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rate measurements of dark CO2 assimila-
tion in water samples by NaH14CO3, while 
recognizing the limitations of such incu-
bations as an index of bacterial productiv-
ity and in comparison to other techniques 
such as 3H labeled thymidine incorpora-
tion (Riemann and Søndergaard, 1984). 

Bacterial communities and processes 
are best understood in an environmental 
context, so we also present data on the ele-
mental and isotopic ratios of carbon and 
nitrogen in the sediments as indicators of 
regional-scale deposition and productiv-
ity processes, and data on the distribution 
of sediment characteristics such as sedi-
ment grain size and the total organic con-
tent of surface sediments. These environ-
mental data are directly related to physical 
flow fields and deposition of organic mate-
rials to the biologically productive benthic 
microbial and macrofaunal communities 
on this polar continental shelf. 

Together with primary productiv-
ity of phytoplankton and chlorophyll  a 
content, abundance and productivity 
of bacterioplankton are key parameters 
characterizing the state of marine eco-
systems (Ducklow, 2000). Qualitative 

characteristics of phyto- and bacterio-
plankton communities of the Arctic seas 
have also been the subject of prior exper-
imental study (e.g.,  Kirchman et  al., 
2009b). Much attention has also been 
recently paid to microbial transformation 
of organic matter (OM) delivered to the 
Arctic shelf seas with the inflow of major 
rivers such as the Ob, the Yenisei, and 
the Mackenzie (Amon and Meon, 2004; 
Vallières et  al., 2008). Heterotrophic 
bacterioplankton (consisting of both 
Bacteria and Archaea) play a major role 
in OM decomposition, with the degree of 
decomposition depending significantly 
on the qualitative composition of organic 
matter (del Giorgio and Davis, 2003). 

Significant changes in seasonal ice 
cover in the Arctic Basin resulting from 
recent climatic warming (Moritz et  al., 
2002; Stroeve et  al., 2012) have also 
attracted much attention. The quantity 
and quality of organic matter in the water 
column is also potentially changing. 
Runoff increases and permafrost thaw 
associated with climate change are likely 
to change the concentrations and lability 
of organic carbon released into the Arctic 
Ocean (Benner et  al., 2004; Guo et  al. 
2007; Perminova et al. 2014). The abun-
dance and productivity of the hetero-
trophic bacterioplankton community in 
turn depends upon the composition of 
organic matter (Kirchman et al., 2009b), 
and serves as the main component of 
the microbial loop that returns inacces-
sible organic matter into the planktonic 
trophic network (Pomeroy et al., 2007).

We use here the stable carbon isotopic 
composition of particulate organic mate-
rial (SCIC POM) as an important indica-
tor of the state and genesis of plankton, 
including heterotrophic bacterioplank-
ton. This indicator can be used with 
care to separate the two major sources 
of organic matter—the isotopically light 
(δ13С < –25‰) OM produced by terres-
trial plants, which arrives from continental 
sources, while isotopically heavier POM 
(in the Arctic δ13С > –22‰; Stein and 
Macdonald, 2004) is produced autoch-
thonously by marine phytoplankton. The 

INTRODUCTION 
One of the key strengths of the Russian- 
US Long-term Census of the Arctic 
(RUSALCA) program in the Chukchi 
Sea is the capability to cross the interna-
tional frontier between Russia and the 
United States and to assess the Chukchi 
Sea from an integrated ecosystem per-
spective. Another strength is the capa-
bility to assess the relationship between 
water column and sediment processes 
on a shallow, productive, polar continen-
tal shelf where water column production 
affects the benthos and where sedimen-
tary processes, including mineralization, 
can in turn influence water chemistry as 
waters flow across the shallow shelf and 
into the deep Arctic basin (e.g.,  Jones 
et al., 1998; Codispoti et al., 2005; Mathis 
et al., 2014). In this overview of selected 
results from the RUSALCA program, we 
focus on tying bacterial production and 
abundance in the water column to related 
processes in the sediments by presenting 
data on water column primary produc-
tion, sediment oxygen respiration, and 
chlorophyll deposited to the sediments. 
We estimate bacterial production using 

ABSTRACT. Bacterial production and abundance are linked to areas of high 
biological production in the water column and in the underlying benthos in the 
Chukchi Sea. Process measurements taken during the Russian American Long-term 
Census of the Arctic (RUSALCA) program, such as the carbon isotope composition 
of sinking particulate organic matter and sediment organic matter, are used to put 
bacterial production and abundance in context. These measurements show that 
there are vertical gradients in the water column and that the stable carbon isotope 
composition of organic materials in the sediments is significantly different from 
sedimenting materials in the overlying water column. Differences within the water 
column likely reflect late summer declines in productivity that increase discrimination 
against 13C and also provide indications of carbon metabolism in the water column 
and underlying sediments. Temporal changes in the stable carbon isotope composition 
of organic matter in surface sediments, as well as C/N ratios in organic matter during 
the RUSALCA program, are also being observed, specifically higher ratios of 13C/12C 
at some stations near the Chukotka coast, and lower ratios of 13C/12C near Point Hope, 
Alaska. C/N ratios have increased since 2004 at productive sites in the south central 
Chukchi Sea, suggesting changes in organic material deposition. Other parameters 
studied on some or all of the decadal series of joint Russia-US cruises include sediment 
oxygen demand, the nitrogen isotopic composition of organic matter, sediment grain 
size, chlorophyll content in surface sediments, and elemental ratios of carbon and 
nitrogen in surface sediments. These process measurements support interpretations 
that the ecosystem shows strong coupling between bacterial and primary production 
and the underlying benthos. 
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SCIC of allochthonous POM varies depending on the bio-
chemical characteristics of photosynthesis by terrestrial 
plants (e.g., the ratio between the C3 and C4 types of photo-
synthesis, which is not a major factor in the Arctic, as well as 
water use efficiency in C3 plants). It can also vary for aquatic 
plants depending upon the isotopic composition of dis-
solved carbon dioxide and bicarbonate in freshwater, which 
is typically more depleted in 13C than bicarbonate of sea-
water. This difference results in significantly more depleted 
δ13C values for POM produced by freshwater photosyn-
thetic organisms, but can lead to complexities in interpreta-
tion (Marty and Planas, 2008).

