Limnol. Oceanogr., 46(5), 2001, 1054-1064
© 2001, by the American Society of Limnology and Oceanography, Inc.

Natural variability of carbon dioxide and net epilimnetic production in the surface
waters of boreal lakes of different sizes

Carol A. Kelly*
University of Manitoba, Department of Microbiology, Winnipeg, Manitoba R3T 2N2, Canada

Everett Fee? Patricia S Ramlal,® John W. M. Rudd, Raymond H. Hesslein, Cory Anema, and
Eva U. Schindler
Freshwater Institute, Department of Fisheries and Oceans, 501 University Crescent, Winnipeg, Manitoba R3T 2N6, Canada

Abstract

The variability of surface water carbon dioxide concentration, or partial preg30®,), was studied in 11 lakes
of greatly varying size (2.4 ha up to 8 million ha) in Northwest Ontario, Canada. Six of these lakes were chosen
to be as similar as possible in all respects except surface area (the Northwest Ontario Lake Size Series [NOLSS],
which range from 88 to 35,000 ha). Spatial and temporal variabilitp@®, within a single lake was no greater
in the larger lakes than in the smaller lakes. Interannual variability was significant and synchronous, which indicates
that weather patterns were important and affected the different lakes within the region in a similar manner. However,
annualpCO, averages were not related to annual differences in planktonic photosynthetic activity, measured by
HCQO, fixation. In the six NOLSS lakes, there was not a significant relationship of ave@@Qgwith lake size. For
all 11 lakes, however, there was a significant negative correlatipC% with lake size, which was likely due to
several characteristics of the very small and very large lakes that covaried with size. The larger lakes were deeper
and had longer water residence times and lower DOC, which suggests loweasr@idiction from allochthonous
organic carbon inputs. Also, the ratio of epilimnetic sediment area/epilimnetic volAghé)(was smaller in the
larger lakes, which likely resulted in lower rates of recycling of fixed carbon tg d@@ng summer stratification.

Measurement of dissolved CQn the surface waters of about the extent of use of autochthonous carbon, i.e., the
lakes is as useful as measurement of dissolved oxygen finaction of photosynthetically fixed CQhat is respired after
determining net biological activity in lakes, especially whenfixation by the algae, grazers, and the rest of the lake’s biota.
examining interactions between lakes and their watersheds In addition to biological processes within lakes that affect
(Kling et al. 1991; Dillon and Molot 1997). For example, CO,, external inputs via streams or groundwater inflows con-
the finding that average CQ@oncentrations in many lakes tribute dissolved CQ(Kratz et al. 1997) and bicarbonate
are above atmospheric equilibrium indicates that allochthonions (HCGQ; ) that can be converted to C@fter entering
ous contributions to lake metabolism often exceed net adakes (Dillon and Molot 1997). It is difficult to distinguish
tochthonous fixation (Cole et al. 1994). This link with wa- between inorganic and organic allochthonous sources of
tersheds is demonstrated, in a series of Wisconsin lakes, I§O,, but the combination of dissolved oxygen measurement
the positive correlation of surface water C@ith the ratio  with CO, measurements is a promising approach because
of drainage area to lake area, and with the extent of wetlandrganic degradation consumes oxygen, whereas inorganic in-
area surrounding the lake (Hope et al. 1996). Artificial lakegputs should have no effect on oxygen (Carignan 1998).
(reservoirs) tend to have higher C€ncentrations than nat-  Previous studies have examined the diel (Sellers et al.
ural lakes due to decomposition of flooded vegetation 0d995) or seasonal variability of G@oncentrations in sur-
peat, which could also be considered “allochthonous” carface waters (Hesslein et al. 1990; Cole et al. 1994) of one
bon sources (Duchemin et al. 1995; Kelly et al. 1997).or a few lakes. Geographic variability has also been studied,
Where degradation of allochthonous carbon is small, owith the data set including a wide variety of lakes, but with
quantifiable, measurements of C©@an give information few data points from each lake (Cole et al. 1994). The study
reported here is the first to carry out long-term (8 yr), regular
interval measurements on a fairly large set of lakes in one
Yeographic location and to include measurements of photo-
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ical Sciences, Calgary, Alberta T2N 1N4, Canada. stand patterns in COThese lakes are generally remote, with
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Waterloo, Ontario N2L 2W6, Canada. were six remote boreal lakes, the northwest Ontario lake size
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Table 1. Characteristics of the study lak@s.= surface aread, = drainage are&Z,., = maximum depthys, = water residence time,
g C m2yrtand g C myrt = annual rates of photosynthetic carbon fixatibllMOL SS lakes are shown in bold.

Average Average

Open  Mid- .
Wffter* Summer DOC w
Years pCG, pCQ, A, Zox Z ean T, (umol gC m3 gC m?
Lake Sampled (patm) (natm)t (ha) AJA, (m) (m) AV, (yr) LY yrt yrt
979 1991-1992 1,080 24 34 1.2 07 1 0.008 816
114 1991-1993 723 12.1 4.7 5 1.7 0.58 2.3 691
240 1991-1996 559 452 44 16.4 14 6.1 0.11 1.9 575 3.2 24
Green 1988-1995 504 366 89 26 19 7.7 0.079 13 535 55 27
Orange " 554 375 167 6.6 29 144 0.042 11.6 675 6.1 30
Linge " 600 410 706 4.2 23 84  0.088 9.8 636 7.3 35
M usclow " 547 353 2,220 14.8 46 192 0.024 75 733 6.7 49
Sydney " 469 335 5,750 8.1 73 20.0 0.035 9.5 545 5.8 a2
Trout " 426 298 34,700 21 49 136  0.043 223 334 4.0 37
Nipigon 1989-1990 152 136 484,800 5 143 58.5 0.007 35 441 4.5 43
Superior 1989 183 227 8,220,000 2 403  148.7 0.003 180 149 25 52

* From May through October.
T From 15 June to 15 August.

such as water residence time and epilimnetic sediment areaent of the partial pressure of CCQO,), which is directly
covaried with size, and this was considered in the analyse®lated to CQ,, by Henry’s Law
of the data.

