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MAT-WATER PHOSPHORUS EXCHANGE IN AN
ACID BOG LAKE!

Frank F. HooPER AND LAURA S. MoORRIS!
School of Natural Resources, Universiey of Michigan,
Ann Arbor, Michigan 48109 1ISA

Abstract.  The exchange of phosphorus between a bog lake and its surrounding Sphagnum mat
and the fate of mat phospharus entering the limnetic zone of a lake were studied by means of a series
of mat-labeling experiments using “*P, and by an analysis of water budgets of the lake and mat.

A "P salution applied directly to the Sphagnum, so as ta simulate phaspharus input from rainfall,
produced a labeled soluble but biolagically refractory phosphorus fraction which persisted in the lake
at the initial concentration level for > 16 d. Labeling the interstitial water of the mat directly with %P
praduced a labeled particulate fraction which was biologically active and was quickly concentrated
in the limnetic food web. Heavy rainfall flushed both labeled camponents into the lake.

The pathway phospharus takes to enter the lake from the mat was determined by temperature
gradients in the mat and the degree of decomposition of the mat material. In early spring., with low
water temperatures, phosphorus maves along isotherms from the mat directly to the hypolimnion and
bypasses the thermocline. [n late spring movement is to the epilimnion and thermocline. The maxi-
mum phasphorus concentrations in the mat were above a compacted zone at the 2-m depth. This
maximum coincided with an open-water phasphorus maximum at 2 m, which indicated that there
were frequent inputs of mat phasphaorus to this stratum.

The direction of net phosphorus movement was largely controlled by the water balance of the
system. During periads of high precipitation, low temperatures, and law evapotranspiration, as was
found in early spring, net phosphorus movement was toward the lake. During midsummer high evapao-
transpiration of the mat vegetation increased the storage capacity of the mat. This reduced phospharus
flow toward the lake so that net flow was often toward the mat.

Key wards:  atmospheric phosphorus; bog mat. groundwater movement; lake mar exchange;

nutrient cycle; phosphorus: Sphagnum.

INTRODUCTION

Bog lakes differ from other standing water systems
because of the unique way the Sphagnum mat and the
surrounding vegetational complex interact with the
limnetic hahitat. In earlier reports (Koenings and
Hooper 1973, 1976, Koenings 1976) we have identified
a number of organic phosphorus fractions eccurring
in the Sphagrum mat and open water of North Gate
Lake in Michigan's Upper Peninsula. We have de-
scribed the relationship of these compounds to iron
and followed their transformation in the aercbic and
anaerobic strata of the lake. In this report we describe
hydrological studies and labeling experiments de-
signed to (1) identify the location and mechanism of
phosphorus interchange between the mat and the open
lake water, (1) measure the net flux of phosphorus
between the mat and water during seasonal changes
in evaporation and precipitation, and (3) determine the
extent ta which the phosphorus leachates and partic-
ulates from the mat are utilized in primary and sec-
ondary production of the lake.

The groundwater of perched, undrained bog sys-
tems in the Great Lakes area is typically highly cal-
ored, with a pH from 3.5 to 4.6 and a conductivity of

" Manuscript received 17 December 1980; revised 16 No-
vember 1981; accepted 3 December 15981,

* Present address: Great Lakes Research Division. Uni-
versity of Michigan, Ann Arbar, Michigan 48109 USA.

