






















































TABLE 4-9 Concentration of Nitrogen Compounds in the Sediment of
Pond J, 1973, for a Transect from the Edge to the Center
of the Pond

Water

	

Sediment
depth

	

depth

	

NH3

	

NO 3 + NO2
Date

	

Description

	

(cm)

	

(cm)

	

(µg N liter -1 )

	

(pg N liter" )

30 July

	

Carex bed

	

1

	

0-8

	

75

	

6
8-16

	

53

	

6

20 July

	

Carex bed

	

5

	

0-8

	

63

	

1
8-16

	

56

	

1

30 July

	

Between Carex and 18

	

0-8

	

2660

	

5
Aretophila beds

	

8-16

	

3290

	

4

20 July

	

Arctophila bed

	

19

	

0-16

30 July

	

Pond center

	

25

	

0-8
8-16

21 July N.E . central basin 21 0-8
near sampling 8-16
platform

followed a similar pattern except that the amounts were much lower (1 to 6
jug N in the plant beds and 4 to 11 pg N in the pond center) . From this
evidence, it appears that sediment nitrogen is being cycled by macrophyte
uptake .

The exchangeable nitrogen is another potential source of nitrogen in
the sediment . This pool is measured by extraction with 0 .5 N HCl for 1 hr
at 25°C and includes the relatively small amount of nitrogen in the pore
water. In Pond C, the exchangeable nitrogen in the top 16 cm was more
than 99% ammonia and measured 26 jig N (g dry wt) -' in the Carex bed
and 45 jugN (g dry wt) -' in the center of the pond .

Nitrogen Fixation

One process by which nitrogen could be increased in the ponds is
nitrogen fixation. This process was studied with the acetylene reduction
method, an indirect technique which yields results closely correlated with
nitrogen fixation (Stewart et al . 1967) . The details of the method used here
are reported in Schell and Alexander (1970) ; briefly, samples were taken
and placed in a small tube, acetylene was added and the samples incubated
in the light for 6 to 24 hours . After this, gas samples were taken and the
amount of ethylene formed was determined in a gas chromatograph
equipped with a flame-ionization detector . Some experiments carried out
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TABLE 4-10 Nitrogen Fixation Rates in the Barrow Tundra Pond
Sediments, 1972*

7/31

	

8/4

	

8/14

	

8/17

	

8/21

	

8/24

Pond B

	

7.1

	

14.3

	

25 .4

Pond C

	

0.0

	

0.0

	

0.0

Pond D

	

0.0

	

0.0

	

0.0

Pond E

	

9.2

	

0.0

	

0 .0

*Data are expressed as jig N m-Z hr-l.

with 15 N proved that the method was indeed measuring fixation and that
the correct conversion factors were being used .

Of the four ponds sampled for nitrogenase activity (Table 4-10), two
of them, C and D, contained sediments that showed no activity at all
during July and August, 1972 . Pond E sediments had activity (0 .99 µmole
ethylene produced m -2 hr - ') at one sampling but not at two others . Pond
B, however, had activities of 0 .76, 1 .53, and 2 .72 moles m -2 hr -' on 4,
14, and 21 August, respectively . These values are low compared with
terrestrial fixation rates of up to 50, but may add up to respectable
amounts of nitrogen over the ice-free season . Thus, if we assume that 3
moles of acetylene are reduced for each mole of N 2 fixed and that daily
rates can be calculated by multiplying the observed hourly rates by 20
(based on diurnal studies carried out in the summer of 1972), then the
average fixation of 0.31 mg N m -2 day - ' is equal to 28 mg N m -2 yr - ' .
Barsdate and Alexander (1975) calculated an average value for terrestrial
tundra at Barrow of 48 mg N m -2 yr - ' so the pond value is reasonable
(however, three other ponds showed virtually no fixation at all) . However,
it appears that this fixation in the pond is low in relation to the amount of
nitrogen already present in the sediments. One measurement of the
interstitial waters gave 2730 µg NH3-N liter - ' and 11 µg N03-N in the
upper 8 cm of a pond sediment (Table 4-9) . This is 168 mg N m - 2 for the
top 8 cm alone (concentrations were even higher in the 8 to 13 cm layer) so
it appears that the inorganic nitrogen is abundant and the fixation
relatively unimportant in providing N for algal and plant growth .

Denitrification

One possible reason that the sediments contained low amounts of
nitrate is that denitrification occurs . This process was measured in Pond J
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by taking a core and thoroughly inoculating it with K 15N03 . After
incubation for 16 days in the original core-hole, the part of the core that
had been injected was extruded into a core squeezer and the interstitial
water was collected. Gas was stripped from the water (Goering and
Dugdale 1966) and analyzed for 15 N on an AD MS-20 mass
spectrometer . The two measurements gave 0 .17 and 0 .19 µg N liter - '
day -' or an average of 32 µg N M-2 day -' . Because of these low rates of
denitrification, the mean mass ratio of 28 :29 changed very little ; there was
a larger change in the mass ratios of 30 :28 and so this ratio was used as the
indicator of denitrification .

Hauck et al. (1958) have established that molecular nitrogen
produced through denitrification has mass 28, 29, 30 distribution
determined by the nitrogen source and that isotopic equilibration with the
preexistent N 2 pool does not occur. With this, and the further assumption
that the nitrogen gas produced came only from the interstitial water
nitrate pool, the amount of nitrogen gas produced per liter of water was
calculated : µg N 2 liter' day' = excess `N 2 (at %) x N 2 (µg
liter -')x(l00)(at % '°NO3) - ' . The N 2 concentration in the interstitial
water was not measured but was assumed to be 2 .032x 10' µg liter'
(saturation value at 5°C, Weiss 1970) . The initial atoms percent 15N03

used in the equation above was calculated from the amount of tracer
originally added to the core, the nitrate concentrations, and the water
content .

We did not include N20 in our measurements. Under certain
circumstances such oxides of nitrogen may be produced, and for most
denitrifying organisms N20 is a precursor of N 2 (Alexander 1971) .
However, Cady and Bartholomew (1960) found complete reduction of
N 20 to nitrogen even in their experiment in acid soil, although previously
N20 reduction had been found strongly inhibited below pH 7 (Wijler and
Delwiche 1954) . Any error in our results due to production of N20 would
be in the direction of an underestimate, but for the reasons discussed
above, we feel that such error is likely to be small .

Another possible source of error is the effect of the added nitrate on
the process . Hart et al . (1965) and Clasby (personal communication)
concluded that low levels of nitrate do not limit the rate of denitrification
as long as measurable nitrate is present so we believe that the added 15 N03
had no effect (levels were kept low, however) . In fact, rather than the level
of nitrate limiting the rate, it is more likely that the denitrification process
is limited by other nutrients . For example, when tundra soils were tested
with added glucose and phosphorus, the denitrification rate rose 4-fold .

Because the water above the sediment always contains abundant
oxygen, denitrification never occurs except in the sediments . This is not
true of shallow subarctic lakes where anoxic conditions occur beneath the
ice in late winter. Goering and Dugdale (1967) measured rates of
denitrification as high as 15 µg N liter - ' day - ' in the water column and
even higher rates in the presence of lake sediment .
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Budget

The additions and losses of nitrogen to a pond are the sum of nitrogen
fixation, nitrogen added in summer rainfall, nitrogen added in spring
runoff, and nitrogen lost in denitrification .

The inorganic nitrogen in the summer precipitation at Barrow has
been measured by three different projects (Table 4-11) . We have also made
several measurements of DON that average 60 ug N liter' . During the
summer of 1971, the precipitation was 4 .1 cm . Taking the overall means
from Table 4-11 and the DON value, the total input in rain of dissolved
inorganic nitrogen (or DIN) was 11 .5 mg N M-2 yr -', while the input of
DON was 2.46 mg N m -2 yr - ' . The ammonia concentrations, which
make up 91% of the total DIN input in rain, are similar to those reported
by Junge (1958) for various locations within the U .S . In contrast,
precipitation at the Hubbard Brook Experimental Forest, New
Hampshire, contained nitrate as the most abundant DIN form (76-87% of
the total DIN) (Fisher et al . 1968). The nitrate in rain was 50 times higher
at Hubbard Brook than at Barrow and the rainfall was 10 times higher .
The net result was that the input at Hubbard Brook was 880 mg N in 1964-
65 and 2090 mg N m -2 in 1965-66 .

Another possible source of nitrogen is from seepage of water from the
pond drainage basin. This is potentially important as there is a high
concentration of DON in the tundra soil . However, as discussed in
Chapter 3, the drop in water level matches the evaporative water loss fairly
well and other experiments indicate that there is very little percolation or

TABLE 4-11 Concentration of Inorganic Nitrogen Compounds
in Summer Precipitation at Barrow, Alaska

Date

*Data are expressed as jig N liter -1 .

Mean

Mean

	

217

NH3

	

NO3

Rain (Dugdale and Toetz 1961)
5-6 Aug 60

	

553

	

22.2
11-12 Aug 60

	

69

	

7.2

311

	

14.7

Mixed rain-snow (Kalff 1965)
1 Aug 64

	

40

Rain
9 Jul 71

	

269

	

36
14 Jul 71

	

235

	

16

	

0.8
30 Jul 71

	

147

	

29

	

1 .1

NO2

27

	

1 .0

Overall Mean

	

255

	

25

	

1 .0
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movement of water through the soil into the ponds . Accordingly, we have
decided that this input is not important .

The final input to be considered is from the meltwater that enters the
pond in mid-June. As discussed in Chapter 3, the ponds retain some of the
meltwater, as they normally are below capacity at the beginning of the
melt season. This retained water amounted to an average of 5 .8 cm (the
difference between the fall low water level at the end of 1970 and the spring
peak in 1971) . The measured nitrogen quantities were as follows : ice in the
ponds contained 33 µg DON liter - ' ; snowmelt water contained 37 ug DIN
liter'; and runoff water, after contact with the soil, contained 16 µg DIN
and 339 ug DON liter -1 on 10 to 15 June 1973 . Since the water flushed out
of the ponds had about the same concentrations of nitrogen as the water
entering the ponds, the DIN and DON added from the meltwater was only
1 .7 mg and 39 mg m -2 yr -1 respectively .

The loss of nitrogen in the runoff (10 to 27 June 1972) was 1 .53 mg
DIN and 37 .9 mg DON m -2 . The average flow-weighted concentration of
DIN was 14 .4 pg and of DON was 357 ug liter', which agree with the
initial pond concentrations in Figure 4-12 .

A budget of measured and estimated influxes and losses from Pond B
shows that most of the DIN comes in from rainfall and most of the DON
from spring runoff (Table 4-12) . From these data, it would appear that the
pond accumulated nitrogen each year but the 61 mg total N m -2 estimate
is very small when compared with the 219,000 mg N M-2 in the top 10 cm
of sediment . Char Lake, the only arctic lake studied in detail, accumulated
87 mg N m -2 (de March 1978) while temperate lakes may accumulate 400
to 1300 mg N M-2 (Likens and Loucks 1978 .)

Uptake of Inorganic Nitrogen

Ammonia and nitrate uptake rates were measured with the methods
of Dugdale and Dugdale (1965) . In this technique, 15N labeled nitrate and
ammonia were added to samples, the particulate material recovered on a

TABLE 4-12 Nitrogen Budget for Pond B

DIN

	

DON
mg N m -2 yr

	

mg N m-2yr -1

Nitrogen fixation in sediments +28.0

Summer rainfall + 11 .5 + 2.5

Runoff, spring (amount retained) + 0.9 +20.6

Denitrification

	

- 2.8

Net input

	

+ 9.6

	

+51 .1
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filter after incubation in situ, and the nitrogen converted to a gas for mass
spectrometer isotope ratio determination .

Ammonia was the preferred nitrogen source for the plankton (Table
4-13), with a mean 1971 uptake rate of 0 .157 µg N liter' hr - ' and a
maximum of 0 .41 µg N liter' . At these rates, the ammonia available in
the water seems adequate for the phytoplankton production ; assuming
steady state conditions and a mean ammonia concentration of 21 µg N
liter', the turnover time is 150 hours . The mean nitrate uptake rate was
0.01 µg liter - ' hr - ' which implies that the turnover time was thousands of
hours (the mean concentration was 13 µg N liter - ') .

The uptake of these nutrients in Ikroavik Lake was 2 to 3 times
higher than in the ponds (a mean of 0 .48 µg NH 3-N and of 0.01 µg N03-N
liter - ' hr - ') . Compared with other systems, the uptake rates in the ponds
are quite low . For example, the northwest Atlantic data of Dugdale and
Goering (1967) had ranges of NO 3 uptake of 0.002 to 5.6 µg N liter'
hr - 'while the NH3-N uptake rates ranged from 0 .14 to 2 .3 . In Sanctuary
Lake, Pennsylvania, peak ammonia uptake rates as high as 4 .1 µg N
liter -' hr -' were measured while peak nitrate rates were 0 .40 µg N liter -'
hr - ' (Dugdale and Dugdale 1965) .

Inorganic nitrogen is also taken up by algae on the surface of the
sediment and by the roots of the sedge and grass growing in the pond . The
primary productivity of the sediment algae and rooted plants is almost 2
orders of magnitude above that of the plankton algae and their uptake of
nitrogen is proportionately higher .

The rate of uptake of nitrogen may be calculated from the primary
productivity because the ratio of C :N is approximately constant . In the
phytoplankton of Pond B, for example, the annual primary production is
about 1 g C m -2 . This is equal to 120 mg N m -2 taken up or 1 .2 mg m -2

day - ' for a 100-day growing season. If the average depth of the pond is 30
cm, then this is 300 liters m -2 of pond or an uptake of 4 zg N liter'
day - ' or 0.17 µg N liter' hr - '. This is very close to the average uptake
measured with 15N of 0.156 (Table 4-13) . Thus, there is agreement
between the 15N uptake data and the N uptake calculated from the "C
productivity .

If we assume that benthic algae behave the same way as plankton
algae with respect to nitrogen uptake, then the primary productivity of
about 10 g C m -2 yr - ' is equal to an uptake of 1 .2 g N m -2 yr - ' or 12 mg
N m -2 day - ' . The large plants (Carex) have a total production of about
450 g dry wt M-2 yr -1 (roots and shoots) in the plant beds or about 180 g
C m -2 yr - ' . Only 2% of that dry weight is nitrogen and the plants
translocate and conserve about half of the nitrogen from senescent tissue
(Chapin et al. 1975) . Therefore, the total net uptake is 1 .8 g N yr - ' or 18
mg m -2 day - ' . This compares with 12 mg N m -2 day - ' for the sediment
algae and 1 .2 mg N M-2 day -' for the plankton .

There is abundant inorganic nitrogen in the interstitial water except in
the plant beds (Table 4-9) . As a first approximation, we can assume that
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TABLE 4-13 Nitrogen Concentrations and Uptake Rates in Tundra
Ponds in 1970 and 1971

N0 3 -N

	

NH 3 -N
Concentration

	

Uptake rate

	

Concentration

	

Uptake rate

Pond C - 1970
7 June

	

4.5

	

0.003

	

49

	

0.661
18 June

	

1.5

	

0.007

	

45

	

0.317
22 July

	

16.4

	

0.001

	

47

	

0.329
28 July

	

2.9

	

0.032

	

42.6

	

0.201
1 August

	

1.8

	

0.067

	

24.1

	

0.915
18 August-

	

0.7

	

0.006

	

17.5

	

0.176

4.6

	

0.019

	

37.5

	

0.433

Pond B - 1970
7 June

	

0.3

	

0.024

	

9.4

	

0.019
18 June

	

0.7

	

0.010

	

32.5

	

0.244
23 July

	

9.4

	

0.019

	

25.3

	

0.196
29 July

	

0

	

0.002

	

21 .4

	

0.125
1 August

	

1.12

	

0.010

	

29.2

	

0.196
17 August-

	

0

	

0.003

1.92

	

0.011

	

23.6

	

0.156

Pond B - 1971
21 June

	

18.5

	

0.012

	

34

	

0.409
28 June

	

13.3

	

0.001

	

16

	

0.156
7 July

	

20.1

	

0.004

	

16

	

0.070
26 July

	

11.7

	

0.002
2 August

	

7.9

	

0.002

	

30

	

0.106
11 August

	

16

	

0.130
16 August

	

6.8

	

0.001
23 August-

	

12

	

0.06.9

12.9

	

0.004

	

21

	

0.157

*Concentrations are expressed as pg N liter- 1 and uptake rates as pg N liter- 1 hr- 1

the sediments are 50% water and contain 60 µg NH3-N liter - ' in the
Carex beds and 2,500 µg NH 3-N liter' in the rest of the pond . This is 18
mg N m -2 in the top 20 cm of sediment in the Carex beds and 500 mg
outside the beds. Additional quantities of exchangeable inorganic
nitrogen, 810 mg N M-2 in Carex beds and 1400 mg N m -2 outside the
beds, are available as well. Obviously the sediment algae will have
adequate NH3 in the pore water but the Carex roots will not (they can
remove all the interstitial NH 3 once a day). Unfortunately, our
measurements of uptake of 15N by isolated roots gave an extremely high
value of 7 .4 g N m -2 day - ' which is hundreds of times too high to agree
with the productivity values. Similar results were obtained by Morris
(1978) for Spartina roots . It is likely that lowered oxygen concentrations
in situ cause a low rate of N uptake .
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Ammonification and Nitrification

It is obvious from the uptake rates and concentrations that ammonia
was being rapidly regenerated . The regeneration rates were measured by
the isotope dilution method in which labeled ammonia is added to a
sample of water . A part of the water is immediately removed and the
isotope ratio of the ammonia fraction is determined . Following
incubation, the isotope ratio of the ammonia is again determined . The
results give a rate of dilution of the labeled ammonia by unlabeled
ammonia from other nitrogen fractions within the water .

In Pond B in 1971 the ammonia supply rate averaged 1 .9 µg liter'
hr - ' (3 samples) while the overall range of eight pond measurements was
0 .4 to 3.26. In Ikroavik Lake the mean of four measurements was 0 .74 and
the range was 0.28 to 1 .05 µg liter - ' hr - ' . These values are higher than the
uptake rates but of the same order of magnitude . Given these rapid rates
of resupply of ammonia in the ponds, ,it is very doubtful that nitrogen
would ever be limiting to phytoplankton growth .

Unfortunately, the evidence for nitrification is indirect for the ponds .
One piece of evidence that nitrification is occurring is that high nitrate
levels are found in the ponds and in Ikroavik Lake early in the year,
suggesting that formation has outstripped uptake . Another bit of evidence
is that nitrifying bacteria have been isolated from tundra soils at Barrow
(Norrell personal communication) . The last evidence is that Kinney et al .
(1972) have found significant nitrification in fresh and saline waters some
hundreds of kilometers east of Barrow . They were able to follow
conversion of added ammonia to nitrite and nitrate, as well as to follow
changes in water without added ammonia . The maximum potential
nitrification rate found was 3 .0 µg liter -' day' under ice in the winter .
While this is a slow rate, it is proof that nitrification occurs in arctic
waters . All available evidence suggests that nitrification is an active,
although slow, process in tundra ponds and lakes .

