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8.1. Highlights

•	 The total estimated surface area of inland waters in 
Alaska was approximately 60,000 square kilometers 
(km2), which represents nearly 3.5 percent of the 
total land surface area. 

•	 The total net estimated carbon flux (coastal export 
plus carbon dioxide [CO2] emissions from rivers 
and lakes minus burial in lake sediments) from 
inland waters of Alaska was 41.2 teragrams of 
carbon per year (TgC/yr) (5th and 95th percentiles 
of 30.4 TgC/yr and 59.7 TgC/yr). Total carbon yield 
based on total land surface area was 27.5 grams 
of carbon per square meter per year (gC/m2/yr) 
(5th and 95th percentiles of 20.1 gC/m2/yr and 
39.5 gC/m2/yr).

•	 Riverine systems of Alaska functioned as carbon 
sources to coastal ecosystems and the atmosphere. 
Dissolved inorganic carbon and total organic 
carbon exports to coastal areas were 12.2 gC/m2/yr 
(5th and 95th percentiles of 10.8 gC/m2/yr and 
16.6 gC/m2/yr) and CO2 emissions to the atmos- 
phere were 11.0 gC/m2/yr (5th and 95th percentiles  
of 6.0 gC/m2/yr and 17.4 gC/m2/yr). 

•	 Lacustrine systems acted as both sources and sinks 
of carbon with 5.5 gC/m2/yr (5th and 95th percen-
tiles of 4.0 gC/m2/yr and 7.4 gC/m2/yr) emitted as 
CO2 to the atmosphere and –1.2 gC/m2/yr (5th and 
95th percentiles of –0.7 gC/m2/yr and –1.9 gC/m2/yr) 
of organic carbon buried in lake sediments.  
Negative values represent sequestration. 

•	 There was considerable variability in the estimated 
carbon fluxes of inland waters among the six hydro-
logic regions in Alaska. This was due to the differences 
in the size and abundance of water bodies, topography, 
climate, land cover, permafrost, and glacier extent 
associated with each region.

8.2. Introduction
Section 712 of the Energy Independence and Security Act 

(EISA) of 2007 required an assessment of carbon fluxes related 
to freshwater aquatic ecosystems, including rivers and lakes, 
which collectively are categorized as inland waters. Carbon 
fluxes associated with aquatic ecosystems (this chapter) are 
assessed separately from those of the terrestrial ecosystems 
(chapters 6 and 7) in this report because of limited empirical 
aquatic data and a lack of a large-scale, spatially explicit 
carbon model that integrates terrestrial and aquatic fluxes. 

Inland aquatic ecosystems are critical components of 
the carbon cycle. Rivers and lakes serve as sites for biogeo-
chemical carbon reactions that result in an exchange of carbon 
dioxide (CO2) among aquatic and terrestrial environments and 
the atmosphere, and rivers act as conduits that deliver carbon 
to the coast (Kling and others, 1992; Striegl and others, 2012; 
Tank, Raymond, and others, 2012; Crawford and others, 2013; 
McClelland and others, 2014; Sepulveda-Jauregui and others, 
2014). Carbon sequestration in lake sediments may offset 
fluxes to oceans and the atmosphere (Naidu and others, 1999; 
Walter Anthony and others, 2014). Collectively, the amount 
of carbon moving through, into, and out of aquatic ecosystems 
makes them a significant component of carbon budgets at 
local, regional, and global scales (Cole and others, 2007; 
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Tranvik and others, 2009; Aufdenkampe and others, 2011; 
Butman and Raymond, 2011; Crawford and others, 2013; 
Raymond and others, 2013).

The objective of this chapter is to provide baseline estimates 
of aquatic carbon fluxes from inland waters for the six main 
hydrologic regions of Alaska: the Arctic Slope (called North 
Slope in this report), Northwest, Yukon, Southwest, South-
Central, and Southeast (Seaber and others, 1987) (fig. 8.1).  

These regions were chosen as the reporting units because, 
unlike the Alaska Landscape Conservation Cooperatives 
used in previous chapters of this report, the boundaries of the 
hydrologic regions coincide with natural drainage areas for 
rivers within the State. By leveraging existing hydrologic and 
carbon chemistry datasets, we estimated the following aquatic 

carbon fluxes: (1) lateral transport of dissolved inorganic 
carbon (DIC) and total organic carbon (TOC, composed of 
dissolved and particulate phases) from riverine systems to 
the coast, (2) gaseous carbon emissions of CO2 from riverine 
systems, (3) gaseous carbon emissions of CO2 from lacustrine 
systems, and (4) carbon burial in sediments of lakes. Aquatic 
flux values presented in this chapter were normalized to total 
land surface area to produce yield estimates, and comparisons 
of regional variability among yields are presented. Given the 
vulnerability of carbon stored in the soils and permafrost of 
Alaska to a warming climate and the strong linkages between 
terrestrial and aquatic ecosystems, it is important to provide 
accurate estimates of current carbon fluxes in aquatic environ-
ments, so that future climate change effects can be determined. 

Figure 8.1.  The six major hydrologic regions of Alaska: the Arctic Slope, called North Slope in this report, Northwest, 
Yukon, Southwest, South-Central, and Southeast from Seaber and others (1987). 
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8.3. Methods and Data

8.3.1. Physiography of Alaska Related to  
Inland Waters

The regional hydrology of Alaska is influenced by the 
State’s varied physiography. The North Slope hydrologic 
region is characterized largely by an arctic coastal plain, which 
is poorly drained and dominated by dune-trough (Jorgenson 
and Shur, 2007) and thermokarst (Frohn and others, 2005) 
lakes. This region is underlain mostly by continuous perma-
frost (Jorgenson and others, 2008; Schuur and others, 2008). 
The Colville, Kuparuk, and Sagavanirktok Rivers, the largest 

rivers in the region, drain from the northern slope of the 
Brooks Range into the Beaufort Sea (fig. 8.2). The mountains 
in the Northwest hydrologic region have small pockets of 
glaciers and lakes at higher elevations (Wahrhaftig, 1965). 
Scattered lakes occur in lower elevation areas embedded 
in multiple sequences representing the late-Pleistocene 
(Hamilton, 1982) and Holocene glacial advances (Ellis and 
Calkin, 1984). The Kobuk and Noatak Rivers, the major rivers 
of the Northwest region, drain into the Chukchi Sea.  

The intermontane plateau, commonly known as interior 
Alaska, occurs between the Brooks Range and the coastal 
mountain ranges of the Gulf of Alaska, and constitutes the 
Yukon hydrologic region. This region is underlain by discon-
tinuous permafrost (Jorgenson and others, 2008; Schuur and 

Figure 8.2.  Coastal receiving waters and mountain ranges in the State of Alaska. Letters indicate major rivers: 
A, Unuk; B, Stikine; C, Taku; D, Alsek; E, Copper; F, Susitna; G, Nushagak; H, Kuskokwim; I, Yukon; J, Kobuk; K, Noatak; 
L, Colville; M, Kuparuk; and N, Sagavanirktok. 
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others, 2008) and, outside of the Brooks and Alaska Ranges, 
most of this region has never been glaciated. The Yukon 
River (3,340-kilometer [km] long) flows through this region 
to the Bering Sea and is the largest free-flowing river in the 
world. In the lowland areas near the Yukon River, there are 
areas with high density of lake coverage (Williams, 1962; 
Patton and Miller, 1970; Patton, 1973). The southwestern 
part of the intermontane plateau (the Southwest hydrologic 
region), is underlain by discontinuous, sporadic, and isolated 
permafrost (Jorgenson and others, 2008). Lowland areas 
contain many morainal lakes. Many large lakes occur in this 
region, and Lake Iliamna is the largest of these with a surface 
area of 2,600 square kilometers (km2). The major rivers are 
the Nushagak River, which drains into Bristol Bay, and the 
Kuskokwim River, which drains to Kuskokwim Bay on the 
Bering Sea. 

In the South-Central hydrologic region, the coastal 
mountain ranges contribute meltwater that is the dominant 
flow to the Susitna and Copper Rivers, which empty into the 
Cook Inlet and the Gulf of Alaska, respectively. The area is 
underlain by discontinuous and sporadic permafrost, and the 
mountainous areas contain glaciated regions, where many 
lakes are found in the ice-carved bedrock basins (Wahrhaftig, 
1965). In the Southeast hydrologic region, short meltwater 
streams contribute a large volume of flow to the Gulf of 
Alaska. Larger transboundary rivers, including the Stikine, 
Taku, and Unuk Rivers, originate in the coastal mountain 
forests of Canada and contribute to the large volumes of flow 
in this region. The high-elevation mountains in this region 
have few lakes, but at lower elevations, rock-basin, cirque, 
and proglacial fjord lakes are abundant. 

8.3.2. Estimating River Discharge, Watershed 
Area, and Lake Area

Estimates of mean annual discharge for the entire State 
of Alaska were made by applying previously developed 
regional regression equations (Parks and Madison, 1985), 
whereas the underlying framework, which provided the 
stream network and connectivity, was developed using the 
Elevation Derivatives for National Applications (EDNA) 
database (Verdin, 2000; Kost and others, 2002). The regional 
regression equations take the form of equation 8.1:

	 Q = (10a) × (DAb) × (Pc)	 (8.1)

where 
	 Q	 is the mean annual streamflow, in 

cubic meters per second (m3/s), 
	 DA	 is the drainage area, in km2, 
	 P	 is the precipitation, in meters (m), and 
	 a, b, and c	 are regression parameters that vary 

by hydrologic regions.

Equation 8.1 was evaluated in a raster environment for 
every location (pixel) within the State of Alaska. Inputs to 
equation 8.1 for mean annual streamflow were derived from 
two main data sources: (1) Drainage area was derived from 
the EDNA layers, with necessary adjustments to account for 
drainage from Canada. The area was represented in the flow 
accumulation values associated with each pixel, converted to 
square kilometers. (2) The precipitation data used to evaluate 
equation 8.1 were historical monthly precipitation data that 
were obtained from the Scenarios Network for Alaska and 
Arctic Planning (SNAP, 2014). The original climate data were 
derived from the University of East Anglia Climatic Research 
Unit gridded high-resolution (0.5°×0.5°) global climate dataset 
(1901 to 2009) (CRU TS v. 3.10.01; New and others, 1999, 
2000; Harris and others, 2014). The SNAP team extracted data 
for the State of Alaska and western Canada from the global 
dataset, and these files were bias corrected and downscaled 
via the delta method using the 1961–1990 Parameter-elevation 
Relationships on Independent Slopes Model (PRISM; PRISM 
Climate Group, 2004). These data were averaged and processed 
into pixel-specific basin averages using the continuous parame- 
terization technique of Verdin and Worstell (2008). The discharge 
estimates were developed for the entire Alaska land mass and 
transferred onto the EDNA-derived stream network.

Alaska is not a self-contained drainage system, as portions 
of some watersheds lie within Canada. The EDNA database 
does not extend into Canada; therefore, the Canadian portion 
of the drainage basin and the associated flow estimates were 
developed using the National Aeronautics and Space Adminis-
tration Shuttle Radar Topographic Mission data (NASA-SRTM; 
Jarvis and others, 2008). Discharge derived from these basins 
was calculated and propagated into the Canadian flow network 
through the EDNA-derived drainage network in Alaska. This 
report accounts for the discharge coming from Canada for 
basins with a greater-than-10-km2 drainage threshold.

The National Hydrography Dataset (NHD, at a scale 
of 1:63,360; U.S. Geological Survey, 2014a) was used to 
estimate the number and area of lakes in Alaska. The NHD 
data were compiled to meet the National Map Accuracy 
Standards. Within the NHD water body geodatabase attributes, 
vectors classified as reservoirs, lakes, or ponds were extracted 
to represent surface water extents in each of the study areas. 

Discharge, watershed area, and lake area were summa-
rized by 4-digit hydrologic regions using the U.S. Geological 
Survey (USGS) Hydrologic Unit Codes (HUCs; Seaber 
and others, 1987). There are six 4-digit hydrologic regions 
covering the State of Alaska (fig. 8.1).