During the last two decades, in the course of a number 
of research efforts, the δ13C values of OM in the surface 
sediments of much of the East Arctic shelf seas (Chukchi, 
East Siberian, Laptev, as well as the Beaufort Sea) have been 
determined and extensive maps produced (e.g. Fahl et  al., 
1999; Dunton et  al., 2012, and references therein). Unlike 
other Arctic coastal seas, the Chukchi Sea and the eastern 
part of the East Siberian Sea are not dominated by river 
runoff but rather by Pacific water inflow via the Bering 
Strait. However, changing seasonal sea ice conditions in 
the Chukchi Sea have resulted in a considerable increase in 
freshwater derived from melted sea ice because the Chukchi 
has been impacted by dramatic decreases in seasonal sea ice 
extent (Cooper et al., 2005). 

Joint Russian-US research as part of RUSALCA began in 
September 2004 (Figure 1) and provided data of relevance 
on the concentrations of macronutrients and primary pro-
duction in various areas of the Chukchi Sea (Lee et al., 2007, 
2014; Yun et  al., 2014), on methane concentrations in the 
water column and bottom sediments, and on the total micro-
bial abundance and the rates of the key microbial processes 
(Lein et al., 2007; Savvichev et al., 2007). High rates of bio-
logical processes are associated with an area of organic accu-
mulation that has been termed a “hotspot” in the southern 
part of the sea (Grebmeier et al., 2006, 2015a; Sirenko and 
Gagaev, 2007). The highest rates of microbial processes were 
associated with surface sediments (Savvichev et  al., 2007). 
In general, bacterial productivity in the northern parts of 
the Chukchi Sea sampled as part of RUSALCA was lower 
by an order of magnitude than observations made in the 
southern Chukchi Sea (Savvichev et al., 2007). Particularly 
during the second process cruise in September 2009, favor-
able ice coverage conditions facilitated the expansion of 
sampling areas to sites in Long Strait, in the eastern part of 
the East Siberian Sea, and to sub-oceanic ridges along the 
northern edge of the Chukchi Plateau. The third RUSALCA 
expedition was carried out in September 2012 (Figure  1) 
and also investigated both the southern and the northern 
parts of the Chukchi Sea, but was not spatially as extensive 
as the cruise in 2009 (Figure 1).

FIGURE 1. Locations of RUSALCA sampling in (a) 2004, (b) 2009, 
and (c) 2012. 
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MATERIALS AND METHODS 
Water and sediment samples were 
obtained in August/September 2004, 
September 2009, and September 2012 
during RUSALCA expeditions on board 
R/V Professor Khromov (Figure  1). 
Sampling was carried out along two par-
allel sections in the southern part of the 
Chukchi Sea (CS) between the coasts of 
Alaska and the Chukchi Peninsula (CL) 
and in the central part of the Chukchi Sea 
(CEN) along four short sections: through 
Herald Canyon in the northwestern part 
of the Chukchi Sea (HC), in Long Strait 
(LS), in an area with pockmark-like struc-
tures over the Chukchi Plateau (GD), and 
at the northernmost edge of the Chukchi 
Sea (IE). Water and bottom sediments 
were also sampled along two short sec-
tions (SS and WN) during 2009 in the 
eastern part of the East Siberian Sea. 

On each cruise, water samples were col-
lected at most continental shelf stations 
from three depths (surface, near bottom, 
and chlorophyll maximum) using 10 L 
Niskin bottles mounted on a Sea-Bird 911+  
conductivity- temperature-depth (CTD) 
instrument equipped with additional 
sensors for turbidity, fluorescence, and 
oxygen concentration. For productiv-
ity measurements, water from the bot-
tles was dispensed by overflowing water 
into glass vials, which were then sealed 
with gas-tight stoppers in order to avoid 
contact with atmospheric oxygen. Data 
reported correspond to the average of 
surface, near-bottom, and chlorophyll 
maxima measurements. 

Bottom sediments were collected using 
a HAPS benthic corer and a van Veen 
grab. The sediment samples were placed 
in cut-off 5 mL plastic syringes and sealed 
with gas-tight rubber stoppers. All exper-
iments with the water and sediment 
samples were carried out at in situ tem-
peratures (+1° to +6°C) within several 
hours after sampling. 

Sediment pore waters were analyzed for 
Corg and CHCO3– content in surface sedi-
ments (0–5 cm) using a total organic car-
bon (TOC) analyzer (Shimadzu, Japan) 
equipped with a Model SSM 5000A solid 

sample combustion system. For dis-
solved organic carbon, the calibrated 
range of the measurable concentrations 
was from 0.05 to 25,000 mg C L–1 in a 
sample of 100  µL volume. For the bot-
tom sediments, the calibrated range of 
the organic carbon (% of the dry mass) 
was from 0.05 to 30 mass % in a sample 
of 100 µg mass (Belyaev et al., 2010). Eh 
measurements of fresh sediment samples 
were carried out using a portable WTW 
Model 320 pH/mV meter (Germany) 
with a SenTix ORP ceramic electrode. 

Bacterial abundance was determined 
from water samples in glass vials that were 
fixed with glutaraldehyde (final concen-
tration 2%). The fixed material (5–10 mL) 
was filtered through black polycarbonate 
membranes with nominal 0.2 µm pore 
diameters (Millipore). The filters were 
stained with acridine orange (2 µg mL–1; 
Hobbie et al., 1977) and examined under 
a Lumam-I microscope (LOMO, Russia) 
at 1000X. Cells were counted in 20 micro-
scope fields. Cell volumes of the cocci and 
rods were calculated by approximating 
them as geometric spheres and cylinders, 
respectively. An average of ~200 cells was 
counted for each sample.

Dark CO2 assimilation in water sam-
ples was determined using NaH14CO3. 
A 0.2 mL aliquot of sterile water con-
taining NaH14CO3 (Amersham CFA3) 
was added to seawater samples in 35 mL 
dark glass vials with a final radioactivity 
of 0.15 μCi mL−1. For each sample, two 
replicates and one control were ana-
lyzed. The controls were fixed with 
1 mL 0.2 N HCl prior to bicarbonate 
addition. The samples were incubated for 
20 to 26  hours in a refrigerator at close 
to in situ temperatures. After incubation, 
the samples were filtered through nylon 
membranes (Millipore 0.2 µm pore diam-
eter). Residual carbonates were removed 
by washing with large amounts of filtered, 
slightly acidified seawater. Separation of 
the 14С products and radioactivity mea-
surements (Rack-Betta Model 1219 scin-
tillation counter, LKB, Sweden) were car-
ried out as described previously (Rusanov 
et al., 1998). Dark CO2 assimilation rates 

were calculated after accounting for the 
overall alkalinity (Alk) in the water sam-
ples. Bacterial production was calcu-
lated using the dark CO2 assimilation 
rates for the cells (neglecting extracellular 
exometabolites). We used the assump-
tions of Sorokin (1998) that the ratio 
of production of marine heterotrophic 
bacterioplankton to heterotrophic СО2 
assimilation is ~20 (heterotrophic pro-
duction only). The Р/В coefficient (the 
ratio of net productivity to biomass), or 
growth rate, was also calculated assuming 
that carbon content is 10% of the biomass 
wet weight (Sorokin, 1998).