Fertilization Experiments

Based upon the data on concentrations of nitrogen in the pond water
(Figure 4-12, Table 4-8) and in the sediment (Table 4-9), we found that
most of the inorganic nitrogen was in the sediment . Yet the photosynthesis
rates in the water were so low that photosynthesis could be supported by
the DIN in the water with only a little DIN added from ammonification .
To gain more insight into the process of nutrient cycling, we asked, "What
would happen if phosphorus were added to a pond?"

In the whole pond fertilization experiment carried out on Pond D in
1970, phosphorus addition of 0 .3 mg P liter' was followed by an almost
immediate increase in particulate nitrogen in the water . This preceded an
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increase in photosynthesis or phytoplankton biomass by several days
(Figure 4-13). Inorganic nitrogen uptake, measured with 15N techniques,
was depressed for 24 hr after the initial fertilization and then increased
rapidly. The implication is that the additional nitrogen required for this
uptake and the accumulation of nitrogen in the particulate phase probably
came from the sediments. No nitrogen fixation was detected in the water
or in the sediments during this period, nor was there any great change in
inorganic nitrogen concentration in the pond water .

The response of nitrogen uptake to a steady infusion of phosphorus
into a pond was tested in subponds (250 liters) of Ponds B and C in 1970 .
Phosphate was supplied daily at 2 and 10 µg P per liter of pond, and the
effects on the phytoplankton nitrogen regime were compared with control
subponds. Here again, there was a positive response of nitrogen uptake to
phosphorus addition; the maximum response occurred at the lower
phosphorus infusion rate (Figure 4-14) . This increase is, of course,
independent of biomass as the results are expressed as N uptake per
microgram of N in the total particulate matter in the water . Thus, nitrogen
uptake responded to increased phosphorus availability and allowed an
increase in phytoplankton productivity and biomass .

2.0 Y
0
CL

6
Z -

CO

4
...y

3 u'
7 L
2 00

2 a`

E 0'
1 à

0

0

FIGURE 4-13 . Particulate nitrogen, rate of nitrogen up-
take, and primary productivity in the plankton of Pond D,
1970. On 25 July, 0.31 mg P per liter of pond volume were
added and on 28 July an additional 1.5 mg P per liter of
pond volume were added.
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FIGURE 4-14 . Rate of nitrogen uptake
[Mg N (µg N)- ' hr- `] in Pond B and C sub-
ponds, 1970, at daily phosphorus infusion
rates of 0, 2, and 10 µg P per liter of pond
volume .

To try and resolve the question of a possible nitrogen limitation to
planktonic photosynthesis, larger (675 liter) subponds were constructed in
Pond B in 1972 . The experimental treatments included complete darkness,
partial shading (50%), heating (+4C°), added lights, and added
phosphorus (5 and 25 µg P (liter of pond) - ' day - ') . Nitrogen fixation
(Table 4-14) was stimulated by the added light and stopped by the shading .
Even more interesting, nitrogen fixation was strongly stimulated by added
phosphate . These data can also be expressed as the average seasonal
fixation per hour . When results from the two phosphate addition
experiments and the controls are plotted against the average seasonal
phosphate concentrations (Figure 4-15), it is seen that fixation was directly
proportional to P concentration both for dissolved reactive P (r=0 .98) and
for total dissolved P (r=0 .95). It should be noted, however, that no
response of fixation to added P was seen in the previous whole-pond
fertilization experiments or in the 1970 sub-pond fertilizations .

The stimulation of N fixation by high amounts of P agrees with the
data reported in the review by Schindler (1977) . He views the occurrence
of stimulation in lakes as one stage in the evolution of some lakes as they
receive larger and larger quantities of P from their drainage basins . In the
Barrow ponds, it is likely that the algae in the pond are usually phosphate-



Ponds

	

16 July

	

22 July

	

27 July

	

4 Aug

	

14 Aug

	

21 Aug

B-1 (heated)

	

0.13

	

0.07

	

0.25
1 .21

	

0.65

	

2.33

B-7 (shaded)

	

0.00

	

0.08

	

1.10

	

0.00

	

0.00

	

0.00
0.00

	

0.75

	

10.26

	

0.00

	

0.00

	

0.00

B-10 (control)

	

0.21

	

3.15

	

0.00

	

0.00

	

0.00
1 .95

	

29.39

	

0.00

	

0.00

	

0.00

B-11 (opaque)

	

0.00

	

0.00

	

0.00

	

0.00

	

0.00

	

0.00
0.00

	

0.00

	

0.00

	

0.00

	

0.00

	

0.00

B-12 (lighted)

	

0.01

	

6.28

	

5.12

	

0.00

	

4.01
0.00

	

58.60

	

47.78

	

0.00

	

37.4

B

	

0.76

	

1.53

	

2.72
7.09

	

14.28

	

25.3

E

	

0.99

	

0.00

	

0.00
9.24

	

0.09

	

0.00

22 July

	

31 July

	

7 Aug

	

17 Aug

	

24 Aug

B-4 (high P0 4 )

	

3.23

	

16.92

	

2.84

	

0.02
30.14

	

157.91

	

26.50

	

0.19

B-5 (high P0 4 )

	

9.85

	

9.68

	

12.99

	

8.40

	

3.21
91 .93

	

90.34

	

121 .23

	

78.39

	

29.96

B-6 (control)

	

3.17

	

2.07

	

0.00

	

0.00
29.58

	

19.32

	

0.00

	

0.00

B-8 (low P04 )

	

0.39

	

0.97

	

0.00

	

0.00
3 .64

	

9.05

	

0.00

	

0.00

B-9 (low P04 )

	

0.08

	

0.23

	

3.07

	

0.00

	

0.00
0.75

	

2.15

	

28.65

	

0.00

	

0.00

C

	

0.00

	

0.00

	

0.00
0.00

	

0.00

	

0.00

D

	

0.00

	

0.00

	

0.00
0.00

	

0.00

	

0.00
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TABLE 4-14 Nitrogenase Activity in Sediments of Ponds and Subponds, 1972*

*Upper values are mole ethylene produced m -2 hr -1 and lower values are µg N, ad
rri2 hr1 .

limited . When P is added, the nitrogen eventually becomes limiting ; at this
point the blue-green algae, which can fix nitrogen, gain a competitive
advantage and begin to grow .
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FIGURE 4-15. Nitrogen fixation rates in Pond B
subponds with various concentrations of
phosphorus (DRP and TDP).

TABLE 4-15 The Primary Production, Chlorophyll Concentration, and
NH3 -N and P0 4-P Amounts in Two Swimming Pools
in 1971

Date

	

Net Production Chlorophyll

	

NH3-N P04-P

(jig C liter -1 hr -1 ) (pg liter -1 )

	

(Fig liter -1 )

Pond 7
(control)

	

26 July

	

0.30

	

0.4

	

28

	

2.2

9 August

	

0.27

	

0.3

	

39

	

1.2

9 August

	

0.32

	

0.2

	

22

	

1.1

16 August

	

1.12

	

0.5

	

20

	

0.6

23 August

	

6.88

	

0.4

	

14

	

1 .0

Pond 8
(fertilized)

	

26 July

	

1.05

	

1.1

	

69

	

60.2

2 August

	

0.41

	

0.6

	

25

	

64.0

9 August

	

1.97

	

0.8

	

374

	

63.0

16 August

	

18.83

	

2.6

	

73

	

15 .8

23 August

	

19.51

	

4.3

	

16

	

3.6

*Pond 8 was fertilized with P04 on 17 July and with NH3 on August 7 .
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The importance of the sediments in supplying nitrogen is illustrated in
an experiment carried out in two plastic swimming pools (each 6 .4 m 3)
filled with lake water but containing no sediments (Table 4-15) . On 17 July
1971, 109 Ug P04-P (liter of pond) - ' were added to Pond 8 while Pond 7
was maintained as a control . Although a slight increase in productivity and
chlorophyll content occurred in Pond 8, this was very minor until 500 µg
NH 3-N (liter of pond) - 'was added on 7 August . Following this, there was
a striking increase in primary productivity compared with the control,
although there was also a slight increase in the control . The ratio of the
removal rates of N:P based on chemical data was 72 :1 in Pond 7 when the
phosphorus was limiting photosynthesis . After fertilization with ammonia
in Pond 8 the ratio fell to 14 :1 and then to 10:1 after 1 week . This low ratio
may indicate that nitrogen was becoming limiting. We conclude that
phosphorus alone does not produce a great fertilizing effect unless either
sediments are present or nitrogen is supplied .

It appears that the sediments are controlling the nitrogen
concentrations in the pond waters . This control acts through
decomposition of the abundant organic matter in the sediment . Some of
the ammonia released during decomposition is taken up by grasses and
sedges (Table 4-9), some is taken up by epipelic algae, and some diffuses
into the water column . The regulation of these processes is unknown .

PHOSPHORUS*

Concentrations in Water

The tundra has low phosphate concentrations in both aquatic and
terrestrial environments . Thus, we thought that phosphorus could be
limiting to plants in the ponds and that phosphorus cycling should be
intensively studied. The first 2 years of the study concentrated on
descriptions of phosphorus compartments and seasonal cycles in the water
column; the later 2 years emphasized sediment chemistry and phosphorus
pathways .

Concentrations of dissolved reactive phosphorus (DRP), dissolved
total phosphorus (DTP), and particulate phosphorus (PP), were measured .
Dissolved unreactive phosphorus (DUP) was calculated by subtraction of
DRP from DTP .

Dissolved reactive phosphorus in samples was analyzed by the single
solution phosphomolybdate technique (Strickland and Parsons 1965)
followed by extraction into isoamyl alcohol . Reagent contact time prior to
color extraction was strictly limited to 5-10 minutes to minimize

*R . T . Prentki
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hydrolysis of dissolved organic phosphorus . Samples collected prior to 23
June 1970, samples with high DRP concentrations, and those otherwise so
noted were not extracted prior to spectrophotometric determination . Both
dissolved unreactive phosphorus and particulate phosphorus retained on
membrane filters were oxidized with persulfate (Menzel and Corwin
1965), after which analyses were made by the single solution method .
Zooplankton were refluxed with perchloric acid and P was determined as
phosphomolybdic acid (Strickland and Parsons 1965) .

Dissolved reactive phosphorus determinations usually overestimate
actual phosphate concentrations, often by orders of magnitude .
Hydrolysis of dissolved organic phosphorus compounds or arsenic
interference are the most commonly accepted causes (Rigler 1966, 1968,
Downes and Paerl 1978, Chamberlain and Shapiro 1969) . In the tundra
ponds, however, extensive tests showed that the DRP measurement
included only dissolved phosphate . First, arsenic should not interfere in
extraction phosphomolybdate analyses of unpolluted waters such as the
Barrow tundra ponds. Next, Prentki (1976) has demonstrated that
extracted DRP in tundra ponds does not include colloidal P or XP . In
addition, application of Rigler's (1966)'iadiobioassay test to pond samples
did not result in apparently lower phosphate uptake velocities at higher
added phosphate concentrations. Finally, other 32P kinetic experiments
that assumed the DRP equal to phosphate gave internally consistent mass
balances .

Dissolved reactive phosphorus concentrations are always low in the
ponds, usually between 1 and 2 µg P liter' ; monthly averages over the 2
years of intensive sampling show only modest seasonal or inter-pond
differences (Table 4-16) . In addition, diel variations in dissolved DRP
concentrations are of the same magnitude as seasonal variations, thereby
masking any seasonal trends . The only distinguishable seasonal features
occur as a result of the thaw in June (Figure 4-16a) . At this time, DRP
concentrations are generally high ; they are maintained by phosphorus
entering in runoff and leaching from standing vascular vegetation . Next,
the rate of phosphorus supply decreases in late June as both runoff and
leaching taper off. Thus, as the phosphorus demand increases with the
onset of the phytoplankton bloom, the DRP concentrations are depressed
to below 1 µg P liter - ' .

Dissolved unreactive phosphorus (DUP) is initially re-introduced into
the ponds each spring through litter decomposition, sediment leaching,
and runoff. Concentrations early in the thaw season in 1970 to 1972 rank
in the same order as snow pack depth for those years, with 1971 having the
greatest snow depth and highest average June DUP concentration and
1970 having the least and lowest . This is very evident in Figure 4-16b,
where DUP concentrations in Pond B in 1971 are almost twice those in
1970. In part, this DUP may be resorbed by the sediment and soil surface
during runoff, and this sorption would be favored by greater sediment-



TABLE 4-16 Phosphorus Concentrations in Barrow Ponds, Monthly
Averages for 1970 and 1971

	 1970	 1971
Pond

	

June

	

July

	

August

	

June

	

July

	

August

Dissolved reactive phosphorus

• 1 .9 2 .3 2 .3 2 .3 1 .8 2 .0

C

	

1.9

	

2.2

	

2.9

	

1 .4

	

1.5

	

1 .1

J 0.6 1.4 1 .6

Dissolved unreactive phosphorus

• 6.6 7.0 10.4 12 .2 10.5 9.2

C

	

5.5

	

10.4

	

13.2

	

15.5

	

13.9

	

12.8

J 14.4 11 .2 11 .5

Particulate phosphorus

• 8.0 5.8 5.2 10.6 5.6 5.2

C

	

9.3

	

7.4

	

10.1

	

10.9

	

8.4

	

8.5

J

	

6.8

	

8.3

	

3.9

*Data are expressed as jug P liter- I

water contact time associated with a shallow snow pack and resulting
slower flow rates . Such a flow dependence was observed in 1972 for runoff
at weir 1 (see Figure 3-2 for location) where DUP concentrations increased
from 8 .3 jg P liter - ' at no flow to 24 .0 ug P liter - ' at 80 m-3 hr - '

DUP is the predominant phosphorus form in the ponds, averaging
12.2 ug P liter' or 56% of the water column phosphorus (excluding
zooplankton phosphorus) in the three control ponds listed in Table 4-16 .
Diel oscillations in concentrations range between 4 and 5 µg P liter - ' and
appear to be related inversely to temperature . Approximately 70% of DUP
is probably refractory ; it is resistant to both naturally occurring
phosphatases (Prentki 1976) and photo-oxidation by sunlight (Barsdate
and Prentki personal communication) . The other 30% of this phosphorus
is in the form of XP and colloidal P ; these forms can be rapidly autolyzed
and enzymatically hydrolyzed to phosphate (Prentki 1976) .

Particulate phosphorus (PP), another important fraction of the total
phosphorus, showed no discernible pattern of monthly average or seasonal
concentration (Figure 4-16, Table 4-16) . The grand average of 10 .1 µg PP
liter' for the three ponds is assumed to be the sum of phytoplankton,
sestonic bacteria, and detrital phosphorus . However, it may overestimate
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FIGURE 4-16 . Concentration of phosphorus in Pond B, 1970-1971 .
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actual PP concentrations by 1 or 2 µg liter - ' since the membrane filters
used for this (and only this) analysis retain some dissolved organic
phosphorus (Prentki 1976) . The measurement specifically excludes
zooplankton large enough to be picked off filters .

In comparison with the intensively studied ponds discussed above,
phosphorus concentrations are somewhat higher in other ponds we
studied. These differences ultimately are related to sediment chemistry
and will be discussed in more detail below .

Phosphate concentrations in an 18 August 1972 transect (Figure 3-1)
ranged from 0 .9 to 3 .0 µg DRP liter - ' in 15 low-centered polygon ponds
and from 3 .7 to 7 .6 µg P liter - ' in three trough ponds . In one low-centered
polygon pond with trough inputs the concentration was 4 .8 µg P liter' .
The greater concentration in polygon troughs than in low-centered
polygon ponds parallels similar observations for many other phosphorus
parameters in both Barrow terrestrial and aquatic environments . Kalff
(1965) reports DRP concentrations of 6 and 13 µg liter - ' for two trough
ponds in this watershed . Our investigations indicate that the non-
extractive phosphate techniques used by Kalff overestimated pond
phosphate concentrations by approximately 45% (see Prentki 1976) due to
hydrolysis of organic phosphorus . When adjusted by this factor, Kalffs
phosphate concentrations would be 3 and 7 µg P liter' . The latter value
agrees well with the 7 .2 and 7 .5 µg P liter' we have measured upon two
occasions in the same pond .

The dissolved unreactive phosphorus in all IBP ponds ranged between
5 and 10 times their DRP concentration . The DUP concentrations in the
18 August 1972 transect were also highest in trough ponds or in ponds with
trough inputs : in the trough ponds it was 18 .6 to 60 .6 µg P liter - ' while in
the polygon ponds it was 9 .8 to 24 .1 µg P liter - ' .

Three analyses of PP on two trough ponds had a range of 20 .3 to 31 .5
µg P liter - ', 2 to 3 times that found in low-centered polygon ponds .

Phosphorus concentrations in arctic lakes are similar to those of low-
centered polygon ponds . In Ikroavik Lake near Barrow DRP
concentrations ranged between 0 .5 and 4 .4 µg P liter - ' for 39 samples
taken on 17 dates, while 15 analyses from four Prudhoe Bay lakes ranged
from 0 .2 to 1 .9 µg P liter - ' . These concentrations are similar to those of
other arctic surface waters reviewed in Hobbie (1973), but Char Lake had
undetectable amounts of less than 0 .7 µg liter' (Schindler et al . 1974) . In
arctic Alaska, lakes in the Colville River area had 0 to 2 .8 µg DRP liter - '
in the summer but had 4 .6 to 12 .1 µg DRP liter - ' in the winter (Kinney et
al. 1972). However, DUP concentrations in arctic lakes are lower than
those of tundra ponds . Our analyses of Ikroavik water ranged as low as 0 .1
µg P liter - ' in melted lake ice but normally were 4 to 10 µg P liter' .
Although the major ions are concentrated more than 10-fold due to the
exclusion from the winter ice cover, the concentration of DRP and DUP
remain relatively constant, suggesting that sediment-water interactions
buffer their concentration in the lake. The DUP concentration for the four
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Prudhoe Bay lakes had a summer average of 4.4 µg P liter - ', and
Schindler et al . (1974) report an average of 2 µg P liter' for total
dissolved P (mostly DUP) in Char Lake . The PP concentrations in arctic
lakes appear to vary much more than the other phosphorus parameters,
being most obviously influenced by mechanical and thermokarst erosion
and suspension of particulates . Excluding samples containing organic soil
or sediment taken near the shore during storms, Ikroavik concentrations
ranged from 1 .9 µg P liter' to 57 .5 µg P liter - ' in the summers of 1970
and of 1971, with a mean of 17 .3 µg P liter' (34 analyses) . The Prudhoe
Bay lakes, on the other hand, averaged only 7 jug P liter' and ranged
from 1 .6 to 15 ug P liter -' (15 analyses), while Char Lake (Schindler et al .
1974) ranged from 1 to 5 µg P liter - ' .

Alaskan coastal plain lakes and ponds differ in their predominant
forms of phosphorus . Thus, PP predominates in lakes and DUP in ponds .
Hutchinson (1957) states that most uncontaminated lake districts have
surface waters containing 10 to 30 ug P liter - ', with 10% of this being
phosphate (DRP). Of the arctic waters discussed above, only trough ponds
and Char Lake fall outside these limits .

Sediment

Sediment studies concentrated on interstitial water analyses,
chemical characterization of sediment phosphorus, and total phosphorus
determinations .