between 10 and 46 1S (Bay 1967). Although this water
is low in alkaline earth cations, it may be high in non-
ionic phosphorus and iron compounds (Koenings and
Haoper 1973). In North Gate and other bogs in the
northern Michigan study area, the dissolved organic
phosphorus content of the mat water may exceed 1400
#g/L, and the total dissolved iron content 1200 ug/L
{Kaenings 1977). Such large concentrations of dis-
solved phosphorus and iron are unique in unpolluted
waters in the Great Lakes area; the groundwaters ad-
Jacent to these bog lakes have phosphorus resources
comparable to highly eutrophic systems. North Gate
and other bog lakes in this study area (cf. Stross and
Hasler [960) therefore present a hiological paradox:
they are lakes of low productivity within ecosystems
rich in phosphorus. The low praductivity of lakes of
this type arises in part from their low transparency
(Hasler et al. 1951); however, this does not fully ex-
plain the anomalous relationship between phosphaorus
and productivity. We have addressed this prablem by
labeling experiments that sirulated input of inorganic
phosphorus to the bog mat by rain and by ground-
water. We have then observed the fate of these labeled
materials from the mat upan entering the lake.

STuDY AREA

North Gate Lake is one of a number of bog lakes
located within the University of Notre Dame Environ-
mental Research Area in Gogebic County, Michigan,
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Fig. 1. Hydrographic map of North Gate Lake and ad-

jacent bog. showing mat area labeled, sampling sites, and
transects,

USA (Township 45N, Range 42W, Section 36). The
lake has a surface area of 0.40 ha and a maximum
depth of 8 m (Fig. 1). The shallow thermocline of the
lake (Fig. 1) together with the large ratio of depth to
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surface area leads to an incomplete spring overturn
each year (Hooper and [mes 1971). This gives a di-
chothermal temperature curve (i.e., with minimum
temperature above the bottom) with a chemocline
varying in depth between 4 and 7 m. Similar mor-
phometry and chemical conditions have been noted in
other small bog lakes of the University of Natre Dame
tract (von Ende 1979).

The open water of North Gate Lake is surrounded
by a mat of sedges, Sphagnum, and shrubs (Fig. 1).
which extends into a black spruce—tamarack lowland
=10 ha in area. In early spring the water table of the
mat and the lake level normally are high, With heavy
rain large areas of the mat may be floaded. but no
surface drainage from the basin has been observed,
although it may occur during vears of exceptionally
high water.

At the edge of the open water the mat consists of
a surface layer of sedges and mosses covering living
or dead undecomposed mosses and recognizable plant
material which extends to a depth of =15 cm. This
layer is exceptionally porous. Shoreward, the mat
material becomes increasingly consolidated so that 4
m into the forest the surface layer of living mosses is
underlain by black, well-decomposed peat, and the
plant remains are unrecognizable.

METHODS AND PROCEDURES
Chemical and radiotogical merhods

We analyzed three components of the stable phos-
phorus in the lake water and in the interstitial water
of the adjacent mat. These components were {1} sol-
uble reactive phosphorus (SRP), here defined as the
phosphorus that passes through a 0.45-xm filter and
reacts with ammonium molybdate upon acidification
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Fig. 2.

Vertical temperature profiles and ““P activity entering the water colume in 971 at varions lake sites, after

Sphagriom labeling (2 June)., after mat interstitial water labeling (26 June), and after flushing of mat by 3.5 cm of rainfall {16

July).
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to form a blue complex, {2) soluble unreactive phos-
phorus (SUP). defined as the phospharus that passes
through a 0.45-xm filter but reacts with molybdate
only after acid digestion, and (3) particulate phos-
phorus (PP). which is defined as the phospharus re-
tained by a 0.45-pm membrane. Lake samples ana-
lyzed for PP included all water particulates, but
samples analyzed from the bog mat were filtered by
a 173-um secreen placed in the water-sampling tubes.
Tatal phasphorus (TP) is the sum of the above three
compaonents. Chemical procedures used in the analysis
of the abave phosphorus compenents followed closely
the outline given by Strickland and Parsons (1972). In
all cases, the samples were collected and analyzed in
duplicate.

