 4.1 40 3.09 7.8

RF–034 2A3b −11.1 16.4 3.9 31 3.24 8.2

RF–035 2A3b −10.4 17.4 4.2 38 3.10 5.5

785T Protected Pre-Contact RF–039 1A3a −10.8 16.7 4.0 34 3.37 7.0

RF–040 1A3b −9.5 17.1 4.1 57 3.46 8.0

RF–041 1A3b −10.4 16.7 4.0 41 3.42 6.1

RF–042 1A3b −9.6 16.1 3.9 62 3.33 10.8

RF–043 1A3c −8.6 15.3 3.6 86 3.35 8.3

RF–044 1A3c −11.0 16.3 3.9 33 3.38 5.9

RF–045 1A3d −10.6 16.7 4.0 39 3.33 7.2

RF–046 1A4a −10.0 16.5 4.0 52 3.38 4.4

RF–047 1A4b −10.3 16.5 4.0 45 3.19 11.5

924T Protected Pre-contact RF–126 3A3b −11.6 15.0 3.6 29 3.11 7.9

1134T Protected Post-contact RF–200 2A2 −11.0 16.3 3.9 26 3.30 4.1

RF–201 2A4 −11.8 16.9 4.1 11 3.30 6.7

RF–202 2A4 −11.6 15.5 3.7 21 3.30 7.6

RF–204 2A4 −10.9 16.1 3.9 28 3.30 6.6

RF–205 2B2 −11.2 15.8 3.8 26 3.30 10.4

RF–206 2A4 −11.7 17.5 4.3 9 3.40 4.5

Table 5 Summarized isotopic data, and calculated kelp-derived carbon and trophic levels for rockfish by site

Site Exposure Period n δ13C (‰) δ15N (‰) % Kelp-derived C Trophic level

740T Exposed Pre-contact 8 −11.9±0.8 15.8±0.7 15±10 3.8±0.2

699T Exposed All data 17 −11.2±0.8 15.8±0.6 25±12 3.8±0.2

Pre-contact 5 −11.0±0.6 15.8±0.5 28±8 3.8±0.1

Post-contact 12 −11.3±0.8 15.8±0.7 24±13 3.8±0.2

781T Semi-exposed All data 31 −10.3±0.4 16.3±0.9 46±8 3.9±0.2

Pre-contact 24 −10.3±0.4 16.1±0.9 47±8 3.9±0.2

Post-contact 7 −10.3±0.4 17.0±0.6 42±9 4.1±0.2

785T Protected Pre-contact 9 −10.1±0.8 16.4±0.5 50±17 4.0±0.1

924T Protected Pre-contact 1 −11.6 15.0 29 3.6

1134T Protected Post-contact 6 −11.4±0.4 16.4±0.7 20±8 3.9±0.2
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carbon between sites (F[4,65]=25.50, p<0.001). In general,
kelp-derived carbon was negatively related to site exposure,
with rockfish from exposed sites being characterized by less
kelp-derived carbon than rockfish from more sheltered sites
(Table 6). Both exposed sites (699T and 740T) had signif-
icantly lower kelp-derived carbon than the semi-protected
(781T) and protected (785T) sites, although this was not true
for site 1134T, which is discussed in more detail below.

Rockfish kelp-derived carbon is plotted according to
exposure in Fig. 4b–d. With respect to site exposure, there
were significant differences in kelp-derived carbon (F[2,68]=
24.27, p<0.001). Exposed sites were characterized by sig-
nificantly less kelp-derived carbon than protected (p=0.03)
and semi-protected (p<0.001) sites; semi-protected and pro-
tected sites did not significantly differ (p=0.30). When
rockfish were divided according to pre- and post-contact
periods, there were still significant differences according to
site exposure for pre-contact (F[2,43]=26.18, p<0.001) and
post-contact (F[2,22]=8.29, p=0.002) groups. For the pre-
contact period, exposed sites were characterized by signifi-
cantly less kelp-derived carbon than protected (p=0.002)
and semi-protected (p<0.001) sites; semi-protected and pro-
tected sites did not significantly differ (p=0.99). The lack of
differentiation between exposed and protected sites in post-
contact contexts (p=0.81) is driven by the unusually low
kelp-derived carbon values for site 1134T, which are dis-
cussed in more detail below.