We used the results of these studies to test the following COsaq = Ky X pCO;, @)
hypotheses, the first two of which are null hypotheses: (1jvhereK,, is Henry's constant adjusted for water temperature.
spatial variability of surface water G@oncentrations does \we report results agCO, rather than as CQ,, because the
not increase with lake size; (2) temporal variability of sur-units of partial pressure are more convenient for comparison
face water CQ concentrations does not increase with laketo the atmospheric equilibrium value (ranging from 351
size; (3) annual variation in average C@bncentrations is  yatm in 1988 to 363uatm in 1996, at sea level; Keeling
significant because weather affects processes involving COand Whorf 1998). When this value is subtracted from the
(4) long-term average CQOconcentrations for individual measured value, the sign of the difference indicates whether
lakes are not related to lake size because other factors ag, is being drawn into the lake (negative) or being released
more important; (5) average G@oncentrations are nega- to the atmosphere (positive).
tively related to photosynthetic rates because photosynthesiswater samples were collected just below the surface (5 to
removes CQ and (6) average CQconcentrations are pos- 10 cm) using evacuated 150-ml serum bottles sealed with
itively related to the ratio of the epilimnetic area to the epi-vacutaine® stoppers (Hesslein et al. 1990). Each bottle con-
limnetic volume AJV,) because epilimnetic sediments aretained 10 ml nitrogen, to provide a head space after filling,
an important site of degradation of organic carbon t0,CO gnd 8.9 g KCI, which when mixed into the 135-ml water

sample inhibits microbial activity for at least 2 weeks. Batch-
Methods es of KCI were tested for acidity/alkalinity and were used
only if the effect on the water sample was less tha@hueq

Sudy sites—The lakes studied were all drainage lakes lo-L-*. In the laboratory, water and head space were equili-
cated in, or bordering on, northwestern Ontario (Table 1)brated at a controlled temperature and the head space was
The six lakes studied in most detail were the northwest Onsampled with a pressure-locking syringe (DynaTech), CO
tario lake size series (NOLSS; Fee et al. 1989; Fee andoncentrations in the head space were measured using a
Hecky 1992), located near Red Lake, Ontario®(@451°N). Hewlett Packard gas chromatograph with a thermal conduc-
Measurements were also made in Lake 240, a smaller cleéivity detector or a Shimadzu gas chromatograph with a
lake, and in Lake 114 and Lake 979, two small, coloredmethanizer and flame detector. Both instruments were
lakes, all located in the experimental lakes area (ELA) neaequipped with a Porapak D column (180 mesh). Sample
Kenora, Ontario (94N, 5C°N). The largest lakes sampled peak areas were compared to peak areas of certified ajr—CO
were Lake Nipigon and Lake Superior. Lake Nipigon is lo-standards (Linde) in the range of 50 to 3,500 parts per mil-
cated within northwestern Ontario (®'W, 5C°'N) and lion. There were some changes in analytical personnel dur-
drains into Lake Superior (88/, 48°'N). Basic characteristics ing the study, but the same CGtandards were used
of each lake, and the years sampled, are shown in Table throughout, and all field samples were taken by the same

person.

Sampling and analysis of dissolved CO,—The determi- pCO, measured under laboratory conditions was convert-
nation of dissolved CO(CO,,,) is usually done by head ed to in situpCO, using the appropriate temperature and salt
space equilibration (e.g., Hesslein et al. 1990) and measuréCl) relationships for CQsolubility and Henry’s Law and
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k, andk, values for carbonate equilibria equations (Hamilton Table 2. Spatial surveys @CO, in surface waters.
et al. 1994). The accuracy of these calculations was tested
empirically by comparison to measurements made in situ, Number  uatm

using an underwater equilibration chamber and infrared de- of  (Averagex C.V.

tection (Sellers et al. 1995). The results of the two methods___-2K€ Date sites SD) (%)
were indistinguishable, as tested by a standdest, and the Lake 240 14 Jul 1997 19 424 = 37 8.7
difference in values obtained was usually less than 2%, never o 26 Aug 1997 19 390+ 19 5.0
more than 10%. Lake Nipigon 24 Jul 1989 23 340 = 39 11.4

Trout Lake 25 May 1987 19 285 + 36 12.5

. - 4 Aug 1987 19 200 = 36 17.7
Sampling frequency—The NOLSS lakes were sampled 14 Sep 1987 4 475+ 50 104