8.3.3. Coastal Export of Carbon From  
Riverine Systems

Alkalinity, temperature, and pH measurements for rivers 
in Alaska were obtained from the USGS’s National Water 
Information Service (NWIS; U.S. Geological Survey, 2014b), 
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the U.S. Environmental Protection Agency’s Storage and 
Retrieval System (STORET; U.S. Environmental Protec-
tion Agency, 2014), and the Pebble Partnership’s baseline 
water-quality datasets for the Bristol Bay and Cook Inlet 
drainages (Pebble Partnership, 2011a,b). We converted the 
various alkalinity measurements (alkalinity, bicarbonate, 
carbonate, and acid neutralizing capacity) to “alkalinity as 
calcium carbonate.” Organic acids are a major contributor 
to noncarbonate alkalinity at low pH levels (Driscoll and 
others, 1989). We did not have enough organic carbon data to 
pair with our alkalinity data to directly estimate organic acid 
contribution to alkalinity, but we did remove alkalinity values 
that had an associated pH of less than 5.6 (Driscoll and others, 
1989). Only sites with paired daily alkalinity, temperature, 
and pH data for 1970 to 2013 were used in this assessment. 
These 7,563 data points were representative of 1,301 indi-
vidual sites on rivers throughout Alaska (fig. 8.3A). 

Estimated dissolved DIC, composed of CO2, bicarbonate, 
and carbonate, was computed using the speciation model of 
PHREEQC (Parkhurst and Appelo, 1999; Charlton and others, 
2014). Required input variables were water temperature, pH, 
and alkalinity concentrations. We removed any DIC estimates 
that fell outside of the interval (Q1–IQR, Q3+IQR), where 
IQR is the interquartile range and Q1 and Q3 are the first and 
third quartiles, respectively. This resulted in the removal of 
18 data points, so that our final DIC concentration dataset had 
7,545 data points from 1,296 sites. 

Dissolved organic carbon (DOC) and total organic 
carbon (TOC) values for rivers in Alaska were obtained 
from NWIS (U.S. Geological Survey, 2014b), the Pebble 
Partnership (2011a,b), and from various existing datasets in 
the Southwest (Daniel E. Schindler and Gordon Holtgrieve, 
University of Washington, unpub. data, October 23, 2013), 
Northwest (Larouche and others, 2012), and North Slope 
regions (Josh Koch, USGS, Anchorage, Alaska, unpub. data, 
November 5, 2013). We compiled a total of 1,679 DOC 
samples and 623 TOC samples. To use the more extensive 
DOC concentration dataset in our TOC flux estimates, we built 
a simple-linear-regression (SLR) model between paired TOC 
and DOC collected at the same site on the same day. We used 
the results of the SLR (R2 = 0.88, y = 0.25+1.00481x, where 
R2 is the coefficient of determination, x is the DOC concen
tration, and y is the TOC concentration) to predict TOC from 
the extensive DOC dataset. This process resulted in a TOC 
dataset with 2,574 samples from 519 sites. We removed any 
samples that fell outside of the interquartile range as described 
above. This resulted in the removal of 14 data points, so that 
our final TOC concentration dataset had 2,560 data points 
from 515  sites.

Carbon fluxes for coastal watersheds in Alaska were 
estimated in three different ways, depending on the amount 
of data available for each particular watershed. For coastal 
watersheds that contained USGS gaging stations with robust 
DIC and TOC concentration datasets and 3 years or more 
of daily discharge, carbon fluxes were estimated using the 

USGS Load Estimator program (LOADEST; Runkel and 
others, 2004). LOADEST is a multiple-regression adjusted 
maximum likelihood estimation model that uses measured 
DIC or TOC concentration values to calibrate a regression 
between constituent load, streamflow, seasonality, and time. 
The model requires at least 13 paired concentration and daily 
discharge values. Daily streamflow values were downloaded 
from NWIS. The LOADEST model uses the Akaike (1981) 
Information Criterion (AIC) to select the best combination 
of coefficients at each streamgage station from the full model, 
which is based on the equation:

	 ln Flux = a0 + a1lnQ + a2 lnQ2 + a3sin(2πdtime)	  
	 + a4cos(2πdtime) + a5 dtime + a6 dtime2 + ε	 (8.2)

where
	 ln Flux	 is the natural log of the constituent flux, 

in kilograms per day (kg/d),
	 Q	 is the discharge, in m3/s,
	 dtime	 is time, in decimal years,
	 a0, a1,…a6	 are regression coefficients, and
	 ε	 is an independent and normally 

distributed error.
The input data were log-transformed to avoid bias and 

centered to avoid multicollinearity. The model produces a flux 
estimate (in kg/d) with standard error values, which were used 
to create a distribution of LOADEST modeled fluxes for these 
watersheds. 

For coastal watersheds that had 3 years or more of daily 
discharge but did not have sufficient concentration records for 
use in the LOADEST model, we multiplied carbon concentra-
tion by discharge to obtain a flux using the following equation:

	 Flux = C × Q 	 (8.3)

where
	 Flux	 is the constituent flux, in kg/d,
	 C	 is carbon concentration of surface water 

at the site, in milligrams per liter 
(mg/L), and

	 Q 	 is discharge, in m3/s.
A specified range of discharge and concentration values were 
used in equation 8.3 for each watershed. The distribution 
of empirical streamflow for each watershed was based on 
the standard deviation (s.d.) of recorded flows for that site. 
The distribution of carbon concentrations was based on all 
available carbon concentrations within that regional HUC.  
If the coastal watershed lay within the boundaries of the 
Southeast region, then the concentration distribution for  
that watershed was drawn from all concentration values  
within that region. In the Southeast region, 226 DIC values 
and 45 TOC measurements were used to create the concen
tration distributions.
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Figure 8.3.  Estimated relative magnitude of carbon yields. A, Coastal carbon transport by rivers. B, Carbon dioxide (CO2) 
emissions from rivers. C, CO2 emissions from lakes. D, Carbon burial rates in lakes. B and C also indicate the estimated relative 
magnitude of the partial pressure of CO2 (pCO2) concentrations at the sampling locations.
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Figure 8-3—Continued
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Figure 8.3.  Estimated relative magnitude of carbon yields. A, Coastal carbon transport by rivers. B, Carbon dioxide (CO2) 
emissions from rivers. C, CO2 emissions from lakes. D, Carbon burial rates in lakes. B and C also indicate the estimated relative 
magnitude of the partial pressure of CO2 (pCO2) concentrations at the sampling locations.—Continued
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If empirical carbon concentration and streamflow data 
were not available for a watershed, the distribution of carbon 
concentrations was established as described in the previous 
paragraph. To generate a distribution of discharge values 
for each watershed, we developed prediction intervals of 
discharge estimated using EDNA (see section 8.3.2) using the 
predict function in R (R Development Core Team, 2008). The 
predict function was based on the output from a simple linear 
model that describes estimated EDNA discharge values by 
empirical NWIS discharge values. 

We used the distribution of LOADEST fluxes, concen
trations, and discharge values as described in the previous 
three paragraphs in a Monte Carlo approach with 10,000 itera-
tions to estimate total flux estimates for the approximately 
6,000 coastal watersheds draining Alaska. The DIC and TOC 
fluxes were summed for each watershed, and the fluxes from 
all the watersheds within a region were summed, so that 
each of the six regions had 10,000 possible total carbon flux 
estimates. The median flux with 5th and 95th percentiles from 
that range of values are presented in table 8.1. Yields were 

calculated by dividing the total carbon flux by HUC area. 
The percent of the total area of the State of Alaska that was 
represented by LOADEST modeled fluxes (equation 8.2) 
was 75 percent for DIC and 65 percent for TOC, and the 
carbon fluxes for the remainder of the land surface area 
were estimated using equation 8.3. 

The contribution of the Canadian drainage area to the 
total Alaskan coastal carbon flux estimates is also presented 
in table 8.1. The Yukon River, along with several smaller 
rivers in the Southeast and South-Central regions that drain 
into the Gulf of Alaska, has headwaters in Canada. We used 
equation 8.2 to estimate Yukon River carbon sourced in 
Canada with discharge and DIC and TOC concentration data 
(1990–2005) from a streamgage just inside the border of 
Alaska, the Yukon River at Eagle (NWIS station ID =15356000). 
We used equation 8.3 to estimate carbon fluxes from Canada 
for rivers in the Southeast and South-Central regions, 
including the Alsek, Stikine, and Taku Rivers, with EDNA-
derived discharge values and carbon concentration values 
from Environment and Climate Change Canada (2014).

Table 8.1.  Estimated coastal carbon exports and yields from riverine systems in Alaska.

[Sites are locations for which dissolved inorganic carbon (DIC) or total organic carbon (TOC) concentration data were available. Values are estimates of the 
median with 5th and 95th percentile estimates in parentheses. Total exports and total yields were calculated by summing dissolved inorganic carbon (DIC) 
and total organic carbon (TOC). km2, square kilometer; DIC, dissolved inorganic carbon; TOC, total organic carbon; km3/yr, cubic kilometer per year; TgC/yr, 
teragram of carbon per year; gC/m2/yr, gram of carbon per square meter per year]

Hydrologic  
region

Area of 
hydrologic 

region  
(km2)

Number of sites with 
concentration data

Estimated total 
discharge 

(km3/yr)

Estimated total 
carbon export 

(TgC/yr)

Estimated total  
carbon yield 

(gC/m2/yr)

Estimated 
carbon export 

as DIC  
(percent)DIC TOC

Southeast 104,000 226 45 356 (297, 569) 3.8 (3.4, 5.3)a 36.7 (32.4, 50.7) 67.2

South-Central 207,000 454 185 220 (156, 514) 3.5 (3.1, 5.0)b 17.0 (15.1, 24.0) 73.5

Southwest 291,000 169 130 174 (142, 260) 2.7 (2.2, 3.4) 9.2 (7.7, 11.6) 78.4

Yukon 526,000 264 73 144 (35, 685) 5.5 (5.4, 5.7)c 10.5 (10.2, 10.8) 67.1

Northwest 178,000 76 31 69 (52, 176) 1.5 (1.3, 3.4) 8.7 (7.2, 19.0) 76.7

North Slope 204,000 107 51 53 (44, 132) 1.3 (0.9, 2.3) 6.1 (4.3, 11.5) 62.3

   Total or mean 1,510,000 1,296 515 1,015 (725, 2,237) 18.3 (16.3, 25.0) 12.2 (10.8, 16.6) 69.8
aIncludes estimated sum lateral flux from transboundary Canadian rivers into the Southeast region of 0.13 (0.1, 0.17) TgC/yr. 
bIncludes estimated sum lateral flux from transboundary Canadian rivers into the South-Central region of 2.7 (2.1, 3.4) TgC/yr.
cIncludes estimated sum lateral flux from transboundary Canadian rivers into the Yukon region of 1.7 (1.6, 1.8) TgC/yr.
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8.3.4. Carbon Dioxide Flux From Riverine Systems

Three variables were required to estimate the CO2 gas 
fluxes from aquatic systems: (1) the concentration of dissolved 
CO2, (2) the gas transfer velocity, and (3) the surface area 
of the water body. The CO2 emission from rivers (and lakes, 
see section 8.3.5) across Alaska was modeled according to 
established methods (Butman and Raymond, 2011; Zhu and 
Reed, 2012, 2014) and as outlined in equation 8.4:

	 CO2   flux = (CO2-water– CO2-air ) × kCO2× SA 	 (8.4)

where 
	 CO2  flux	 is the total net emission of CO2 from 

rivers of Alaska, in teragrams of 
carbon per year (TgC/yr), 

	 CO2-water 	 is the CO2 concentration of the water, 
in moles per liter (mol/L), 

	 CO2-air	 is the CO2 concentration in the 
atmosphere, in mol/L,

	 kCO2 	 is the river or lake gas transfer velocity 
of CO2 across the air-water interface, 
in meters per day (m/d), and 

	 SA	 is the river or lake surface area, in 
square meters (m2).

The total flux was estimated by summing all of the 
mean annual fluxes for a stream order (Strahler, 1952) within 
a hydrologic region.