Rockfish kelp-derived carbon is plotted according to
temporal period in Fig. 4e, f. Collectively, rockfish from
pre-contact occupations were characterized by significantly
more kelp-derived carbon than rockfish from post-contact
occupations (F[1,69]=9.79, p=0.003). Two sites (699T and

781T) contained sufficient numbers of pre- and post-contact
rockfish for intrasite temporal comparisons. There were no
significant differences in kelp-derived carbon between pre-
and post-contact rockfish at 699T (F[1,14]=0.65, p=0.44) or
781T (F[1,29]=1.99, p=0.17).

Rockfish trophic level is plotted according to site in
Fig. 5a. In comparison to kelp-derived carbon, there were
no obvious patterns with respect to rockfish trophic level.
There were no significant differences in trophic level be-
tween sites (F[4,65]=2.21, p=0.08). Rockfish trophic level is
plotted according to site exposure in Fig. 5b–d. There were
significant differences in rockfish trophic level according to
site exposure (F[2,68]=3.99, p=0.02), with rockfish from
semi-protected sites at higher trophic levels than rockfish
from exposed sites (p=0.03), although the magnitude of this
difference was small (∼0.15 trophic levels) and not present
between other wave exposure categories (Table 9). Rockfish
trophic level is plotted according to temporal period in
Fig. 5e, f. There were no significant differences in rockfish
trophic level between pooled pre- and post-contact occupa-
tions (F[1,69]=0.72, p=0.40). Pre- and post-contact rockfish
trophic level did not significantly differ at 699T (F[1,14]

<0.01, p=0.98), but did at 781T (F[1,29]=6.18, p=0.02).

Discussion

General patterns in rockfish bone collagen δ13C and δ15N

The carbon and nitrogen isotopic compositions of rockfish
bone collagen are consistent with what is known about
present-day foraging habits. The calculated mean trophic
level for southern Haida Gwaii rockfish is 3.9±0.2, which
is higher than the value of 3.2 presented by Beattie (1999)

Table 6 Results of ANOVA for
differences in rockfish kelp-de-
rived carbon according to site

Values in boldface are statisti-
cally significant (p<0.05)

Site 699T 740T 781T 785T 1134T

Kelp-derived carbon 699T − 0.226 <0.001 <0.001 0.882

740T − − <0.001 <0.001 0.908

781T − − − 0.873 <0.001

785T − − − − <0.001

Table 7 Results of ANOVA for differences in rockfish kelp-derived
carbon according to site type (exposure)

Semi-protected Protected

All data Exposed <0.001 0.027

Semi-protected − 0.297

Pre-contact Exposed <0.001 0.002

Semi-protected − 0.999

Post-contact Exposed 0.004 0.810

Semi-protected − 0.005

Values in boldface are statistically significant (p<0.05)

Table 8 Results of ANOVA for differences in rockfish trophic level
according to site

Site 699T 740T 781T 785T 1134T

Trophic level 699T − 1.000 0.129 0.247 0.514

740T − − 0.438 0.474 0.699

781T − − − 0.997 1.000

785T − − − − 1.000
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for modern and historical Hecate Strait rockfish, and 3.4 and
3.7 for modern black and copper rockfish from Barkley
Sound (Markel 2011). This suggests a secondary carnivore
niche for rockfish in this region, with a diet composed
primarily of juvenile rockfish, small forage fish (Pacific
herring, sandlance, anchovy), benthic invertebrates (small
cryptic crabs and shrimp, snails, brittle stars), and zooplankton
(euphausiids, copepods, small crustaceans).

The high δ13C values strongly suggest a relatively low
reliance on pelagic carbon, which tends to have a more
negative δ13C value than benthic or kelp-derived carbon
(France 1995). As a group, rockfish inhabit a wide variety of
environments, with respect to depth, substrate-association,
and proximity to the shore. The lack of pelagic offshore
carbon in the tissues of these rockfish demonstrates that
these fish were associated with nearshore habitats where
there was potential for the contribution of significant amounts
of kelp-derived carbon, which is discussed in more detail
below.

Spatial variability in rockfish isotopic composition

Rockfish from exposed sites tended to have lower carbon
isotopic compositions than rockfish from protected and
semi-protected sites. The comparatively low δ13C values
for rockfish at exposed sites suggest a lower reliance on
kelp-derived carbon (Table 7; Fig. 4a, b). Sites 1134T and
924T do not fit this pattern, but the former likely represents
a temporal effect and the latter consists of only a single
sample. The reasons for this spatial variability in carbon
isotopic composition are likely complex, but we suggest
two potential and related explanations.