in the labeling experiments, we monitared water P
by evaporating filtered 10-mL samples to dryness an
4 50-mm planchet and counting an a low-backgraound
beta counting system. To measure the activity assa-
clated with the total phosphaorus, we plated on plan-
chets 5-mL aliquots of salutions previausly digested
with perchlaric acid. We then evaporated the sample
to dryness and counted. To identify the activity as-
sociated with the three stable phosphorus compaonents
mentioned above, it was necessary to employ sepa-
ration technigques which differentiate between reactive
and unreactive ™P activity. To do this we exiracted
the molybdate blue complex produced in the ortho-
phosphorus procedure with hexanal. using the tech-
nique outlined by Stephens (1963). This extract was
then dried an a planchet and counted to give an esti-
mate of the reactive #P activity. Subtraction of this
activity from that obtained from evaporation of 0.45-
pm filtered samples gives the activity associated with
the SUP companent.

After labeling, we monitored biological uptake of
P compaonents in the lake system using the following
procedures. We callected 10 L of lake water from the
surface and from a 2-m depth at station B. Water was
filtered first through [53-i2m and then through 10-pm
Nytex netting. We used the material retained by 153-
am Nytex for measurement of zooplankton activity,
and that retained by the 10-m Nytex as the measure
of seston. These fractions were transferred to a 0.45-
pm membrane; the membrane was then digested with
perchloric acid. dried, and counted.

To collect Chaobarus, we made vertical hauls at
night with a closing net between 3 m and the surface.
These samples were filtered onto a 0.45-pm mem-
brane, which was digested, dried. and counted. Ta
medsure activity of the mudminnow Umbre we col-
lected fish in minnow traps placed at five stations near
the lake margin and at one station near the center (sta-
tian B). A sample of trunk muscle was removed from
a fish collected at each of these six stations. Samples
were digested. dried. and counted. In addition, the
intestinal tract was removed from a sample fish from
each of the six collecting stations. The contents of the
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mtestine were removed, their mass was determined,
foad items were identified, and the activity of a small
aliquot of material was measured. All of the above
activity measurements were made at 4-d intervals after
each mat labeling.

Since small amounts of radioactivity (fallout) exist-
ed in the bog system prior to these labeling experi-
ments, the background activity of all components of
the system was monitored 10 d prior to the first ex-
periment. Activity measurements of all components
were made as described above. In subsequent exper-
iments, we considered activity to be above back-
ground if it exceeded the activity of 95% of the back-
ground samples processed and counted in an identical
manner. In processing the radiological data of labeling
experiments all activity values were carrected for de-
cay ta the date of field application.

Weather dara

Daily observations of wind direction, temperature,
and cloud caver were made. We purt rain gauges on a
raft in the center of the lake, and the volume of rainfall
was recorded daily. Maximum and minimum air tem-
peratures were gbtained from records at the United
States Forest Service Weather Station at Watersmeet,
Michigan, which is located =32 km east.

1971 tracer experiments

[n 1968 and 1969 we noted that rainfall samples col-
lected in the center of the lake contained large con-
centrations of SRP. We frequently found concentra-
tions in excess of 100 wg/L. Similar rainout of
atmaospheric phosphorus has been reported by Gor-
ham (1976). From these aobservations we hypothesized
that the sources of phosphorus input to the large poal
of saluble unreactive phosphorus (SUP) and particu-
late phasphorus (PP} within the mat and lake must bhe
rain and groundwater from the watershed. Of course,
watershed phospharus would be transformed chemi-
cally during passage through the mat. To trace phos-
phorus supplied to the lake in these two ways, we
devised the following twa labeling experiments, using
.'!'.'P‘

Ta simulate phasphorus entering the mat via rain-
fall, we prepared a labeled phosphorus solution by
mixing 5.9 GBq of P (as PO, *) with 150 L of lake
water in an oil drum. We tested an aliquot of the mix-
ture befare application and found that essentially all
activity was in the form of SRP. On 30 May we applied
the label to the surface of the mart vegetation, using 2-
L sprinkling cans. Approximately half of the open mat
was labeled (Fig. [). The rate of application (~=0.5
L/m?) was so low that little of the label reached the
water table at the time of the application but was ab-
sorbed by the surface vegetation. Hawever, after a
light rainfall 12 b later, sampling tubes in the water
table of the labeled area recorded a high level of ac-
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tivity, and traces of activity were recorded in the apen
lake adjacent to the labeled zane (station A).