The carbon isotope ratio for organic 
matter (δ13СCorg) in suspension was 
determined from water samples (4–12 L) 
filtered through pre-combusted 47 mm 
GF/F glass fiber filters. The amount of 
suspended matter was determined grav-
imetrically after washing the filters to 
remove salt and drying at 60°C. The car-
bon isotope composition of the organic 
matter, whether filtered or derived from 
dried surface sediments, was determined 
by incineration of the samples after pre-
treatment with HCl to remove carbon-
ates. The δ13СCorg values for POC and sur-
face sediments in 2009 were determined 
on a ThermoFisher Delta Plus stable iso-
tope mass spectrometer (Germany) at the 
Winogradsky Institute of Microbiology 
using a standard calibrated to the inter-
national Vienna-PDB standard. Another 
ThermoFisher Delta Plus stable iso-
tope mass spectrometer and similar pro-
cedures were used at the Chesapeake 
Biological Laboratory to determine car-
bon (and nitrogen) isotope and elemental 
compositions of the organic fractions of 
surface sediments in 2004 and 2012 (sed-
iment samples from 2009 were analyzed 
using the Winogradsky Institute instru-
ment). International standards were used 
to ensure that data from each lab was 
comparable; analytical precision using 
both instruments was ±0.1‰. Studies of 
the stable carbon isotope composition 
of carbonates in pore waters were also 
determined using standard phosphoric 
acid dissolution following removal of all 
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water traces from the phosphoric acid.
Surface sediment subsamples (0–1 cm) were also collected 

from a single 0.1 m2 van Veen grab, packaged in Whirl-Pak 
bags, and frozen for post-cruise grain size determinations 
and organic carbon and nitrogen content following standard 
sampling methods (Cooper et  al., 1998; Grebmeier, 2012). 
Syringe subsamples (1.54 cm2) of surface sediments were col-
lected from the top 0–1 cm of the grab before it was opened 
for determination of chlorophyll a content. Following dark 
storage for 12 hours in 90% acetone at 0–2°C, chlorophyll a 
concentrations from these sediment aliquots were deter-
mined using a Turner Designs 10-AU fluorometer aboard 
the ship (Cooper et al., 2002). The mean of two chlorophyll a 
concentration measurements for each station were converted 
to chlorophyll a per m2 of surface sediments. 

Sediment community oxygen consumption (SCOC) was 
measured using duplicate benthic cores collected at all pro-
cess stations using the single HAPS benthic corer. Removable 
plastic inserts to the HAPS corer are designed for rapid 
replacement and have specialized beveled chamber lids and 
bases for incubation setup immediately after core collection, 
and with minimal disturbance. Oxygen uptake was mea-
sured using micro-Winkler methodologies, and nutrient 
fluxes were also determined shipboard (with samples col-
lected and frozen at the start and end of the experiment for 
post-cruise processing) on sediment cores maintained at in 
situ bottom water temperatures for 18 to 24 h, depending on 
macroinfaunal biomass density (see Grebmeier et al., 1988, 
for further details).

RESULTS 
Bacteria Abundance and Size 
In all three sampling years, certain consistent patterns were 
observed. For example, in all three years, bacterial abun-
dance was highest at the “hotspot” to the north of the Bering 
Strait, where strait inflow slows down and particle deposition 
increases (2.8 × 105 cells mL–1 in 2004; 3.9 × 105 cells mL–1 

in 2009; Figure 2a,b). Overall, bacterial abundance was low, 
for example, varying in 2004, depending on the sampling 
area, from 0.7 × 105 to 2.8 × 105 cells mL–1, with an aver-
age value of 1.64 × 105 cells mL–1 (Figure  2a). The lowest 
abundances were observed in Herald Canyon (0.1 × 105 to  
1.0 × 105 cells  mL–1, in 2004 and 2009), but higher bacte-
rial abundances were found in zones of active sea ice melt 
in the melt lens in the upper water layer. Absolute bacte-
rial abundance at productive stations were, however, higher 
in 2012 than in the previous sampling years (4.5 × 105 to 
5.5 × 105 cells mL–1), and the average number of bacterial 
cells (2.4 × 105 cells mL–1) was also higher in 2012 than in 
2004 and 2009 (Figure 2c).

Microscopic observations showed a predominance of 
large rods associated with detritus particles in the samples 

FIGURE 2. (a) Bacterial abundance in (a) 2004, (b) 2009, and (c) 2012. 
All data are expressed as numbers of cells per mL. 
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collected near the Alaskan coast and in the Bering Strait. 
The average cell volume was 0.104 ± 0.06 µm3. In Long Strait 
and in the East Siberian Sea, bacterial abundances were con-
siderably lower than in the Chukchi Sea (from 0.76 × 105 to 
1.8 × 105 cells mL–1), although the average cell volume was 
similar to observations in the Chukchi Sea (0.12 ± 0.05 µm3). 
While almost all of the stations sampled during RUSALCA 
are on the continental shelf (depth <100 m), the low-
est bacterial abundances were observed at the sole north-
ern station (GD-7) sampled off the continental shelf (depth 
604  m) at intermediate and deep water depths in 2009 
(0.36 × 105 cells mL–1). By comparison, the average bacte-
rial abundance for the Chukchi and East Siberian Seas (not 
including the Bering Strait data) was 1.9 × 105 cells mL–1. 
At most of the Chukchi Sea shelf stations (40–60 m), 
higher bacterial numbers (up to 8.0 × 105 cells mL–1) were 
observed. Bacteria attached to suspended particles con-
stituted 20% to 30% of the total cell number in the upper 
water layers throughout the study area. Also in general, the 
numbers of single (unattached) cells decreased significantly 
with depth over the shelf. The numbers of bacteria attached 
to suspended particles either did not change, or increased 
with depth, reaching up to 80% of the total cell number in 
near-bottom water depths. In the easternmost American sec-
tor of the Bering Strait (BS stations), bacterial numbers were 
unusually high (14.0 × 105 cells mL–1), while bacterial abun-
dances decreased in the direction of the Chukchi Peninsula, 
reaching 5.5 × 105 cells mL–1 at the westernmost station. 
However, the average size of bacterial cells increased from 
Alaska to the Chukchi Peninsula (from 0.071 to 0.139 µm3).