Interstitial water was squeezed by N 2 gas pressure from sediment
cores within 1 hour of collection . Dissolved reactive phosphorus was
determined as in the water column ; however, turbidity blanks were
necessary due to precipitation of organics from solution upon addition of
the reagent .

Sediment total phosphorus was determined by the single solution
phosphomolybdate technique of John (1970) on diluted perchloric or
perchloric-nitric acid digests of sediments (Sommers and Nelson 1972,
Jackson 1958) .

Fractionation of inorganic phosphorus in the sediments was
accomplished using the Williams et al . (1971a) modification of the Chang
and Jackson (1957) extraction scheme with some additional modifications
described in Prentki (1976) . Phosphate concentrations in the Chang and
Jackson extractions were determined colorimetrically using John's
reagents . Internal standards and turbidity blanks were run on all samples
and boric acid was added to reduce fluoride interference in the NH 4F
extracts . Citrate dithionate (reductant soluble) extracts required digestion
with persulfate to eliminate interference . Careful adjustment of sample
concentration and pH were also required in order to prevent precipitation
of the large amounts of iron present . Corrections for phosphorus activated
but reabsorbed during the NH 4F extraction were attempted using the
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procedure outlined by Williams et al . (1971a) ; however, Barrow sediments
are high in iron and the phosphorus from both NH 4F and first NaOH
fractions was apparently tied up by excess iron before the extractions were
completed and then released in the following reductant soluble extraction .
The correction equations were therefore expanded to include this
additional resorption .

The Chang and Jackson soil phosphorus fractions are usually
interpreted as follows : the NH 4F-P fraction is considered to be composed
of Al phosphates such as variscite ; the first NaOH-P fraction is composed
of Fe phosphates such as strengite, or of loosely sorbed phosphorus on
hydrated iron oxides ; reductant soluble-P and the second NaOH-P
fraction is made up of phosphate occluded within matrices of more highly
crystalline iron minerals ; and acid extractable-P is made up of calcium
phosphates such as apatite . However, Fife (1959) and Williams et al .
(1971b) have suggested that some phosphorus sorbed on hydrated iron
oxides appears in the NH 4F extraction, and Syers et al. (1973) have
speculated that the distribution of phosphorus among NH 4F, NaOH, and
reductant soluble fractions in some cases may be a reflection of the
phosphate-binding strength of a single retaining complex against the
individual extractions .

Total inorganic phosphorus in the sediment was calculated from the
sum of the above Chang and Jackson inorganic phosphorus fractions .
Organic phosphorus was calculated as the difference between this summed
total and the total derived from the perchloric-nitric acid digest .

Within one pond basin, interstitial DRP, DTP, and DUP (Table 4-17)
do not appear to differ greatly . Neither presence nor absence of active
roots nor oxidized or reduced sediments could be correlated significantly
with phosphorus concentrations . However, between ponds the limited data
suggest that there was a real difference in interstitial DRP ; Pond J
concentrations were significantly higher than the single values measured
for Ponds A and C . Sediment phosphorus, iron, and phosphate sorption
isotherm data discussed later support this observation . Interstitial DRP
concentrations are 3- to 5-fold higher than DRP in the Pond J water
column; however, the situation is reversed in Ponds C and A where water
column concentrations are almost twice interstitial concentrations . The
DRP concentrations (Table 4-17) also vary between ponds and the DUP
concentrations are 2- to 10-fold higher than those in the water column
above .

Results of the chemical fractionation of the sediments indicate that
retention of the inorganic P is by sorption of phosphate on hydrous iron
oxide rather than by formation of distinct iron, aluminum (clay), or
calcium phases . Evidence for this comes from experiments where 32P0 4
was added to Barrow sediment samples prior to fractionation or anion-
exchange resin equilibration . After correction for resorption in
fractionation experiments, 98.5% of the added 32 P was found in the NH 4F
and first-NaOH pools. The specific activities of these two pools were
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TABLE 4-17 The Dissolved Reactive (DRP) and Dissolved Total Phosphorus
(DTP) in the Interstitial Water of Several Ponds I

Pond Location

	

Core depth

	

DRP

	

DTP

J

	

Carex marsh

	

0-8 cm (oxidized)

	

4.3 ± 1 .0 (4)
9-16 cm (reduced)

	

3.7 ± 0 .9 (4)

Arctophila bed

	

0-16 cm (o + r)

	

4.7 (1)

Central basin

	

0-8 cm (o + r)

	

5.7 ± 0 .8 (3)

	

138 (1)
9-16 cm . (reduced)

	

1.9 ± 0 .7 (3)
4-12 cm (reduced)

	

1.5 (1)

	

63 (1)
8-13 cm (reduced

	

890)

C2

	

Carex marsh

	

0.10 cm (oxidized)

	

0.90)

	

24(l)
10-18 cm (reduced)

	

2.4(l)

	

46(l)

A-B Central basin

	

0-5 cm (o + r)

	

1.2(l)
5-16 cm (reduced)

	

10.9(l)

E3 Terrestrial Carex

	

7 cm (o + r)

	

3.0 ± 1 .6 (2)

	

26.4 ± 7 .6 (2)
stand

	

22 cm (reduced)

	

4.2(l)

	

38.3 (1)

IV alues are the mean, the standard deviation and the number of samples .
2 From Barel and Barsdate (personal communication) .
3 Samples collected from bore holes open at 7 cm and 22 cm below tundra surface .

identical ; this indicates that there is but a single binding complex rather
than two chemically distinct pools . The phosphorus in the combined
NH4F and first-NaOH pools appears to be identical to the resin-
exchangeable inorganic phosphorus . The only sorbent for the phosphorus
in the intensively studied ponds is extractable iron (as Fe203) which
accounts for 18 to 61% of the ash weight in surficial sediments . Clay
concentrations in the sediments are almost unmeasureable and calcium
concentrations (as CaO) account for only about 1 % of ash weight . The iron-
sorbed phosphorus is in dynamic equilibrium with phosphorus in solution
and is potentially mobile and responsive to various limnological
conditions .

These results are similar to the expected values for an unpolluted
temperate latitude lake which receives little detrital input (Williams et al .
1971a, Frink 1969, Harter 1968), although the reductant soluble
phosphorus and organic P are high in respect to NH 4-P and NaOH-P, and
the Barrow phosphorus levels are in the lower portion of the range of
reported values . Interstitial DRP concentrations, however, are
exceptionally low compared to sediment values of temperate lakes
(Holdren et al. 1977, Glass and Poldoski 1975, Barko and Smart 1980, in
press) . Barrow terrestrial soil samples are quite similar to the pond
sediments, perhaps reflecting both a common origin as ancient lake
sediments and the present-day similarity of environments . Distinct
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differences exist between interpolygonal troughs (Pond G and Soil 23 in
Table 4-18) and low-center polygon areas, (Ponds B and C, Soil 22) and
these differences transcend the aquatic-terrestrial divisions . The high
inorganic phosphorus in the sediment of troughs parallels the generally
high dissolved reactive phosphorus concentrations in the water of troughs
as compared to low-centered polygon ponds . There are broad patterns,
both in solution and sediments, which correlate with iron and other
parameters ; these will be discussed later .

Sediment surface layers in samples from the central basins of the
intensively studied ponds usually contain about 1100 µg P (g dry wt) -'
with a range from 662 to 1530 . The underlying reduced sediments contain
less phosphorus and only Pond B sediment averages more than 750 µg P (g
dry wt) - ' over the first 10 cm . Organic phosphorus constitutes 10 to 87%
(117 to 805 µg P (g dry wt sediment) -') of the total phosphorus present ;
the lowest values occur in a surface floc which covers up to 25% of the
sediment surface . If no floc is present, then amounts increase with depth
and toward plant stands. Total inorganic phosphorus has been measured
at 1074 µg P (g dry wt sediment) -' in the surface floc covering portions of
Pond B, but ranged between 200 and 400 in the other Pond B and C
samples. This floc appears to precipitate out of the water column and
accumulate along the downwind shore of ponds as summer progresses . In
Pond C, the total P in the sediments was 25,000 mg m -2 to a depth of 10
cm, the total P in interstitial water was 2 mg P m -2 , and the total P in the
water column (20 cm) was 5 mg P m _ 2 .

Pond Phosphorus Budget

Over the long term the phosphorus status of the ponds is dependent
on the net balance of phosphorus entering and leaving the pond basins,
although the retention or loss of specific forms of phosphorus is influenced
strongly by pond processes . The events and processes involved in
phosphorus movement through the ponds are rather well understood in a
qualitative fashion ; however, a synthesis of our insight into how the system
operates, together with the actual field measurements of concentrations
and rates, results in a budget which is distinctly speculative . This is in part
due to the difficulties in the measurement of water movement and in part
due to the paucity of phosphorus data, particularly in such things as
surface runoff during the summer and suspended particulates during
runoff. Hydrologic factors related to precipitation and water balance vary
greatly both within season and between years, and these factors strongly
influence the phosphorus budget. Warm, dry summers concentrate
phosphorus in the ponds at the expense of surrounding tundra while heavy
winter si\owpack results in high loss of phosphorus from the tundra and in
an even greater loss from the ponds . Insofar as possible, this budget is



TABLE 4-19 Concentration of Dissolved Reactive Phosphorus (DRP),
Dissolved Unreactive Phosphorus (DUP), and Particulate
Phosphorus (PP) in Accumulated Snow Cover and Precip-
itation at Barrow, Alaska*

Date

	

DRP

	

DUP

	

PP

Snow cover
30 May 71

	

1.1

	

0.4

	

1.1
30 May 71

	

1 .4

	

1 .0

	

1.5
30 May 71

	

2.1

	

1 .1

	

1.7
30 May 71

	

1.5

	

2.0

	

1 .4

Overall mean, winter

	

1 .5

	

1 .1

	

1 .4

Mixed rain-snow
1 August 64 **

	

9.0
14 July 71

	

5.3

	

0.0

Rain
10 July 71

	

12.3

	

0.1
30 July 71

	

11.3
10 August 72

	

3.0

	

2.0

Snow
15 July 71

	

5.5
19 August 71

	

4.1

Overall mean, summer

	

7 .2

	

0.7

*Data are expressed as µg P liter -t
**Kalff (1965) .

calculated for a "mean" year with some reference to the effects of
extremes .

As described in Chapter 3, a fraction of the water from winter snow
accumulation will be retained during the spring melt to fill the pond to its
holding capacity . Over 4 years the winter pond levels have been observed
to be 0 to 11 cm below capacity, (a mean of 5 .8 cm) . The water content of
the snow ranged from 6 .7 to 16 .5 cm in 1971 to 1973 (Table 3-6) . With the
rare exception of periods after heavy summer rains (e.g ., 1973), breakup is
the only time in which water actually flows out of the ponds . During
breakup, meltwater floods most of the tundra surface and a relatively
complicated situation exists in which the concentration of both DRP and
DUP is somewhat higher in the ponds than in the water flowing into or
away from them, and all of these concentrations are higher than those
found in winter precipitation (Table 4-19) . At this time of year, dissolved
phosphorus is leached rapidly from the vegetation and litter of both
terrestrial sites and pond margins. As a result the phosphorus
concentration in the meltwater is increased . However, because of the
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shallow water depth and rapid water movement over the tundra surface,
the residence time of water is much less than in the ponds (3 hours vs . 36
hours) and the contact with the soil surface is great . As a consequence,
phosphorus sorption is more rapid over the tundra surface than in the
ponds (Prentki 1976) and the concentrations in the meltwater are lower
than those in the ponds by about 0 .13 µg of DRP and about 1 .8 µg of DUP
liter _' . As meltwater moves across the watershed, phosphorus is thus
removed from the ponds and resorbed by the terrestrial soils ; the extent of
removal depends on both the difference in phosphorus concentration
between ponds and tundra and on the volume of water flowing through the
ponds. With an area of watershed above Pond B of 14,000 m 2 and a 5.8 cm
potential runoff (Table 3-6) the estimated volume flowing through the
pond during breakup is 800 m 3 , and the loss of DRP and DUP is 0.1 and
1 .4 mg P m -2 , respectively .

Summer precipitation at Barrow (Table 4-19), averages 7 .2 µg DRP
liter - ' and 0.7 µg DUP liter - ' . With a mean of 6 .5 cm of precipitation in
summer, the input into the ponds from this source amounts to 0 .47 mg
m-2 DRP and 0.05 mg m-2 DUP (Table 4-20) . Unlike the winter
snowpack data, these figures do not include dry fallout between periods of
precipitation, and so the possibility exists that an additional amount of
phosphorus enters the tundra system as dust . However, the very low winter
bulk P concentrations suggest that dry fall must be very low .

Another possible input exists. As discussed earlier (Chapter 3), soil-
water could enter the ponds during dry periods when the water level falls
drastically . This was not considered important for the nitrogen budget,
and is likely not important for the phosphorus budget either . It is an area
of some uncertainty, however, so calculations are presented below of the
quantities involved . There are four measurements of interstitial water in
the upper layers of soil adjacent to the ponds; the averages are 4 .4 µg DRP
liter' and 26 .3 ugDUP liter' . If, in a moderately dry summer such as
1971, 6 cm of water enters the pond, this would be added inputs of 0 .26 mg
DRP m-2 and 1 .58 mg DUP m -2 . The size of this is about equal to the
annual budget (Table 4-20) but is still very low when the large amounts of
P in the sediments are considered .

Annually, the ponds gain 0 .5 mg DRP while losing 1 .3 mg DUP m -2

(Table 4-20), suggesting that phosphate retention mechanisms of the
ponds are extremely effective but that dissolved organic phosphorus
cannot be as efficiently retained . The annual loss of phosphorus calculated
here, 0 .7 mg, is only 0 .003% of the 25 g p m -2 present in the top 10 cm of
Pond B sediments, suggesting that the pond system is very close to a
steady state condition in respect to phosphorus . The loss is especially small
when compared to the P cycling each year in the biota . In the primary
producers alone, at least 500 mg P m -2 is fixed each year (40 g C m -2 ) . A
similar conservation of P was found in Hubbard Brook watershed where
less than 1 mg P m -2 also was lost each year despite the hundreds of
milligrams of P circulating (Hobbie and Likens 1973). In Char Lake, 18



TABLE 4-20 Annual Phosphorus Budget for Pond B

Winter snow DRP 1.5 58 0.087
DUP

	

1 .1

	

58

	

0.064
PP

	

1 .4

	

58

	

0.081

0.232

Spring runoff

	

DRP

	

2.4

	

760

	

1.82
(entering pond)

	

DUP

	

13.6

	

760

	

10.34

12.16
Spring runoff

	

DRP

	

2.5

	

760

	

-1 .90
(leaving pond)

	

DUP

	

15.4

	

760

	

-11 .70

-13.60
Summer

	

DRP

	

7 .2

	

65

	

0.468
precipitation

	

DUP

	

0.7

	

65

	

0.046	

0.514

Net balance

	

-0.694
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Phosphorus Concentration

	

Volume

	

Amount
Parameter

	

form

	

g P liter -1

	

liters m -2

	

mg P m -2yr -1

mg P m -2 yr - ' (40% of input) is retained in lake sediments and individual
streams entering the lake annually supply 1 to 7 mg P m -2 of watershed
(deMarch 1975, 1978) . Thus pool retention of phosphorus may be
characteristic of arctic water bodies .

Phosphorus Cycling

In this section we report data on the uptake and release of phosphorus
by planktonic and benthic animals and plants . The next section (Control of
Phosphorus), deals with the movement of phosphorus between the
sediment and the water .

Details of all the methods are given in Prentki (1976) ; isotope
techniques for the plankton are also reported in Barsdate et al . (1974) and
for the plants in McRoy and Barsdate (1970) .

The seasonal picture of DRP concentrations is a chaotic one (Figure 4-
16a). The reason for this is that the DRP cycles very rapidly . Some
indications of this come from a series of DRP measurements in a pond
over 32 hours (Figure 4-17) . The changes were greater than 2-fold and
concentrations appeared to increase when photosynthesis decreased
(Figure 4-18) . Some of the water was also incubated for 3 .0 hours in
plastic bottles in the ponds (Figure 4-17) . The changes in these bottles were
almost exactly the same as those in the pond ; this indicates that processes
in the water itself, rather than some advective or benthic process, caused
the changes .
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FIGURE 4-17 . Concentrations of DRP, surplus
phosphate and colloidal P in Pond B, 30 June
through 2 July 1972 .
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FIGURE 4-18 . Primary
productivity in 3-hr bottle
incubations, 30 June
through 1 July 1972 . The
water was taken from Pond
B, 3.1 µg phosphate-P
liter- ' was added, and the
bottles were incubated in
the pond. The lines at each
point indicate the range of
duplicate samples.

If the changes of DRP in the water are linked to photosynthesis, then
the ratios of uptake of C to P are extremely low . For example, between the
hours of 1200 and 1600, the photosynthesis was about 8 ug C liter - ' while
the change in DRP was 1 .5 µg P liter' (ratio is 5 .3 :1) . If the phosphorus
is being incorporated into all structures, then a (weight) ratio of 40 :1 is
expected . Therefore, much of the P is either being excreted or is being
stored (luxury uptake) .

Luxury consumption of phosphorus, however, did not account for any
of the phosphorus uptake . Luxury storage was monitored throughout the
experiment by following cellular surplus phosphorus (SP) concentrations
(method of Barsdate et al . 1974) . The SP procedure extracts the
polyphosphates which constitute the luxury storage pools for P in algae
(Fitzgerald and Nelson 1966, Rhee 1972) . Throughout the duration of the
experiment, SP averaged 0 .7 µg P liter` and increased from 0 .63 µg P
liter' at the beginning of the experiment to 0 .98 i.g P liter' at the end .
For the period from 1200 to 1600 on 1 July, SP decreased by 0.15 ug P
liter' so the luxury storage can not account for the loss of 1 .5 µg DRP
liter -' .

The radioisotope 32P was used to investigate further the planktonic
rates of cycling . The uptake rates were calculated from the initial
exponential change in the concentration of 32P0 4 (Barsdate et al .
1974) . For 17 measurements in the ponds we observed uptake rates of 13
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to 320 µg P liter' day - ', corresponding to turnover times of 0 .23 to 4 .6
hours. These are about 200-fold greater than necessary for growth of the
planktonic algae . These turnover times were very similar to the 0 .7 to 1 .7
hours found for Char Lake (Rigler 1972) but were greater than the 1 to 8
minutes generally found in temperate lakes (Rigler 1964, 1973, Lean
1973a) .

While some of the inorganic P is returned to the DRP pool from the
particulate phase, most of it is transformed into dissolved organic
phosphorus. These fractions in the ponds were first followed by a rapid
and simple technique based on that of Kuenzler (1970) . Water samples
containing 32P were acidified and extracted with isoamyl alcohol . Next,
the orthophosphate reagents and more alcohol were added to the water
and the phases separated (Barsdate et al . 1974) . The fractions were also
studied with a 32P technique developed by Lean (1973b) which uses
Sephadex columns to isolate high and low molecular weight pools . Both of
these pools cycle rapidly ; the high molecular weight material is called
colloidal P and the low weight pool is called XP . Comparison of the
extraction technique with Lean's method indicated that the extractable
organic P pool was colloidal P and the non-extractable organic P pool was
XP (see Prentki 1976 for details) . In DRP analyses, pondwater colloidal P
was hydrolyzed by the non-extraction but not by the extraction procedure .