The median dissolved CO2 concentrations (CO2-water ) were 
estimated from stream and river alkalinity data available from 
the same three data sources listed in section 8.3.3. All alka-
linity measurements were converted to dissolved CO2 using 
the CO2SYS program (Van Heuven and others, 2011). Daily 
measurements of pH paired with temperature and alkalinity 
measurements from the late 1960s through 2013 were used 
to estimate dissolved CO2. Similar to the methods described 
in section 8.3.3, alkalinity data with an associated pH of less 
than 5.6 were removed to reduce the effect of organic acids on 
alkalinity (Driscoll and others, 1989). A total of 9,466 daily 
chemical measurements from 1,469 sampling locations 
was used (fig. 8.3B). For equation 8.4, current atmospheric 
partial pressure of carbon dioxide (pCO2) was assumed to 
be 390 microatmospheres (µatm) for all of the hydrologic 
regions across Alaska. 

The gas transfer velocity (kCO2 ) was modeled based on 
a meta-analysis of measurements of gas exchange and the gas 
transfer velocity made by direct tracer injections across small- 
to mid-sized river systems in the United States (Melching and 
Flores, 1999; Raymond and others, 2012). The variation in gas 

transfer velocities within rivers was a function of turbulence 
at the air-water interface (Zappa and others, 2007). Physical 
parameters of stream slope and water velocity were used to 
predict gas transfer velocity:

	 kCO2–river = S × V × 2,841.6 +2.03 	 (8.5)

where
	 kCO2–river	 is the gas transfer velocity of CO2 (in m/d) 

normalized to the Schmidt number  
(a dimensionless ratio that approximates 
the relationship between the viscosity and 
gas diffusivity across a boundary layer) 
for CO2 at ambient water temperature 
and standard atmospheric pressure 
(Wanninkhof, 1992; Raymond and  
others, 2012),

	 S	 is the average slope of a stream reach, and 
	 V	 is the average velocity of water, in m/d. 

A total of 563 independent gas tracer injection measure-
ments was included in the development of this equation. 

A total of 32,672 discharge measurements was used 
to derive hydraulic geometry coefficients specific to each 
hydrologic region. Hydraulic geometry of stream reaches 
showed remarkable consistency to approximate channel 
width within and across watersheds (Leopold and Maddock, 
1953; Park, 1977). All scaling relationships to estimate width 
derived by the calculation of hydraulic geometry coefficients 
were statistically significant ( p-value < 0.001) with coef-
ficients ranging from 0.46 in the Southeast region to 0.57 in 
the Southwest region. R2 values for the nonlinear regression 
between width and stream discharge ranged from 0.90 to 0.96. 
Modeled average annual discharge (see section 8.3.2) was 
used to estimate average channel width and velocity using the 
hydraulic geometry coefficients specific to each hydrologic 
region. Both stream velocity and slope estimates were 
normalized by total length and aggregated to hydrologic 
regions by stream order. Average slope and velocity were 
then calculated by stream order to estimate the gas transfer 
velocity of CO2 according to equation 8.5. 

River surface area (SA) was calculated based on the same 
hydraulic geometry coefficients discussed above for width 
within each hydrologic region. Average discharge was used to 
then calculate an average width for each stream order within a 
hydrologic region. The total stream length was then calculated 
for each stream order within a hydrologic region. Stream and 
river surface area was then calculated as the product of the 
average width and total length of streams by stream order. 
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Error propagation and uncertainty analyses were 
performed for each component of equation 8.4. To estimate 
error, we utilized a bootstrapping technique as outlined in 
Efron and Tibshirani (1994) and Butman and Raymond 
(2011). Bootstrap with replacement was run for 1,000 itera-
tions to calculate 95 percent confidence intervals for the pCO2 
values for each stream order within a hydrologic region. 
Similarly, bootstrap with replacement was used to estimate 
confidence intervals associated with the hydraulic geometry 
coefficients derived from the measurements of stream width 
and velocity, which were subsequently used to estimate both 
the river surface area and gas transfer velocity. Overall bias 
associated with estimates of pCO2 remained low and had a 
negligible effect on the error associated with the use of the 
median value for each stream order. Similarly, the effect of 
bootstrapping the hydraulic geometry coefficients produced 
minimal bias. 

A Monte Carlo simulation was performed for each 
stream order estimate of the total flux (in TgC/yr) from river 
surfaces (equation 8.4). The confidences derived from the 
bootstrapping procedure were used to bound the Monte Carlo 
simulation for each parameter of equation 8.4. The total flux 
calculation was replicated 1,000 times. Gas transfer velocities 
were not permitted to exceed 30 m/d. This selection criterion 
only affected first through third stream orders in the Southeast 
and South-Central regions. This constraint was placed because 
of the lack of measurements above that value presented in 
Raymond and others (2012), and there is a lack of evidence 
in the literature that small streams can exceed this threshold.

All estimates for the total carbon flux within each 
hydrologic unit were presented with the 5th and 95th percen-
tiles derived from the Monte Carlo simulation. This approach 
is considered conservative as it allowed for the same prob-
ability for all combinations of each parameter in the total flux 
equation to be selected for each stream order and may have 
overestimated the error associated with the river CO2 emis-
sion. In general, this conservative approach biased the range 
of estimates high owing to a slight skew in the distribution of 
pCO2 values within a stream order and hydrologic region. But 
by using median values and bootstrapped 5th and 95th percen-
tiles, this skew is minimized. All estimates derived from the 
Monte Carlo simulation were adjusted to account for monthly 
temperatures below freezing under the assumption that river 
CO2 emission did not occur when monthly temperatures 
averaged below 0 degrees Celsius (°C). Average monthly 
temperatures were derived from the WorldClim 1-km monthly 
averages spanning from 1950 to 2000 (Hijmans and others, 
2004). Each stream segment was attributed with a proportion 
of the year as frozen. This adjustment reduced the efflux for 
the Southeast region by 32 percent, South-Central region by 
50 percent, Southwest region by 54 percent, Yukon region by 
59 percent, Northwest region by 62 percent, and North Slope 
region by 69 percent. 

8.3.5. Carbon Dioxide Flux From Lacustrine Systems

Water-chemistry data used to estimate lake CO2 emissions 
from Alaska were obtained from NWIS (U.S. Geological 
Survey, 2014b), STORET (U.S. Environmental Protec-
tion Agency, 2014), the Pebble Partnership (2011a,b), the 
U.S. National Park Service Shallow Lake Monitoring Program 
(Larsen and Kristenson, 2012), and the dataset from studies 
of lakes at Yukon Flats, Alaska (Halm and Guldager, 2013; 
Halm and Griffith, 2014). A total of 891 locations and 
1,329 measurements with daily lake chemistry data suitable 
for CO2 emission estimates collected between 1949 and 2011 
(fig. 8.3C ) were used in this study.

The estimated CO2 emission from lakes was also calculated 
using the general equation 8.4. Dissolved CO2 values were 
also calculated using the CO2SYS program (Van Heuven and 
others, 2011). We did not have enough organic carbon data to 
pair with our alkalinity data to directly measure organic acid 
contribution to alkalinity. In general, noncarbonate alkalinity 
will introduce a bias resulting in higher alkalinity generating 
a higher calculated pCO2; however, a recent estimate of 
bias for the evasion of CO2 from lakes in the conterminous 
United States suggests that this will alter flux measurements 
by no more than 2 to 5 percent (McDonald and others, 2013).  

All lakes within the high-resolution NHD were attributed 
with average summer wind speed (U10 ), median pCO2, and the 
annual ice-free fraction needed to calculate the vertical efflux 
of carbon. This method differs from those of McDonald and 
others (2013) in that, for Alaska, a single flux is calculated for 
each specific lake and then aggregated into regional estimates. 
McDonald others (2013) summed lake area only by region, 
then used average ecoregional wind speed and carbon concen-
trations to calculate fluxes. 

The gas transfer velocity for lakes (kCO2–lake ) was 
calculated as a function of wind speed (Cole and Caraco, 
1998; Cole and others, 2007):

	 kCO2–lake = 2.07 + 0.215×U10
1.7

  	 (8.6)

where 
	 kCO2–lake	 is a gas transfer coefficient normalized 

to ambient water temperature and 
atmospheric pressure (STP), in m/d, and

	 U10	 is the surface wind speed above the lake 
surface, in m/d. 

The estimated mean summer (June to September) wind 
speeds for each hydrologic region were determined from the 
National Aeronautics and Space Administration (NASA; 2014) 
surface meteorology and solar energy data. Each lake within 
the NHD was assigned a CO2-specific transfer coefficient for 
lake surface efflux.

Many of the parameters involved in these calculations 
violated normality assumptions; therefore, nonparametric 
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confidence intervals (95 percent) were determined on 
10,000 ordinary bootstrap replicates. Bootstrapped 
nonparametric confidence intervals for median pCO2 values 
were calculated in R using the bias corrected and accelerated 
methods of Efron and Tibshirani (1994) in each distribution 
of values by hydrologic region. Median values were chosen 
owing to the highly skewed distributions of concentration 
data. Bootstrapped confidence intervals for water temperature 
were similarly calculated. In general, water temperature was 
normally distributed about the mean value allowing normal 
confidence intervals to be used. Each lake within a region was 
assumed to have a range of potential dissolved CO2 within 
the calculated nonparametric confidence intervals. The total 
flux by region was calculated holding the average wind speed 
for a lake constant. In the case of the total flux from Alaska, 
the 5th and 95th percentiles were assumed to be additive 
(uncertainty was not propagated) because potential errors in 
the regional estimates were likely to be systematic. Similar 
to the methods for river CO2 emission, each lake within a 
region was attributed with a scalar representing the proportion 
of the year below freezing, when flux was assumed to equal 
zero. This scalar was applied to each lake and had the same 
reducing effect as for river CO2 emission. This approach was 
conservative because CO2 produced and stored under ice is 
commonly released rapidly when the ice melts (Anderson and 
others, 1999). Final estimates represent total fluxes for each 
hydrologic region, with 5th and 95th percentiles. 

8.3.6. Carbon Burial in Lacustrine Systems

Carbon burial in lakes, which is a function of sedimen
tation rates, bulk density of the sediment, sediment carbon 
concentrations, and lake area (Mulholland and Elwood, 1982; 
Dean and Gorham, 1998), was estimated as:

	 Cburial = SAWB× SedRt × Cconc×10 –12 	 (8.7)

where
	 Cburial 	 is the carbon burial rate, in TgC/yr,
	 SAWB 	 is the surface area of the water body,  

in m2,
	 SedRt	 is the sedimentation rate, in grams  

of carbon per square meter per year  
(gC/m2/yr), 

	 Cconc	 is the concentration of carbon in sediments 
(percent carbon by dry weight of sediment 
divided by 100), and 

	 10 –12
 	 is a conversion factor to convert from grams 

to teragrams. 

Water body surface areas were derived from the high-
resolution NHD and included lakes, ponds, and reservoirs. 
We did not differentiate between lakes and reservoirs in this 
report. Data on sedimentation rates and lake sediment carbon 

concentrations were derived from previously collected and 
dated sediment cores from 70 Alaskan lakes; these data were 
obtained from published and unpublished sources (table 8.2; 
fig. 8.3D). The cores were dated using 210Pb and 137Cs isotope 
techniques, as well as 14C dating of terrestrial plants deposited 
in near-surface layers. Sedimentation results pertain to the 
most recent 100 years of sediment accumulation, which 
typically corresponds to the top 5 to 15 centimeters (cm) of 
sediment, depending on sedimentation rates. For 14C-dated 
cores, sedimentation rates were interpolated based on linear 
sedimentation rates from the most recent 14C date to the top of 
the core, which we assumed represents the year of collection. 