Bacterial Production 
Highest levels of bacterial production were observed 
at stations in the southeastern Chukchi Sea (from 
0.78 to 1.0 µg  C  L–1 day-1 in 2004 and 2009 and from 

1.2 to 1.7 µg С L–1 day–1 in 2012; Figure  3a,b,c). Bacterial 
production decreased gradually in a south-north direction, 
with the lowest values observed in the northern part of the 
sea with 0.08 to 0.14 µg C L–1 day–1. Bacterial production 
both in the water column of the East Siberian Sea (sam-
pled only in 2009) and in the northern part of the Chukchi 
Sea was similarly low (<0.32 µg С L–1 day–1). At most sta-
tions, bacterial production in the water column generally 
decreased with depth (data not shown). The lowest value 
(0.04 µg С L–1 day–1) was observed at 200 m depth at station 
GD-7 (2009). In August 2009, the highest average bacterial 
production was found in well-mixed waters in the Bering 
Strait (up to 3.3 µg С L–1 day–1). In 2012, elevated levels of 
bacterial production were again observed in the “hotspot” 
area and in the southeastern part of the Chukchi Sea, and 
bacterial production in the northern part of the Chukchi Sea 
did not differ significantly from observations for 2004 and 
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FIGURE 3. Bacterial production in (a) September 2004, (b) September 
2009, and (c) September 2012. Data are expressed in units of µg C 
per liter per day. 
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2009 (on average 0.27 µg С L–1 day–1).
In the upper water column, the average growth rates 

associated with specific bacterial production varied from 
0.10 to 0.53 day–1 (average = 0.29 day–1) in 2004, from 
0.12 to 0.43 day–1 (average = 0.23 day–1) in 2009, and 
from 0.09 to 0.74 day–1 (average = 0.33 day–1) in 2012. The 
growth rates in the near-bottom water depths for all three 
study years were lower, from 0.04 to 0.23 day–1 (average = 
0.18 day–1). The lowest values were recorded in the cold bot-
tom waters of the East Siberian Sea and the intermediate 
depths at the northern stations of the Chukchi Sea. Analyses 
of bacterial abundance and production data revealed steady 
decreases in these values from south to north, as well as sim-
ilar gradients from the southern Chukchi “hotspot” to Long 
Strait and further into the East Siberian Sea. On the other 
hand, the distribution of the growth rate values could also 
be described as a fractal distribution with no tendency for 
increase or decrease in latitudinal and longitudinal direc-
tions (according to the 2009 data, the average growth rate 
was 0.22 day–1 for the northern stations and 0.25 day–1 for 
the southern and central stations). 

General Sediment Organic Matter Characteristics 
C/N ratios in the RUSALCA study area were lower down-
stream of the Bering Strait and in Herald Canyon (i.e., spa-
tial variation), but there are also indications that ratios have 
increased at individual locations since the first RUSALCA 
cruise (Figure 4a,b,c).

Sediment grain size in turn also exerts controls on organic 
matter composition. Generally, sediment samples collected 
during RUSALCA cruises were primarily semi-liquid oxi-
dized or reduced pelite-aleurite silts. Eh values for the upper 
sediment horizon (0–5 cm) were usually positive, varying 
from +200 mV (station CS-16) to –145 mV (station CS-8). 
The content of dissolved organic material in pore waters of 
the upper sediments varied from 20 mg C L–1 (station GD-7) 
to 80–90 mg C L–1 (stations CS-8, HC-40). 

There was higher silt and clay (%) in the upper/central 
Herald Valley and on the western side of Herald Canyon 
as well as around Wrangel Island. Sandy sediments (low % 
silt/clay) occurred along the Alaskan and Chukotka coast-
lines (Figure 5a,b,c). Sandy and sandy-aleurite sediments as 
well as rocky substrates predominated in the Bering Strait. 

The percentages of total organic carbon had similar pat-
terns to the silt and clay content. Sediment TOC (%) in sur-
face sediments can be an indicator of current speed and 
material deposition zones, and TOC is directly related 
to the silt/clay fraction of organic carbon. Higher TOC 
occurred in deposition zones in the central Herald Valley, 
with lower TOC along the coasts of the United States and 
Russia (Figure 6a,b,c). Sediments within Herald Canyon and 
downstream of the Bering Strait inflow had higher TOC. 

FIGURE 4. Carbon/nitrogen ratios (weight/weight) for organic matter in 
surface sediments, in (a) 2004, (b) 2009, and (c) 2012. 



Oceanography  |  September 2015 91

Overall, TOC varied from 0.3‰ to 2.3% (wt/wt) of dry sed-
iment, and averaged 1.16%. The С-CO3

2–
 isotopic composi-

tion varied within a narrow range, from –1.56‰ to +1.95‰, 
indicating a marine origin of the carbonates present.

Sediment chlorophyll inventories in surface sediments 
were consistent with the distribution of TOC and grain size, 
with finer-grained sediments having higher inventories of 
sediment chlorophyll. Such higher inventories of sediment 
chlorophyll were observed underlying areas of high pro-
ductivity in the central southern Chukchi Sea and down-
stream into Herald Canyon, where deposition is locally high 
(Figure 7a,b,c).