every 3 weeks, from the'end of May through October. LakeSydney Lake 21 Jun 1987 6 104+ 41 397
Nipigon and Lake Superior were sampled from June to OCGreen Lake 1 Sep 1987 3 207+ 31 151
tober. Lake 240 was sampled almost every day in 1991;
weekly in 1992, 1993, and 1994, every 2 weeks in 1995,
and every 3 weeks in 1996. Lake 979 was sampled 4 d per
week, every other week, in 1992 and 1992. Lake 114 wasat shallower areas near one end of the lake than in the middle
sampled weekly in 1991, 1992, and 1993. of the lake. However, this pattern was not repeated on the
The time of day that samples were taken differed randomsecond spatial survey date for this lake (26 August 1997).
ly. Time of day was not important in studies of diel vari- In Trout Lake there was a tendency for values in the eastern,
ability on Lake 240 from 1991 to 1994. On the 18 dates thashallower bays to be slightly higher. However, one of these
diel samples were taken (4-5 samples over the 24-h period)ays was sampled repeatedly over 4 yr for comparison with
the coefficient of variation (C.V.) ranged from 2 to 22%, andvalues in the middle of the lake, and it averaged only 9%
there was no pattern as to when the highest or lowest valudggher (data not shown).
occurred. We expected spatial variability to be greatest in Trout
Lake because it has many bays and islands, but its range of
Annual photosynthetic rates—Samples for measurement C.V. on each set of spatial samplings (10.4 to 17.7%, Table
of photosynthesis were taken from the mixed layer (0—3 n2) was not very different from the range for the two smallest
integrated). Photosynthetic rates were measured usingkes (5.0% to 15.1%, Table 2). The largest lake sampled
H“CO; additions to lake water samples incubated undefor spatial variability, Lake Nipigon, showed no greater var-
controlled light and in situ temperature in the laboratory.iability than the smallest lake (Table 2).
Incident photosynthetically active radiation (PAR) was mea-
sured continuously at the experimental lakes area (for Lake Day-to-day variability and seasonal patterns—In all lakes
240) and at Red Lake (for all other lakes) with a Li-Cor LI- sampled, changes ipCO, from one day to the next were
190SR quantum cell (flat plate, cosine corrected collectoryreatest during the spring and fall and least during summer
mounted at the top of a high tower or building. Light ex- stratification (Fig. 1a—c). The C.V. of daily values for the
tinction coefficients were measured for each lake each time/hole open water season, compared to the open water mean
it was sampled for photosynthetic measurements. Daily phder each lake-year, was commonly between 35 and 46%,
tosynthesis {)C uptake) for each lake was calculated usingwith the full range between 17 and 89%. The shape of the
the programs of Fee (1990). seasonal pattern, with higher values in spring and fall and
lower values in midsummer (Fig. 1a—c), was typical of north
Annual wet precipitation—Wet precipitation (rain and temperate stratified lakes (Hesslein et al. 1990).
snowfall) was collected with event samplers using standard Over multiple years, open water averages were always
Atmospheric and Environment Service (AES, Canada) proabove atmospheric equilibrium (Fig. 2a), as has been ob-
cedures at the ELA meteorological site and at the Red Lakserved for many other lakes (Cole et al. 1994). However,

Airport. midsummerpCO, averages were sometimes above atmo-
spheric equilibrium and sometimes below, depending on the
Results year (Fig. 2b).

The seasonal data were not as complete for the two largest

Spatial variability—Because of the large size of some of lakes, Lake Nipigon and Lake Superior. However, the results
the lakes, complete spatial sampling required many hourshowed less fluctuation ipCO, in the summer and not as
or, in the case of Lake Nipigon, 3 d. Thus, the variability in much increase in the fall as in the smaller lakes (Fig. 1b,c).
pCO, observed is not necessarily due to spatial heterogeneifgarly spring data were lacking, but the earliest dates for
alone. However, on most of the dates when spatial surveylsake Nipigon suggest the “typical” decline after ice-off
were done, variability from one site to another was not very(Fig. 1b). It should be noted that the term “open water”
high. The range of C.V. values for samples taken in one lakseason does not apply in the strict sense to Lake Superior
at multiple sites was 5.0 to 17.7%, with one exception (Sydbecause some open water remains year round in most years
ney Lake on 21 June 1987), when it was 39.7% (Table 2).(Saulesleja 1986).

There was sometimes a pattern to the spatial distribution
of pCQO, values over the lake surface. For example, in Lake Average CO, concentrations for the midsummer (15 June
240 on 14 July 1997pCO, values were about 20% higher to 15 August) and open water periods (May to October)—
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Fig. 1. Seasonal variation in surface wap&€O, values for (a) relation between open water and midsumip€O, values
Lake 240 (ELA) in 1991, (b) the six NOLSS lakes in 1989, and (c)Was also observed in the data of Cole et al. (1994).
the NOLSS lakes, Lake Nipigon, and Lake Superior in 1990. Given the strong seasonality p€O, values (Fig. 1), one
might expect that many sampling dates are required in most
lakes to obtain an accurate average value for the open water
BecauseCO, values were higher in spring and fall in most period. However, randomly chosen subsets of the Lake 240
of the lakes, average midsummer (stratification period) valdata, made up of four to nine dates fairly evenly spaced over
ues were about 30% lower than averages calculated for theme, produced averages that were well within 1 standard
entire open water period. However, the two averages werdeviation (SD) of the average calculated from the full data
linearly related to each other?(= 0.61;p = 0.01). Thus, sets of 103 dates in 1991 and 24 dates in 1992 (Table 3).
either time period could be used for the purpose of estabFhis exercise indicated that a sampling program with only
lishing simple rankings fopCQO, levels among different four dates (evenly spaced) would give a reasonable indica-
lakes and years, e.g., from highest to lowest. A positive cortion of the averageCO, value for the year and would ac-

Table 3. Comparison of open water average valuespé®@O, (natm) in Lake 240, obtained
with different sampling schedules (indicated by letters A—E for 9 d).