The difference in rockfish kelp-derived carbon between
the exposed and sheltered sites supports the assertion that
hydrodynamic conditions can be important factors in deter-
mining the availability of different sources of organic matter
in nearshore foodwebs (Norderhaug and Christie 2011), and
that these differences may be reflected in higher trophic
level consumers. Therefore, it is critical that interpretations
of consumer δ13C values (e.g. estimation of kelp or

phytoplankton-derived carbon) take local hydrographic fac-
tors into consideration.

The bone collagen δ15N values and calculated trophic
levels of rockfish presented here did not systematically vary
with respect to site (Table 8) or site exposure (Table 9). This
suggests that rockfish at exposed and sheltered sites were
feeding at very similar trophic levels. This supports the
notion that the difference in rockfish δ13C values between
sites with different degrees of wave exposure is related to
differences in the isotopic composition of the base of the
food web, rather than differences in rockfish diets between
these site types.

Fur trade era: reduction in kelp-derived carbon

The maritime fur trade in the northeast Pacific led to the
local extinction of sea otters throughout much of this range.
Although direct observations of ecological changes associ-
ated with the fur trade are absent, observations made during
the last 40 years in areas with and without sea otters have
generally demonstrated a positive association between sea
otter presence and kelp forest size and depth—kelp forests
being larger and extending deeper in the presence of sea
otters (Estes and Palmisano 1974; Estes et al. 1978; Estes
and Duggins 1995; Kvitek et al. 1989; Watson and Estes
2011). The comparison of rockfish living prior to and after
the maritime fur trade period provides an opportunity to
examine potential differences in the accumulation of kelp-
derived carbon in nearshore ecosystems.

Site 1134T is located in a sheltered strait in close prox-
imity to site 785T (Fig. 1), but is distinguished from all other
sites analyzed in that it was occupied entirely following
European contact (Orchard 2009), which occurred around
1774 in Haida Gwaii (Beals 1989; Blackman 1990). By the
1840s, the local sea otter population had been severely
depleted, though otters were not completely extirpated from
the region until the 1920s (Dick 2006). This rapid depletion
of sea otter populations undoubtedly had a significant,
though not necessarily instantaneous, impact on local eco-
systems (Orchard 2009; Szpak et al. 2012). Therefore, it is
at site 1134T that we would anticipate finding the best
evidence of any potential differences in the amount of
kelp-derived carbon represented in rockfish carbon isotopic
compositions.

In comparison to rockfish from other protected (785T)
and semi-protected (781T) sites, rockfish from 1134T are
characterized by significantly lower δ13C values (Table 6).
Conversely, 1134T rockfish kelp-derived carbon values
were not significantly different than rockfish from exposed
sites (669T and 740T). This suggests that proportionately
less kelp-derived carbon was entering the local foodweb, via
detrital and/or grazing pathways, around the time of and
slightly following European contact in the vicinity of this

Table 9 Results of ANOVA for differences in rockfish trophic level
according to site type (exposure)

Semi-protected Protected

All data Exposed 0.027 0.090

Semi-protected − 0.996

Pre-contact Exposed 0.437 0.305

Semi-protected − 0.856

Post-contact Exposed 0.003 0.234

Semi-protected − 0.227

Values in boldface are statistically significant (p<0.05)
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particular site in southern Haida Gwaii. Based on the two-
source mixing model, 1134T rockfish were on average
characterized by 30 % less kelp-derived carbon compared
to the other protected site (785T) located nearby, and 26 %
less kelp-derived carbon compared to the semi-protected site
(781T).

The magnitude of the difference between mean rockfish
δ13C values at 1134T and the protected (−1.3‰ for 785T)
and semi-protected sites (−1.0‰ for 781T) is fairly small,
but based on the results of similar studies, a small difference

in consumer δ13C values would be expected because kelp
and phytoplankton carbon isotopic compositions usually
differ by 4 to 6‰ (Duggins et al. 1989; Fredriksen 2003;
Kaehler et al. 2006; Norderhaug et al. 2003), although the
magnitude of this difference may be larger (Dunton and
Schell 1987). The difference in δ13C values between kelp
and POM used in this study were fairly typical and ranged
from 5.2 to 6.7. This contrasts to situations where consumer
δ13C values are used to interpret the relative contribution of
C3 and C4 plants, which differ by ∼14‰ with respect to