Data from the cores were used to build geostatistical 
models for sedimentation rates and sediment carbon concen-
trations using stepwise multiple linear regression (MLR); 
these predictive equations were applied statewide. Potential 
explanatory variables included lake area and lake elevation 
from the NHD, mean annual precipitation and temperature 
from SNAP, vegetation characteristics from the National 
Land Cover Database (NLCD) 2006 (Fry and others, 2011), 
permafrost and bog extent from chapters 3 and 7 of this report, 
and soil organic carbon in the top 152 cm of soil from the state 
soil geographic database (STATSGO; U.S. Department of 
Agriculture, Natural Resource Conservation Service, 2014). 
Each of these parameters was calculated for the 12-digit HUC 
that intersected each water body. In the MLR, the independent 
variable that explained the most variance in the dependent 
variable entered the model first. The variances explained by 
the remaining independent variables were recalculated, and the 
variable that explained the next greatest amount of variance 
entered the model next. This iterative process was repeated 
until the minimum AIC was obtained (Akaike, 1981). Multi
collinearity among explanatory variables was evaluated using 
the variance inflation factor (1/(1–R2); Hair and others, 2006) 
with a threshold for exclusion of 2.0. Uncertainty in model 
predications was evaluated by using a Monte Carlo approach 
in which the coefficients for model parameters were allowed to 
vary randomly within their 5th and 95th percentiles; this proce-
dure was repeated for 1,000 iterations, yielding 1,000 estimates 
of sedimentation rate and sediment carbon concentration for 
each water body in the Alaska NHD. Results are summarized 
for each of the six hydrologic regions in Alaska.

8.3.7. Limitations and Uncertainties

Methods used to calculate river dissolved carbon fluxes 
to the coast had some limitations. For 25 to 35 percent of 
the land surface area, carbon flux was calculated simply as 
flow multiplied by concentration (equation 8.3), which does 
not allow for variability in seasonal discharge of carbon 
concentrations (Runkel and others, 2004). Additionally, the 
concentration data used in the coastal flux estimates had 
relatively good spatial coverage, and watersheds with DIC 
or TOC concentrations represented over 50 percent of the 
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Table 8.2.  Site information and data sources used to develop multiple-linear-regression models for estimation of carbon burial in 
Alaskan water bodies.—Continued

[Data included sediment carbon concentrations, sediment accumulation rates, and dry bulk density. Coordinates are in decimal degrees, NAD 83; HUC; 
hydrologic unit code; 1901, Southeast hydrologic region; 1902; South-Central hydrologic region; 1903, Southwest hydrologic region; 1904, Yukon hydro-
logic region; 1905, Northwest hydrologic region; 1906, North Slope hydrologic region]

4-digit 
HUC

Site name Latitude Longitude References and data sources

1901 Chilkat  Lake 59.33 –135.90 Barto (2004)
1902 Long Lake 62.55 –143.40 N. Bigelow, University of  Alaska-Fairbanks, unpub. data (2014) 
1902 Hickerson Lake 59.93 –152.92 Cohn (2009)
1902 Frazer Lake 57.26 –154.14 B. Finney, Idaho State University, unpub. data (2014)
1902 Coghill Lake 61.09 –147.82 B. Finney, Idaho State University, unpub. data (2014)
1902 Phalarope Lake 57.18 –154.41 Jones, Peteet, and others (2009) 
1902 Rock Lake 60.65 –150.64 Lynch and others (2002)
1902 Arrow Lake 60.75 –150.49 Lynch and others (2002)
1902 Portage Lake 60.72 –150.53 Lynch and others (2002); Hinzman and others (2005)
1902 Greyling Lake 61.38 –145.74 McKay and Kaufman (2009)
1902 Hallet Lake 61.49 –146.24 McKay and Kaufman (2009)
1902 Skilak Lake 60.42 –150.37 Naidu and others (1999)
1902 Packer Lake 60.47 –151.92 Rogers and others (2013)
1902 Swampbuggy Lake 63.05 –147.42 Rohr (2001)
1902 Nutella Lake 63.20 –147.63 Rohr (2001)
1902 Canyon Lake 62.70 –145.57 Shimer (2009)
1902 Kepler Lake 61.55 –149.21 Yu and others (2008)
1902 Hundred Mile Lake 61.81 –147.85 Yu and others (2008)
1903 Little Swift Lake 60.22 –159.77 Axford and Kaufman (2004)
1903 Ongoke Lake 59.27 –159.43 Chipman and others (2009)
1903 Kontrashabuna Lake 60.19 –154.03 Cohn (2009)
1903 Portage Lake 60.50 –153.86 Cohn (2009)
1903 Lower Ugashik Lake 57.66 –156.73 B. Finney, Idaho State University, unpub. data (2014)
1903 Lone Spruce Pond 60.01 –159.15 Kaufman and others (2012)
1903 Aleknagik Lake 59.36 –158.89 Rogers and others (2013)
1903 Amanka Lake 59.10 –159.22 Rogers and others (2013)
1903 Bear Lake 56.02 –160.25 Rogers and others (2013)
1903 Beverly Lake 59.68 –158.77 Rogers and others (2013)
1903 Gechiak Lake 59.39 –160.37 Rogers and others (2013)
1903 Goodnews Lake 59.49 –160.56 Rogers and others (2013)
1903 Grant Lake 59.81 –158.53 Rogers and others (2013)
1903 High Lake 59.94 –159.50 Rogers and others (2013)
1903 Kagati Lake 59.87 –160.06 Rogers and others (2013)
1903 Little Togiak Lake 59.58 –159.15 Rogers and others (2013)
1903 Nagugun Lake 59.69 –160.39 Rogers and others (2013)
1903 Naknek Lake 58.69 –156.28 Rogers and others (2013)
1903 Nerka Lake 59.58 –158.83 Rogers and others (2013)
1903 Nunavaugaluk Lake 59.20 –158.91 Rogers and others (2013)
1903 Tazmina Lake 60.05 –154.15 Rogers and others (2013)
1903 Togiak Lake 59.61 –159.62 Rogers and others (2013)
1903 Ualik Lake 59.09 –159.44 Rogers and others (2013)
1903 Upper Togiak Lake 59.83 –159.48 Rogers and others (2013)
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Table 8.2.  Site information and data sources used to develop multiple-linear-regression models for estimation of carbon burial in 
Alaskan water bodies.—Continued

[Data included sediment carbon concentrations, sediment accumulation rates, and dry bulk density. Coordinates are in decimal degrees, NAD 83; HUC; 
hydrologic unit code; 1901, Southeast hydrologic region; 1902; South-Central hydrologic region; 1903, Southwest hydrologic region; 1904, Yukon hydro-
logic region; 1905, Northwest hydrologic region; 1906, North Slope hydrologic region]

4-digit 
HUC

Site name Latitude Longitude References and data sources

1904 Birch Lake 64.31 –146.66 Abbott and others (2000)
1904 Tangled Up Lake 67.67 –149.72 Anderson and others (2001)
1904 Track Lake 66.86 –145.17 D. Anderson, U.S. Geological Survey, unpub. data (2014)
1904 Greenpepper Lake 66.09 –146.73 D. Anderson, U.S. Geological Survey, unpub. data (2014)
1904 Twelve-Mile Lake 66.45 –145.55 D. Anderson, U.S. Geological Survey, unpub. data (2014)
1904 Six Mile Lake 64.87 –141.12 N. Bigelow, University of Alaska-Fairbanks, unpub. data (2014)
1904 Little Harding Lake 64.41 –146.90 Brady (2013)
1904 Jan Lake 63.56 –143.92 Carlson and Finney (2004)
1904 Keche Lake 68.02 –146.93 Chipman and others (2012)
1904 Takahula Lake 67.35 –153.67 Clegg and Hu (2010)
1904 Harding Lake 64.42 –146.85 Finkenbinder and others (2014)
1904 Dune Lake 64.42 –149.90 Finney and others (2012)
1904 Oops Lake 65.44 –147.63 Finney, University of Idaho, unpub. data (2014)
1904 Ace Lake 64.86 –147.94 B. Gaglioti, University of Alaska-Fairbanks, unpub. data (2014)
1904 Deuce Lake 64.86 –147.94 Lynch and others (2002)
1905 Burial Lake 68.43 –159.17 Abbott and others (2010)
1905 Lake Wolverine 67.09 –158.92 Mann and others (2002)
1906 Meli Lake 68.68 –149.08 Anderson and others (2001)
1906 Blue Lake 68.09 –150.47 Bird and others (2009)
1906 Lake Helen 70.36 –153.68 B. Gaglioti, University of Alaska-Fairbanks, unpub. data (2014)
1906 Nikivlik Lake 68.59 –156.25 B. Gaglioti, University of Alaska-Fairbanks, unpub. data (2014)
1906 Dimple Lake 68.94 –150.50 Johnson and others (2011)
1906 NE-14 68.67 –149.63 Johnson and others (2011)
1906 Perch Lake 68.95 –150.20 Johnson and others (2011)
1906 Toolik Lake 68.63 –149.61 Johnson and others (2011)

total regional area. There were some gaps, however, and 
the watersheds that contained DIC concentration data only 
represented 16 percent of the total area of the Southeast 
region, and the watersheds that contained TOC concentration 
data only represented 8 percent of total area of the Southeast 
region and 35 percent of the Southwest region. 

Summertime concentrations were better represented in 
the concentration datasets than those collected in the winter. 
The Southeast, South-Central, Southwest, and Yukon regions 
had DIC concentrations collected through the year. However, 
nearly 80 percent of the DIC values and 65 percent of TOC 
values for the North Slope region were collected in June 
through August, with no TOC values for January, February, 
or March. Nearly 60 percent of DIC and TOC samples in the 
Northwest region were collected from June through August, 
which may have biased distributions of concentrations to 

represent more carbon transport via surface-water rather than 
groundwater flow.

In this assessment, the gas transfer velocity for CO2 
efflux calculation for rivers was not permitted to exceed 
30 m/d based on equation 8.5. It is important to note that the 
model to estimate gas transfer velocity of CO2 outlined in 
Raymond and others (2012) and used for this assessment was 
developed from a dataset that did not include any measure-
ments from steep-slope or high-altitude locations and, as such, 
the results of this model in highly diverse landscapes should 
be interpreted with appropriate caution. Validation data to 
support evasion rates of this magnitude do not currently exist; 
however, recent research measuring oxygen transfer rates 
suggests that gas transfer velocities in the upper reaches of 
the Colorado River can range from 9 m/d in the large main 
channels up to 338 m/d in rapids (Hall and others, 2012). 
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The estimates of stream and river surface area for each 
hydrologic region ranged from 0.3 to 0.8 percent of the total 
area and are consistent with other published values (Aufden-
kampe and others, 2011; Downing and others, 2012); however, 
remote sensing techniques could be used to further constrain 
the hydraulic geometry coefficients that are appropriate at 
the basin scale (Striegl and others, 2012). Specifically, there 
is a need to constrain the surface areas of first-order stream 
systems in headwater areas that may be poorly characterized 
within the EDNA dataset. The underlying 30-m digital 
elevation model used to define stream reaches is coarse, did 
not capture strong seasonal variation in flow, and had some 
inaccurate streamflow lines, particularly in low-elevation 
areas (Holmes and others, 2000). 

The locations of USGS streamgages, which were used 
to calculate the hydraulic geometry coefficients, introduced a 
bias because they were placed in a location that was best suited 
for accurate discharge measurements (Leopold and Maddock, 
1953; Park, 1977). Therefore, the locations most likely do not 
represent the entire range of variability in the relationships 
among stream depth, width, and velocity that exists for river 
channels across the State of Alaska. A wider range of vari-
ability of these stream geomorphology factors likely exists in 
Alaska because of the low levels of human development and 
lack of stream channelization or other flow restrictions. 

Using the available data, we were not able to accurately 
model the effect of seasonality on estimated mean CO2 emis-
sion from lacustrine or riverine systems (Rouse and others, 
1997). In dimictic lakes (lakes that experience ice cover and 
mix completely in the spring and fall), CO2 concentrations 
build up under ice cover and in the hypolimnetic bottom 
waters as a result of heterotrophic respiration and are degassed 
rapidly during mixing following ice melt (Michmerhuizen 
and others, 1996; Riera and others, 1999). In addition, boreal 
and arctic lakes are commonly shallow, resulting in a higher 
susceptibility to climate and seasonal shifts in temperature, 
reducing ice cover and increasing levels of light penetration 
to sediments, which could, in turn, influence the seasonality 
of dissolved CO2 through biological metabolism and thermal 
stratification (Rouse and others, 1997; Smol and others, 
2005). These aspects of the seasonal pCO2 dynamics were 
not included in the estimates.