patm

9 day schedule 6day 5day 4 day

A B C D E schedulescheduleschedule

1991 Data

(Avg = 466 = 217,n = 103) 432 426 492 452 505 537 461 489
1992 data

(Avg = 713+ 332,n=24) 610 728 627 627 772 648 665 665
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curately show that the averageEQ, level was higher in 700 LTY3
1992 than in 1991 (Table 3). This is likely because boreatz
lakes are strongly stratified for most of the open water perioogL 650 T a .
and pCO, values tend to be fairly constant during stratifi- =,
cation in these low productivity lakes (Fig. 1a—c). Of course,8 600 T 9
the fewer dates sampled, the lower the confidence level. i* e
- . £ 550 Tm?3 w94

Interannual variation—The results for the six NOLSS = y =0.34x+293
lakes covered eight consecutive years, from 1988 to 1995§ 500 '95 =048, p=0.13
For each lake, the open water avergg¥O, value was sig- © 9]
nificantly different from one year to another (nested ANO- 450 ' ' : :
VA, p = 0.0001; Fig. 2a). For each year, however, there was
no significant difference among lakep € 0.995). Thus, 600 700 800 900 1000 1100
each year was different, but all six NOLSS lakes behaved Precipitation (mm yr™')
synchronously, i.e., the open water avera@O, values of
the group as a whole tended to increase or decrease during
the years of the study (Fig. 2a). Duncan’s Multiple Range 700
test p = 0.05) identified three groupings of years: those with~ = 96 b
high pCO, averages (1992, 1993, and 1995), a mediumg 600 T~._
group (1989, 1990, 1991, and 1994), and a single, especiallg
low year (1988). 8” 500 + - 2

The midsummemCO, averages also changed synchro- & ~i.m 93
nously from year to year (Fig. 2b, nested ANOVA,= § 400 + o 5 .94
0.49), and different years were significantly different from § Tee
each otherg = 0.0001). From 1988 to 1991, midsummer 2 y =-304 x + 802
average values were often below equilibrium (Fig. 2b),2 300 1 2=075. p=0025 T
which indicates that CQOfixation was greater than respira- PR 91 ™
tion and decomposition of allochthonous carbon during these 200 + t t f f
periods. From 1992 to 1995, however, average midsummer 0.6 0.8 1.0 1.2 1.4 1.6 1.8

values were usually greater than equilibrium. Thus, in these
years, respiration and decomposition must have been greater
than fixation even at the time of year when fixation rates are Fig. 3. (a) Annual precipitation and annual open wai€0,
at their highest. averages for Lake 240, 1991 through 1996. Dotted kndinear
Lake 240 is located at the ELA, about 140 km south oftrend line, not significantp( = 0.13). (b) Photosyntheti¢CO, fix-
Red Lake, Ontario, and is only about half the size of theation, on an areal basis, amCO, averages for the midsummer
smallest NOLSS lake (Table 1). However, in the years wherg&€riod (15 June to 15 August) in Lake 240, 1991 through 1996.
data from Lake 240 overlapped with the NOLSS data sePotted line= linear trend line, not significanp(= 0.025)
(1991-1995), the Lake 240 open water and midsummer av-
eragepCo, values were not distinguishable from the NOLSS(up to 34,700 ha), there appeared to be no major differences
data set, showing the same year-to-year trends (Fig. 2a,b)in pCO, among the lakes that were smaller than 5,000 ha
The year-to-year variation in average open wg€0O, (Table 1). In the two larger NOLSS lakes (Sydney Lake and
values, over many years, showed a positive trend with anfrout Lake), average open watp€0O, values were consis-
nual precipitation levels and a negative trend with annuatently lower than in the smaller lakes (Table 1), but linear
photosynthesis in Lake 240, but neither trend was statistiregression analysis fiCO, against size did not result in a
cally significant (Fig. 3a,b). For the six NOLSS lakes, therestatistically significant trend. When this data set was ex-
was also a slight positive trend (not significant) with annualpanded to include the much larger Lake Nipigon (484,800
precipitation (Fig. 4a) but no trend with photosynthetic ac-ha) and Lake Superior (8,220,000 ha), as well as two smaller
tivity, either on an areal basis (Fig. 4b) or on a volumetriclakes at ELA (less than 2.4 ha), there was a significant neg-
basis (data not shown). The same lack of trend was obtaineative linear relationship betwegCO, and the logarithm of
whether the open water averag@QO, values or the midsum- the lake areart = 0.80,p < 0.001; Fig. 5).
mer average values for each year were used. Measurements of DOC concentration showed a positive
Lake Nipigon and Lake Superior were not sampled overelationship between DOC amCO, (Fig. 6a). For the six
as many years as were Lake 240 and the NOLSS lakes, alNDLSS lakes, plus Lake 240, the positive trend between
so their interannual variability cannot be examined. pCO, and DOC concentration was not statistically significant
(Fig. 6a, closed symbols), but it was significant when 11
Differences among lakes, and relationship to size—In or-  lakes were includedr{ = 0.65,p = 0.0027; Fig. 6a, all
der to compare one lake to another, long-term (multiyearsymbols). The DOC concentrations were also negatively re-
average values @diCO, were calculated from all the annual lated to the logarithm of water residence timmé € 0.70,p
open water and midsummer averages for each lake. For the 0.0013; Fig. 6b).
data set including Lake 240 (44 ha) and the six NOLSS lakes Other patterns observed, when all 11 lakes were consid-

Photosynthesis (g C m™>)
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ered, were a positive linear correlation betwg#O, and
the ratio of the area of epilimnetic sediments to the volume
of the epilimnion A/V,) in each laker® = 0.87,p = 0.0001;
Fig. 7) and a negative relationship with mean depth=
0.46,p = 0.02; Table 1).
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Hypothesis 1, that spatial variability of surface water,CO 400 1
concentrations does not increase with lake size, was sup= T
ported. Spatial variability was no greater in Lake Nipigon 200 + Superior
and Trout Lake than in Lake 240, even though they are ap- o
proximately 10,000 and 1,000 times larger than Lake 240 * ’ ‘
0 50 100 150 200