Stable Carbon Isotopic Composition of 
Suspended Particulate Organic Material (δ13СCorg)
The Chukchi Sea and the eastern East Siberian Sea have rel-
atively low and localized inflows of river water and, there-
fore, only contribute small amounts of terrigenous POM to 
suspended matter. The 2004, 2009, and 2012 data, as well 
as data from prior international cruises in 1988, 1993, and 
1995, indicate that organic matter in suspension was mainly 
of phytoplankton origin (Figure  8a,b,c). This conclusion is 
based upon the relatively isotopically heavy carbon com-
position of POM, which was, on average, –22.1‰ for sur-
face waters in 2004 (Savvichev et al., 2007). In near-bottom 
waters, the POM isotopic composition was typically even 
less depleted in 13C (average –21.8‰ in 2004). The differ-
ence in δ13СCorg for POM between the surface and near- 
bottom waters varied from –0.3‰ (close to analytical uncer-
tainty) and up tо +3.1‰ in 2004. The δ13С values for POM 
in 2009 also increased with depth throughout the central 
Chukchi Sea. In 2009, at 19 stations, δ13С values of POM 
were also higher in the near-bottom waters than in the sur-
face layer, and at some stations (e.g., CS-17, CL-1, CL-4, and 
GD-7), this difference was 3‰ or more, although the average 
difference in the POM δ13С values for the 22 stations sam-
pled in 2009 was 1.5‰. This pattern of less heavy isotope- 
depleted POM near the bottom was also observed in 2012, 
with differences of –1.1‰ to 4.9‰ (average of 1.4‰). On a 
geographical basis, stations in the central part of the Chukchi 
Sea were associated with high production rates, based upon 
relatively positive δ13С values (~ –21‰), but in 2009 at sta-
tions such as CS-16 and CS-17 adjacent to Alaska and sta-
tions CL-9 and CEN-1 adjacent to Chukotka, somewhat 
more negative δ13С values were observed, which is consistent 
with coastal current influence (Cooper et al., 2009). The aver-
age δ13C value for POM from near-bottom water in 2009 was 
–20.4‰ for the open sea and –21.4‰ for the coastal stations. 
The δ13C values for Chukchi Sea POM in surface waters were 
similar in 2012 and ranged from –19.3‰ (station CL-5A) to 
–25.7‰ at station CS-8R, which is coastally influenced. 

In the East Siberian Sea and Long Strait, δ13C values for 
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FIGURE 5. Silt and clay content (percentage) in surface sediments in 
(a) 2004, (b) 2009, and (c) 2012. 
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FIGURE 6. Total organic carbon (TOC, %) in surface sediments in the 
RUSALCA study area in (a) 2004, (b) 2009, and (c) 2012. 

FIGURE 7. Sediment chlorophyll a present in surface sediments in the 
RUSALCA study area in (a) 2004, (b) 2009, and (c) 2012.
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POM of surface waters varied from –24.0‰ at station WN-2 
to –25.3‰ at station LS-3, with an overall average value of 
–24.5‰. The difference between the δ13C values for POM 
of surface and near-bottom waters varied from –0.7‰ to 
2.8‰, with an average difference of –1.7‰. At three stations 
in the eastern and central parts of the Chukchi shelf, δ13C of 
near-bottom water varied within a narrow range from 19.0‰ 
to 20.6‰ (Figure  8b); surface POM was more depleted in 
δ13C by 2‰ to 4‰. Overall, the observed isotopic ratios are 
consistent with a phytoplanktonic origin of POM in surface 
waters of these stations. POM from surface waters was most 
depleted in 13C (the average δ13C value for the four stations 
was –23.0‰), but POM from near-bottom waters and OM 
of the sediments were typically enriched with 13С (average 
δ13C = –22.2‰ and –21.0‰, respectively).

The δ13C values for organic materials in surface sediments 
also differed from the values for POM from surface waters 
in 2004, 2009, and 2012. While at a few stations in 2009, 
δ13С values of Corg in the sediments were more depleted in 
13C than POM in overlying water (stations CS-4, CS-16, and 
CS-17), for the most part, sedimentary organic matter was 
usually more enriched in 13C than in POM from surface 
water. For example, at four stations in the northern Chukchi 
Sea in 2009, δ13C values were determined for POM from the 
surface and near-bottom water depths and for organic car-
bon from surface sediments (Figure 8b). 

At the Bering Strait stations (BS) closest to the Chukchi 
Peninsula coast, the δ13C value of sediment OM was –23.2‰, 
indicating an admixture of terrigenous OM in this coastal 
region. Overall, the new observations provided here are con-
sistent with prior observations (Cooper et al., 2009) showing 
temporal variability in OM in sediments, with less negative 
δ13C values close to Chukotka and more negative δ13C values 
in Alaskan Coastal Waters in more recent years (Figure 9). 

Sediment Oxygen Metabolism, Carbon Uptake, 
and Sediment Nutrient Exchange 
Sediment community oxygen respiration rates indicate that 
the highest rates of oxygen utilization (and related organic 
carbon export to the benthos) consistently occurred in 
the Southeast Chukchi Sea “hotspot” site where we also 
have observed high biomasses of bivalves and polychaetes 
(Figure 10; see also Grebmeier, 2012). Consistent with these 
observations, effluxes of nutrients during sediment incuba-
tions (RUSALCA09 and 12) were highest in samples from 
the Southeast Chukchi Sea “hotspot” (data shown for ammo-
nium and silica in 2009; Figure 11a,b). The lowest outflux of 
nutrients was observed in samples from the offshore East 
Siberian Sea and north of Pt. Hope off Alaska (Figure 11a,b). 
The rate of dark CO2 assimilation integrates microbial activ-
ity (autotrophic and heterotrophic, aerobic and anaerobic). 
Dark CO2 assimilation rates in the sediment samples varied 
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FIGURE 8. Surface water versus near-bottom water particulate organic 
carbon stable isotope compositions in (a) 2004, (b) 2009, and (c) 2012. 
Red columns reflect surface water particulate organic carbon (POC), 
and blue columns correspond to near-bottom POC.
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from 0.26 to 10.3 mM С m –3 day–1, with 
an average of 2.21 mM С m–3 day–1. The 
lowest microbial activity was observed in 
the sediments of the northern, deepwater 
part of the Chukchi Sea (stations GD-7 
to IE-1). The highest dark carbon assim-
ilation rates occurred in the sediments of 
the “hotspot,” the most productive part of 
the Chukchi Sea (station CS-4, CS-8, and 
CL-6; 5.7–10.3 mM С m–3 day–1). On a 
molar basis, dark CO2 assimilation in the 
sediments was lower than oxygen uptake 
(Figure 10), but was of the same approxi-
mate order of magnitude. 

The δ15N values of sediment OM, 
including samples from 1988, 1993 
(Joint US-Soviet/Russian Expeditions), 
and 1995 (Alpha Helix cruise 189) as 
well as the 2004 and 2012 RUSALCA 
cruises, tended to increase south to 
north, with some exceptions (Figure 12). 
Nevertheless, the δ15N values (~0) 
observed, even in coastal areas, are con-
sistent with a marine origin. Other pro-
cesses may result in trends toward 
higher δ15N values in downcurrent loca-
tions, such as Herald Canyon, that are 
remote from terrestrial sources that 
would also increase δ15N values. These 
sediment-based processes are likely to 
include denitrification, which would tend 
to enrich remaining pools of inorganic 
nitrogen as nitrate is consumed. 