Changes in permafrost are likely to have effects on 
regional-scale hydrology (Osterkamp and others, 2000; 
Walvoord and others, 2012), particularly related to lake 
surface area. Lake surface area was a key component in the 
modeling of CO2 emissions and carbon burial in lakes in this 
assessment. Some studies in regions with degrading permafrost 
have reported significant decreases in lake surface area extent 
(Riordan and others, 2006; Roach and others, 2013), whereas 
others report no substantial change in lake surface area for 
most lakes in a study region (Jones, Arp, and others, 2009; 
Rover and others, 2012). Regardless of the study, it is clear 
that accurate assessment of changes in lake surface area relies 
on proper treatment of both inter- and intra-annual time scales 
(Rover and others, 2012; Chen and others, 2013). However, 

a remote sensing data archive that can address both inter- and 
intra-annual variability in lake surface areas in continuous and 
discontinuous permafrost regions for the entire State of Alaska 
is currently not available. Given that the aquatic carbon flux 
results in this chapter represent long-term annual averages and 
that roughly half of the lake surface area lies in nonpermafrost 
regions of Alaska, the effect of changes in lake surface area 
on these regional results is expected to be minimal. 

There were several important sources of uncertainty in 
the carbon burial estimates including (1) loss of sediment 
carbon to postdepositional mineralization at 100 years, 
(2) effects of within-basin variability of sedimentation rates, 
and (3) extrapolation of sedimentation rate and sediment 
carbon concentration data from a relatively small sample 
(n = 70) of lakes to the larger population of lakes in Alaska 
(approximately 1 million). Loss of carbon in sediments 
because of mineralization occurs primarily in the top layers of 
sediments, where oxygen concentrations are highest (Sobek 
and others, 2009). This loss of carbon was partly compensated 
for by using an average carbon concentration for the sediment 
deposited during the previous 100 years, which typically was 
the top 5 to 15 cm of sediments. Additional research is needed 
to better account for variations in carbon burial efficiency in 
Alaskan lakes. Sediment focusing refers to the propensity 
for fine-grained sediment to accumulate preferentially in the 
deepest part of the lake (Davis and Ford, 1982). Alternatively, 
in calm-water lakes, where sediment redistribution is rare, 
littoral areas can have higher sedimentation rates because 
of highly productive macrophyte beds, high allochthonous 
subsidies nearshore, and (or) thermokarsting lake margins. 
The sediment focusing factor (the ratio of sedimentation at a 
specific location in a lake to average sedimentation in the lake) 
for lakes in Alaska varies widely and appears to be at least 
partly a function of lake morphometry, with steep-sided lakes 
having high sediment focusing factors. Focusing factors also 
can change over time, as young, steep-sided lakes fill in (Blais 
and Kalff, 1995). A study of eight high-elevation lakes in the 
Rocky Mountain and Glacier National Parks indicated that 
sediment focusing factors averaged 1.6 ± 0.5 (mean ± s.d.; 
1 anomalous sample excluded) (Mast and others, 2010). 
Most of these lakes are in glacial cirques with high relief and 
have steeply sloping lake bottoms; thus, they may represent 
the upper end of the range of sediment focusing effects. If 
postdepositional sediment carbon mineralization and sediment 
focusing are important in Alaskan lakes, the estimated carbon 
burial rates are likely overestimated. Error in regression model 
predictions represents another source of uncertainty in carbon 
burial calculations. Although the MLR models for sedimenta-
tion rates and sediment carbon concentrations (key parameters 
in the carbon burial calculations) explained 70 to 75 percent 
of the variance in observed values, at least 25 to 30 percent of 
the variance remains unexplained. An additional concern is 
that the suite of lakes that was used to derive the MLR models 
was not selected randomly from the entire lake population, 
potentially biasing the model regressions; this deficiency could 
be at least partly addressed through additional sampling. 
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8.4. Results
8.4.1. Coastal Carbon Export From Riverine Systems

The total coastal carbon export for the State of Alaska 
was 18.3 TgC/yr (5th and 95th percentiles of 16.3 TgC/yr 
and 25.0 TgC/yr; table 8.1) with 70 percent of the export as 
inorganic carbon. The highest total carbon export was from 
the Yukon region, at 5.5 TgC/yr. Most of the flux is from the 
Yukon River, which had the single highest flux for any river in 
the State. The coastal flux from the Yukon River flows north 
through the Bering Strait to the Arctic Ocean. 

The Southeast and South-Central regions exported 
similar magnitudes of carbon to the coast, 3.8 TgC/yr 
(5th and 95th percentiles of 3.4 TgC/yr and 5.3 TgC/yr), 
and 3.5 TgC/yr (5th and 95th percentiles of 3.1 TgC/yr and 
5.0 TgC/yr), respectively (table 8.1). The Southwest region 
had a lower flux of 2.7 TgC/yr (5th and 95th percentiles of 
2.2 TgC/yr and 3.4 TgC/yr). The Northwest and North Slope 
regions had the lowest annual carbon fluxes of 1.5 TgC/yr 
(5th and 95th percentiles of 1.3 TgC/yr and 3.4 TgC/yr) 
and 1.3 TgC/yr (5th and 95th percentiles of 0.9 TgC/yr and 
2.3 TgC/yr), respectively. 

To illustrate the connectivity between the aquatic fluxes 
and contributing terrestrial drainage area, we divided carbon 
fluxes by watershed area to produce a carbon yield. The 
estimated total carbon yields were by far the highest in the 
Southeast region at 36.7 gC/m2/yr (5th and 95th percentiles 
of 32.4 gC/m2/yr and 50.7 gC/m2/yr; table 8.1). The 
second highest yields were in the South-Central region at 
17.0 gC/m2/yr (5th and 95th percentiles of 15.1 gC/m2/yr 
and 24.0 gC/m2/yr). The lowest carbon yields were in the 
North Slope region with 6.1 gC/m2/yr (5th and 95th percentiles 
of 4.3 gC/m2/yr and 11.5 gC/m2/yr). 

There was substantial variability in the mean runoff 
among the regions, with the greatest total runoff in the 

Southeast region at 3.4 meters per year (m/yr) (5th and 95th 
percentiles of 2.9 m/yr and 5.5 m/yr) and the smallest total 
runoff in the North Slope region at 0.3 m/yr (5th and 95th 
percentiles of 0.2 m/yr and 0.6 m/yr). The mean DIC concen-
tration in the Yukon region of 18.7 mg/L (s.d. of 9.9 mg/L) 
was nearly three times higher than the estimated mean DIC 
concentration in the Southeast region, which was 6.6 mg/L 
(s.d. of 5.2 mg/L). The range of TOC concentrations were 
narrower, with the highest estimated mean concentration in 
the North Slope region at 8.5 mg/L (s.d. of 6.1 mg/L) and the 
lowest in the Southwest region at 2.4 mg/L (s.d. of 1.9 mg/L). 

8.4.2. Carbon Dioxide Flux From Riverine Systems

Overall, median pCO2 values ranged from 1,000 to 
5,900 µatm across all stream orders and hydrologic regions, 
representing a gradient spanning 3 to 15 times the mean 
atmospheric CO2 concentration. This suggests that streams 
and rivers in the State remain continuously supersaturated 
compared with atmospheric CO2 concentrations. The highest 
median pCO2 value by region was in the Northwest region 
at 3,100 µatm, whereas the lowest median pCO2 value of 
1,700 µatm was in the Southeast region. Measurements 
of dissolved CO2 are defined by the pH, alkalinity, and 
temperature at the time of measurement, and the small sample 
size within the Northwest region affected these concentration 
distributions. Average median pCO2 for the State of Alaska 
was 2,200 µatm, or 5.6 times the approximate atmospheric 
CO2 concentration of 390 µatm.

Estimated stream and river surface area was 8,000 km2 
(5th and 95th percentiles of 7,600 km2 and 8,300 km2), repre-
senting about 0.5 percent of the total area of Alaska (table 8.3). 
The highest total stream surface area of 4,200 km2 (5th and 
95th percentiles of 4,100 km2 and 4,400 km2) was in the 
Yukon region, whereas the smallest total stream surface area 

Table 8.3.  Estimated river and stream surface area and vertical fluxes and yields of carbon dioxide from riverine 
systems in Alaska.

[Sites are those used in the calculation of estimated partial pressure of carbon dioxide (p CO2 ). Values are estimates of the total median 
river and stream surface areas, fluxes, and yields (fluxes normalized to watershed areas), and those presented in parentheses represent 
associated errors at the 5th and 95th percentiles. Total yields were calculated by dividing the estimated total flux by the regional area. 
Units: km2, square kilometer; TgC/yr, teragram of carbon per year; gC/m2/yr, gram of carbon per square meter per year]

Hydrologic 
region

Number 
of sites

River and stream  
surface area 

(km2)

Estimated total 
carbon flux 

(TgC/yr)

Estimated total 
carbon yield 

(gC/m2/yr)

Southeast 242 486 (461, 512) 3.9 (2.2, 5.8) 37.3 (21.2, 55.6)
South-Central 511 1,003 (947, 1,061) 4.5 (2.5, 6.8) 21.7 (12, 32.9)
Southwest 166 1,235 (1,164, 1,307) 3.1 (1.6, 5.0) 10.5 (5.6, 17.3)
Yukon 333 4,217 (4,063, 4,379) 3.7 (2.0, 6.3) 7.1 (3.7, 12)
Northwest 81 507 (481, 533) 0.8 (0.4, 1.3) 4.2 (2.2, 7.1)
North Slope 136 524 (496, 553) 0.6 (0.3, 1.1) 3.1 (1.7, 5.3)
   Total or mean 1,469 7,972 (7,612, 8,345) 16.6 (9.0, 26.3) 11.0 (6.0, 17.4)
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was in the Southeast region at 490 km2 (5th and 95th percentiles 
of 460 km2 and 510 km2). Stream and river surface area as a 
percentage of the landscape was largest in the Yukon region 
at 0.80 percent (5th and 95th percentiles of 0.77 percent and 
0.83 percent), but only 0.26 percent (5th and 95th percentiles of 
0.24 percent and 0.27 percent) across the North Slope region.    

Total efflux of CO2 from rivers in Alaska was 16.6 TgC/yr 
(5th and 95th percentiles of 9.0 TgC/yr and 26.3 TgC/yr) 
with the highest fluxes from the Yukon and South-Central 
regions at 3.7 TgC/yr (5th and 95th percentiles of 2.0 TgC/yr 
and 6.3 TgC/yr) and 4.5 TgC/yr (5th and 95th percentiles 
of 2.5 TgC/yr and 6.8 TgC/yr), respectively (table 8.3). The 
smallest efflux was estimated for the North Slope region 
at 0.6 TgC/yr (5th and 95th percentiles of 0.3 TgC/yr and 
1.1 TgC/yr). Normalizing greenhouse-gas emissions to 
CO2 equivalent using global warming potentials produced  
a total river efflux of 58.7 teragrams of carbon dioxide 
equivalent per year (TgCO2-eq/yr) for the State of Alaska.  

Carbon yield for the State of Alaska was 11.0 gC/m2/yr 
(5th and 95th percentiles of 6.0 gC/m2/yr and 17.4 gC/m2/yr). 
The distribution of yield estimates across regions differed 
from the distribution of total flux estimates. Highest yield 
was estimated for the Southeast region at 37.3 gC/m2/yr 
(5th and 95th percentiles of 21.2 gC/m2/yr and 55.6 gC/m2/yr), 
whereas the smallest yield was estimated for the North 
Slope region at 3.1 gC/m2/yr (5th and 95th percentiles of 
1.7 gC/m2/yr and 5.3 gC/m2/yr). In general, the range of 
yield estimates among the six regions of Alaska decreased 
with increasing latitude, where colder regions tended to have 
smaller yields primarily because of a larger proportion of 
defined ice cover throughout the year.  