(Table 1). On some sampling dates variability was much
lower than on others (Table 2), possibly related to the recent T, (yrs)

\évz:llrrfpl?rllztosri)t/é Eﬁgﬁlléjsieogégﬁu;\g tngg?;rﬁggbi;“g] ;kr;ei Fig. 6. (a) Dissolved organic carbon (DOC) concentrations, av-
graged over all study years, and lake sizes (surface areas) for the

above or be_IOW equilib_rium with .the atmosphgre ona give ix NOLSS lakes and Lake 240 (closed symbols=Green, O=
date, even in lakes with complicated shoreline and islangyange, L= Linge, M = Musclow, S= Sydney, T= Trout) and

configurations. Additionallsites may b_e necessary if there ar@yr Lake 114, Lake 979, Lake Nipigon, and Lake Superior (open
bays in the lake where circulation with the rest of the lakesymbols). (b) Relationship between the average DOC concentration
is restricted, and/or these bays receive stream inflow. Faind the open watgsCO, values for the same lakes as in (a).
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1200 the DOC in lakes is decomposed to C@.g., Tranvik and
z y =317 log(x) + 925 L. 979Jﬂ Hofle 1987; Graneli et al. 1998). Also, C@enerated in
£ 1000 1 2= 0.87. p.<0.0001 soils may be carried into the lakes in runoff and stream wa-
2 ©HLPST ters (e.g., Kling et al. 1991). There was a weak link between
S 8007 annual levels of precipitation angCO, (Figs. 3a and 4a),
% and the very higlpCO, seen in the wettest year (1996, Fig.
5 0007 3a) is evidence that precipitation may affgef0O,. These
§ results suggest that it would be worthwhile, when evaluating
= 4007 CO, data collected from a lake for only one to a few years,
<3 Superior to look at whether the years sampled were representative of
© 2007 o0 5 the range of precipitation levels for that site.
Nipigon A link between annughCO, averages and sunlight might
0 P e also be expected, through an effect on photosynthetic CO
0.001 0.01 0.1 1 fixation. However, although sunlight obviously affects rates
AV on a daily basis and with depth within a water column (e.g.,
e e Fee 1990), annual average sunlight was not related to annual

Fig. 7. Relationship between open wamtO, and AJV, (log  average photosynthesis (data not shown). Part of the expla-
scale), for the six NOLSS lakes and Lake 240 (closed symbols; Giation may be the degree to which incident light penetrates
= Green, O= Orange, L= Linge, M = Musclow, S= Sydney, the water column. For example, Lake 240 had its lowest
T = Trout) and for Lake 979, Lake 114, Lake Nipigon, and Lake photosynthesis rate and highest incident PAR in 1996. High
Superior (open symbols). precipitation in this year brought in large quantities of col-

ored DOC, which diminished light penetration. Even if there
example, in Lake Nipigon, the only two sites wiflCO, had been a meteorological link with photosynthesis, it might
values above saturation (24—26 July 1989) were in bays neaot have mattered to variability ipCO, because measured
inflows. photosynthetic activity had slight (Fig. 3b) or no (Fig. 4b)

Hypothesis 2, that temporal variability in surface waterinfluence on interannugCQO, variability.
pCO, does not increase with lake size, was also supported. The poor linkage between either precipitation or sunlight
In fact, the reverse appeared to be true, with temporal variand pCO, suggests that a single weather-related factor, by
ability within the year beindower in larger lakes because itself, did not exert a strong enough control to show an ob-
Lake Nipigon and Lake Superior had the most consistenservable effect opCO,. Thus, if weather was the cause of
pCO, values throughout the open water period (Fig. 1b,c)the synchrony among lakes with respecp@0O,, the specific
However, the longer period of ice break-up that occurs irmode of action was unclear, probably because “weather” is
larger lakes made it difficult to access Lake Nipigon duringa complex combination of many factors, including the timing
the early spring period whepCO, values may have been of changes within each year.
higher. Lake Superior is usually ice-free year round and Hypothesis 4, that averageCO, values arenot related to
therefore is not subject to the buildup of Cthat normally lake size, was not supported. The larger lakes had lower
occurs during the winter in the other lakes. The fall (latepCO, values (Fig. 5), and even thougO, values changed
August through October) increase p€0O, observed in all from year to year, there was a tendency for the ranking of
lakes except the two largest (Fig. 2) is due to the entrainmenéakes to be maintained (Fig. 2). However, size (surface area)
of thermocline and hypolimnetic water that has accumulatedself was not likely a causative factor. This conclusion is
CO,,, from decomposition during the summer period. Larg-derived from examining the set of NOLSS lakes, separate
er lakes have deeper mixing depths (Fee et al. 1996), and $mm the others. These lakes were chosen particularly so that
entrained deep water is mixed into a larger volume, causinthe main difference among them was surface area (Fee and
less effect on epilimnetic chemistry. Also, the entrained waHecky 1992), with other characteristics being as similar as
ter itself may have lower concentrations of C@®the larger  possible. For example, they have a similar geologic setting
lakes because as hypolimnetic decomposition proceeds, tlfi€anadian Shield), hydrology (stratified lakes with water res-
CO, produced is diluted into a comparatively larger volumeidence times greater than 5 yr), and productivity (27 to 49
of water. g C m2 yr-1). Within this group the decrease in average