Fig. 4 Rockfish kelp-derived
carbon by: a site, b site type
(exposure), c site type for pre-
contact rockfish only, d site
type for post-contact rockfish
only, e temporal period, f
temporal period within sites
699T and 781T. Vertical lines
represent means, boxes
represent interquartile ranges
(first to third) and horizontal
lines represent ranges
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Fig. 5 Rockfish trophic level
by: a site, b site type
(exposure), c site type for pre-
contact rockfish only, d site
type for post-contact rockfish
only, e temporal period, f
temporal period within sites
699T and 781T. Vertical lines
represent means, boxes
represent interquartile ranges
(first to third) and horizontal
lines represent ranges
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their δ13C values. In comparing islands in the Aleutians that
were dominated by either kelp or sea urchins, Duggins et al.
(1989) found 58 and 32 % kelp-derived carbon in the diets
of primary consumers (a difference of 26 %), respectively.
Using the mixing model provided by these authors, this
equates to a mean difference in consumer δ13C of 1.7‰
between kelp and urchin dominated islands. It is important
to bear in mind that the consumers compared by these
authors fed at trophic levels lower than rockfish. Assuming
that the resolution of potential carbon sources is further
dampened in long-lived species at higher trophic levels
(Dunton et al. 1989; Simenstad et al. 1993), we would
expect a similar, or likely even smaller difference in rockfish
δ13C.

The fact that there are still considerable amounts of kelp-
derived carbon at all sites is not surprising given the scale at
which kelp-derived carbon may be incorporated into near-
shore food webs. Several studies have found significant
quantities of kelp-derived carbon contributing to the diet
of consumers in areas with low local kelp biomass (Duggins
et al. 1989; Kaehler et al. 2006; Kang et al. 2008; Markel
2011; Salomon et al. 2008; Vanderklift and Wernberg 2008),
demonstrating the importance of detritus at a more regional
scale. Furthermore, surveys conducted within the last
30 years in Haida Gwaii have demonstrated that even
though sea otters have been absent from the region for
nearly 200 years, kelp stands still persist in some areas and
the coastline is not completely dominated by urchin barrens
(Harper et al. 1994; Jamieson and Campbell 1995; Sloan
and Bartier 2000; Sloan 2006). In comparison to the west
coast of Vancouver Island and Goose Island group (areas of
the BC coast where sea otters are presently established),
where kelp forests are quite extensive and composed pri-
marily of Macrocystis, the kelp stands surrounding Haida
Gwaii are very thin, shallow and composed primarily of
Nereocystis (Salomon, unpublished data).

There was no significant difference in kelp-derived car-
bon between the pre- and post-contact rockfish at 699T
(F[1,14]=0.65, p=0.44) or 781T (F[1,30]=5.38, p=0.03).
There are several possible reasons why a reduction in
kelp-derived carbon was not observed. First, because 699T
and 781T are located in relatively exposed locations (espe-
cially 699T), the increased local water flow may create
conditions that are conducive to a higher level of mixing
of detritus at the regional scale than at sites located in more
protected locations (e.g. 785T and 1134T). Following the
observation that detritus tends to accumulate more in shel-
tered locations relative to exposed locations (Crossman et al.
2001; Rodil et al. 2007), the former may provide a much
better opportunity to examine changes in detrital biomass.
Second, it is very possible that the distribution of kelp
forests throughout southern Haida Gwaii was relatively
patchy before and after the fur trade. We have suggested

previously that this may have been the case, possibly in
connection with the local depression of sea otter populations
in the vicinity of village sites (Szpak et al. 2012). This may
have had the effect of mediating any changes in the relative
abundance of kelp-derived carbon at the local scale, creating
a situation that is not directly analogous to modern compar-
ative studies of otter-present/otter-absent regions (e.g. Estes
et al. 1978; Markel 2011; Watson and Estes 2011).