The rate of cycling of the DRP to organic P and back to DRP is
extremely rapid (Figure 4-19) . The data are given in units of mg P m -2 for
concentrations and mg P m -2 day - ' for rates . This assumes that each m 2
is overlain by 100 liters of water; these units are used so that later
comparisons may be made with sediments . Some of the exchange between
DRP and water particulates may be due to exchange with living cells
rather than with detritus as indicated (Figure 4-19) . However, in either
case, the cycling through the organic P phase is not only rapid but is
quantitatively the most important pathway (Figure 4-19); this is the first
time inlfreshwater that a return through the organic phase to DRP has
been found to be greater than the direct return from plankton .

Watt and Hayes (1963) found that dissolved organic phosphorus
production from plankton was approximately 3-fold higher than
phosphate production, but in this marine system there was no direct
hydrolysis of dissolved organic phosphorus to phosphate . Lean (1973b)
found phosphorus compartments and pathways in eutrophic Heart Lake
similar to those present in the Barrow ponds . However, the direct return as
phosphate from the particulates following uptake was 70-fold greater than
dissolved organic phosphorus production .

The XP and colloidal P both lyse to phosphate . The XP is excreted
directly by photoplankton (the dissolved organic phosphorus of Kuenzler
(1970)) and bacteria (Barsdate et al . 1974). Lean (1976) hypothesized that
colloidal P is composed of filaments broken off algae during filtration .
However, in pondwater the concentration of colloidal P is much greater
than total algal and bacterial phosphorus (Figure 4-19) . Thus an earlier
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suggestion of Lean (1973a) that colloidal P is formed by combination of
XP and colloids appears more likely in the Barrow ponds .

The XP and colloidal P occur in significant quantities throughout the
season ; their sum was never observed to be less than that of DRP (Table 4-
16, Figure 4-19) . Since phosphorus in these two labile organic pools
rapidly cycles through DRP, this means that phosphorus available for
plankton growth is usually 2 to 4 times the observed DRP concentration .
This alone could account for the lack of correlation between DRP and
plankton productivity .

Other information on labile organic P comes from the experiment
described by Figure 4-17 and 4-18 . The highest amounts of colloidal P
(and also XP) are formed during the periods of highest photosynthesis .
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About 70% of the dissolved unreactive phosphorus (DUP) is resistant
to biological uptake and breakdown . As noted (Table 4-16), DUP is up to
10 times more abundant than DRP. Prentki (1976) reported that 70% of
the DUP was resistant to breakdown by the phosphatases in the water and
by sunlight (photo-oxidation) . Yet, there are changes in DUP in a pond
over a 24-hour period and these changes do not occur if the water is
isolated from the sediment in a large carboy . Evidently the DUP is
released from the sediments at lower temperatures (Figure 4-20) .

The measurements of total particulate phosphorus (PP) do not
include the zooplankton large enough to be picked off filters . Most of this
PP is sestonic detritus (Figure 4-19) that has only a low rate of exchange of
phosphorus with the DRP pool . No patterns in PP concentrations were
found over the season or on a single day .

Our work with zooplankton has been limited to measuring
phosphorus excretion of Daphnia middendorffiana, Lepidurus arcticus,
and fairyshrimp . For these experiments, adult Daphnia from Pond B,
containing an average of 1 .9 µg P each, were captured in late August 1971
and maintained at in situ concentration outdoors in a carboy. They were
fed 32P labeled plankton until the 32P incorporation into body phosphorus
approached an asymptote (about 2 days) . Several Daphnia were then
rinsed with unlabeled filtered pond water, and placed into a bottle
containing unlabeled plankton spiked with 1 mg PO4-P to minimize

18-
I I
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14
Water Temperature, °C

FIGURE 4-20 . Dissolved unreactive
phosphorus concentrations and water tem-
peratures during a diel cycle, Pond D, 23-24
July 1971. The lines at three points are the
range of duplicate analyses .
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sestonic uptake of released phosphate . The added phosphate had no short-
term effect on the Daphnia excretion rate. After 10 minutes, the Daphnia
were removed from the bottle, the water was filtered and DRP- 32P was
extracted from the filtrate. After correcting for sestonic uptake of 32 P,
60% of the excreted 32 P was found to be in the form of PP and 40% in the
form of DRP. No excretion of DOP was found ; this agrees with data from
other species of Daphnia (Rigler 1961, Peters and Lean 1973) .

In 1971, Daphnia middendorffiana made up 80% of the zooplankton
biomass in Pond B in mid-July while fairyshrimp and copepods
constituted only 10% each . Like Daphnia, fairyshrimp appear to excrete
dissolved phosphorus predominantly as DRP while Lepidurus excretes
DOP. However, on a quantitative basis, the movement of phosphorus
through zooplankton other than Daphnia is minor and has been calculated
from the same ratio of excretion to biomass as for Daphnia .

The overall turnover time of phosphorus in pond zooplankton is 29
days (Figure 4-19), a very low excretion rate . Direct dissolved phosphorus
excretion measurements on Lepidurus in 1-hour experiments show the
same thing as the rates were only 14-20% of that predicted by the Johannes
(1964) regression model for zooplankton . Similar "too low" P excretion
rates were reported for animals in coral reefs, another low phosphorus
ecosystem, by Pomeroy and Kuenzler (1969). The low amounts of
phosphorus in the reefs had their greatest effect on herbivore excretion ;
herbivorous fishes received just enough phosphorus in their diet to meet
growth and reproduction requirements .

In Figure 4-19, it appears that phosphate excretion from zooplankton
is sufficient to meet 100% of algal and bacterial phosphorus requirements
for growth (0 .13 µg P liter - ' day - ') . Barlow and Bishop (1965) also found
that zooplankton in late summer in Cayuga Lake could regenerate
sufficient phosphorus to meet growth requirements of phytoplankton
during that period . Martin (1968), however, found that zooplankton
excretion could exceed phytoplankton demand for phosphorus during
periods of simultaneous low productivity and low phosphate, but not
during periods of high phytoplankton abundance in Narragansett Bay .
The situation varies from lake to lake ; studies reviewed by Larow and
McNaught (1978) found that zooplankton excretion provided 19-200% of
the phosphorus needed for summer algal growth . In our study, the
requirement for growth is negligible compared to the total quantity of
phosphorus cycling through algae and bacteria .

Benthic bacteria were studied via decomposer microcosms (details in
Barsdate et al . 1974) . Phosphorus kinetics were investigated with 32P in
systems with only bacteria, with bacteria plus the ciliate Tetrahymena
pyriformis, and with bacteria plus mixed microfauna populations . The
systems were sampled at intervals and the radioactivity fractionated [see
Figure 2 of Barsdate et al . (1974)] . Phosphate- 32 P first appeared in cells in
an organic form that had alcohol and phosphate-reagent extraction
characteristics similar to XP . The XP-like organic phosphorus plus the
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inorganic phosphorus that quickly appears constitute a metabolic pool in
the bacteria which equilibrates with extracellular phosphate many times
faster than the whole organism does . Phosphorus in the XP-like
phosphorus pool is then either excreted as XP or is incorporated into a
bound phosphorus pool .

The results of the experiment with protozoan grazers and bacteria
(Barsdate et al . 1974) showed that the grazers induced a higher rate of P
turnover in the bacteria . For example, in the experiments, the uptake rate
of bacteria cultures alone was 7 .3 µg P liter - ' hr - ' (this is 2 .5x 10 µg p

cell -' hr- ') . In cultures with bacteria plus a ciliate, the uptake was 9 .3 µg
P liter - ' hr - ' (but the number of bacteria was smaller so the uptake was
equal to 16 .6x 10 - ' µg P cell - ' hr - ') . In the grazed system, the ciliates
could ingest (and presumably excrete) 0 .403 µg P liter - ' hr - ' . Thus P
excretion was not responsible for the increased bacterial activity . This
activity was very high indeed, and is greater than the 0 .6 to 1 .0 x 10 µg P
cell - ' hr -' reported for bacteria by Fuhs et al . (1972) . The difference is
presumably a result of physiological differences between rapidly dividing
bacteria in grazed systems and relatively static bacteria of ungrazed
systems .

In aquatic systems with macrophytes, the rooted plants may move
otherwise unavailable nutrients from sediments into water either
indirectly, by decomposition of litter (Pomeroy et al . 1972), or directly by
live plant excretion into the water column (McRoy and Barsdate 1970 ;
McRoy et al . 1972) .

A Carex enclosure in Pond C, isolated from runoff by walls and from
sediment by bottom ice, peaked at 122 µg DRP liter' during snowmelt .
This concentration was 50-fold higher than that of pondwater or Carex
exclosures, and corresponded to at least a 3 .1 mg P m-2 release from
Carex litter during snowmelt . Since this release of litter P takes place in
part during spring runoff, an appreciable portion of the phosphorus
mineralized is flushed out of the ponds and lost from the system, as
described in the P budget . Phosphorus release from green-harvested Carex
aquatilis litter in a pond was also rapid in summer (34 µg P (g dry wt) -'
day'), and more than 60% of the initial plant phosphorus was released
during the first month of immersion . Release apparently is a leaching
process, rather than microbial decomposition, as controls in sealed,
mercury-poisoned containers in the pond lost phosphorus at a similar rate .
Both the magnitude and time span of the phosphorus release observed here
are in good agreement with field measurements made on aquatic
vegetation in the Kiev Reservoir (Korelyakova 1968) .

Excretion of DRP into pond water by the leaves of live Carex plants
was demonstrated in a series of laboratory and in situ experiments; the
average rate (0 .1 µg P (g dry wt) -' day -') was much less than the loss rate
from dead Carex (see above). A somewhat greater amount (up to 1 µg P (g
plant) - ' day - ) appears on the subaerial portions of the leaves . Some of
this P release may be through guttation (Chapin and Bloom 1976) . We
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have found 1 mg P liter - ' in drops on the leaf tips of tundra plants . We
have assumed that DRP on the plant surface is washed into the water by
rain or dew. The production of phosphorus from this source increases with
increasing vascular plant standing stock, reaching a maximum daily
production rate of 0 .14 mg P m -2 of plant stand in early August . This
input is important in this low phosphate environment and Carex is a
phosphorus pump comparable to the freshwater Nuphar luteum at 0 .22
mg P m -2 day' (Twilley et al . 1977). However, both are very poor
phosphorus pumps relative to marine Spartina alterniflora at 600 mg P
m-2 day - ' (Reimold 1972) and Zostera marina at 60 mg P m -2 day - '
(McRoy et al . 1972) in marine systems .

Phosphorus leaching from standing dead vascular vegetation is
minimal at the mid-summer date of 12 July (Figure 4-19), but is much
higher immediately after thaw and again in late summer as leaf senescence
increases . Over a 100-day thaw season an average input of 0 .72 mg P m -2
day -' has been computed for this pathway . Therefore, when rates are
compared over the entire summer, litter decomposition, which is several
times greater than runoff and precipitation, is the most important source
of phosphorus entering the water column .

The release of P from the Carex margin of the ponds can be compared
to release by the Myriophyllum spicatum-dominated littoral of Lake
Wingra, Wisconsin . Over the ice-free period and on a whole lake basis,
weedbeds in Lake Wingra release 760 kg DRP + DOP or 2 .5 mg P m -2
day - ' to the central lake basin (Prentki et al . 1979). Thus the contribution
of phosphorus by Carex in the ponds is only about 3-fold less than that of
macrophytes in a weedy, temperate, eutrophic lake .

The turnover time for DRP as a result of sediment sorption is 0 .8 day,
calculated from the disappearance of phosphate in whole-pond
fertilizations . The pond water concentration divided by turnover time
(0 .14 mg DRP m -2 = 0.8 day = 0 .18 mg P m -2 day -') is an estimate of
the net uptake and release of DRP by sediment . An independent measure
of the flux of DRP between water and sediment comes from a mass
balance of other DRP pathways in Figure 4-19 . This calculation indicates
that there is a net flux of 0 .17 mg P m -2 day -' from water to sediment .

The turnover time of DRP is very short in the ponds . Hayes et al .
(1952) reported a range of 2.4 to 40 days for 40 lakes, with the shortest
turnover time occurring in the shallowest nonstratified lake . The 0 .8 day
turnover time in the ponds is due to their shallow depth and rapid
convective and wind mixing .

Unlike the water column, the sediment is dominated by its abiotic
components (Figure 4-19) . Most of the standing stock of phosphorus in the
sediment is sorbed inorganic P, reductant-soluble inorganic P, or dead
organic P . In anion exchange resin experiments with shaken sediment,
DR32 P and sorbed P equilibrated within 4 hr . Thus, the rate of exchange in
units of Figure 4-19 was greater than 12,600 mg P m -2 day -' . The in situ
rate of exchange in undisturbed sediment would obviously be much slower
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but still more rapid than any other rate . Benthic bacteria in the ponds cycle
large quantities of DRP through DOP (mostly XP) which lyses back to
DRP. However, neither uptake nor release of P by the sediment algae plus
bacteria compartment have been measured in situ . Uptake of DRP by
vascular plant roots occurs throughout the sediment active layer and the
0.39 mg p M-2 day - ' represented in the flow diagram is for the entire
thaw zone rather than just for the 0-5 cm layer .

CONTROL OF PHOSPHORUS

Introduction and Methods

Phosphorus availability in aquatic ecosystems is normally controlled
by both extrinsic and intrinsic factors . In tundra ponds the extrinsic factor,
phosphorus loading through runoff and precipitation, is unimportant
because imports of allochthonous phosphorus are so small and are
equalled or exceeded by pond exports (Table 4-19 and Figure 4-19) . The
intrinsic factors, those controlling the equilibrium and cycling rates, are
most important .

The dominant source of recycled phosphorus in the water of tundra
ponds is the vascular plants . These take up phosphorus from the sediment
into their roots and then secrete a large amount of the phosphorus into the
water while the plant is alive . The phosphorus is also leached from the
plant material within a few days after the plant dies . The phosphorus
secreted by the plants into the water is enough to drive the entire
phytoplankton production for the year .

Thus, the supply of phosphorus to the water is adequate ; the question
is, however, what happens to the phosphorus after it reaches the water?
Why are the phosphorus concentrations so low and why are there only
small changes in the concentrations throughout the summer?

In this section, we will show that the phosphorus concentrations and
supply rates are controlled by the buffering of the sediments . Almost all
the phosphorus that enters the water column quickly moves to the
sediment . There it is either strongly sorbed to the sediment or is retained in
reductant-soluble (probably occluded within hydrous iron hydroxides) or
organic form . In these three cases, the phosphorus is unavailable to
planktonic organisms . The sorbed phosphorus will exchange with the
overlying water but its availability is limited by the low concentration of
DRP in equilibrium with the sediment and by the rate of sediment-
pondwater exchange . The cold climate affects phosphorus cycling in the
ponds most directly by slowing mineralization of organic phosphorus .
Mineralization of this phosphorus to inorganic form would significantly
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increase the sorbed phosphorus pool and consequently DRP in the water
column. A detailed discussion of this whole problem is given in Prentki
(1976) .

The factors controlling this partition of phosphorus between water
and sediment have been investigated by correlation, isotherm, and
mapping techniques . Sediments used in these investigations were sliced
from cores or scraped from the sediment surface . Sediment sorption
isotherms and a one-point derivative phosphate sorption index (PSI), were
measured on wet sediments by procedures of Bache and Williams (1971) .
The inorganic phosphorus extracted by oxalate was determined in
additional oven-dried (105°) subsamples of the same sediments utilized in
PSI measurements by use of the procedure of Williams et al . (1971c),
modified for smaller samples . This fraction is approximately equivalent to
the sum of NH 4F-P through reductant-soluble-P in pond sediment (these
are the Chang and Jackson phosphorus fractions discussed earlier) .
Organic phosphorus in sediment was usually measured as the difference
between the phosphate concentration in the oxalate extract and that in an
oxalate,, extraction of an ashed subsample (550°C) . A few organic
phosphorus determinations were also made by the difference between total
phosphorus and inorganic phosphorus in the Chang and Jackson
procedure described earlier and in Prentki (1976) . The sediment inorganic
phosphorus that is resin-exchangeable was determined by equilibrating
sediments with an anion exchange resin and radiophosphate .

Phosphate in water and in digests was determined by the methods
given earlier . Iron was measured by atomic absorption in many of the
extracts and digests .

Phosphorus-Iron Correlations

Phosphorus and iron in tundra sediments and soils show strong
correlation. Almost all the variation in total phosphorus content of the
sediment within or between ponds could be related to parallel changes in
sediment iron concentration . Thus, a regression (Figure 4-21) of all
measurements of total sediment phosphorus against sediment iron
concentrations, including those of samples collected in permafrost
underlying the ponds, resulted in a correlation coefficient of 0 .81 and the
best fit line : P(µg g - ')=(18) Fe (mg g - ')+297. The relationship between
iron and phosphorus was much stronger than that between either of these
and sediment organic content (as % organic weight) (r=0 .71 for
phosphorus and r=0.47 for iron) . Thus the correlation could not be
attributed to any coincidental association of both iron and phosphorus
with the organic or inorganic sediment fractions . Exclusion of the
sediment data from 0 to 10 cm from the iron-phosphorus regression
improved the correlation and fit dramatically : P=(22) Fe+ 147, r=0 .91 .
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Shallower sediments are enriched relative to deeper sediments in both
iron and phosphorus (Figure 4-2 1). The weaker correlation and decrease in
slope of the resulting correlation when surface sediment data are included
indicate that the scatter in the upper sediments is caused by anomalous
enrichment in iron. In Pond B, 0 to 10 cm sediments averaged 820 µg P
g - ' (S.E.=77, n=7) and 26 mg Fe g - ' (S .E.=4.7, n=10) and 0 to 1 cm
sediments 1080 eg P g - ' (S.E.=23, n=8) and 50 mg Fe g - ' (S.E .=2 .5,
n=12). These surface enrichments demonstrate a 1 .9 concentration factor
for iron but only a 1 .3 factor for phosphorus . Thus iron appears to be
differentially mobilized. The positive correlation within the water column
of dissolved iron with dissolved organic carbon, with humic color, and with
rainfall also suggests differential mobilization of iron, possibly through
release from vascular vegetation of either soluble iron or compounds that
complex iron . Such a mechanism would result in a net movement of iron
from the sediments of the plant zone into the vegetation-free central
basins. Only two sediment samples plotted in Figure 4-21 were collected
from vascular plant zones . These two were depleted in iron relative to their
phosphorus content (820 ug P, 15 mg Fe g - ' and 968 ug P, 16.2 mg Fe
g - ') ; therefore, the data are consistent with the hypothesis that the plant
zone is the source of the iron that enriches the central basins .

Very few of the sediment samples discussed above, and none of the
samples of deeper sediments for which the iron-phosphorus correlation
was even stronger, were further fractionated into organic and inorganic
phosphorus. Thus, there are no data on the mechanism behind the
relationship .