Hypothesis 3, that annual variability is significant becausepen wateipCO, with increasing size was only slight (solid
of linkages between CQOprocesses and weather patterns,squares, Fig. 5).
was supported in that year-to-year variationp@80O, was The purpose of including Lake Nipigon, Lake Superior,
statistically significant. This year-to-year synchronyp@fO, and the smaller ELA lakes in this study was to increase the
values in all the lakes (Fig. 2) is difficult to explain by any- total size range to six orders of magnitude. Photosynthetic
thing other than changes in regional weather patterns fromates and the ratio of drainage area to lake surface &a (
one year to another. Evidence for the effect of particularh,) for most of these additional lakes were not different from
weather factors such as rainfall and sunlightp@0,, how-  the range found in the six NOLSS lakes (Table 1). However,
ever, is weak or lacking. A link between annyslO, av-  water residence timer() and the ratio of epilimnetic area to
erages and precipitation might be expected. DOC expompilimnetic volume AJV,) were definitely outside the
from watersheds is positively related to precipitation (SchinNOLSS range.AJV, decreased with size, whereas in-
dler et al. 1992; Dillon and Molot 1997), and a portion of creased (Table 1). Also, the two smallest lakes (Lake 114



Natural variability of pCQO, in lakes 1061

and Lake 979) have adjacent peatlands, which have beetCO,,.s should be equal to photosynthetic fixation minus
identified as a contributor to high@CO, in lakes (Hope et respiration, for the whole epilimnetic community. Changes
al 1996; Kelly et al. 1997; Kratz et al. 1997; Riera et al.in the bicarbonate pool can be ignored because these are
1999). Thus, when interpreting data from the two extremesmall compared to the change in C®hen the driving re-
ends of the size spectrum, we must keep in mind that otheactions are photosynthesis and respiration (e.g., Park 1969).
factors covaried with size. Although the types of covariance The net flux of CQ across the air—water interface was
seen here are probably common, e.g., increasedue to  estimated from th@CO, data, wind speed data, and the re-
increased depth and volume with increased area, they alationships of Wanninkhof (1992). Local average wind
not universal. speeds, &l m height, were 2 m$ at ELA and 2.7 m st
The trend of decreasingCO, with increasing size (Fig. at Red Lake and Lake Superior (Thunder Bay). For lakes up
5) is probably best explained by the decreasing trend in DO the size of Trout Lake, we used gas exchange coefficients
concentration (Table 1) because photosynthetic rates did nof 0.4 and 0.5 m d', respectively, for these two average
increase with lake size (Table %ee also Fee et al. 1992). wind speeds (Wanninkhof 1992). We assumed a larger co-
A relationship betweepCQO, and DOC, seen in our data set efficient (1 m d?) for the two largest lakes because mea-
(Fig. 6a), has also been observed in Wisconsin lakes (Hopgurements of gas exchange in water bodies of different sizes,
et al. 1996) and presumably occurs because DOC is a sourasing SF, suggest that the value &f ., is greater in larger
of carbon for respiration, which produces C®ligh DOC bodies, even at the same wind speed (Wanninkhof 1992).
inputs may also be accompanied by high concentrations dfhe relationship of gas exchange to wind speed is a subject
CO, coming from the same soils or peat that contribute theof continuing investigation, and the uncertainty in the ap-
DOC (Kling et al. 1991). proach used here is thought to be greater at lower wind
What is the reason for the negative relationship of DOCspeeds (Cole and Caraco 1998) and in larger lakes (Wan-
concentration with lake size in our set of lakes? In similaminkhof 1992). However, although the choice of gas ex-
geologic settings, allochthonous DO@put rate, per unit change coefficients for the larger lakes affected the absolute
area of lake surface, should be related to the ratio of drainagealues calculated, it did not change the overall trends.
area f,) to lake surface area), and A/A, has been cor- The rate of DOC degradation to C@as estimated from
related with DOC andCQO, in a set of Wisconsin lakes measured DOC concentration and from decomposition co-
(Hope et al. 1996). However, in our data saf/A, did not  efficients developed from ELA data by Curtis and Schindler
show a significant relationship with DOC concentration, ex-(1997). We did these estimates for the midsummer period
cept that the lake with the largest/A, also had the highest only, in order to focus on the period when surface water
DOC concentration (Table 1). Although /A, affects the pCQO, is least affected by mixing with deeper water.
DOC input per unit area, water residence timg (ill affect The estimated daily net CQOluxes (due to all processes)
the input of allochthonous DOC per unit volume of lake were much smaller than daylight photosynthetic ratés (
water, i.e., the DOC concentration (Curtis and Schindleuptake) and sometimes in the opposite direction (Table 4).
1997). In our set of lakes, mean depth increased as ardais indicates that CCYixation measured b¥*C uptake was
increased, with a corresponding increase in lake volume andrgely offset, and sometimes exceeded, by, @duction.
7, and a decrease in DOC (Fig. 6b). If the larger area lakesllochthonous DOC degradation could account for only a
had not also been deeper, we would probably not have seqmart of this CQ production (Table 4), with the rest presum-
the decrease ipCO, with increasing size. ably coming from respiration of photosynthetically fixed car-
The general lack of support for hypothesis 5, that averagbon. The calculated NEP rates ranged from 20 to 60% of
pCO, values are negatively related to photosynthetic rate$'C uptake (Table 4), similar to previous estimates of the
because photosynthesis removes, s probably the most relationship between net 24 h and daylight photosynthetic
surprising result of this study (Fig. 4b). The method usedixation (Berman and Pollingher 1974). NEP, however, is a
here for photosynthesis measurement has been extensivalgmmunity parameter, including the respiration of grazers,
tested, including a comparison with measurements made tsediment bacteria, etc., and therefore is not the same as the
“C addition to a whole lake (Bower et al. 1987). However,term “net photosynthesis,” which refers only to the photo-
phytoplankton photosynthesis measuredfy uptake is a synthesis and respiration of the algae.
rate for the daylight period only, and its relationship to net The variable nature of epilimnetic NEP compared4©
CO, uptake for both the daytime and for the 24-h period isuptake (Table 4) means thd€C uptake was a poor predictor
uncertain (Peterson 1980). Therefore its net effecoG@, of net CQ uptake in these lakes, and thus hypothesis 5,
is uncertain. which proposes a negative relationship between photosyn-
To investigate this further, we made estimates of averagthetic activity and CQ was not supported. The relatively
net epilimnetic CQ fixation, or net epilimnetic production low magnitude of*“C uptake in these lakes is important to
(NEP), over 24-h periods by calculating (1) net Cflux  note. Also, the estimates of NEP and allochthonous DOC
across the air—water interface, which is supported by net pradegradation were similar in magnitude, making differences
duction or uptake of COdue to all processeg\CO, . rocessedy in either one important to the net effect on C@n two
and (2) subtracting the contribution of C@roduction esti- experimentally fertilized lakes, where daytime photosyn-
mated to occur from DOC degradatioaAGO,poc aioenthonousy thetic rates were much higher than in these northwest On-
_ tario lakes,pCQO, values were significantly related to pho-
ACOZ(NEP) - ACO2(aII processes) (ACOZ(DOC allochthonou;)' (2) tosyntheSiS (SChindler et a'_ 1997)
A negative sign indicates net fixation (removal) of Cénd The higher estimates for NERZ uptake (Table 4) in the
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Table 4. Estimate of midsummer (June 15—-Aug 15) net epilimneti¢ f3@tion (NEP). A negative sign indicates CQOptake (NEP,
1C) and flux into the lake from the atmospheROL SS lakes are shown in bold.