DISCUSSION 
Bacterial Abundance 
and Productivity 
Analysis of the quantitative results on 
bacterioplankton abundance and pro-
ductivity requires assessment of pri-
mary production. Labile and easily avail-
able OM of phytoplankton origin is the 
base for the functioning of the carbon 
cycle, including the microbial loop. 
During RUSALCA expeditions in 2004, 
2009, and 2012, phytoplankton produc-
tion was measured (Lee et al., 2007; Yun 
et al., 2014) using the 13C–15N-dual iso-
tope tracer technique. In 2004, measure-
ment of phytoplankton production by the 
classical radioisotope method was also 
carried out (Savvichev et  al., 2007). The 
summarized existing primary production 
data for all RUSALCA cruises differed 
18- to 100-fold (Table  1). Comparison 
of the average values indicates sim-
ilar productivity in 2004 and 2012 
(404–426 mg C m–2 day), while in 2009 
it was 1.5 times lower. Although compar-
ing primary production measurements is 
often problematic, consistent rates were 
obtained in 2004 using two independent 
methods (Table 1). The “hotspot” zone is 
easily isolated because it is identified by 
the maximum values of the parameters 
(at stations 11 and 15 in 2004, stations 
CL-6 and CS-12 in 2009, and stations 

CL-5A and CL-8 in 2012), but extrapolat-
ing these data to a wider area would likely 
result in unjustified overestimates of the 
average primary production values for 
the relatively oligotrophic East Siberian 
and Chukchi Seas. Neglecting the data 
from the “hotspot” results in consider-
ably lower values of Chukchi Sea average 
production (163–263 mg C m–2 day–1), 
with the 2009 average production no lon-
ger minimal. Production rates in the East 
Siberian Sea (2009) are consistently lower 
than in the Chukchi Sea, with a range of 
17 to 130 mg C m–2 day.

Data obtained on the abundance of bac-
teria during the three expeditions, each at 
a similar time of year, is generally similar 
to that found in the literature (Table  2). 
While high bacterioplankton abundance 
in the southern part of the sea and in 
the “hotspot” area are within the upper 
range of the known values for Arctic seas 
(4.3 × 105 cells mL–1), bacterioplankton 
numbers in the northern Chukchi Sea are 
lower (1.1–1.5 × 105 cells mL–1), consis-
tent with central Arctic areas (Table 2).

Our bacterial abundances are lower 
than results obtained during the 2002 and 
2004 USCGC Healy expeditions to the 
Chukchi Sea (Shelf-Basin Interactions 
Project; Kirchman et  al., 2009a). At 
depths below 100 m, bacteria abundance 
in summer was 9–12 × 105 cells mL–1 (the 
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values were obtained by microscopy of 
DAPI-stained preparations versus our 
use of acridine orange). However, this 
previous study was undertaken during 
or immediately after the summer phyto-
plankton bloom, so the abundances 
observed cannot be compared entirely 
with our late summer sampling. Primary 
production values determined by the 
same authors in 2002 and 2004 (averaged 
for the area) also varied widely (1,581 and 
458 mg C m−2 day−1), although the varia-
tion observed is not as great as that dis-
cussed above during the RUSALCA mea-
surements, 18- to 100-fold (Table  1). 
Bacterioplankton production during the 
western Arctic Shelf Basin Interactions 
(SBI) study was also somewhat higher 
(30–60 mg C m-2 day-1) than our obser-
vations (Table 2). 

Our data on daily bacterioplankton 
production for 2009 stations with depths 
<100 m show production variation from 
9.0 mg C m–2 day–1 (station WN-2) to 
44 mg C m–2 day–1 (station CS-8). The 
ratio of bacterioplankton production to 
phytoplankton production (BP/PP) var-
ied from 0.049 to 0.67, with the high-
est values found at stations with the low-
est production. This pattern may indicate 
active consumption of newly synthe-
sized autochthonous OM by heterotro-
phic bacterioplankton in low-production 

waters, which would enhance the sec-
ondary component of the carbon cycle. 
By contrast, in areas of high phytoplank-
ton production (e.g., “hotspot” area), het-
erotrophic bacterioplankton consume an 
insignificant fraction of phytoplankton- 
produced OM (ВР/PP <0.1). By compar-
ison, the ratio of bacterioplankton pro-
duction to phytoplankton production 
in the prior SBI study (Kirchman et  al., 
2009a) varied from 0.06 to 0.79, with an 
average of 0.34. Overall, the growth rates 
we observed suggest an absence of spa-
tial synchronization in the state of the 
heterotrophic bacterioplanktonic com-
munity; its growth and development are 
determined by the quality and quantity of 
organic matter available.

The patterns of highest microbial activ-
ity observed in surface sediments are also 
associated with high biomass of benthic 
animals (discussed by Grebmeier et  al., 
2015b, in this issue). Functionally, the 
model for processes within sediments in 
the Chukchi Sea are consistent with phyto-
plankton blooms providing fresh organic 
carbon to the bottom sediments and thus 
enhancing rates of microbial processes. 
These surface sediments are character-
ized by high biomass of benthic animals 
actively consuming OM (Grebmeier et al., 
2006, 2015a). Activity of these animals 
results in constant mixing and aeration of 

the semiliquid sediment. Below this thin 
“bioreactor” layer, the rates of microbial 
processes decrease, and anaerobic deg-
radation of unconsumed OM predomi-
nates (Savvichev et al., 2007). These pat-
terns may be considered a special type 
of detrital trophic chain, in which bacte-
rial degraders and animal detritovores are 
the key components.