8.4.3. Carbon Dioxide Flux from Lacustrine 
Systems

Across the State, median lake pCO2 concentrations 
ranged from 973 µatm, or 2 times atmospheric concentration, 
across the Yukon region to a high of 4,189 µatm, or nearly 
10 times atmospheric concentration, in the Southwest region. 
These numbers represent high estimates for the dissolved CO2 
concentrations; however, limited measurements (n =1,329) 
may be contributing a bias to these calculations.  

Overall, 1,019,224 individual lakes and reservoirs 
derived from the NHD dataset were used for this study,  
totaling 52,300 km2 representing 4 percent of the State of Alaska 
(table 8.4). The proportion of lake area varied across each of the 
six hydrologic regions from a low of 2 percent in the Southeast 
region up to 7 percent in the Southwest region. This very high 
value of 7 percent is the result of a few very large lakes found 
within the Southwest region and is dominated by Lake Iliamna, 
which has a surface area of approximately 2,600 km2.  

Gas transfer velocities (kCO2–lake  ) calculated using 
equation 8.6 averaged across regions did not vary significantly 
because of similarity in average wind speeds (U10 ). Lowest 
kCO2–lake  values were estimated for the Southeast region at 
0.6 m/d, (s.d. of 0.04 m/d) ranging to a high of 0.8 m/d 
(s.d. of 0.1 m/d) for the Northwest region. 

Total lake CO2 emission was estimated to be 8.2 TgC/yr 
(5th and 95th percentiles of 6.1 TgC/yr and 11.2 TgC/yr; 
table 8.4). The highest lake efflux was estimated for the 
Southwest region at 5.8 TgC/yr (5th and 95th percentiles of 
4.3 TgC/yr and 7.6 TgC/yr). The flux from this region was 
an order of magnitude larger than the remaining regions 

Table 8.4.  Estimated lake surface area and vertical fluxes and yields of carbon dioxide from lacustrine 
systems in Alaska.

[Sites are those used in the calculation of the partial pressure of carbon dioxide (pCO2 ). Values are estimates of the total 
median lake surface areas, fluxes, and yields (fluxes normalized to watershed areas), and those presented in parentheses 
represent associated errors at the 5th and 95th percentiles. Total yields were calculated by dividing the estimated total flux 
by the regional area. Units: km2, square kilometer; TgC/yr, teragram of carbon per year; gC/m2/yr, gram of carbon per square 
meter per year]

Hydrologic 
region

Number 
of sites

Lake surface 
area 
(km2)

Estimated total 
carbon flux 

(TgC/yr)

Estimated total 
carbon yield 

(gC/m2/yr)

Southeast 44 1,587 0.3 (0.2, 0.4) 3.2 (2.2, 3.8)
South-Central 148 3,841 0.7 (0.6, 0.9) 3.4 (2.8, 4.4)
Southwest 214 20,946 5.8 (4.3, 7.6) 19.8 (14.9, 26.1)
Yukon 305 10,947 0.4 (0.2, 0.6) 0.8 (0.4, 1.2)
Northwest 46 4,069 0.4 (0.3, 0.8) 2.1 (1.5, 4.3)
North Slope 133 10,886 0.6 (0.5, 0.9) 3.1 (2.2, 4.5)
   Total or mean 890 52,276 8.2 (6.1, 11.2) 5.5 (4.0, 7.4)
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across Alaska. Lowest lake fluxes were estimated for the 
Southeast region at 0.3 TgC/yr (5th and 95th percentiles of 
0.2 TgC/yr and 0.4 TgC/yr). Excluding the estimated flux for 
the Southwest, lake emission ranged from 0.3 to 0.7 TgC/yr 
across all other hydrologic regions. Normalizing greenhouse-
gas emissions to CO2 equivalent produced a total lake CO2 
emission of 30.1 TgCO2-eq/yr (5th and 95th percentiles of 
22.4 TgCO2-eq/yr and 41.1 TgCO2-eq/yr).

Average lake yield for the State of Alaska was 5.5 gC/m2/yr 
(5th and 95th percentiles of 4.0 gC/m2/yr and 7.4 gC/m2/yr). 
Highest yield was estimated for the Southwest region at 
19.8 gC/m2/yr (5th and 95th percentiles of 14.9 gC/m2/yr and 
26.1 gC/m2/yr), whereas the smallest yield was estimated for 
the Yukon region at 0.8 gC/m2/yr (5th and 95th percentiles of 
0.4 gC/m2/yr and 1.2 gC/m2/yr). Overall, the variation in both 
the total efflux and yield estimates among the regions was 
driven primarily by regional differences in the median lake 
CO2 concentrations and total lake area.  

8.4.4. Carbon Burial in Lacustrine Systems
Observed water body sedimentation rates at the cored 

lakes ranged from 0.1 to 5.3 millimeters per year (mm/yr) and 
had an exponential or log-normal distribution. The estimated 
median sedimentation rate for lakes of Alaska was 1.5 mm/yr, 
with the lowest rates in the Northwest and South-Central 
regions (0.4 mm/yr and 0.6 mm/yr); intermediate rates in the 
North Slope, Yukon, and Southeast regions (1.2 to 1.8 mm/yr); 
and highest rates in the Southwest region (2.3 mm/yr). 

Observed sediment carbon concentrations at the cored 
lakes ranged from 0.6 to 30.7 percent (by dry weight) and 

were exponentially or log-normally distributed. The estimated 
median sediment carbon concentration in lakes of Alaska was 
18.2 percent and were lowest in the Southeast, Southwest, 
and North Slope regions (16.6 to 17.7 percent); intermediate 
in the Northwest and South-Central regions (18.0 percent and 
18.1 percent); and highest in the Yukon region (19.1 percent). 

The median estimated total flux of carbon owing to burial 
in lakes of Alaska was –1.88 TgC/yr (5th and 95th percentiles 
of –1.03 TgC/yr and –2.82 TgC/yr), and values varied 
substantially among hydrologic regions (table 8.5). Estimated 
flux from carbon burial was smallest in the Southeast, North-
west, and South-Central regions (– 0.05 to – 0.10 TgC/yr); 
intermediate in the North Slope and Yukon regions 
(– 0.33 TgC/yr and – 0.46 TgC/yr, respectively); and 
greatest in the Southwest region (– 0.88 TgC/yr). When 
normalized to the area of each hydrologic region (yield), 
the median estimated flux from carbon burial in lakes 
was –1.2 gC/m2/yr (5th and 95th percentile estimates of 
– 0.7 gC/m2/yr and –1.9 gC/m2/yr). Carbon burial yields were 
lowest in the Northwest, Southeast, and South-Central regions 
(– 0.3 to – 0.5 gC/m2/yr); intermediate in the Yukon region 
(– 0.9 gC/m2/yr); and highest in the North Slope and Southwest 
regions (–1.6 gC/m2/yr and –3.0 gC/m2/yr, respectively).

The estimated carbon burial rate normalized to water 
body area was –31 gC/m2/yr for Alaska, but the rates varied 
substantially among hydrologic regions. The Northwest and 
South-Central regions had the lowest estimated carbon burial 
rates (–8 gC/m2/yr and –11 gC/m2/yr); the North Slope and 
Yukon regions had intermediate rates (–23 gC/m2/yr and 
–30 gC/m2/yr); and the Southeast and Southwest regions had 
the highest rates (–36 gC/m2/yr and –44 gC/m2/yr; table 8.5). 

Table 8.5.  Estimated carbon burial in lacustrine sediments in Alaska.

[Sites are those where carbon burial was calculated from sediment cores. Values are estimates of the total median fluxes, yields (fluxes 
normalized to watershed areas), and burial rates, and those presented in parentheses represent associated errors at the 5th and 95th percen-
tiles. Carbon yields were calculated by dividing the estimated total flux divided by the hydrologic region area. Negative values represent 
sequestration. Units: TgC/yr, teragram of carbon per year; gC/m2/yr, gram of carbon per square meter per year]

Hydrologic 
region

Number 
of sites

Estimated total 
carbon flux 

(TgC/yr)

Estimated total carbon 
yield normalized to 

watershed area 
(gC/m2/yr)

Estimated carbon 
burial rate normalized 

to water body area 
(gC/m2/yr)

Southeast 1 – 0.05 (– 0.03, – 0.07) –0.5 (– 0.3, – 0.6) –36 (–22, –50)
South-Central 17 – 0.10 (– 0.07, – 0.13) –0.5 (– 0.3, – 0.6) –11 (–2, –22)
Southwest 24 – 0.88 (– 0.54, –1.24) –3.0 (–1.9, – 4.3) – 44 (–27, –63)
Yukon 15 – 0.46 (– 0.26, – 0.64) –0.9 (– 0.5, –1.2) –30 (–16, – 44)
Northwest 2 – 0.06 (– 0.02, – 0.12) –0.3 (– 0.1, – 0.7) –8 (–2, –23)
North Slope 9 – 0.33 (– 0.10, – 0.62) –1.6 (– 0.5, –3.0) –23 (–2, –47)
   Total or mean 68 –1.88 (–1.03, –2.82) –1.2 (– 0.7, –1.9) –31 (–16, – 49)
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8.5. Discussion
The magnitude of carbon transported laterally, emitted, 

and stored in inland waters is controlled largely by variability 
in climate, hydrology, and exchanges of both inorganic and 
organic carbon among the terrestrial landscape, aquatic envi-
ronments, and the atmosphere. The source of aquatic carbon 
is the combination of instream production and delivery of 
terrestrially derived carbon via surface-water or groundwater 
flow paths. Rising temperatures have already affected the large 
pools of carbon stored in the soils and permafrost (Striegl and 
others, 2007; Schuur and others, 2008; Frey and McClelland, 
2009; Tarnocai and others, 2009) and have reduced the size 
of glaciers in Alaska (Arendt and others, 2002; Berthier and 
others, 2010). Therefore, it is important to provide accurate 
estimates of current carbon fluxes in aquatic environments, 
so that future effects of climate change can be determined. 

8.5.1. Coastal Export and Carbon Dioxide Flux 
From Riverine Systems

The coastal carbon export from the Southeast and 
South-Central regions of Alaska accounted for approximately 
40 percent of the State’s total lateral flux at 7.3 TgC/yr. The 
lateral carbon yields from the Southeast region were the 
highest in the State at 36.7 gC/m2/yr. The South-Central 
region had total carbon export nearly equivalent to that of 
the Southeast region; however, given its larger total area, the 
yields were lower (17.0 gC/m2/yr). The mean annual precipi
tation for these regions, particularly along the coast, can be 
between 2 and 3 m, and in mountainous headwaters mean 
annual precipitation can be a great as 8 m (Powell and Molnia, 
1989). Heavy precipitation produces an abundance of small, 
swift-moving streams. For the Southeast region, the estimated 
magnitude of total discharge was 356 cubic kilometers per 
year (km3/yr), which translates to a runoff of 3.4 m/yr. Total 
discharge for the South-Central region was 220 km3/yr, which 
translates to a water yield of 1.1 m/yr (5th and 95th percentiles 
of 0.8 m/yr and 2.5 m/yr). 

Forested and wetland soils in the Southeast and South-
Central regions of Alaska deliver organic carbon to streams 
draining to the coast (Fellman and others, 2008; D’Amore and 
others, 2010), and mean organic carbon concentrations for 
these regions were between 3 and 4 mg/L. The organic carbon 
fluxes estimated within this report are comparable with other 
estimates for this region (D’Amore and others, 2015). With 
substantial ice cover in these two regions, glacial runoff is a 
significant source of organic carbon (Hood and others, 2009; 
Schroth and others, 2011) and inorganic carbon, as consider-
able rock weathering occurs under ice sheets (Ludwig and 
others, 1999). Mean inorganic carbon concentrations for rivers 
and streams were 6.6 mg/L and 11 mg/L for the Southeast and 
South-Central regions, respectively. 