Inorganic phosphorus and iron measurements indicate that sediment
inorganic phosphorus is fixed onto a single phosphate-sorbing complex by

TABLE 4-21 Correlation Matrix for the Results of a Fractionation of Phos-
phorus (Chang and Jackson) of 0 to 1 cm Pond C Sediments
1st

	

Reductant-

	

NH4F & 1st

	

Inorganic Organic Total
NaOH-P

	

soluble-P

	

NaOH-P

	

P

	

P

	

Fe

NH4F-P

	

-.67

	

- .62

	

.90

	

.80

	

.55

	

.82

1st NaOH

	

-.28

	

- .09

	

-.95

	

- .17

Reductant-
soluble-P

	

-.22

	

-.02

	

-.91

	

-.08

NH4F and
1st NaO H-P .85 .16 .96

Inorganic P .00 .97

Organic P

	

.15

*Significant at the 95% level of probability
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least squares fit of all the data points while the
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sorption, rather than by precipitation as a discrete mineral . This
conclusion is supported by a correlation matrix of phosphorus
fractionations (Chang and Jackson) and iron concentrations for the
0 to 1 cm Pond C sediment sample given in Table 4-18, and for three other
0 to 1 cm Pond C sediment samples described in Prentki (1976) . The
resulting correlation matrix for the four sediments (Table 4-21) shows a
significant correlation with total iron for sediment inorganic phosphorus
(r=0.97*) and the sum of NH 4F-P+first NaOH-P (r=0 .96*), the two
pools that contain most of the total inorganic phosphorus as well as the
kinetically active portion of the inorganic phosphorus . These positive
within-pond correlations with total iron support the hypothesis that
sediment phosphate is bound by iron .
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A second correlation matrix (Table 4-22) constructed for the first five
pond sediments and the soils (Table 4-18) and seven additional soils
described in Brown et al . (in press) suggests similar relationships over the
entire Barrow IBP site . For this matrix two additional parameters were
available for regression : the resin-exchangeable phosphate, which is the
phosphorus exchangeable with the radiophosphate sorbed on an anion
exchange resin; and the extractable iron, which is the sum of iron
solubilized by ammonium fluoride, plus the iron in the first sodium
hydroxide extraction plus the iron in the reductant-soluble extractions
(Chang and Jackson) . In this matrix there were again strong correlations
between phosphorus and iron parameters, especially the extractable iron .
Extractable iron was better correlated with total phosphorus (r=0 .76**)
and reductant soluble phosphorus (r=0 .78**) than either inorganic
phosphorus (r=0.68*) or organic phosphorus (r=0 .56); however, the
relationship between total phosphorus and total iron found earlier for all
sediment analyses (Figure 4-21) was not evident in these soils and
sediments. The earlier relationship may have reflected homogeneity within
a single drained lake basin .

The various correlations with the resin-exchangeable phosphorus are
strong evidence that phosphate is bound to sediments by sorption and is
not precipitated as discrete aluminum, iron, or calcium phosphate
minerals . Resin-exchangeable phosphate is a measure of that portion of
inorganic phosphorus which is sorbed on soil or sediment particles but
which is still capable of desorption and interaction with the water phase .
The NH 4 F-P and first NaOH-P fractions are capable of exchange with
phosphate dissolved in the water or of interaction with the water phase
only in soils or sediments in which they make up sorbed phosphate pools .
In contrast, in soils or sediments in which they make up discrete mineral
phases there would be (1) no expected relationship between resin-
exchangeable phosphate and any Chang and Jackson phosphorus
parameter, and (2) no appreciable pool of resin-exchangeable phosphate .
In these ponds the resin-exchangeable phosphorus pool accounts for 70%
of the phosphorus in the NH 4F-P plus the first NaOH-P fractions . In
addition there are highly significant correlations between the resin-
exchangeable-P and the NH 4F-P fractions (r=0.87**) and between the
resin-exchangeable-P and the NH 4F-P plus the first NaOH-P fractions
(r=0.82**). All of these indicate that there is no discrete mineral
formation . The actual regression between NH 4F-P plus the first NaOH-P
fractions and the resin-exchangeable phosphorus indicates almost a 1 to 1
correspondence such that NH 4 F-P plus the first NaOH-P=(l .l) resin-
exchangeable-P+24 .

The importance of sorption-binding in pond sediments, as suggested
by these correlations, agrees with the theoretical stability field calculations
for aluminum, iron, and calcium phosphate minerals given in Brown et al .
(in press) for the pH, Eh, and ranges of cation concentrations found in the
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pore waters of Barrow sediments and soils . These calculations indicated
that the phosphate concentrations existing in solution were too low to have
been set by solubility criteria and, therefore, must have been set by
sorption phenomena .

Other investigators have generally found that sorption rather than
discrete mineral formation is the primary means of phosphate fixation
within sediments, at least in lakes without intense calcium carbonate
precipitation (Syers et al . 1973) . Li et al . (1972) found that phosphate that
could be exchanged with 32 P04 -- constituted 14 to 43% of inorganic
phosphorus in the sediments of four lakes, which is about the same range
found for Barrow sediments and soils (see Table 4-18) . Williams et al .
(1971a, b, c, 1976) concluded that sorption to hydrated iron oxides was
primarily responsible for phosphate fixation in aerobic and anaerobic
sediments of both calcareous and noncalcareous lakes . Two earlier but
similar studies (Frink 1969 and Harter 1968) considered aluminum to be
more important than iron in phosphate fixation, but this conclusion
depended upon sequential NH 4 F and NaOH extractions releasing only
aluminum-bound and iron-bound phosphorus, respectively . We and
Williams et al . have found this assumption to be incorrect .

Phosphate Sorption to Sediments

[n a sorption system, the relationship between water concentration,
sorbent, and sorbed pool can usually be described by one of three
mathematical functions (Freundlich, Langmuir, or Temkin isotherm)
which are derived from different assumptions about the energy with which
individual ions or molecules are held (Trapnell 1955) . The applicability of
these three isotherms to phosphate sorption has been discussed by Bache
and Williams (1971) and need not be repeated here .

For the pond sediments, Prentki (1976) concluded that the Temkin
isotherm best modeled the relationship between DRP and sorbed
phosphate over the environmental range of concentrations . The Temkin
isotherm may be represented by the equation (Bache and Williams 1971) :

XXm - ` =(RTb-`)(lngC),

where

X = sorbed phosphate per unit sorbent
X~ = sorption maximum

C = equilibrium DRP concentration
R = gas constant

T = temperature in K, and
b,g = constants .
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This isotherm implies that energy of adsorption decreases linearly with
increasing surface coverage ; therefore, a plot of X against In C or log C
should be linear . Data from one experiment are plotted in this format in
Figure 4-22 . The other two, more frequently used isotherms assume either
a constant binding energy (Langmuir) or an exponentially decreasing
energy of adsorption with increasing surface saturation (Freundlich) .

The Temkin equation gives a good fit over 3 orders of magnitude of
phosphate concentration (Figure 4-22) . Thus for this sediment, the
equilibrium phosphate concentration is proportional to the antilog of the
quantity of sorbed inorganic phosphorus ; the less phosphate present, the
more strongly it is held .

The meager literature on phosphate Temkin isotherms allows only a
very limited comparison with the Pond B isotherm . The critical parameter
for this comparison is the isotherm slope dX(d log C) - '=2 .3 RTX,, b - ',
because with three unknowns in the isotherm equation the two that give
the slope, X m and b, cannot be separated . Thus, the slope is the only term
available for comparison against the Temkin isotherms of other sediments
or soils . The slope expressed either as the differential or the ratio of the
constants is essentially a measure of the phosphate buffering intensity of
the sediment. That is, it is a measure of the tendency of a solution in
contact and in equilibrium with a sediment to resist a log C change
resulting from addition or withdrawal of sorbed phosphate . Bache and
Williams (1971) presented either Temkin isotherm slopes or graphs from
which the slope could be calculated for four soils, at least three of which
were cultivated (presumably fertilized) soils . These slopes ranged from 65
to 310 (µg P g - ')/(log µg P liter'), much less than the 690 calculated for
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FIGURE 4-22 . Results of a sediment phosphate sorption ex-
periment in Pond B (0 to 10 cm) . Data are plotted as a Temkin
isotherm. The intercept gives the position of a one point PSI
determination : 1490 (µg P g-1) - (log 537)(C in pg P liter') _
545 .
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Pond B sediment . This indicates that all of these soils had a much smaller
phosphate buffering capacity than the Barrow sediment .

The Temkin isotherm slope dX(dlog C) - ' can be approximated by a
one point estimator, the phosphate sorption index (PSI), equal to the ratio
of X to log C obtained by adding phosphate to a sediment at a ratio of
1500 µg P to each gram of soil . Bache and Williams (1971) found that
this estimator was highly correlated with isotherm slope (r=0 .97) in 42
soils . A PSI of 545, calculated for the Pond B sediment in Figure 4-22,
underestimated the real isotherm slope by 21% . This underestimate is not
severe and the relative error involved in comparing two PSI values would
normally be less, especially if similar phosphate concentrations were in
equilibrium with the two sediments before addition of phosphate . The PSI
determinations on 0 to 3 cm sediments from ponds in the IBP watershed
(Figure 4-29) ranged from 318 to 728 (average of 532) . The PSI of the
intensively studied ponds A-B, C, D, E, J, and X ranged only from 359 to
540. In comparison, the highest PSI obtained by Bache and Williams
(1971) from 42 soil samples was only 382 (our units) . Meyer (1979) in a
study of Bear Brook in the Hubbard Brook Experimental Forest found
that sediment PSI averaging 10 .3 for silt and 2 .1 for sand were sufficient to
buffer dissolved phosphorus concentrations at 2 µg P liter' . The
phosphate buffering intensity of pond sediments is 50 to 250 times higher .

FIGURE 4-23 . Concentrations of DRP (µg P liter') in the
water of ponds . Concentrations in Pond B and in Pond F (*)
are averages from August 1970 and 1971 . The concentration
in Pond 21 (**) is from 28 August 1970 .



DRP Variations in IBP Ponds

Based on the relationships identified in the previous sections, it is
possible to explain the variations in the dissolved reactive phosphorus
(DRP) among the IBP watershed ponds .

Pondwater DRP concentrations across the watershed are not
randomly distributed, but decrease downslope (Figure 4-23) . Although this
gradient is in part related to geomorphology (high-centered polygons and
high-phosphorus trough ponds occur upslope and low-centered polygons
and low-phosphorus ponds occur downslope), the gradient should have an
underlying geochemical basis . The six ponds, A-B, C, E, F, J, and 17 (see
Figure 3-1), all lie within the youngest drained lake basin and therefore are
the watershed's youngest ponds ; in addition, all fall within the lowest two
DRP contours. The immediate factor controlling DRP concentrations
across the watershed should be the phosphate sorption by sediments which
in turn is controlled by the concentration of exchangeable inorganic
phosphorus present in the sediments . Thus, a plot of DRP against the
amount of oxalate-extractable inorganic phosphorus in the sediment
(oxalate Pi) as a Temkin isotherm (Figure 4-24) results in significant linear
correlations for both : oxalate Pi (µg P g -1)=(1151) log DRP (jg P liter -1 )
-22 with r=0.56*. Severalf important, factors may account for the 69% of
the variance not explained by the regression . One factor is that the oxalate
reagents used extract the reductant soluble phosphorus (after Chang and
Jackson) in addition to phosphate in the two Chang and Jackson extracts
(NH 4F-P plus NaOH-P) thought to constitute the exchangeable inorganic
pool . This overestimate is highly variable as the Chang and Jackson
extraction data for the four surficial Pond C sediments used to construct
Table 4-21 would indicate a potential overestimate of 0 to 43% . Additional
scatter in Figure 4-24 would be expected due to the combination of
sediment heterogeneity and the extremely small samples used in obtaining
the oxalate Pi numbers (single 0 to 3 cm " -section of 2 .5 cm-diameter
cores) . Scatter should also result from changes in the DRP of the water
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pool caused by the other phosphate cycling pathways denoted in Figure 4-
19 (plankton uptake, organic phosphorus hydrolysis, vascular plant
secretion, litter leaching, etc .) . In spite of the scatter caused by these
pathways a significant correlation still exists betwen oxalate Pi and log
DRP . This illustrates the effectiveness of the buffering and control of
pondwater DRP concentrations by pond sediments .

Sediment Inorganic Phosphorus in IBP Ponds

Secondary control of phosphate concentrations is also exerted by
whatever factors influence concentrations of inorganic phosphorus in the
sediments across the watershed . Oxalate Pi concentrations are lowest
within the most recently formed ponds and then increase both up- and
downslope (Figure 4-25) . Overall, the contours are similar to those for
DRP. Sediment organic phosphorus (OP) concentrations are highest in a
broad band across the watershed center that contains all but two of the low-
centered polygon ponds and none of the trough ponds sampled (Figure 4-
26). As a result, there is a negative correlation between oxalate Pi and OP :

FIGURE 4-25 . Concentrations (µg P g-1 ) of oxalate Pi in the top 3
cm of sediments of ponds in the IBP watershed . The phosphorus
added in fertilization experiments in Ponds D and X has been sub-
tracted under the assumption that all the added P remained in in-
organic form in the top 3 cm .
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FIGURE 4-26 . Concentrations (µg P g-1) of organic phosphorus
in the sediments of the IBP watershed ponds .

oxalate Pi (zg P g-')=(-0 .4l) OP (µg P g - ')+564, (r= -0.50*),
suggesting a low rate of in situ mineralization . If Pond B is assumed to be
3,000 years old (Chapter 3), then the annual net mineralization rate
necessary to produce the organic and inorganic phosphorus concentrations
would be less than 0 .1 µg P (g sediment) - ' . This mineralization hypothesis
would require low-centered polygons, such as those that existed before the
ponds, to retain most of their phosphorus in organic form . The single
analysis of a low-centered polygon soil indicates that 82% of the soil
phosphorus is in organic form ; this is consistent with this hypothesis .
Additionally, the five "new" pond sediments from within the former lake
bed have five of the seven highest OP to total P ratios (0 .61 to 0 .79) in the
18 samples of the watershed sediments .

An alternative hypothesis arises from the Pond B phosphorus budget
(see Table 4-20) . The average net gain of inorganic phosphorus of 0 .5 mg P
m -2 yr - ' and the net loss of organic phosphorus of 1 .2 mg P m -2 yr - '
suggest a slow leaching of organic phosphorus and an even slower capture
and binding of transient phosphate anions . The gain of 0 .4 unit of
inorganic phosphorus per unit loss of organic phosphorus is identical to
the regression slope of -0.4 for oxalate Pi against OP for ponds in the
watershed . This hypothesis implies that these tundra ponds are not in
steady state, but are extremely slowly, over thousands of years, increasing
their inorganic phosphorus concentrations . This does not necessarily mean
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FIGURE 4-27 . Concentrations (µg Fe g-1) of oxalate Fe in the top
3 cm of sediment of ponds in the IBP watershed .

that they are becoming less phosphate-limited, for pond aging may also be
a factor in the accumulation of iron in the surface sediment . The young
ponds within the former lake basin are relatively low in surficial iron as
they average only 57 mg oxalate-extractable iron g -' (oxalate Fe), some
30% below the mean of watershed ponds (Figure 4-27). This oxalate-
extractable iron is measured by atomic absorption on oxalate Pi extracts .

In these surficial pond sediments, unlike the sediments previously
presented in Tables 4-21 and 4-22, inorganic phosphorus and iron
parameters were not significantly correlated (r=0 .34). If, as suggested
above, neither sediment inorganic phosphorus nor iron concentrations are
at steady state but are instead slowly increasing, then ratios of phosphorus
to iron would be partially dependent upon pond age and any dependence of
the distribution of inorganic phosphorus on iron would be masked by the
aging effect . Sediment with a lower ratio of inorganic phosphorus to iron-
sorbent would also be expected to remove more phosphate from solution
and would bind it more strongly. Therefore, in ponds of similar origin and
age those ponds with higher iron content should also accumulate more
inorganic phosphorus .

This hypothesis was tested by graphing concentrations of oxalate Pi
against oxalate Fe concentrations of those ponds in the watershed that
make up a single age class and that have a common origin (B, C, E, J, and
17, Figure 4-28) . The resulting correlation was not significant (r=0 .70)



J
FIGURE 4-28 . Concentration of oxalate P
and oxalate Fe in the sediment of some
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Ponds of the IBP watershed. Oxalate Pi =
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(6.5) oxalate Fe 110 .

unless Pond J, with a "low" oxalate Pi to Fe ratio, was dropped from the
regression. When this was done, the data from the remaining four ponds
all fell close to the regression line: oxalate Pi ( jug g -1)=(6.5) oxalate
Fe (mg g -1 ) -110, (r=0.98**). Pond J was destructively sampled during
the IBP program and the low ratio of oxalate Pi to Fe could be due to
destruction of a surface layer that was built up over 3,000 years .

Sediment sorption control of pondwater DRP concentrations across
the watershed can also be illustrated by an indirect bioassay approach
utilizing primary productivity rates (provided by M . C . Miller) . In Figure
4-29 the log of midsummer phytoplankton primary production has been
plotted against phosphate sorption indices of the individual pond
sediments . All of the intensively studied ponds fall on or near a line
denoting an inverse, semi-logarithmic relationship between index and
phytoplankton production. This in turn suggests that there is a linear
correlation between the low, midsummer primary production and the
natural equilibrium phosphate concentration maintained by the sediment .

Sediment sorption equilibria can set only a lower limit on
phytoplankton productivity . The rate of equilibration between water and
sediment is identical to the 0 .8 day turnover time of pondwater DRP . In
spring, when runoff is high, and in late summer as both zooplankton
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FIGURE 4-29 . Pondwater primary productivity (9 August 1973)
and phosphate sorption indices for the underlying sediment . The
intensively studied IBP ponds (A-B, C, D, E, J and X) are
denoted by hollow circles and the other watershed ponds by
solid circles. The regression line shown is for the intensively
studied ponds only .

grazing and macrophyte senescence peak, phytoplankton can greatly
exceed this lower limit for productivity .

If additional watershed ponds, especially those with phosphate
sorption indices over 625, are included in the regression, the correlation
disappears. Those ponds with open centers and small macrophyte
populations tend to fall closest to the original regression line . No pond
falls much below the line, as is to be expected if the regression line defines
a lower limit for phytoplankton productivity . Few details are known of
these additional ponds ; either higher internal loading of phosphorus or 1-3
week earlier fall blooms in the disparate ponds than in the intensively
studied ponds would account for their apparently elevated productivity .

Conclusions

Only small changes are observed in seasonal pond phosphorus
concentrations . This is not so much a result of low rates of phosphorus
supply and utilization as it is of strong buffering action by sediment . Partly
because of this buffering, phosphorus-sensitive biological indicators such
as primary productivity more closely follow seasonal trends in phosphorus
supply rates than seasonal trends in concentration .

Phosphate concentrations in the water column can, to some degree,
be related back to inorganic phosphorus levels of the surface sediment .
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Low pond water phosphate concentrations are caused more by retention of
most sediment phosphorus in unavailable organic or reductant-soluble
inorganic form and by strong sorption of the rest by sediments than by low
sediment total phosphorus levels . Either mineralization of sediment
organic phosphorus or transformation of reductant-soluble phosphorus to
an exchangeable form would result in a several-fold larger pool of
exchangeable inorganic phosphorus and in an increase in phosphate
concentration in the water column . Thus, the low productivity of the ponds
is related to the low temperatures which keep much of the phosphorus tied
up in the sediments . Higher temperatures would cause higher
decomposition rates and a consequent higher rate of supply of phosphorus .
This would not necessarily remove the phosphorus limitation on growth of
algae but would allow much higher rates of primary production .