Sediment Organic Matter 
Characteristics
The characteristics of the sediments sam-
pled during the three process cruises of 
the RUSALCA program (2004, 2009, 
2012) are consistent with prior findings 
(e.g., Grebmeier et al., 2006), which show 
that organic matter content, sediment 
chlorophyll, grain size, and C/N ratios of 
organic matter in surface sediments are 
all interrelated. The organic matter com-
position of Chukchi Sea bottom sedi-
ments is determined by autochthonous 
contributions to the sediments, products 
of coastal erosion, runoff, and ice transfer. 
Areas with high particle deposition in the 
Chukchi “hotspot” region downstream 
of the Bering Strait typically have higher 
organic matter content, fine-grained sedi-
ments, high sediment chlorophyll content, 
and lower C/N ratios. In areas with higher 
current flow, such as close to the Alaskan 
or Russian coasts, grain size is coarser, 
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FIGURE 11. Nutrient effluxes of (a) ammonium, and (b) silica from sediments in regions of high organic carbon deposition during RUSALCA 2009. 
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organic carbon content decreases while 
C/N ratios of organic matter increase, and 
sediment chlorophyll declines, indicat-
ing lower particle deposition. The poten-
tial additional contribution available from 
this study is the variability in these char-
acteristics apparent over the decade-long 
period of the study. For example, TOC was 
in many cases higher at stations sampled 
in 2009 than in 2004 and 2012 (Figure 6), 
and C/N ratios of organic matter were 
lowest (highest food quality) in 2004 and 
have declined since then (Figure 4). Stable 
carbon isotope ratios have also changed 
during the decade of sampling (see dis-
cussion below). However, a limitation 
with all sediment characteristic data that 
have been collected is that sampling den-
sity and points of repeated sampling var-
ied each year. There are probably not 
enough data to definitely state how the 

sediment characteristics are changing, but 
it is clear that deposition patterns and sed-
iment characteristics of organic matter are 
not static and must be more systematically 
sampled in the future to understand how 
and if the ecosystem is changing. 

Stable Carbon Isotopic 
Composition of Suspended 
Particulate Organic Material 
Investigation of the isotopic composition 
of suspended organic matter (δ13СCorg) 
in the water column of the East Siberian 
and Chukchi Seas revealed a persistent 
tendency for isotopically heavier OM 
to occur in near-bottom waters com-
pared with the surface (Figure  8a,b,c). 
Observations of shifts to higher δ13С val-
ues in suspended organic matter at sim-
ilar depths (~50 m) were also observed 
in sampling on the Bering Sea shelf 

(Lovvorn et al., 2005) and in floating sed-
iment trap collections on the Chukchi 
shelf (Lalande et  al., 2007), although 
this trend did not continue at depths 
(~100 m) greater than we sampled here. 
We consider here four possible explana-
tions for this phenomenon.

First, organic matter may be trans-
formed in the course of sedimentation 
(e.g., see reviews by Blair and Aller, 2012; 
Bauer et  al., 2013). However, this expla-
nation is inconsistent with the often ana-
lytically identical SCIC of POM from 
intermediate water depths, as compared 
to surface samples (intermediate-depth 
samples were collected in 2012, but the 
data are not shown here). Second, the dif-
ference in the origin of the surface and 
near-bottom suspensions may be a func-
tion of horizontal transport, with differ-
ent sources of organic matter at the sur-
face and near the bottom. This is clearly 
true for deepwater station IE-1 (665 m) 
in the northernmost part of the Chukchi 
Sea, which had different water masses 
throughout the water column, including 
Atlantic water at depth. But this explana-
tion is insufficient for the shallow stations 
of most of the Chukchi Sea area, because 
the surface and near-bottom waters in 
most cases have a common Pacific water 
mass origin (e.g., the simultaneous pres-
ence of Alaska Coastal Water on the sur-
face and Bering Winter Water in bottom 
waters does not occur over large areas). 
Third, the isotopic ratio of organic carbon 
in near-bottom water may also change 
due to activity of microorganisms trans-
forming reduced organic material from 
the bottom sediments. Although this 
process certainly occurs, and enhanced 

TABLE 1. Comparison of daily minimum, mean (bold), and maximum primary productivity measured in Chukchi and East Siberian Sea sam-
ples collected on RUSALCA cruises in 2004, 2009, and 2012. 

2004a

(mg C m–2 day–1)
2004b

(mg C m–2 day–1)
2009a

(mg C m–2 day–1)
2012a

(mg C m–2 day–1)

All areas 45 – 406 – 1,487 80 – 426 – 1,400 9 – 268 – 889 18 – 419 – 1,609

Chukchi Sea without the “hot spot” 45 – 163 – 432 80 – 170 – 270 9 – 214 – 555 18 – 192 – 407

East Siberian Sea 17 – 66 – 130 

a Lee et al., 2007, 2010; Yun et al., 2014 (13C–15N-dual isotope tracer technique) 
b Savvichev et al., 2007 (14C uptake method)
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heterotrophic bacterioplankton activ-
ity is observed in the near-bottom layer, 
the biogeochemical scale of this activity 
is insufficient to shift the carbon isotopic 
ration by 1‰ or more (Ivanov et al., 2012; 
Lein et al., 2012).

The final explanation, the one we con-
sider most likely, is that all three expedi-
tions were carried out in late August and 
September, so that the sampling period 
did not coincide with the summer phyto-
plankton bloom. Thus, the near-bottom 
SOM retained the isotopically heavy OM 
of phytoplanktonic origin, which was ini-
tially synthesized during the brief bloom 
period when nutrients remain in the sur-
face waters. A subsurface chlorophyll 
maximum is commonly observed in the 
Chukchi Sea (reviewed by Brown et  al., 
2015) and represents the residual of the 
phytoplankton bloom that sinks to near 
bottom waters where low light and nutri-
ent availability sustain some productivity. 

During intense photosynthesis, dis-
crimination against 13C diminishes, so 
POM synthesized early in the season, 
prior to our sampling of surface waters, 
would likely have been isotopically 
enriched in 13C relative to POM synthe-
sized later during the RUSALCA expedi-
tions. Also, the isotopically lighter surface 
suspension is low in bacterioplankton and 
is diluted by allochthonous matter later in 
the season (Figure 8a,b,c). Assuming this 
scenario, the most productive blooms 
probably occurred at stations 22 and 25 in 
2004, at CS-4, CS-16, and CS-17 in 2009, 

and at CS-4 and CS-8 in 2012 (assuming 
no horizontal transport of bloom mate-
rials). Resuspension from the sediments 
into bottom waters of any organic mate-
rials that have been acted upon by sedi-
mentary bacteria (increasing δ13C val-
ues; Lovvorn et al., 2005) would also have 
the same effect, although we observe a 
difference between near-bottom water 
OM and sediment OM at most stations. 
This explanation is thus only sufficient 
for a portion of the observed difference 
between OM in the sediments and that 
within the water column. 