Site 699T also represents a somewhat unique cultural
context from the other sites included in this analysis. As
indicated above, this is a very large village site with clear
evidence of at least 16 house features (Orchard 2009),
though these houses may not have all been occupied con-
temporaneously throughout the occupation of the site.
Based on ethnographic and ethnohistoric sources summa-
rized by Acheson (1998), site 699T was occupied from the
late pre-contact through the early contact period and into the
post-fur trade period, before the remaining occupants reset-
tled at Sgan Gwaii on Anthony Island in the mid-1800s.
This represents one example of a wider process of amal-
gamation of small, dispersed villages into larger, more cen-
tralized villages. This process, which occurred throughout
Haida Gwaii, may have begun in the latest pre-contact
period but was certainly reinforced and accelerated after
contact (Acheson 1998, 2005). Acheson (2005), for exam-
ple, indicates that the large-scale settlement of site 699T
emerged following European contact, likely a direct re-
sponse to the new economic forces present with the onset
of the maritime fur trade. A more detailed consideration of
the factors driving this process of amalgamation is beyond
the scope of this paper. Interestingly, while the invertebrate
assemblage from 699T strongly reflects its exposed location,
patterns in the vertebrate data are less distinct, and in some
ways reflect a combination of exposed and protected resour-
ces (Orchard 2009). This pattern may suggest that the local
environment was insufficient to meet the needs of a large,
amalgamated village, forcing the occupants to range further
afield on a seasonal basis to meet their subsistence needs.
Haida that once occupied a series of smaller, dispersed
villages in a variety of ecological settings would now return
to those smaller village localities and resource gathering
sites to meet at least a portion of their subsistence needs
(Orchard 2009). The faunal assemblages at the large, amal-
gamated villages (e.g. 699T), now represented the combi-
nation of the previously locally variable aspects of the
subsistence economy, combining exposed and protected
resources. In terms of the current study, this process may
have served to further dampen the apparent effects of local
ecological variability by pooling rockfish remains from a
larger catchment area that may not have been limited to the
exposed contexts in which the site itself is located.

Finally, the assignation of particular materials as pre- or
post-contact at 699T is somewhat problematic. Dating of
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these contexts, while based on multiple chronological indi-
cators as discussed above, is largely based on the nature of
the artifact assemblages in the excavated contexts, tracking a
transition from purely traditional artifact styles to a combi-
nation of traditional and introduced European trade goods
(Orchard 2009). While this site clearly contains an occupa-
tion that spans the pre-contact to post-contact periods, and
while excavated stratigraphic layers can be confidently
assigned relative ages, it is more difficult to conclusively
identify the point at which the maritime fur trade began to
influence the site occupants. As such, site 1134T, which
contains numerous historic artifacts and has produced a
series of radiocarbon dates, none of which point to a pre-
contact occupation, provides the most reasonable means to
examine the nature of post-contact rockfish isotopic compo-
sitions (Orchard 2009).

Further research will aid in clarifying the ecological
impact of the maritime fur trade locally and regionally. With
respect to stable isotope analysis in particular, there is po-
tential to analyze the carbon isotopic composition of the
organic component of invertebrate shells. The limited mo-
bility and low trophic level of many species of filter feeders
makes them very good candidates for understanding the
relative contributions of different sources of organic matter.
Unfortunately, there is a very small amount of organic
material preserved in shell, which makes this type of analysis
difficult (Hard and Katzenberg 2011).

Fur trade era: consistency in rockfish trophic level

Rockfish are important components in nearshore ecosys-
tems in the North Pacific (Mills et al. 2007). Juveniles are
significant or dominant prey items for numerous predatory
species of anadromous fish (Brodeur 1991; Lowry et al.
1991; Mills et al. 2007), marine fish (Beaudreau 2009;
Hallacher and Roberts 1985; Love and Westphal 1981; Love
et al. 1991), mammals (Lowry et al. 1991) and birds (Miller
and Sydeman 2004; Sydeman et al. 2001; Thayer et al.
2008). Kelp forest canopies may serve as important habitats
for juvenile rockfish (Dean et al. 2000; Love et al. 1991;
Markel 2011), which in turn may strongly influence the
abundance of other kelp forest fishes (Bodkin 1988). More
generally, several authors have noted a positive relationship
between kelp and nearshore fish abundance (Bodkin 1988;
DeMartini and Roberts 1990; Ebeling and Laur 1988; Laur
et al. 1988; Markel 2011; Reisewitz et al. 2006). On the west
coast of Vancouver Island, Markel (2011) found that adult
(but not juvenile) black and copper rockfish in habitats with
sea otters and abundant kelp forests fed at higher trophic
levels (based on muscle δ15N) than conspecifics in habitats
without sea otters and sparse kelp forests (black rockfish
trophic level 3.44 sea otters present, 3.14 sea otters absent;
copper rockfish trophic level 3.72 sea otters present, 3.38

sea otters absent). As such, we expected a reduction in the
quantity of kelp-derived carbon (lower δ13C) in rockfish to
be coincident with a reduction in trophic level (lower δ15N)
due to decreased availability of forage fish (Pacific herring)
and juvenile rockfish.