Photosyn-
Gas Estimation  Estimation thetic
exchange CO, flux Mixing of DOC of NEP 1“C uptake
pCO, coefficient (mmol m2 depth DOC degradation®* (mmol m2 (mmol m2 NEPAC
(natm) (m d9) dy) (m) (uwmol L= (mmol nr2d—* dy) dy) uptake
Lake 240 452 0.4 0.76 5 575 2.9 -2.1 -14 0.15
Green 367 0.5 -0.30 5.6 535 3.0 -33 -16 0.21
Orange 378 0.5 0.20 5.6 675 38 -3.6 -17 0.21
Linge 411 0.5 0.65 6.7 636 43 -3.6 -21 0.17
M usclow 354 0.5 -0.20 7.8 733 5.7 -5.9 —28 0.21
Sydney 334 0.5 -0.95 8.3 545 45 -55 -23 0.23
Trout 300 0.5 -1.45 11.7 334 39 -54 -18 0.30
Nipigon 160 1 —8.45 9.3 441 4.1 -13 —27 0.46
Superior 183 1 -7.80 19 149 2.8 -11 -16 0.64

* Assuming a DOC degradation coefficient of 0.001 Curtis and Schindler 1997).

epilimnia of the larger lakes caused us to considby a  water into which any returning nutrients from the epilimnetic
greater proportion of the photosynthetically fixed carbon wasediments would be diluted (Fee 1979). Thus, in lakes with
not respired to CQO The larger lakes had longer residencehigh values ofA/V, there would be more return of G@o
times, which should allow more opportunity for respiration epilimnetic waters because a smaller fraction of sedimenting
of fixed carbon within the lakes, not less. We considered th@articles would leave the epilimnion, and we observed high-
possibility that respiration rates were lower in the largerer CQ in lakes with highA/V, (Fig. 7). Greater return of
lakes because they are colder. However, the fact that rat€30, means lower NEPIC uptake, and we also observed a
of sediment respiration in epilimnetic sediments of Troutstrong negative trend in NERC uptake (2 = 0.88,p =
Lake were very similar to rates in Green Lake, even thougi®.00016; Fig. 8) with logA/V.. Thus, hypothesis 6, “that
Green Lake sediments were abottvwarmer (Ramlal et al. pCQ, is positively related t&\/V, because the sediments are
1993), casts doubt on this explanation. We also considereah important site of degradation of organic carbon,” was
grazing as a possible factor in NEP, but zooplankton biomassupported.
did not have a trend with lake size (Salki 1995). Also, the The importance oAJ/V, to the recycling of elements was
effect of grazing on CQis likely an effect on photosynthe- previously shown by Fee (1979), who demonstrated the pos-
sis, not respiration (Schindler et al. 1997). itive relationship betwee®/V, and photosynthetic rates in
One explanation for the size trend in NE®R/ uptake is ELA lakes and hypothesized that it was due to recycling of
based on bathymetric characteristics. In our expanded dan and P in epilimnetic sediments. For carbon, greater re-
set the larger lakes have lower ratios of epilimnetic area teycling (to CQ) at higher A/V, values in smaller lakes
epilimnetic volume A/V,) than do the smaller lake#\/V, = means that even though daytime photosynthesis there might
is mathematically equivalent to the probability that a sedibe higher, net 24-h community fixation (and drawdown of
menting particle will encounter epilimnetic sediments ratherCQ,) will be lower. Fee et al. (1992, 1994) further showed
than the thermocline, divided by the volume of epilimneticthat for lakes with thesame AJV,, a larger lake can sustain
a higher rate of daytime photosynthesis, probably because
0.6 turbulence (which clearly increases with lake size) enhances