It should be noted that the relatively 
heavy isotopic composition of suspended 
organic matter is common at all stations 
in productive areas, which indicates pre-
dominance of autochthonous photo-
synthesis (including from ice algae) in 
replenishing POM in near-bottom water 
(e.g. δ13С = –19.8‰ to –22.0‰ for the 
“hotspot” area) and in surface sediments. 
Active bacterial degradation and trans-
formation of this relatively labile POM is 
linked to high benthic biomass, as bac-
terial transformations in the sediments 
result in production of food for deposit 
feeders (Lovvorn et al., 2005; North et al., 
2014). In the Arctic seas that are supple-
mented with considerable river inflow, 
allochthonous organic carbon is com-
paratively more important. For exam-
ple, the carbon isotopic ratio for organic 
matter from the Ob river arriving to the 
Kara Sea is δ13С = –29.4‰ to –30.7‰ 
(Savvichev et  al., 2010; Ivanov et  al., 

2013). It is only in the northeast part of 
the Kara Sea, which is remote from the 
influence of river water, that δ13С values 
of organic matter in near-bottom waters 
are –24.7‰. The abundance of allochtho-
nous organic material, which is not that 
easily available to deposit feeders, cannot 
support the benthic trophic chain typical 
of the Chukchi Sea’s productive areas. 

The carbon isotope composition of 
sediment OM confirms recent compi-
lations (e.g.,  Dunton et  al., 2012) that 
have combined numerous data sets col-
lected over the past several decades from 
the East Siberian Sea east through the 
Chukchi and Beaufort Seas. The general 
pattern confirmed is of terrestrial organic 
carbon in regions close to river mouths, 
and variation in OM that reflects general 
patterns of productivity, with less negative 
δ13C values in areas of high production, 
such as the Southeast Chukchi Sea under 
nutrient-rich water masses. However, the 
growing temporal record indicates that 
caution is advised before assuming that 
the stable carbon isotope composition 
of OM is static. The RUSALCA data col-
lected in 2004, 2009, and 2012, as well 
as data from previous joint US-Russian 
projects in 1988, 1993, and 1995, con-
firm indications in Cooper et  al. (2009) 
of shifts to less negative δ13C sedimen-
tary OM values at certain locations near 
Chukotka. The new data presented here 
also indicate more negative δ13C values 
along the Alaskan coast near Point Hope 
in the most recent sampling. The causes 

TABLE 2. Measured minimum, mean (bold), and maximum bacterial abundance (BA) and production rates (BP) in polar seas. 

Study
Area

Sampling
Period

BA Depth
(m)

BA
(105 cells mL–1)

BP Depth
(m)

BP
(mg C m–2 day–1) References

Central Arctic Ocean June–Sept Zeu: ≤ 40 1.9 – 3.2 – 6.7 50 1 – 4 – 15 Sherr and Sherr, 2003

Kara Sea Aug–Sept 1–2 2.3 – 3.5 – 4.7 25 12 – 43 – 79 Meon and Amon, 2004

Kara Sea Sept 2007 1–20 1.2 – 5.6 – 10.8 25–100 2 – 26 – 185 Savvichev et al., 2010

Greenland Sea end of July ≤50 0.97 – 11 – 28 50 12 – 157 – 634 Börsheim, 2000

Franklin Bay Nov–Aug ≤10 0.87 – 3.2 – 11 200 1 – 8 – 80 Garneau et al., 2008

Chukchi Sea mid-Aug to mid-Sept ≤10 2.1 – 21 50 152 – 227 – 301 Steward et al., 1996

Chukchi Sea Aug–Sept 2004 1–20 0.77 – 1.7 – 2.8 20–50 4.6 – 16 – 19.5 Savvichev et al., 2007

Chukchi Sea Aug–Sept 2009 1–20 0.78 – 3.8 – 7.2 20–50 6.5 – 18 – 65 This study

Chukchi Sea Aug–Sept 2012 1–20 0.7 – 2.4 – 4.5 20–50 3.0 – 28 – 44 This study



Oceanography |  Vol.28, No.398

of these changes could be due to increases 
in terrestrial runoff near Point Hope and 
alterations of marine productivity and/or 
decreases in freshwater runoff at affected 
regions along the Chukotka coast. 

Sediment Oxygen Metabolism and 
Sediment Nutrient Exchange 
High rates of sediment oxygen metabolism 
are consistent with the sediment organic 
matter characteristics, discussed above, 
and are located in the high productivity 
region to the north of the Bering Strait, 
in the south central Chukchi Sea. This site 
is recognized as ecologically important 
and is part of the time series Distributed 
Biological Observatory (DBO) effort. The 
Herald Canyon stations to the northwest 
indicate a down-canyon decline in oxygen 
utilization and carbon export, with high-
est rates observed in the upper canyon 
near Wrangel Island and decreasing rates 
as water deepens. Macroinfaunal commu-
nity collections indicate that the highest 
biomass is also in the Southeast Chukchi 
Sea in the region of the hotspot of fresh 
phytodetrital deposition (Grebmeier 
et  al., 2015a and 2015b, in this issue). 
The lowest infaunal biomass areas stud-
ied during RUSALCA are downstream 
in Herald Valley, which is to the north-
west of the hotspot site, and deeper in 
Herald Canyon (Grebmeier et  al., 2015a 
and 2015b, in this issue). Again, as with 
sediment characteristic data, more sam-
pling over time should provide insights 
on changes in sediment metabolism, but 
the RUSALCA sediment data are limited 
to 2009 and 2012. Additional sampling 
is needed to resolve whether the oxy-
gen utilization rates in these sediments 
are changing over time. Higher nutrient 
efflux rates appear well associated with 
higher oxygen utilization rates (Figure 10) 
that are in turn controlled by benthic bio-
mass (Grebmeier et al., 2015a). 

The data available for the stable nitro-
gen isotope composition of sediment 
OM (Figure  11) are not as extensive as 
those available for carbon isotopes, but 
they still reveal some interesting patterns 
that suggest transformations of inorganic 

nitrogen during the transit of water across 
the Chukchi Shelf. The δ15N values of sed-
iment OM tend to increase to the north, 
which is consistent with evidence for sig-
nificant denitrification of nitrate within 
sediments as northward-flowing water 
passes over the Chukchi Shelf (Jones 
and Anderson, 1986; Devol et  al., 1997; 
Cooper et  al., 1999; Chang and Devol, 
2009). This would lead to increasingly 
more positive δ15N OM values in sedi-
ments (e.g.,  Altabet and François, 1994; 
Piccolo et al., 1994; Emmer and Thunell, 
2000). There are also some indications 
that δ15N values may become more pos-
itive, particularly in Herald Canyon from 
2004 to 2012 (Figure 12). 
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