Estimated riverine CO2 efflux from the Southeast and 
South-Central regions was over 50 percent of the total vertical 
CO2 emission for the State of Alaska at 8.4 TgC/yr, yet these 
regions only account for 19 percent of the total water area. 
These two regions had very high yield estimates—from 
21.7 gC/m2/yr for the South-Central region to 37.3 gC/m2/yr 
for the Southeast region. Average gas transfer velocities in 
this region were the highest in the State at approximately 
24 m/d. Although this is within published estimates of stream 
kCO2 (Hall and others, 2012; Huotari and others, 2013), it 
remains unclear if riverine CO2 emissions can be maintained 
with transfer rates this high. To date, there are no comparable 
vertical CO2 emissions from riverine systems for these 
two regions.

The coastal carbon export combined with CO2 emissions 
produced a river carbon flux of 5.8 TgC/yr from the Southwest 
region. This region had a high percent of total carbon flux as 
DIC (78.4 percent). This is likely due to the sedimentary rocks 
rich in carbonates that underlie this region (Dürr and others, 
2005), and the Kuskwokwim River has significantly affected 
the carbonate saturation indices of the Bering Sea (Mathis and 
others, 2011). Currently, there are no other studies that can be 
used as a comparison for the estimates from this region.

Carbon cycling and storage at high latitudes have been 
key issues in carbon cycle science. Therefore, estimates of 
aquatic carbon fluxes exist for major watersheds draining to 
the Arctic Ocean, including the Yukon River and several of 
the main rivers draining the North Slope of Alaska (Colville, 
Kuparuk, and Sagavanirktok Rivers). The results presented in 
this chapter support many of these existing flux estimates. 

The highest lateral carbon fluxes for Alaska, estimated 
at 5.5 TgC/yr, were in the Yukon River Basin, likely owing to 
high discharge (125 km3/yr), DIC concentration (18.6 mg/L, 
s.d. of 10.0 mg/L), and TOC concentration (4.8 mg/L, s.d. 
of 10.0 mg/L). This estimate is about 35 percent lower than 
previous Yukon River carbon flux estimates of 7.2 TgC/yr 
(Striegl and others, 2007), in part because of the difference 
in the period of record between the two studies. This report 
used data from 1975 to 2013 to calculate fluxes for the Yukon 
River at Pilot Station (NWIS station ID =15565447), but 
Striegl and others (2007) only used data between 2001 and 
2005. The water chemistry data for these two different studies 
were comparable. The median alkalinity as calcium carbonate 
for the Yukon River at Pilot Station was 76.2 mg/L in this 
assessment compared with 74.5 mg/L of Striegl and others 
(2007). The median alkalinity as DOC was 5.6 mg/L in this 
assessment compared with 5.5 mg/L of Striegl and others 
(2007). However the median discharge of 125 km3/yr in this 
report was much lower than 146 km3/yr for the time period 
used in Striegl and others (2007). The 17-percent difference in 
discharge is likely the main cause for different flux estimates 
between the two studies. 

In this assessment, riverine CO2 emission from the Yukon 
region was estimated to be 3.7 TgC/yr (5th and 95th percen-
tiles of 2.0 TgC/yr and 6.3 TgC/yr), which is lower compared 



Chapter 8    177

with 7.7 TgC/yr (5th and 95th percentiles of 6.7 TgC/yr 
and 9.2 TgC/yr) of Striegl and others (2012; herein called 
Striegl and others). In this report, the yield estimate for the 
Yukon region was 7.1 gC/m2/yr (5th and 95th percentiles 
of 3.7 gC/m2/yr and 12.0 gC/m2/yr), which is lower than 
10.5 g/C/m2/yr (5th and 95th percentiles of 9.0 gC/m2/yr 
and 13.0 gC/m2/yr) of Striegl and others, although their 
value falls within our error estimate. 

Multiple factors contributed to the difference in total river 
evasion estimates between the two studies. Striegl and others 
included the total efflux for the Canadian proportion of the 
Yukon River Basin, whereas this study presents fluxes only 
for the portion of the basin within the Alaskan State boundary. 
The area of the Yukon River Basin within the State of Alaska 
estimated in this report was approximately 530,000 km2, 
which represents 60 percent of the total Yukon River Basin. 
Additionally, Striegl and others used high-resolution remote 
sensing methods to determine stream and river surface 
area for all but the smaller tributaries and estimated a total 
river surface area of 10,000 km2, which is 1.2 percent of 
the total land area in the Yukon River Basin. In this report, 
the water surface area was lower, about 0.8 percent of the 
land area, because EDNA did not adequately represent 
low-order streams. 

Another methodological difference between the two 
studies was that this report used modeled estimates for 
kCO2–river that ranged from 2.5 to 28.0 m/d from first through 
tenth stream orders for the Yukon River according to 
methods outlined in Zhu and Reed (2014), but the maximum 
kCO2–river used by Striegl and others approached 6.9 m/d with 
a minimum of 0.3 m/d along the main stem of the upper 
Yukon River Basin. In addition, Striegl and others estimated 
a total of 200 days, or 54 percent of the year, where no efflux 
occurred based on ice cover conditions; this was applied 
uniformly across the basin to the total flux estimate. In this 
report, ice cover was estimated spatially using mean monthly 
temperature to produce a range of 145 to 152 days that are 
ice free depending upon topographic location. Thus, this 
report presents higher flux rates for shorter periods of time 
and for less surface area compared with Striegl and others. 
Because of the difference in methods between the two studies, 
identification of CO2 emission hotspots also diverged. The 
methods used to derive the CO2 emission estimates from rivers 
presented in this report indicated that the dominant fluxes 
occurred either in the smaller tributaries or the highest order 
main stem of the river network determined by kCO2–river or by 
area, respectively. In contrast, Striegl and others suggest that 
the majority of the efflux occurs within the tributaries only. 
Despite these methodological differences, if we increase our 
flux by the increased proportion of surface area suggested by 
Striegl and others, we obtain a yield of 9.6 gC/m2/yr, which is 
very similar to their 10.5 gC/m2/yr.  

Despite relatively high DIC (14.7 mg/L) and TOC 
concentrations (8.5 mg/L), the North Slope region had a 
low coastal carbon export rate of 1.3 TgC/yr, likely owing 

to relatively low discharge of 53 km3/yr. This region had 
the highest TOC concentrations and the highest regional 
value of total carbon flux as TOC (38 percent). The summed 
organic carbon flux estimate for the Sagavanirktok, Kuparuk, 
and Colville Rivers in the North Slope region presented 
in this report was 0.41 TgC/yr (5th and 95th percentiles 
of 0.05 TgC/yr and 0.8 TgC/yr), which encompassed the 
McClelland and others (2014) estimate of 0.30 TgC/yr (s.d. 
of 0.03 TgC/yr) for the same rivers. Overall, the Northwest 
region is one of the most data-poor regions in the State, and 
this report presents the first estimates for river coastal carbon 
flux from this region of 1.5 TgC/yr. 

The riverine CO2 effluxes for the North Slope and North-
west regions were estimated to be 0.6 TgC/yr and 0.8 TgC/yr 
with yields of 3.1 gC/m2/yr and 4.2 gC/m2/yr, respectively. 
These regions represent only 10 percent of the total statewide 
riverine efflux, and the flux was driven primarily by a short 
ice-free period, averaging a total of 113 to 138 days, and 
by small surface areas of streams and rivers, representing 
only 0.26 percent of the land surface area in the North Slope 
region and 0.29 percent in the Northwest region. These 
yield estimates are larger than those derived from within the 
Kuparuk River watershed as part of the Toolik Lake LTER 
(Kling and others, 1992, 2000). At 3.8 gC/m2/yr, this report’s 
value is double the estimate for the Kuparuk River network 
of 1.7 gC/m2/yr derived for 1994 through 1996 (Hobbie and 
Kling, 2014) and significantly higher than a more recent 
estimate for the same watershed of 0.02 gC/m2/yr (Cory 
and others, 2014). Cory and others (2014) estimated the 
proportion of the landscape as stream and river surface to be 
about 0.23 percent, which is similar to this report’s estimate, 
although it remains unclear how they estimated lateral inputs 
of DIC contributing to pCO2 in their study, possibly biasing 
their total flux to be low. 

8.5.2. Carbon Dioxide Flux From and Carbon 
Burial in Lacustrine Systems

The Southeast and South-Central regions showed nearly 
identical lake vertical flux estimates at 3.2 gC/m2/yr and 
3.4 gC/m2/yr, respectively. To our knowledge, these are the 
first estimates for lake efflux in coastal regions that include 
temperate rainforest ecosystems. The calculated pCO2 values 
were nearly identical across both the Southeast and South-
Central regions at about 2,600 μatm. Input of organic carbon 
from forested and wetland systems may affect lake pCO2 
estimates, as median alkalinity estimates for the Southeast 
region were very low at around 2 mg/L, whereas median pH 
was 6.7 (David D’Amore, U.S. Department of Agriculture, 
Forest Service, written commun., November 3, 2014). A 
complication for modeling the efflux of CO2 from lake 
ecosystems within these regions is the lack of data from 
central lake locations. Nearly all identified sites in the South-
east region of Alaska are from samples taken at either inlet or 
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outlet of a lake. These concentrations are likely to be different 
than the carbon concentrations at central points within the 
lake, where the greatest turbulence and greatest gas emission 
rates likely occur.

A very high lake CO2 emission of 5.8 TgC/yr was 
calculated for the Southwest region. This value is larger than 
all other regions in Alaska combined. The median estimated 
pCO2 value for this region was 4,200 μatm, with values 
ranging between 19 and 71,000 μatm. There are currently 
no published estimates of direct measurements of lake CO2 
concentrations within this region for comparison. Direct 
measurements refer to in situ monitoring of CO2 with a type 
of infrared sensor, as opposed to the indirect measurement 
used in this report by estimating CO2 concentrations from 
alkalinity, pH, and temperature measurements. Unpublished 
direct dissolved CO2 measurements for small lakes near 
Lake Iliamna had a maximum pCO2 of 2,800 μatm and 
were undersaturated (<390 µatm) for half of the period that 
the lake was covered with ice (G. Holtgrieve, University of 
Washington-Seattle, written commun.). In addition to the 
high concentration of dissolved CO2 identified within the 
Southwest region, this region also has significantly higher lake 
surface area at 21,000 km2, nearly double the estimates for the 
Yukon and North Slope regions. Obtaining direct dissolved 
CO2 concentration measurements from multiple points on 
large lakes is critical to reducing the uncertainty for the high 
estimated lake carbon emissions in this region.  

Current research on boreal and arctic lakes consistently 
show annual dissolved CO2 concentrations to be in excess 
of atmospheric CO2 (Huttunen and others, 2003; Sobek and 
others, 2005; Jonsson and others, 2008). In lakes across the 
boreal and arctic regions of Alaska, including the North Slope, 
Northwest, and Yukon regions, median pCO2 values ranged 
from about 970 μatm in the Yukon to about 1,900 μatm in the 
Northwest. Much of the CO2 supersaturation is hypothesized 
to originate from the mineralization of both allochthonous 
and autochthonous carbon sources (Roehm and others, 2009; 
Solomon and others, 2013). However, although DOC corre-
lates with dissolved CO2 values, significant regional variation 
exists so that a model that can be applied across the circum
boreal region is still not available (Roehm and others, 2009). 

For this study, the North Slope lake efflux was 
estimated to be 0.6 TgC/yr (5th and 95th percentiles of 
0.5 TgC/yr and 0.9 TgC/yr), resulting in a flux of 3.1 gC/m2/yr 
(5th and 95th percentiles of 2.2 gC/m2/yr and 4.5 gC/m2/yr). 
Previous lake studies at the Toolik Lake LTER estimated 
fluxes of 1.1 gC/m2/yr (Hobbie and Kling, 2014) and 
0.4 gC/m2/yr (Cory and others, 2014). These flux measure-
ments, made at a single site, were estimated with data from 
two different time periods—1994 through 1996 for the Hobbie 
and Kling study and 2001 through 2013 for the Cory and 
others study. These differences indicate that there is significant 
temporal variation in carbon fluxes within the Arctic. The lake 
CO2 emissions estimated for the North Slope region in this 

study may be high owing to high initial DIC concentrations 
derived from the calculation of pCO2 from ancillary data and 
because the timing of samples taken for this analysis may not 
be representative of the influence that seasonal hydrology and 
in situ primary production impart on carbon concentrations 
(Huttunen and others, 2003). 