Superior 0291 0.15 N and P recycling within the water column. The few data
o 05 12 Y 088 05(6‘)0'00'1 ¢ presented here do not appear to show the same degree of
?‘3 ' 0% P turbulence-related recycling for carbon, as the two largest
53 0.4 lakes had the largest portion of photosynthetic carbon re-
[ONRS maining fixed fiot returned as CQ Table 4). This suggests
EE that C is recycled less efficiently in the water column than
m 03 N and P, as has been suggested for oceanic surface waters
Z (Thomas et al. 1999).
0.2 We could not examine the role of epilimnetic sediments
in this way if we had not first removed the contribution of
0.1 ! : " : : DOC degradation to COEQq. 2). This is because in this set

0 002 004 006 008 010 0.12 of I_ake_sAe/Ve was I_inearly correlatedr (= 0.99) to 1Z,..,
' which is mathematically the same A8/ for the whole lake,
AV, and mean depth was correlated 4p Increasingr, is ex-
Fig. 8. Estimated fraction of photosyntheti€ uptake that re- Pected to result in lower C{because of the decreased input
mained fixed (NEP/C uptake), as a function o&/V.. NEP = net  Of degradable allochthonous DOC (Fig. 6; Curtis and Schin-
epilimnetic production for the 24-h period as calculated in Table 4dler 1997). Thus, when looking at total C@ux and lake
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size, there is no need to invoke a role for the epilimnetic ; , S. E. M. KasiAn, AND D. R. GRUIKSHANK. 1996.
sediment areaA/V,) in the negative relationship between Effects of lake size, water clarity, and climatic variability on
pCO, and size (Fig. 5). However, the lower rate of recycling mixing depths in Canadian Shield lakes. Limnol. Oceardir.
of daily photosynthesis (NEPC) in the larger lakes cannot ~ 912-920.

be explained by a longer, (which should allow time for SO’N. 1994. Effects of lake size on nutrient availability in the

gre_ate_r recycling), but th? explanation based on oA, . mixed layer during summer stratification. Can. J. Fish. Aquat.
ratios in the larger lakes is very reasonable. This analysis is g 51: 2756-2768.

, G. W. REGEHR L. L. HENDZEL, AND P. WILKIN -

a demonstration of the value of searching for mechanistic____ " j A giearer E. R. DEBRUYN, AND E. U. SCHINDLER.
relationships, rather than restricting analyses only to statis- 1992, Effects of lake size on phytoplankton photosynthesis.
tical correlations (Fee 1980). Can. J. Fish. Aquat. Scit9: 2445-2459.

The patterns of natural variability ipCO, levels in sur- , AND OTHERS 1989. Lake variability and climate research
face waters shown here, and the effect of lake size, were in Northwestern Onte_lrio_: Study design and 1985-1986 dapa
developed from a data set of north temperate, fairly oligo-  from the Red Lake District. Can. Tech. Rep. Fish. Aquat. Sci.
trophic lakes. Therefore, the sampling frequency and site  1662.
recommendations given here may not apply to eutrophi@RANEL,, W., M. LINDELL, B. MARCAL DE FARIA, AND F. DE AsSIS
and/or to tropical lakes. The relationships betwp€®, and ESTEVES 1998. Photop(oductlon of dissolved inorganic carbon
DOC concentration and the importance of water residence in temperate and tropical lakes—dependence on wavelength

- . issol i tration. Bi hem-
time andA/V,, however, are factors that should be applicable it;znf?)?rﬁgl_sf&\_/ed organic carbon concentration. Biogeochem

to the understanding of CQlata and carbon cycling pro- pyawiton, J. D., C. A. KeLLy, J. W. M. Rubp, R. H. HESSLEIN
cesses in all lakes. In addition, the lack of a relationship  axp N. T. RouLeT. 1994. Flux to the atmosphere of CEind

between daytime photosynthesis rates measuredt@tand CO, from wetland ponds on the Hudson Bay lowlands (HBLS).
pCO, should be kept in mind in interpreting data from all J. Geophys. Re€9: 1495-1510.
surface waters, including the oceans. HessLEIN R. H., J. W. M. Ripp, C. A. KELLY, P. RamLAL , AND K.

A. HALLARD. 1990. Carbon dioxide pressure in surface waters
of Canadian lakes, p. 413-43Mn S. C. Wilhelms and J. S.
Gulliver [eds.], Air-water mass transfer. American Society of
Civil Engineers, New York.

Hoprg D., T. K. KrRATZ, AND J. L. RERA. 1996. The relationship
betweenpCO, and dissolved organic carbon in the surface wa-
ters of 27 northern Wisconsin lakes. J. Environ. Qu&:
1442-1445.

KEELING, C. D., AND T. P. WHORF. 1998. Monthly and annual at-
mospheric concentrations of carbon dioxide, Mauna Loa, Ha-

CARIGNAN. R. 1998. Automated determination of carbon dioxide waii. National environmental Indicator Series. SOE technical

: . : ; Supplement No. 98-3. Environment Canada.
oxygen, and nitrogen partial pressures in surface waters. Lim- ;
no)I/.gOceanogms: %698975. P KELLY, C. A., AND OTHERS 1997. Increases in fluxes of greenhouse

CoLE, J. J.,AnD N. F Caraco. 1998. Atmospheric exchange of gases and methyl mercury following flooding of an experi-
carbon dioxide in a low-wind oligotrophic lake measured by~ mental reservoir. Environ. Sci. TechnGll: 1334-1344.
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