ORGANIC CARBON

Dissolved Organic Carbon

Most of the carbon in the pondwater is present as dissolved organic
carbon (DOC) . The DOC is composed of a tremendous variety of
compounds but can be roughly diyided into two parts ; the larger of these is
high molecular weight compounds such as polymerized humic acids, and
the smaller is low molecular weight compounds such as simple
carbohydrates, amino acids, and small organic acids .

One reason for the high concentrations of high molecular weight
compounds is that they are resistant to biological breakdown . Many of
them originate from the terrestrial system and enter the ponds during
runoff. Thus, they are the terminal products of decomposition in soils . Of
course, these resistant compounds are eventually broken down, perhaps by
an enzymatic hydrolysis or a photo-decomposition by UV, and the smaller
products are used by bacteria .

In contrast, the low molecular weight compounds are readily used by
bacteria ; this holds the concentrations at a very low level . These labile
compounds are derived mainly from algae and macrophytes by leakage
and decay although a portion also arises from breakdown of the long-
chain compounds .

Total DOC

The organic material passing through a Reeve Angel 984 H glass
fiber filter, which has a mean pass of 0 .8 µm (Sheldon 1972), is called
dissolved . Organic material retained by the filter is called particulate
although it is likely that some organic colloids are also retained by the
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filter . Total DOC was measured as CO2 released from an acidified filtrate
by a wet combustion with acid-persulfate at 105°C in nitrogen-purged
ampules (in 1971) or by a combustion (650-750°C) in a tube furnace (in
1972, 1973). The amount of CO 2 was measured with an infrared gas
analyzer (Menzel and Vaccaro 1964) . In 1971, triplicate 1-ml ampules
were prepared weekly for each of several ponds . For each sample in 1972
and 1973, a minimum of four replicate injections of either 25, 50 or 100 µl
from a Hamilton syringe were averaged .

The seasonal cycle of DOC (Figure 4-30a) begins with low
concentrations during the melt period in June and ends with high
concentrations at freezeup in September . Snowmelt water contains little
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DOC (measurements of 0 .4 and 3 .3 mg C liter' in Pond B, 1971) but
once the sediments begin to thaw the DOC concentrations increase
rapidly. In Pond B, the maximum was reached on 5 July 1971 (15 .6 mg C
liter - '), 30 June 1972 (14.6 mg C liter') and 16 July 1973 (11 .9 mg C
liter - ') . Through much of the summer the concentration was fairly
constant at 10 to 14 mg C liter - ' . However, in late August of 1971 and
1972, the concentration of DOC was changed by rainfall and its runoff
(Figure 4-30a) . We have no data for concentrations during freezing, but
Kalff (1965) has shown that in the autumn under the ice cover, the color
(measured in Pt units, a relative measure of DOC) increased to seasonal
maxima just before the ponds froze solid .

The sources of organic carbon are : (1) leachates from the sediments
including re-solution of the previous year's DOC, (2) leachates from dead
emergent sedges in the flooded peripheral areas around the ponds,
(3) leachates of soil, sedge and lemming feces washed into the ponds by
overland snowmelt and rainfall runoff, (4) leakage of photosynthate from
aquatic sedges and grasses (Carex aquatilis and Arctophila fulva), (5)
leakage by planktonic and epipelic algae during photosynthesis, and (6)
excretions and autolysis of living and dead chironomids, oligochaetes,
flatworms, zooplankton, tadpole shrimp, and other fauna and flora .

Much of the increase in DOC early in the thaw season comes from the
re-solution of DOC which was frozen out in the previous autumn .
Evidence for this comes from a series of 1 .4-m 2 subponds, set up in 1970 in
ponds B and C. These excluded runoff water but included sediments .
Hence all the total DOC in these subponds in the early summer of 1971
had to be redissolved from the sediments as there could be no new DOC
from new grass detritus and runoff water . By 21 June 1971, nine days after
the ponds thawed to the bottom, the subponds contained only 50% and
64% of the DOC in the open-pond waters . By 7 July 1972, they contained
55% and 38% of the open-pond DOC . In another type of measurement,
surface sediments (Pond J) were incubated in distilled water for six days
(25 to 28°C) and the DOC determined . This leachable DOC was 1 % of the
total sediment carbon in June but was only 0 .1% in August. Thus, the
leachable DOC in the sediments decreased by an order of magnitude over
the summer .

A second major source of DOC appears to be the leachates from dead
emergent grasses and sedges . Each fall, the leaves of emergent aquatic
plants die but most remain as standing dead. The next spring, there are
three types of leaves present: green (grown during the previous summer but
frozen in ice over the winter), yellow (grown during the previous summer
but overwintered beneath snow), and brown (grown during the summer
before the previous summer) . When the green leaves of Carex aquatilis
were placed in 20-µm mesh litterbags and put into the pond, the leaves lost
47% of their initial weight in 33 days . By means of tests described in
Chapter 8, it was determined that 48% of the loss was caused by bacterial
activity and 52% by leaching .
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When older leaves were placed in plastic bags and allowed to
decompose, it was found that 15 to 20% of the plant carbon remained, as
DOC; we believe this DOC is resistant to bacterial breakdown
(refractory) . This was shown in experiments with yellow Carex leaves
placed into plastic bags (Whirlpak) along with distilled water and
incubated next to the litterbags . The loss of dry weight from the Carex in
the plastic bags was very close to losses from the litterbags . This loss
equalled the DOC that accumulated in the plastic bags (controls of plastic
bags plus distilled water had no increase in DOC) . After one summer of
incubation in plastic bags, the yellow Carex lost 25% of its dry weight and
19% of that dry weight was found as refractory DOC . Over the same
period, brown Carex lost only 16% of its initial dry weight while 15%
remained in the plastic bags as DOC .

There is also evidence that most of the loss from the overwintering
leaves occurs in the first 2 weeks after the thaw . It is likely that in the older
leaves this rapid loss is caused by mechanical rupture during the freeze-
thaw process . In the green leaves, the initial loss is likely from the easily
soluble material .

From the plastic bag and litterbag experiments and from production
estimates for the emergent plants, we estimate that there is a total input to
the pond of 3 .9 g C m -2 of refractory DOC from sediments and
macrophytes and 5 .6 g C m -2 of labile DOC from the grasses and sedges
(Table 4-23) . This was calculated from the Carex annual production [80 g
C M-2 (see Chapter 5) ] , the size of the Carex bed (40% of total pond), and
the loss rate from the bag experiments. Thus, the refractory DOC added to
the ponds from yellow Carex is 1 .8 g C m -2 and that from brown Carex is

TABLE 4-23 Summary of the Sources of Dissolved Organic Carbon in Pond
Bin 1971

Refractory humic DOC

	

Usable or labile DOC
Source

	

(g C m -2 yr -1 )

	

(g C m -2 yr-1 )

Sediment re-solution 1.4 0

Macrophyte leaching 2.5 5 .6

Phytoplankton 0.1

Epipelic algae 0 .9

Emergent plants 0 .9

Zooplankton

	

1 .0

Subtotals

	

3.9

	

8.5

Grand total

	

3.9

	

+ 8.5 = 12 .4 g C m 2 yr-1

*Depth of the pond was taken as 20 cm .
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0.6 g C m -2 . During the third year, some 54% of the dry weight of the
plant matter is lost as small particulate material (less than 20 µm) whose
leaching rate is probably much like that of the surface sediments (Table 4-
23). The leaching of old leaves and the re-solution from the sediments add
humic compounds which are resistant to further decomposition and which
accumulate in the pond . From all these calculations, we estimate that 2 .4 g
C m-2 of refractory DOC enters the ponds from grasses and sedges [this is
87% of the 2.8 g DOC m -2 found in Pond B in early July (20 cm average
depth) ], and another 1 .4,g C comes from re-solution from the sediments .
In view of the relatively small amount of labile DOC that is estimated to
be present at any one time (maybe 10%), it is surprising that leaf leaching
contributed 5.6 g C m -2 of labile DOC each year . Most of this comes from
the early season leaching of the grasses and sedges and almost all of it is
used by planktonic and benthic bacteria (see Chapter 8) . Macrophytes
were also an important source of DOC in Lake Wingra where they cover
31 % of the lake . Prentki et al . (1979) measured a movement of 15 g C m -2
of labile DOC from the submersed weedbeds to the open water .

In August of all 3 years, there was sufficient rain to raise the pond
water level; yet, contrary to our expectation, the DOC concentration
increased. Sometimes the rainfall appears to dilute the DOC, and at other
times it appears to increase DOC by leaching vegetation . One explanation
may be that the August rains frequently occur after early frosts have
damaged terrestrial vegetation so that cell contents are easily leached .
Another possibility is that overland runoff, which quickly reaches
equilibrium with the soil solution, is entering the ponds. This runoff was
observed on 19 to 26 August 1971, for example. The rain can not add
appreciable DOC, for even if it contained 1 mg DOC liter - ', 5 cm of rain
during the summer would add only an insignificant 0 .05 g DOC M -2 .
(Table 4-23) .

In 25 ponds contained in the same drained lake basin as the IBP
ponds, total DOC concentrations ranged from 10 .2 to 34 .5 mg C liter - ' in
1972 and 1973 . Some of the highest concentrations were found in the
ponds formed in polygon troughs .

Humic Compounds

The ponds contain very brown water, equivalent to the color of water
in bogs . The color can reach 370 ppm on the Pt-Co scale (Kalff 1965) .
Although we can only speculate, it is likely that the origin of the color is
similar in these ponds and in bogs-the leachate from dead emergent
vegetation and organic deposits in the littoral and benthic zones .

These colored materials are soluble humic compounds and tannins,
mainly of terrestrial origin, which are resistant to bacterial breakdown .
They have been classed generally as aromatic polyhydroxy methoxy
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carboxylic acids (Black and Christman 1963, Ghassemi and Christman
1968). They frequently polymerize reversibly and form colloids as a
function of pH, temperature, and divalent cation concentration . Most of
the humic compounds have a quinone-like nucleus, that is, an unsaturated
double bond coordinated with an aromatic ring, which absorbs ultraviolet
light strongly and fluoresces .

For relative quantification of humic compounds dissolved in pond
waters, we used their absorbance of ultraviolet light at 250 nm in filtered
water (984 H glass fiber filters) . Samples were read at 25°C at the usual
pond pH's .

Ultraviolet absorption of pond water over the season tended to follow
the DOC (Figure 4-30a and 30b), ranging from an absorbance of less than
0.070 at 250 nm (1 cm) in unthawed Pond B to 0 .545 by 5 July 1971 . Like
the total DOC concentration, the UV absorption increased rapidly in the
post-thaw period . The relationship between DOC and absorbance at 250
nm was significant in 1971 (r=0.81 to 0 .94) for Ponds B, C, D, E . In 1972
and 1973, this correlation was not significant .

In general, trough ponds all have higher amounts of color than low-
centered polygon ponds and frequently have some of the highest
concentrations of DOC . Trough ponds drain the ice-wedge troughs which
act as a repository for leachable lemming-cut grass, winter nests of
lemmings, and lemming feces . In addition, the input of runoff and

FIGURE 4-31 . UV absorbance at 250 nm in the water of
some ponds near the IBP aquatic site, 9 August 1973 .
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drainage water per unit of pond volume is much higher for trough ponds
than for low centered polygon ponds .

If the ponds sampled in the transect in 1973 (Figure 4-31) are classed
by dominant vegetation in or around the pond, then the moss ponds are
significantly more colored than the Carex and Arctophila ponds
(t = 4 .05, t .oi j(23)=2 .807) (Table 4-24) . The conclusion could be drawn that
the moss vegetation forms more materials that absorb UV light . However,
an interpretation based on dominant vegetation is confounded by the
origin of the two pond types, as all moss ponds are trough ponds and all
Carex and Arctophila ponds are low-centered polygon ponds .

Furthermore, these pond types and vegetative types are
geographically separated on the shelf of an old lake basin . The ponds with
the lowest UV absorbance (color correlates with absorbance at 250 nm) in
1972 and 1973 lie in the most recent lake basin formed on the shelf of the
much older lake (Ponds A, B, C, E, J, 24 and 25) (Figure 4-3 1, Figure 3-1) .
The ponds on either side of the old lake shelf (Ponds X, 4 and D on the
eastern side of the shelf and Ponds 2, 23, 1, 10, 26, 9, 8, 22 and 3 on the
western or in-shore side) had a higher UV absorbance . Interestingly
enough, these intermediately colored ponds (absorbance at 250 nm was 0 .4
to 0.8) around the most recently drained lake basin are most often
Arctophila ponds. The ponds with the most color were primarily trough
ponds above the western shore of the old basin located between high
mounded polygons which are much older (14,000 yr) .

The small year-to-year variations in the humics appear to be a
function of differences in the water budget, especially in the amount of
overland runoff later in the summer . Thus, 1973 was a wet year with
overland runoff beginning by 19 August, while 1972 was a dry year with
little mid- or end-of-summer rainfall . On the average, the color in 1973
(Figure 4-31) was not significantly different from the color in the drier
year, 1972 (Figure 4-32). From 1972 to 1973, the intensity of color in the
lowest colored ponds decreased, while it increased for the highest colored
ponds (Figure 4-32) . Thus, when rainfall runoff was the greatest, the
central ponds whose immediate vegetation-covered drainage basin was
smallest (because of the abundance of ponds) were diluted the most and
became reduced in color .

We calculate that 50 to 70% of the total DOC is made up of these UV-
absorbing humic materials . The data come from the ratio of total DOC to
the absorbance at 250 nm before and after the addition of small amounts
of anion resin which differentially removed the colored materials . This
resin (Biorad AG50-8x) irreversibly' binds the polycarboxylic humic acids
and perhaps also some of the negatively charged non-UV-absorbing DOC .
The measurement, however, was made only twice in replicate and
considering the variability of humics that must occur from pond to pond,
these percentages of humic compounds in the DOC pool must be taken as
an indication of a general range rather than as an absolute value .
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FIGURE 4-32 . UV absorbance at 250 nm in the water of
some ponds near the IBP aquatic site, 18 August 1972 .

Labile Compounds

Simple organic molecules, such as sugars, amino acids and simple
acids, make up a very much smaller proportion of the total DOC than the
humic compounds. These simple compounds are biologically very mobile
in contrast to the refractory humics and, as a result, bacterial uptake
maintains them near the lower concentration threshold for active uptake
by bacterial transport mechanisms . Thus, the concentration of individual
compounds may only be a few µg C liter - ' . These labile molecules are
produced by many processes, primarily by leakage from phytoplanktonic
algae, from epipelic algae, and from emergent plants, although the
egestion, excretion, and autolysis of animals can contribute significantly .

Only a few direct analyses of these simple compounds have been
carried out anywhere, but these all confirm that there are only low
amounts present in natural waters . Using an enhanced enzymatic assay,
Hicks and Carey (1968) found that glucose in natural waters ranged from
1 .3 to 3.8~ tg C liter' . Vaccaro et al. (1968) reported average values
ranged from 2 to 9 µg C liter' in Atlantic ocean waters . Crawford et al .
(1974) measured the concentrations of 15 amino acids in the Pamlico
Estuary for 1 year using an ion exchange chromatographic technique .
Total dissolved free amino acids (DFAA) ranged from 10 to 30 µg C
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liter - ', of which 50% was ornithine, glycine and serine. The DFAA made
up less than 0 .2% of the total DOC . Generally, the concentration of
DFAA over the year varied with primary production in the estuary,
suggesting that the amino acids originated from algal cell leakage or algal
cell decay . Similarly, Gardner and Lee (1975) found an average of 10 jug C
liter - ' in the DFAA in Lake Mendota, a eutrophic system .

To obtain some idea of the turnover of the labile DOC compounds by
the natural microflora, we used a kinetic analysis of the dark uptake of "C-
glucose, acetate, proline, and aspartate at four or five concentrations
(Wright and Hobbie 1966, Hobbie 1967) . The equation used for the plot of
data was tf-'=(K,+Sa) (V.. .) - '+A Vmax - ' where A is added substrate
concentration, f is fractional uptake of the added radioactive substrate by
bacteria and t is time of incubation in hours . The uptake was corrected for
the "C02 respired during incubation periods at the in situ temperature
(Hobbie and Crawford 1969) . If the plot of tf-' vs . A was linear and the
line had a significant correlation, then the data fit a Michaelis-Menten
function for first order uptake . The slope of the regression was V..,- ', the
Y intercept was the turnover time of the substrate at its natural
concentration (S a v - '), and the X intercept was an estimate of the sum of
the half-saturation constant (K,) and the natural substrate concentration
(S,) in µg C liter' . Unfortunately, the (K,+S a ) cannot be taken as the
concentration of S a as K, may be equally large or even larger than the S,, .

The turnover times for these small molecular weight compounds in
Barrow ponds and the estimate of K,+S, were no different from those for
temperate lakes despite the lower pond temperature . The maximal
estimates of K,+S a ranged from 5 to 28 µg C liter' and the turnover
times from 20 to 229 hours, the latter times being determined for acetate in
situ without adding in the "C02 respired (hence may be an
overestimation) (Table 4-25) . Hobbie (1967) found turnover times of 10 to
1000 hours over the year in Lake Erken and estimated from (K 1+S a ) that
substrate concentrations were less than 2 .4 µg C liter -' for glucose and 4 .0
µg C liter - ' for acetate. In an oligotrophic marl lake, Miller (1972)
determined an average K,+S a to be 2 .7 µg glucose-C liter' and 3 .9 ug
acetate C liter - ' . In a dystrophic kettle lake, Duck Lake, also in Central

TABLE 4-25 Average Turnover Times (Tt)and Estimates ofMaximum Natural
Substrate Concentrations (K t t SO in Pond B, 1971

Glucose

	

Acetate'

	

Proline

	

Aspartate
Tt K t +Sn

	

Tt

	

Kt +Sn

	

Tt

	

Kt+Sn

	

Tt

	

Kt+Sn
(hr)(ltg C liter -1 ) ( hr) (µg C liter-1) ( hr) (pg C liter- 1 ) ( hr) (pg C liter -1 )

Mean

	

55 .7

	

15.9

	

229.4

	

27.9

	

70.3

	

5.3

	

20.0

	

15.1
SD

	

40.2

	

14.2

	

213.4

	

17.6

	

35.3

	

3.2

	

11 .7

	

7.5
CV

	

72%

	

93%

	

50%

	

58%

'Not corrected for 14C02 respired during the incubation .
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Michigan, the K,+S, was 2 .7 and 43 .0 µg C liter' for glucose and
acetate, respectively . The average turnover times for the year ranged from
16 to 35 hours in the two Michigan lakes .