For lakes in the Yukon Flats area, the lake CO2 emissions 
were estimated with direct dissolved CO2 concentrations 
(Halm and Guldager, 2013; Halm and Griffith, 2014). The 
Yukon region’s average pCO2 values were the lowest across all 
regions, and the median value of 970 μatm was considerably 
lower than the next closest median pCO2 value of 1,400 μatm, 
which was calculated for the North Slope region. The Yukon 
Flats data represent only single measurements, usually made 
during the summer, and significant seasonal fluctuations in 
these values are likely. Additional direct seasonal measure-
ments of CO2 concentrations for lakes throughout Alaska are 
necessary to determine if (1) low pCO2 values are represen
tative of lakes in other regions and (2) low concentrations 
persist even under seasonal fluctuations of in-lake biological 
processes, including photosynthesis and respiration.  

The average sedimentation rate observed in Alaskan 
lakes (1.5 mm/yr) was similar to those from a study of lakes 
in eastern North America, which reported that historical 
sedimentation rates had a log-normal distribution, with a 
median of 2.2 mm/yr (Webb and Webb, 1988). A few studies 
have reported sedimentation rates for Alaskan lakes: Cornwell 
(1985) reported a sediment accumulation rate of 0.16 mm/yr 
for Toolik Lake, in the foothills of the North Slope region, and 
noted that low rainfall, a short runoff period, and stabilization 
of soils by thick organic matter layers and nearly continuous 
tundra vegetation contribute to low sedimentation rates in the 
lake. Higher sedimentation rates (2.5 mm/yr) were reported for 
Black Lake, on the Alaskan Peninsula, which receives more 
precipitation and is covered in dense forest, rather than tundra 
vegetation (Post, 2011). 

Sediment carbon concentrations for Alaskan lakes were 
similar to those documented for 3 oligotrophic, humic-rich 
lakes in Sweden (21 to 31 percent; Sobek and others, 2009, 
2014), 16 lakes in western Ontario (20 percent, s.d. of 
7 percent), and 23 lakes in Wisconsin (20 percent, s.d. of 
10 percent) (Brunskill and others, 1971). In contrast, sediment 
carbon concentrations were much lower in seven lakes in 
western Greenland (1.8 to 8.9 percent); the study area was 
cold and dry, with a mean annual temperature of –6 °C and 
mean annual precipitation of 150 mm/yr (Sobek and others, 
2014); sparse vegetation and poorly developed soils may have 
limited contributions of organic matter to the lakes from the 
surrounding terrestrial environment.

Variations in carbon burial rate in Alaska reflect differ-
ences in sedimentation rate, sediment carbon concentration, 
and the extent of water bodies (see equation 8.7). Based on 
results from the stepwise MLR modeling, sedimentation rates 
were strongly related to land-cover type, with shrubland, 
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mixed forest, and herbaceous wetland exerting a positive 
influence and permafrost exerting a negative influence 
(table 8.6). The positive influence of shrubland on sedimenta-
tion rates may reflect the susceptibility of this land-cover type 
to erosion, whereas the positive influence of mixed forest and 
herbaceous wetlands may be related to high productivity of 
vegetation in these areas. In addition, shrub distribution in 
tundra terrain is often confined to recently eroded gullies and 
water-track habitats, which may indicate recent erosion (Tape 
and others, 2011). The negative influence of permafrost on 
sedimentation rates probably is due to low erosion rates of 
frozen soil, except in areas with thermokarst where erosion 
can be important (Osterkamp and others, 2000). Differences 
in estimated sedimentation rates among regions reflect the 
relative abundance of land-cover types and permafrost. Low 
estimated sedimentation rates in the Northwest region, for 
example, may be attributed to the importance of permafrost, 
which underlies over 70 percent of the landscape in this region 
(chapter 3 of this report; Pastick, Jorgenson, and others, 2014). 
Relatively high sedimentation rates were estimated for the 
Southwest region, which has abundant shrubland and herba-
ceous wetlands and relatively little permafrost. 

The stepwise MLR modeling indicated that sediment 
carbon concentrations were strongly related to log water 
body surface area, mean basin elevation, and percent of basin 
covered by bogs (table 8.6). Sediment carbon concentrations 
were inversely related to water body surface area, reflecting 
relatively high productivity rates in the littoral zone of lakes 
compared to deeper water zones; small lakes typically are 
shallower than large lakes, and littoral zones constitute a 
greater percentage of total lake area (Wetzel, 2001). Mean 
basin elevation also was a negative influence on sediment 
carbon concentration, probably because of decreases in 
primary productivity and associated soil organic carbon 
with elevation (Jobbágy and Jackson, 2000; Ping and others, 
2008). Bogs were a positive influence on sediment carbon, 

as expected given the high organic carbon content of bog 
soils that have the potential for providing carbon subsidies 
to nearby lakes (Jobbágy and Jackson, 2000; Pastick, Rigge, 
and others, 2014).

The carbon burial rate estimated for Alaskan lakes in 
this study normalized to lake area (–31 gC/m2/yr) is higher 
than long-term (Holocene) rates for boreal lakes in northern 
Quebec (–3.8 gC/m2/yr; Ferland and others, 2012) and 
Finland (–0.2 to –8.5 gC/m2/yr; Kortelainen and others, 2004); 
however, our estimates pertain only to the past 100 years. The 
carbon burial rates estimated herein for Alaska approach those 
in thermokarst lakes in Siberia (– 47±10 gC/m2/yr), which 
are relatively high because of thermokarst erosion, which 
contributes organic matter and nutrients to lakes, and cold 
temperatures, which limit decomposition (Walter Anthony and 
others, 2014). At the global scale, Dean and Gorham (1998) 
noted an inverse relation between carbon burial rates and lake 
area and estimated an average carbon accumulation rate of 
–5 gC/m2/yr for large lakes and –72 gC/m2/yr for small lakes; 
an inverse relation between carbon burial rates and lake size 
was observed in the present study as well.

Variations in estimated total carbon burial fluxes 
(in TgC/yr) among hydrologic regions primarily reflect 
differences in sedimentation rates and the areal extent of 
water bodies; these parameters showed much more variability 
among regions than sediment carbon concentrations, as 
indicated by the coefficient of variation (CV) for each param-
eter. The CV for sedimentation rates and water body area were 
0.51 and 0.14, whereas the CV for sediment carbon concen
trations was only 0.04. The Southwest region had the highest 
carbon burial rates among the regions of Alaska (table 8.5); 
this region also had greatest water body surface area 
(table 8.4) and the highest sedimentation rates. In contrast, 
carbon burial in lakes of the South-Central and Northwest 
regions was much smaller (table 8.5), reflecting lower water 
body surface areas (table 8.4) and sedimentation rates.

Table 8.6.  Estimates, standard error of estimates, and p-values for independent variables used in multiple-linear-regression models 
for sedimentation rates and sediment carbon concentrations in Alaskan water bodies.

[km2, square kilometer; m, meter]

Independent 
variable

Sedimentation rate model Sediment carbon concentration model

Intercept
Mixed 
forest 

(percent)

Shrubland 
(percent)

Herbaceous 
wetland 
(percent)

Permafrost 
(percent)

Intercept
Log lake 

 area 
(km2)

Mean 
elevation 

(m)

Bogs 
(percent)

Estimate – 0.0117 0.0161 0.0017 0.0126 – 0.0013 10.838 –3.2805 – 0.0093 0.3781

Standard 
error of 
estimate

– 0.0117  0.0161 0.0017 0.0126 – 0.0013 1.0039 0.5014 0.0016 0.0518

p-value  0.63 <0.0001 <0.0001 <0.0001 0.0008 <0.0001 <0.0001 <0.0001 <0.0001
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8.6. Summary and Conclusions 

The total statewide carbon flux from inland waters 
(coastal export plus CO2 emissions from rivers and lakes 
minus burial in sediments) was 41.2 TgC/yr, and total carbon 
yields were 27.5 gC/m2/yr. The greenhouse-gas-emission 
estimates reported in this chapter may be low because 
methane (CH4) fluxes were not included owing to a lack of 
lacustrine and riverine CH4 concentration data across Alaska. 
Recent studies have documented that both CO2 and CH4 
may represent a consistent carbon loss pathway from aquatic 
ecosystems to the atmosphere (Walter and others, 2007; 
Crawford and others, 2013; Sepulveda-Jauregui and others, 
2014). Using the lake CH4 estimates for northern latitudes 
(Wik and others, 2016) and applying them to the lake surface 
area of Alaska indicates that lake CH4 emissions may equal 
0.5 TgC/yr. Current modeling efforts strive to integrate 
CH4 concentration samples from a variety of lake types, 
including deep glacial lakes as well as thermokarst water 
bodies in Alaska, as well as low- and high-order streams 
and rivers in order to provide an accurate estimate of current 
lake and river CH4 emissions in Alaska. 

 There was considerable variability in the estimated 
inland waters’ carbon fluxes among the six hydrologic regions 
in Alaska. The Southeast region, with high precipitation rates 
and an abundance of short, steep streams, had the highest 
total yield (flux divided by hydrologic area) in the State at 
76.7 gC/m2/yr. The South-Central region had the second 
highest total yield of 41.6 gC/m2/yr. The Southwest region 
had the highest lake surface area (nearly 21,000 km2) 
and the highest lake CO2 emission rates (5.8 TgC/yr), 
which contributed to the relatively high overall yield 
of 36.5 gC/m2/yr. The Yukon region had a total yield of 
17.5 gC/m2/yr. Both the Northwest and the North Slope 
regions, with the lowest temperatures and precipitation 
among the six regions, had the smallest overall combined 
yields of 14.7 gC/m2/yr and 10.7 gC/m2/yr, respectively.  

This chapter focused on presenting results of current 
carbon fluxes from inland aquatic systems, but projected 
climate changes are likely to influence the magnitude of 
aquatic carbon fluxes in future decades. Predicted changes 
to the hydrologic cycle include increased streamflow in 
high-latitude regions (Hinzman and others, 2005; Brabets 
and Walvoord, 2009) and increased runoff owing to increased 
rates of glacier melt (Arendt and others, 2002). The influ-
ence of groundwater on regional hydrology is also likely to 
change because of permafrost thaw (Walvoord and others, 
2012). Increased forest fires (Kasischke and others, 2010), 
permafrost thaw (Walvoord and Striegl, 2007; Tank, Frey, 
and others, 2012), and changes in vegetation composition 
(Chapin and others, 1995) are all likely to affect the amount and 
composition of carbon delivered to aquatic systems. Coupling 
both hydrologic and biogeochemical reactions over space 

and time will be key to accurately predicting changes in the 
magnitude of aquatic carbon fluxes in the future. 

The results presented in this chapter indicate that 
the magnitude of inland waters’ aquatic carbon fluxes is 
significant at 41.2 TgC/yr. Since the models that produced the 
soil CO2 flux estimates in the assessment were not coupled 
with the models that produced the riverine inorganic carbon 
flux or the vertical CO2 emissions, the appropriate amount 
of CO2 that is emitted from the aquatic ecosystems was not 
subtracted from the heterotrophic respiration term, which may 
lead to double counting. Additionally, if the DOC leaching 
from soil organic matter pools was not adequately represented 
within the terrestrial modeling environment, the modeled 
soil pools could be amassing organic carbon that has actually 
been transported, processed, or stored in aquatic ecosystems. 
Development of a model framework that couples the terrestrial 
and aquatic carbon processing and transport is key to under-
standing whether terrestrial landscapes represent a dominant 
source of carbon to freshwater systems. Chapter 9 of this 
report will present a complete picture of terrestrial and aquatic 
ecosystems and will illustrate a comparison that indicates that 
the linkage between these two environments is important to 
understand fully the role they play in greenhouse-gas storage 
and cycling.
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