We did not find any evidence of a reduction in trophic
level in the post-fur trade rockfish (Fig. 5e, f). This does not
suggest, however, that rockfish diets were unchanged. Shifts
between similar trophic level prey (e.g. juvenile forage fish
to predatory amphipods) may be functionally significant,
but due to a lack of isotopic differentiation between these
prey, may not be detectable using conventional isotopic
analysis. The general lack of differentiation at the level of
sites or site exposure with respect to rockfish trophic level
lends further support to the notion that the differences in
rockfish δ13C values are related to differences in isotopic
composition at the base of the food web (kelp vs. phyto-
plankton), rather than differences in feeding ecology.

The lack of any differentiation in rockfish δ15N values in
pre- and post-fur trade contexts may be partially explained
by the long temporal record represented by bone collagen.
Many species of fish, including rockfish, are characterized
by large ontogenetic differences in diet and trophic level,
with shifts of one trophic level or more occurring through
life; these age-related dietary differences have been recorded
in fish tissue nitrogen isotopic compositions, mostly muscle
and other tissues with relatively short turnover times
(Cummings et al. 2010; Hamilton et al. 2011; Markel 2011;
Morinière et al. 2003; Vizzini and Mazzola 2002). Because
bone collagen remodels at a much slower rate and represents a
much larger temporal window than tissues typically used in
ecological analyses, there may be a significant blurring of
consistent patterns in adult trophic level. This is especially
true since there is no control over the sizes and ages of the fish
that were sampled for isotopic analysis, where the nitrogen
isotopic composition of some individuals may reflect more or
less juvenile diet depending on the age/size of the fish. Carbon
isotopic composition less strongly reflects trophic level (rela-
tive to nitrogen isotopic composition), these ontogenetic
effects may be more prevalent in bone collagen δ15N values.

Conclusion

Rockfish from exposed sites had significantly lower kelp-
derived carbon (δ13C values) than rockfish from sheltered
sites, while semi-protected sites were intermediate, suggest-
ing a greater amount of kelp-derived carbon was assimilated
by rockfish at the sheltered sites. Rockfish bone collagen
δ15N values did not vary with respect to site exposure. The
results of this study highlight the importance of regional
ecological variability in structuring the isotopic composition
of animal tissues. These results also provide considerable
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insight into human foraging patterns in late Holocene Haida
Gwaii. The generally high δ13C values for the analyzed
rockfish, as discussed above, strongly suggest a low reliance
on pelagic carbon, and indicate that the Haida were targeting
rockfish primarily in nearshore waters. More specifically,
the relatively close correlation between site setting and
rockfish δ13C values suggests that these rockfish were all
harvested in the immediate vicinity of the sites from which
these faunal remains were recovered. This provides additional
evidence for a very locally focused subsistence harvesting
regime among the Haida in eastern Gwaii Haanas in the late
Holocene, a pattern that has been previously recognized
through numerous other faunal indicators (Orchard 2009).

Post-contact data suggest a decline in the quantities of
kelp-derived carbon assimilated by rockfish in at least some
locations, likely reflecting a decline in local kelp standing
stock biomass and productivity as urchin barrens increased
in size and abundance following the local extirpation of sea
otters during the maritime fur trade. Rockfish from the
entirely post-contact site 1134T had significantly lower car-
bon isotopic compositions, and hence kelp-derived carbon,
than rockfish from sites in similar environmental settings. At
the two individual sites with both pre- and post-contact
occupations (699T and 781T), kelp-derived carbon decreased
following European contact, although this difference was not
statistically significant. This lack of differentiation may be
partly related to coarseness in temporal resolution, though
these are clearly chronologically distinct deposits based on
stratigraphic data, and clearly date generally to the pre-contact
to early contact period transition. In fact, this transitional
period itself may contribute to the lack of isotopic distinction,
as the early contact period may be a time when these ecolog-
ical changes were just beginning, whereas there may be a
delay of years or decades for the increase in sea urchins and
decrease in kelp to occur. Moreover, at site 699T specifically
this lack of an apparent reduction in kelp-derived carbon may
reflect an increasing foraging radius for the Haida occupants
of this site, which was by far the largest village site in our
sample, representing the results of the amalgamation of
smaller, regional villages into larger, more centralized villages
in the late pre-contact and early contact period (Acheson 1998,
2005). As discussed elsewhere by Orchard (2009:119), the
large populations at villages such as 699T may not have been
able to meet their subsistence needs in local environments
alone, and may thus have drawn on more dispersed foraging
locations.
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