Crawford et al . (1974) measured concentrations directly in an estuary
and found that the concentration of 15 amino acids was much lower than
the estimated K,+S, calculated from the kinetic analysis of the uptake of
radioactive substrates . For proline, the average of S . (K,+S,,) " was
5 .9%; for aspartate, 7 .5%. If we correct our mean estimate of K t+S„ by
the same percentages as for proline and aspartate, then proline=0 .31 µg C
liter' and aspartate=0.08 µg C liter' . If the measured DFAA in the
estuary ranged from 10 to 30 µg C liter' when proline was 0 .56 µg C
liter' and aspartate 1 .02 µg C liter - ', then, in proportion, the DFAA in
Pond B would be 9 to 27 µg C liter - ' . It should be mentioned that amino
acids seem to differ from the general rule that the concentration of S, is
close to that of Kt .

All the data show that compounds readily metabolized by bacteria
are maintained at very similar, very low concentrations in all natural
waters . At most, the pool of amino acids, simple sugars, and two or three
carbon acids (acetic, lactic, glycollic) found in the ponds could not be more
than 120 µg C liter - ' . This pool is produced rapidly, but is used just as
rapidly by the 10 6 bacteria per ml (Hobbie and Rublee 1975) . Hence, the
turnover of this pool is measured in tens or hundreds of hours, and its total
concentration is at a near steady state between production and utilization .

The sources of this small pool of readily-used DOC include a
proportion of the leachate of dead vascular plants (5 .6 g C m-2 yr - '),
leakage by the photosynthesizing plants, and excretion by grazing animals
(Table 4-23) . Phytoplankton algal secretion or leakage ranged from 16 to
36% of the photosynthate (Table 4-26) . In Pond B this is equivalent to 0 .14
g C m -2 yr -' when the planktonic production is 0 .7 g C m -2 yr -'
(Stanley 1976a) . The annual contribution from epipelic algal production,
8.9 g C m -2 , is much more significant and an average secretion rate found
in 1971 was 10% . Hence, 0 .89 g C m -2 yr-' of usable DOC was released
from this source (Table 4-26) .

Higher aquatic plants also leak a portion of their recent
photosynthate ; this rate of loss could vary from 1 to 100% of photo-
synthesis rate as a function of divalent cation concentrations (Wetzel
1969a, Wetzel and Manny 1972) . Glucose was a major compound
produced by Najas flexilis in the laboratory (Wetzel 1969b) . On the
average, Wetzel et al . (1972) found an average of 4% leakage in the field .
At Barrow, in a single set of experiments in the laboratory at 16°C with
450 foot-candles of light, completely submerged Carex plants released
3.75% of their photosynthate as DOC during a six-hour incubation with
"C0z and a subsequent six-hour incubation in non-labeled filtered pond
water. If the production of Carex ranged from 600 to 1000 mg C m -2
day -' in Pond J in 1971, then the leakage would be 22 .5 to 37 .5 mg C m -2





Chemistry

	

163

day - ' . Since the plant beds cover 40% of the pond area, this would amount
to 9 to 15 mg C m -2day - ' over the pond area or about 900 mg C m -2
yr - ' for a 75-day growing season (Table 4-23) . This 45 to 75 µg DOC
liter' day - ' (assuming a 20-cm-deep pond) is a large input to the DOC
pool .

The excretion from the zooplankton may be the only significant
animal input into the open water (Table 4-23) . We have no direct measure
of this, but if the annual net production of zooplankton is 1 mg C liter -', if
the zooplankton ingest 20 times their net production, and if release of
DOC from its metabolism or from mechanical destruction of cells passing
through the gut is 40% of ingestion, then the zooplankton may add 1 .0 g
DOC m-2 yr- ' .

We were not able to measure the total input of DOC from the
sediment . Obviously the maximum microbial activity occurs here but we
could measure only the production of refractory DOC. A large quantity of
labile DOC could have been produced and rapidly used . This amount, not
entered in Table 4-23, is likely 2 or 3 mg C liter - ' .

The input of total DOC is 12 .4 g M-2 yr - ' or 4 times the maximum
standing crop of total DOC (Table 4-23) . This input is made up of an
estimated 3 .8 g C of refractory DOC, primarily humic materials from
sediment re-solution and from sedge and grass leaching, and 8.5 g m -2
yr - ' of labile DOC, primarily from the leaching of plant matter in the
littoral weed beds and from leakage of autotrophs . Obviously bacterial
utilization of the labile DOC must be very large (see Chapter 8) . Other
sources of loss include washout during snowmelt in the first 2 weeks after
the thaw and photo-decomposition by sunlight . Based on June
measurements on the concentration of humic material in Pyrex bottles left
in the sunlight, we calculate that all of the dissolved humic material is
decomposed every 28 days .

In conclusion, because of the importance of the refractory humic pool
in the total DOC budget, the observed concentrations of DOC appear to
be largely controlled by physical and hydrologic processes . In general, the
concentration of DOC in shallow lakes with large drainage basins is
determined more by allochthonous inputs than by autochthonous ones
(Birge and Juday 1934) . The tundra ponds do not follow this rule as they
are very shallow, low-volume aquatic systems whose DOC pool is largely
dominated by vegetation decay within the pond itself and by sediment
solution of surficial bottom deposits . This pool, however, is mainly the
refractory DOC remaining after the bacteria have removed the labile
material .

Particulate Organic Carbon

Most of the material in suspension in the water is particulate organic
carbon (POC) . This is separated from the dissolved material by filtration .
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TABLE 4-27 Particulate Organic Carbon during Runoff, 1973*

Date

	

#of samples

	

Weir #1

	

Weir #6
mean

	

SD

	

mean

	

SD

10 to 14 June

	

14

	

651

	

129

	

1187

	

870

15 to 18 June

	

7

	

571

	

68

	

436

	

231

19 to 27 June

	

11

	

346

	

146

19 August

	

1

	

415

27 August

	

1

	

222

Total discharge through weir 10-27 June

	

11,875 m 3

	

319 m 3

*Data are expressed as jig C liter -1 .

Thus, the particulate material is composed of particles of all sizes and the
border between the DOC and POC is an arbitrary one that is defined by
the retention characteristics of the filter . The 984 H filter retains all
particles above 0.8 µm in diameter . For analysis, the filtered material was
oxidized in a chromic acid-sulfuric acid solution and the resulting color
change calibrated against glucose in a spectrophotometer (Strickland and
Parsons 1968) . The POC was measured in two or three ponds twice weekly
from 1971 to 1973 .

Both the snowmelt and the runoff water were high in POC, especially
at the start of the thaw . Snow contained 1124 µg C liter -' at the beginning
of the melt . The runoff water (Table 4-27) from Weir no . 6 (see Figure 3-1
for location) had an average of 1187 µg C liter' in the first 5 days of the
melt season but this dropped to 436 during the next 4 days. A similar
pattern, though with lower concentrations, was measured for Weir no . 1
(the weir that passed large quantities of water) . The same high
concentrations early in the year were also measured in Pond B during 1971
(Table 4-28) . The yearly means, 769, 266, and 391 µg C liter' for 1971,
1972, and 1973 (Table 4-29), reflect the great differences from year to
year; these differences are unexplained .

The POC is composed mostly of non-living material . Assuming that
algae are 5% carbon (of wet weight) and that bacteria contain 1 .2x 10 _e µg
C cell - ', then only 5.3% of the POC was made up of algae and bacteria in
1971, 13.4% in 1972, and 9.9% in 1973 (see Chapter 5 for biomass data) .
We have observed that the biomass of the organisms was about equal
during these 3 years and so the concentration of non-living organic matter
changed .

The environmental or biological factors that control the
concentration of POC are not obvious in these ponds. As already noted,
there was no correlation between the POC and algal or bacterial biomass .
In addition, when a series of ponds was studied in 1971 (Table 4-29), there
was no correlation between the productivity and the POC . Attempts to
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TABLE 4-28 Particulate Organic Carbon in Pond B (1971, 1972) and in Pond
A (1973)*

	Pond B	 Pond A

1971

	

1972

	

1973

8June

	

1741

	

10 June

	

127

	

19 June

	

608

9 June

	

339

	

13 June

	

96

	

20 June

	

445

10 June

	

2148

	

14 June

	

42

	

21 June

	

897

12 June

	

1135

	

15 June

	

105

	

22 June

	

150

14 June

	

659

	

17 June

	

102

	

23 June

	

527

17 June

	

401

	

18 June

	

62

	

24 June

	

320

21 June

	

594

	

19 June

	

182

	

25 June

	

458

28 June

	

499

	

20 June

	

613

	

26 June

	

232
21 June

	

252

	

27 June

	

301

5 July

	

504

	

23 June

	

594

12 July

	

480

	

24 June

	

248

	

2 July

	

351

19 July

	

518

	

26 June

	

275

	

9 July

	

339

26 July

	

559

	

29 June

	

307

	

17 July

	

376
30 June

	

23 July

	

88

2 August

	

712

	

Run 1

	

307

	

31 July

	

320

9 August

	

946

	

Run 2

	

537
16 August

	

301

	

Run 3

	

281

	

12 August
Run 4

	

622

	

Run 1

	

364

Run 5

	

669

	

Run 2

	

376
Run 3

	

489

7 July

	

243

	

13 August
Run 1

	

348
Run 2

	

319
Run 3

	

110
16 August

	

719
27 August

	

464

*Data are expressed as µg C liter-1

TABLE 4-29 Mean Particulate Organic Carbon in Ponds, 1971 to 1973

Year

	

Pond A-B Pond C

	

Pond D

	

Pond E

	

Pond K

1971

	

769

	

531

	

671

	

763

	

1450

SD

	

530

	

170

	

306

	

303

	

371

1972

	

266

	

206
SD

	

172

	

156

1973

	

391

	

484
SD

	

187

	

141

1*Data are expressed as pg C liter- .
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find a correlation between POC concentration and the average daily or
maximum wind speed were equally unsuccessful . Certainly there are daily
changes (e .g ., 13 August 1973, Table 4-28) in the POC and similar changes
have been noted for the bacteria throughout a single day (see Chapter 8) .
The causes of these changes-wind, water currents, and micro-
turbulence-are difficult to measure .

In spite of the extreme shallowness of the ponds and the
accompanying close contact with the sediments, the POC concentrations
are very similar to those found in the epilimnion of moderately productive
lakes. For example, Lake Erken in Sweden (Hobbie 1971) had a
concentration that was usually between 500 and 800 jig C liter - ' (a peak
of 1500 during an algal bloom) and Lawrence Lake in Michigan had
concentrations of 200 to 800 µg C liter - ' in the circulating water (Wetzel
et al . 1972). In Lake Tahoe, an extremely oligotrophic lake, POC ranged
from 19 to 38 µg C liter' while coastal ocean waters had 30 to 300, open
ocean waters 5 to 50, and Arctic Ocean water 1 to 7 µg C liter - ' (Holm-
Hansen 1972) . Algal biomass was estimated to be 10% of the total POC
(Hobbie 1971) in Lake Erken while Miller (1972) calculated that 7% of the
POC was made up by living organisms in Lawrence Lake .

Sedimentation of POC

The POC in the ponds is produced by the growth of algae and
bacteria, by their death, by defecation and molting of the zooplankton, by
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FIGURE 4-34 . Sedimentation rates at various wind speeds. The
speeds are the maximum recorded speed over the sampling interval .

precipitation of an iron-humic floc, and by resuspension of the sediment .
POC is lost from suspension by settling out when water currents are
minimal and by ingestion by zooplankton .

One way to examine the resuspension is to measure the POC settling
out in the ponds . Because the concentration of the POC in suspension is
relatively constant, the amount settling to the bottom must equal the
amount resuspended . The problem becomes a methodological one,
however, as any sediment traps put into the pond inevitably affect the rate
of sedimentation . For example, small diameter traps suspended in lakes
are supercollectors (Miller 1972, Rich 1970) and collect much more POC
than actually sinks . This is especially true during circulation periods when
the traps collect a portion of the POC passing across the traps, not merely
the amount sinking down .

One other problem is that in the ponds the suspended material
remains quite close to the bottom and can not be sampled by tall traps . For
example, white Plexiglas plates placed on the bottom collected much more
POC over 3 days than did 8-cm or 16-cm tall traps nearby (Figure 4-33) .

Our standard trap was a 4 .7-cm-diameter cylinder 12 cm or 16 cm
tall, placed on the bottom . These collected from 0.46 to 28 g dry wt m
day - ' . In Pond D, the averages were 3 .3 in 1971, 6 .8 in 1972, and 4 .4 g in
1973 . As noted in Figure 4-33, this is an underestimate of the total
resuspension but is still a very large quantity of material . In fact, it is so
much greater than the total POC sampled in the water, that we suspect
that most of this material is resuspended during brief periods of high wind
and faster currents . A correlation study of the wind speed and the



168

	

R. T. Prentki et al .

I

0	
200

	

400

	

600

	

800
Mean Annual POC, µg C liter-I

FIGURE 4-35. Mean annual concentration of POC
vs. the mean annual sedimentation rate for six ponds .

sedimentation showed a direct relationship (r=0.66, HS) with the
maximum wind speed (Figure 4-34) and no correlation with the average
wind speed .

Ponds with the highest sedimentation rate had the lowest average
POC in the water and vice versa (Figure 4-35). The mean annual
sedimentation rate is inversely related to the mean annual POC
concentration with r= -0 .93 (n=6, HS) . One explanation is that the large
particles that fall to the bottom (average diameter of 200 µm) actually
clear the water as they fall . This could be an adhesion of the small particles
to the large ones or a co-precipitation . This co-precipitation was also
found in an arctic lake (Hobbie 1973) but inorganic silt, rather than
organic matter, was involved .

Zooplankton Grazing

The grazing of the zooplankton might be another control on the POC
in these ponds . As will be discussed (Chapter 6), the zooplankton are
capable of filtering all the water in a pond every few days . If these animals
are affecting the POC concentration, then the highest zooplankton
populations should be found in ponds with the lowest POC concentrations .
This is actually the case (see Chapter 6) and there is a highly significant
inverse correlation between POC concentration and maximum
zooplankton biomass (r = -0 .95, n = 8). This same relationship can also be
used to argue that the zooplankton had a higher production when lower
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quantities of non-living detritus were present . We really do not know
which is cause and which effect here . Is the zooplankton grazing reducing
the POC or is the low POC allowing high zooplankton production?

SUMMARY

Sediments

Because of the high ratio of sediment surface area to pond volume,
the pond chemistry is controlled by the events in the sediments . These
sediments are highly organic at the surface, are up to 80% organic in the
top 4 cm, and are as low as 18% organic matter at 8 to 9 cm . The surface
layers are dark brown, unconsolidated material containing some remains
of grasses, sedges, mosses, etc . Mean particle size is 500 µm and bulk
density is 160 mg cc - ' . If organic carbon is 40% of organic matter, then a
square meter slice I cm thick contains 300-500 g C . There is some mixing
of the top 4 cm as a result of animal activity .

Inorganic Ions

The pond water is a dilute salt solution with Na and Cl the major
ions. The concentrations of Na, Mg, Ca, Cl, and HCO3 are controlled by
abiotic processes, mainly by dilution during rainfall and runoff, and by
concentration during evaporation and freezing . During freeze-up, ions are
excluded from the ice and are eventually forced into the sediment when the
water all freezes . Dilute meltwater fills the ponds in the spring but
evaporation of the water and re-solution of ions from the sediments
increase the concentrations of ions as much as 4-fold by late summer . The
chemistry is a little unusual, as the chloride is higher in concentration than
bicarbonate, but this is typical of ponds near the sea ; most ponds in the
Arctic have more bicarbonate than chloride . In any event, this dominance
of the chloride has no practical importance because pH and buffering
capacity are still a function of the bicarbonate at all times .

Other ions have more complicated seasonal cycles than the above .
Potassium is highest during runoff, presumably due to leaching from
vascular plants and lemming feces . Iron is low early in the summer,
reaches a maximum in July, then declines . The concentrations are
correlated with DOC, so some complexing or chelating process is at work .
Iron concentrations increased after rain too, perhaps as a result of soil
leaching . Silica concentrations are very low ; the level is always below the
concentration supposedly needed for diatom growth and, in fact, there are
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no planktonic diatoms . There are diatoms in the sediment, however, and
their production would reduce the concentration of silica in the water .

The pond sediments are iron-rich peats . Concentrations of all ions
except potassium in the interstitial water are higher than in the water
column but are within the range of pore water from the Barrow terrestrial
site. Particulate iron concentrations are exceptionally high, up to 133,000
ppm, while the low manganese suggests both a differential mobilization of
iron by humic compounds and a lack of secondary mineral formation .

Trace metal analyses revealed that the pond water was similar to sea
water; there was 1 .0 µg Cu liter', 0 .7 µg Pb liter', and 4 .9 µg Zn
liter - ' .

Inorganic Carbon

The alkalinity was low, between 0 .32 and 0.45 meq liter' after the
effect of the meltwater disappeared . The pH was low early in the summer
but stabilized in the range 7 .05 to 7 .62. Because of the low buffering
capacity, photosynthesis changed the alkalinity by 0 .02 meq liter - ' and
the pH by 0 .5 during a single day . Total inorganic carbon varied from 1 .43
to 8.08 mg C liter' and averaged 4 .10, 5 .01, and 2.73 over the 3 years .
These are low values (one-seventh of seawater) .

Continuous measurements of the partial pressure of CO2 in the water
(pCO2) were carried out for 6 weeks in 1971 . The pCO2 ranged from 450
to more than 1500 ppm so the pond was always supersaturated compared
with 320 ppm in water in equilibrium with air . This does not imply a large
amount of CO2. For example, in this pond when the total CO2-C is 4 .45
mg liter - ' (from alkalinity and pH), most of the carbon is found as
HCO3 . When the pCO 2 is 320 ppm, then the dissolved CO 2 is 0.37 mg C
liter' . A pCO2 of 640 ppm equals 0 .74 mg CO2-C liter - ' . In the pond
water in 1971, the difference between the saturation value (320 ppm) and
the measured pCO2 averaged 397 ppm . This implies that there was a
continual transfer of CO 2 from the water to the air as a result of the excess
of respiration (mostly in the sediments) over photosynthesis . Also, the
transfer rate is relatively slow as the pond's CO 2 is not in equilibrium with
the air. The pCO2 was directly related to the sediment temperature and
indirectly related to wind speed . There was higher microbial and root
respiration at higher temperatures .

An evasion coefficient of 0 .34 ± 0.17 mg CO 2-C cm _ 2 atm -' min -'
was measured under a variety of wind and temperature conditions . This
gave an average rate of transfer of 0.53 g CO2-C m - 'day -' . The average
is likely conservative even though it is about twice the estimated value
based on studies of the respiration of separate groups of organisms . Much
of the CO 2 transferred to the air may arise from the respiration of roots
but this rate is poorly known .



Oxygen

The oxygen in the pond water was near saturation in the deep areas of
the pond but decreased to one-third of saturation in the shallow Carex bed .
This was the result of high sediment respiration rates and poor circulation
of the shallow water . Overall, the water was undersaturated due to
sediment respiration .

Eh and pH

The Carex beds also influenced the sediment pH and Eh . In the center
of the ponds, only the top 1 to 2 cm is oxidized. But beneath the plant beds,
the oxidized zone extends to 8 or 10 cm . This results from the downward
transfer of 0 2 within the roots . The E 7 at 14 cm was about 50 mV in the
pond center and 125 mV beneath the Carex roots. Thus, the sediments are
reducing but not strongly reducing . The pH fell to a low of 5 .8 at the top of
the anaerobic layers of the sediment but then rose slightly to 6 .4 in all the
deeper layers .

Nitrogen

The various compounds of nitrogen are present in the pond water in
low concentrations. Nitrite was always insignificant as levels were below
0.5 µg N liter - ' . Nitrate concentrations were high early in the year (up to
60 µg N liter - ' with an average of 7 to 40 jig N) but always fell late in the
summer (1 to 9 µg N liter') . Ammonia has two peaks ; one occurs early in
the spring and precedes the nitrate maximum and the other occurs in late
July and early August . Concentrations were always at moderate levels
(average monthly values from 20 to 50 µg N liter - ') . There was also an
ammonia peak in the meltwater (100 to 200 jug n liter - ') . However, most
of the nitrogen is present in organic form . The dissolved organic nitrogen
(DON) was most abundant (600 to 1000 µg N liter - ') while the particulate
organic nitrogen (PON) was about the same concentration as the total
inorganic forms (40 to 100 µg N liter') . These concentrations of nitrogen
are much higher than those in arctic lakes; in part, the regeneration of
ammonia from the sediments keeps the concentrations at these moderate
levels .

Concentrations were high in the sediments from the center of the
pond (5580 µg DON liter', 3000 µg NH3-N liter', 11 µg NO3-N
liter'). The rooted sedges and grasses take up ammonia so the amount in
the sediment near the plants was low (50-70 µg NH 3-N liter - ') .

There is nitrogen fixation in the sediments but the rate is very low .
The average value of 0 .31 mg N m -2 day - ' is equal to 28 mg N m -2 . yr - '
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and compares well with the terrestrial soil value of 48 mg N M-2 yr -' .
However, exchangeable inorganic N in the top 20 cm of sediments was
high: 810 mg N m -2 in the weedbed and 1400 mg N m -2 in the central
basin . Another input of nitrogen to the system is rainfall . During the
summer, the concentrations were 255 µg NH 3-N liter -' and 25 µg NO 3-N
liter'; in contrast, rainfall at Hubbard Brook, N .H. contains more N0 3
than NH 3 . The total input of dissolved inorganic nitrogen (DIN) at
Barrow was 11 .5 mg N m -2 yr - ' in rainfall. Seepage from the drainage
basin was not important but an important amount of DON was retained in
the ponds during the runoff of the meltwater (39 mg m -2 ) . The DIN
retained was only 1 .7 mg m -2 . Denitrification also occurred in the
sediments but the daily rate, 0 .18 µg NO3 liter', would not have affected
the NO3 Pool (11 ug NO 3-N liter -') very much .

The total budget for the input and output of nitrogen from the ponds
was calculated from the fixation, denitrification, rainfall, and runoff
values. There was a net input of 10 .5 mg DIN m -2 and of 69.6 mg DON
m -2 . The largest inputs were summer rainfall, nitrogen fixation, and
spring runoff, while runoff was the biggest export . The amounts retained
(80 mg N m -2 ) were small compared with the total amounts in the pond
(219 g N m - ) and its sediments but the total amount added each year,
about 80 mg N m -2 , was enough to supply 66% of the DIN needed for
plankton photosynthesis in the pond .

Ammonia is the preferred nitrogen source for the plankton . The mean
uptake rate was 0 .16 µg NH 3-N liter - ' hr - ' which replaces all the NH 3 in
150 hours. Nitrate was taken up much more slowly (0.004 µg N03-N
liter' hr - ', turnover time more than 3000 hours) . The measured nitrogen
uptake rate agrees well with the calculated rate based on the
photosynthesis . If the C :N ratio is 8 :1, then the plankton productivity of 1
g C m -2 yr - ' gave an averge uptake rate of 0 .17 µg N liter - ' hr - ', very
close to the measured value .

Similar calculations for the benthic algae give an average uptake rate
of 500 ug N m -2 hr - ' and for the rooted plants gives 750 µg N m -2 hr - ' .
There is adequate NH 3 for the benithic algae (1400 mg NH3-N m-2 in the
top 20 cm) but barely enough NH 3 for the rooted plants (only 18 mg NH 3-
N m -2 in the top 20 cm of the plant beds) . Obviously, ammonia is being
rapidly regenerated. This regeneration or supply rate for the water column
was measured with isotope dilution experiments ( 15N). The average supply
rate was 1 .9 µg NH 3-N liter - ' hr - ' which is more than adequate to supply
the plankton. There are no data for the sediments .

Nitrification likely occurs in the ponds but the evidence is indirect .
Nitrifying bacteria are present in the Barrow soils and high nitrate levels
occur early in the year . This process is certainly a slow one compared to
ammonif cation .

When phosphorus was added to a natural pond, there was an
immediate increase in the uptake of nitrogen by the plankton ; later, there
was an increase in the photosynthesis rate . In experimental ponds with
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added lights, the nitrogen fixation was increased, which implies that there
is a link between photosynthesis and fixation . When high amounts of
phosphorus were added each day, the fixation rate increased in direct
proportion to the amount added . We interpret this as indicating that the
algae are usually phosphorus limited . When excess P is added, the rate of
supply of N becomes limiting and algae, such as blue-green algae, that can
fix N gain a competitive advantage .

When P was added to an artificial pond containing no sediment,
productivity did not increase until extra N was added . This illustrates the
importance of the sediments in supplying nitrogen to the water .

Phosphorus

The concentration of dissolved reactive phosphorus (DRP) in the
pond water was always low, generally between I and 2 µg P liter - ' .
However, there was a brief period in mid- or late June when the
concentrations reached 4 or 5 µg P liter - ' . The P came from runoff and
from leaching of the standing dead vegetation ; when the algal
photosynthesis increased and the rate of supply decreased in late June the
concentration of DRP dropped below I ug P liter - ' .

Dissolved unreactive phosphorus (DUP) is re-introduced into the
ponds each spring through litter decomposition, sediment leaching, and
runoff. When the snowpack is deep, the runoff is large and the DUP
remaining in the ponds is low . The concentration in the ponds averaged 12
,,g DUP liter - ' ; this was 56% of the total phosphorus . About 70% of the
DUP was refractory while the rest could be easily broken down and made
available to algae.

Another important phosphorus fraction is the particulate (PP) . This
was fairly constant in concentration and averaged 10 µg PP liter - ' . Large
zooplankton were not included so this includes only algal, bacterial, and
detrital phosphorus .

Trough ponds are strikingly different from polygon ponds in that all
forms of phosphorus are more abundant . Concentrations were 3.7 to
7.6 µg DRP liter', 18 .6 to 60 .6 µg DUP liter - ', and 20 .3 to 31 .5 µg PP
liter' ; these are 2 to 7 times the concentrations in the low-centered
polygon ponds .

The concentrations of phosphorus in the interstitial water are much
higher than those in the water column above but most of the difference is
due to high DUP. Thus, the DRP was mostly 1 to 5 µg liter - ', while the
DUP was 24 to 138 µg P liter -' . There were no observed differences due to
the presence of roots or reduced sediments .

The sediment phosphorus was investigated by chemical
fractionation and 32P. An iron-rich sediment holds nearly all of the
inorganic P in the ponds. It is held by sorption of phosphate on or
occlusion within hydrous iron oxide rather than by the formation of iron,
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aluminum, or calcium minerals . The sorbed phosphorus is in dynamic
equilibrium with P in solution and can be mobilized . The amount of sorbed
P in the sediments was large, about 3,600 mg P m-2 in the top 10 cm of
Pond C while there was 25,000 mg total P m -2 . In the same pond, the
interstitial water contained 2 mg P m -2 and the water column contained 5
mg P M-2 (20 cm of water) .

The phosphorus enters the pond through winter snow, summer rain,
and spring runoff. It leaves the pond in spring runoff . The winter snow
contains about 4 mg P liter' (equal amounts of DRP, DUP, and PP)
while the summer rain contains 7.2 µg DRP liter' and 0 .7 µg DUP
liter - ' . As the meltwater from the winter snow moves in sheets across the
tundra, phosphorus is leached rapidly from vegetation, fecal pellets, and
litter on the tundra . The water entering the pond has 2 .4 µg DRP liter'
and 11 .3 µg DUP liter' . In the pond, concentrations are somewhat
higher so the water leaving the ponds contains 2 .5 µg DRP liter - ' and 13 .1
µg DUP liter - '. The budget, in units of mg P m -2 yr - ' is : winter snow,
+ 0.23; spring runoff entering, + 10 .41 ; spring runoff leaving, -11 .86 ;
summer precipitation, +0.51 . The net balance is -0 .70 or a slight loss
from the ponds . The ponds are in equilibrium, really, as all the terms in the
budget will change slightly from year to year . When the large amount
(25,000 mg P m -2 ) of P in the sediment is considered, it appears that much
of the phosphorus in the sediments was there before the pond was formed .
The amount of P lost, less than 1 mg P m -2 yr - ', is extremely small
compared to the total amount of P circulating in the ponds . For example,
if the primary productivity is around 40 g C m -2 yr - ', then this represents
approximately 500 mg P m -2 yr - ' circulating in the algae and rooted
plants .

The phosphorus cycled very rapidly through the plankton ; in fact, the
rate of uptake was about 200 times greater than the amount needed for
algal growth . The isotope studies showed that DRP is taken up by bacteria
and algae and most is immediately released again . The released P is
mostly dissolved organic phosphorus . The organic P released by the
phytoplankton has a low molecular weight (XP) and can either break
down again to DRP or combine with colloids to form colloidal P (high
molecular weight) . The XP and colloidal P pool is as large or larger than
the DRP pool. Phosphorus cycles through these organic fractions as much
as 50 times a day . Uptake rates of DRP into plankton were 13 to 320 µg P
liter - ' day' where the DRP was only around 2 µg P liter' . Obviously
the algae have actually 2 to 4 times the amount of P in the DRP available
for growth . There were also changes in the 70% of the DUP which is not in
the XP or colloidal P form but this pool is resistant to biological
breakdown .

Zooplankton excrete phosphorus mainly as DRP . In the pond, the
zooplankton -excreted about 0 .13 µg P liter' which is enough to account
for all of the P needed for algal productivity .
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An experiment in a microcosm demonstrated that bacteria took up
DRP and excreted an XP-like organic compound . In a mixed culture of
bacteria alone, the rate of uptake was 2 .5x 10 -7 µg P cell - ' hr - ' but
when a ciliate was introduced the rate rose to 16 .6 x 10 -7 µg P cell -' hr - ' .
However, the ciliates could excrete only 0.4 µg P liter - ' while bacterial
uptake was 9.3 µg P liter' . Thus, release of P by the ciliates was not
responsible for the increased activity of the grazed bacteria . Instead, the
difference is probably due to the physiological differences between the
rapidly dividing bacteria in a grazed system and the relatively static
bacteria of ungrazed systems .

The rooted aquatic plants cycle phosphorus from the sediments to the
water through leaching from dead plants and by excretion from live plants .
Carex leaves harvested when green lost 60% of their phosphorus during the
first month of immersion (34 µg P (g dry wt) -' day - ') . Live Carex lost 1 .1
µg P (g dry wt) -' day - ' or a maximum daily rate of 0 .14 mg P m -2 of
plant stand . This is a large amount relative to the phytoplankton needs as
the quantity approximates the amount of DRP present . Leaching from the
standing dead plant leaves averaged about 0.72 µg P m -2 day' so this
pathway is even more important than the excretion pathway . Phosphorus
transfer rates from the sediments to the water are rapid enough so that all
the DRP can be replaced in about 0 .8 day .

Control of Phosphorus

To understand the interactions of phosphorus in the ponds, it is not
enough to know the quantities that are added to the pond water ; we also
have to know what happens to this added phosphorus . Why is the DRP
concentration so low? To answer these questions requires a detailed study -
of the sediment because almost all the phosphorus that enters the pond
moves rapidly to the sediments . There it is either retained in an organic or
occluded inorganic form or is strongly sorbed to the sediments . The sorbed
phosphorus is available for interaction with the water phase ; most lakes
appear to have sorption rather than precipitation as the primary means of
phosphate fixation in the sediments .

Chemical adsorption phenomena can usually be described by an
isotherm equation derived from certain assumptions about the energy with
which individual sorbed ions or molecules are held . The best fit to our data
was given by the Temkin isotherm equation :

X Xm - ' = R Tb -' (ln g C)

where X is the sorbed phosphorus per unit of sorbent, Xm is the sorption
maximum, R is the gas constant, T is the temperature in °K, b and g are
constants, and C is the equilibrium phosphate concentration . This
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equation implies that the energy of adsorption decreases linearly as the
amount of the sediment particle covered by P increases and that a plot of
X against log C should be linear . Therefore, the less phosphorus there is
the more strongly it is bound . Comparison of the slope of the Temkin
isotherm for Barrow pond sediments with the slope for fertilized soils
revealed that the soils had a much smaller phosphate buffering intensity
than the sediments. In this sense, buffering intensity is a measure of the
tendency of a solution in contact and in equilibrium with a sediment to
resist a log C change resulting from addition or withdrawal of sorbed
phosphorus .

The buffering intensity, which is the slope of the Temkin isotherm,
can be approximated by a single number, the phosphate sorption index
(PSI). This is the ratio of X to log C and is obtained by adding 1500 µg P
to a gram of sediment and measuring the amount taken up . The higher the
PSI, the more strongly the sediment binds phosphate . In the intensively
studied ponds the PSI was 359 to 540 while in the other ponds investigated
the PSI was 318 to 728 . These PSI's are 50 to 250 times higher than those
found to control phosphorus concentrations in a stream at Hubbard
Brook, N.H . Thus, the sediments of the Barrow ponds are strongly
buffered .

It is likely, then, that DRP concentrations in the pond are controlled
by the phosphate sorption by sediments, and that this, in turn, is controlled
by the concentration of exchangeable inorganic P in the sediment . A
survey of DRP and oxalate extractable P (which approximates total
inorganic P) showed a correlation coefficient of 0 .56 over a series of ponds
so there is certainly some relationship . A negative relationship was found
between organic phosphorus and oxalate extractable phosphorus in the
sediment so it is possible that it is the rate of mineralization of the organic
P that controls the amount of inorganic P . Another process that may be
operating is the trapping of DRP during the spring runoff . Perhaps the
best demonstration of the importance of the sorption equilibrium was the
excellent correlation between the log of the plankton primary production
and the PSI of sediments from the intensively studied ponds .

Organic Carbon

The dissolved organic carbon (DOC) was defined as the material
passing through a glass fiber filter; the effective cutoff was 0 .8 µm .
Meltwater contains little DOC so concentrations in the pond were low,
4 to 5 mg DOC liter', immediately after the ice melted . As soon as the
sediments thawed, the DOC quantity increased ; a peak of 15.6 mg DOC
liter - ' was reached on 5 July. The concentration then became relatively
constant at 10-14 mg DOC liter' until late August when rain sometimes
diluted the water . Concentrations became very high as the ice sheet
thickened in September .
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The amount of DOC in the pond thus changed from 0 .8 to 3.1 g C
m-2 (for a 20-cm-deep pond). However, DOC has two fractions . One
fraction (90%) is refractory DOC made up of compounds, such as humic
acids and tannin, that are resistant to microbial breakdown . The other
fraction (10%), easily broken down and removed by microbes, is called the
labile fraction and is composed of peptides, sugars, amino acids, and short-
chain organic acids . The DOC that is measured in the pond is mostly
refractory material, as the microbes of the sediment remove the labile
compounds nearly as quickly as they are produced .

Re-solution from the sediments was determined from changes in
subponds open to the sediment . Tests were run with leaves and stems of
Carex in litterbags (mesh) and plastic bags . From these and from the
production values it was calculated that 3 .8 g refractory DOC m -2 enter
the pond from macrophytes (two-thirds) and sediments (one-third) and
5.6 g labile DOC m -2 come from macrophytes . A survey of ponds
revealed that those with the most color in the water, which correlates with
humic material, are trough ponds . Ponds on either side of the old lake
shelf also had high amounts of color while the intensively studied ponds
had low amounts of color .

Labile DOC is made up of a large number of compounds, each
present at concentrations of a few ug liter' . Studies of the kinetics of
uptake of these compounds indicated that the sum of the concentration of
substrate plus a half-saturation constant for uptake was : 16 µg glucose-C
liter', 28 µg acetate-C liter', 5 .3 µg proline-C liter', and 15 µg
aspartate-C liter' . This means that the concentration of glucose was
below 16 µg glucose-C liter - ' . The same experiments showed that these
compounds were completely removed from the water every 56 hr
(glucose), 229 hr (acetate), 70 hr (proline), and 15 hr (aspartate) . Thus, the
microbes keep the pool of labile DOC at a low level even though large
amounts of DOC may move through this pool .

Labile DOC leaches from Carex and Arctophila (5.6 g C m -2 yr
leaks from the photosynthesizing plants (1 .9 g C m -2 yr - '), and is
excreted from grazing animals (1 .0 g C m -2 yr - ') . Another source, but
one that could not be measured, was from the decomposition of detritus
(non-plant) in the sediments .

The total input of DOC to the ponds was 12.4 g m -2 yr - ' or 4 times
the maximum amount of DOC . Most of the loss was due to microbial
decomposition in the sediment but there was also some photo-
decomposition . The limited data indicate complete photo-decomposition
of the humics every 28 days . This loss could be as much as 3-4 g
DOC m -2 yr - ' .

The changes in the DOC can be accounted for by the leaching and
decomposition within the pond . Thus, the DOC is autochthonous .

Most of the material in suspension in the water is particulate organic
carbon (POC). It is defined as the amount retained on a glass fiber filter
(0.8 µm effective pore size) . Amounts were high, 1100 to 1200 ,ug POC
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liter' in snow and runoff water, but during the second half of the runoff
season the concentration dropped to 436 µg . The yearly means ranged
from 266 to 769 µg POC liter' in the pond water . Most of the POC is
nonliving; algae and bacteria made up only 5 to 13% . POC is produced by
the growth and death of algae, of bacteria, and of zooplankton, from
zooplankton molts and fecal pellets, by resuspension of sediments, and by
precipitation of iron-humus flocs . The concentrations in the pond are
similar to those in other moderately rich freshwaters .

Because the concentration of POC was relatively stable throughout
the summer, the resuspension rate should equal the sedimentation rate .
This rate was measured with 12-cm-high cylindrical traps, 4 .7 cm in
diameter . These underestimated the sedimentation rate compared with
measurements made on white Plexiglas sheets . The amounts of POC in the
water column averaged 90 to 200 mg POC m -2 day - ' but the sedimenta-
tion rate averaged 1200 to 2400 mg C m -2 day - ' . Thus, much of the
material that appeared in the traps must have been resuspended each day .
Sedimentation rate was significantly correlated with the maximum wind
speed, so the resuspension may only have occurred during brief periods of
each day .

POC was lowest in ponds with the highest sedimentation rates . It is
possible that large particles may capture the smaller particles as they fall .
Another possible control of POC is grazing by zooplankton . These
animals are abundant and active ; they filter all the pond water every 2
days. However, their effect on the POC is unknown .
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