A second labeling experiment on 24 June was de-
signed to assess the fate of phosphorus carried through
the mat into the lake without direct contact with the
surface of the bog vegetation. To apply the tracer, we
used plastic funnels with stems =18 ¢m long and 2 cm
in diameter. Funnel stems were faorced through the
surface vegetatian, and the tracer salution was poured
directly into the uppermost saturated layer of the mat.
These injectians were made at 0.5-m intervals on a
grid pattern (416 injections), gave approximately the
same application rate as in the first labeling (©.5 L/m?),
and were applied to the same area. The same quantity
of labeling salution was used, but there was an in-
crease in total activity applied (7.4 vs. 5.9 GBq). Ap-
proximately 2 h after labeling, we sprayed the labeled
area with surface lake water which was pumped
through a garden hose. We calculated that the valume
of water sprayed was equivalent to =2 ¢m of rainfall.
Earlier trials in which P was added to the mat inter-
stitial water had shown that the label was taken up by
particulates, chiefly bacteria, within 2 h. Thus spray-
ing with lake water served to flush the labeled mat
water into the lake after it had interacted with partic-
ulates.

Before and after labeling we manitored activity in
the mat by installing three transects of sampling tubes
across the mat from the open water to the tree zone
(Fig. 1). The three transects differed somewhat in their
relationship to surrounding upland areas from which
surface drainage might be anticipated. Transect [
crossed a section of mat adjacent to an upland area
where a maximum input of surface drainage might be
expected. Transect II[ crossed the mat adjacent to a
lowland area where a minimum input of surface drain-
age was expected. Transect Il was intermediate to the
other two sites in its hydrological relationship.

To monitor inputs of activity to the lake following
labeling of the mat we established lake-mat interface
stations adjacent to the mat at five locatians (Fig. 1).
Stations A, C, and D were at the edge of the mat
adjacent to mat-sampling transects I, [, and ILI, re-
spectively. Stations E and F were on the side of the
lake that was not labled. Ar these interface stations
we manitored activity of water at depths of |, 2, 3,
and 6 m. A vertical profile of water activity was ob-
tained at the same depths at station B, which was lo-
cated in the center of the open water. Follawing la-
beling. samples were collected and apalyzed for
activity at 4-d intervals (Fig. 3). Duplicate samples
were collected and processed from each statian at
each depth on each date. We measured activity of fil-
tered and unfiltered samples, as described abave, o
determine activity associated with SRP, SUP, and PP
fractions. We were never able to identify activity in
the SRP component of samples collected from the
open lake.
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Mar phasphorus movement

[n studying phospharus movement between the lake
and the mat, we collected three sets of data. In 1974
we measured total phosphorus concentration of the
interstitial water at a series of depths at twa locations
in the mat. These measurements allowed us to cam-
pare changes in concentration in the mat phosphorus
with concentration of phospharus in the adjacent lake
during spring and summer and during periods of vary-
ing weather conditions. In [975 we used ¥P ta trace
phosphorus mavement within this area. [n 1976 we
attempted to correlate phosphorus flow data with an
analysis of water flow between the mat and lake made
by measuring lake evaporation, rainfall, lake level
changes, mat water level changes, and evapotranspi-
ration of the mat.

To sample the mat for phosphorus and ta make tem-
perature measurements at depths below the surface,
we installed water-sampling twbes in the mat. Sam-
pling tubes cansisted of sectians of 5.08-cm polyvinyl
chloride (PVC) pipe which contained on the inside a
section of 0.64-cm Tygon tubing with a funnel attached
to its lower end. Perforations at the lower end of the
PVC pipe allowed water to enter at the desired level.
The lower end of the pipe was covered with 173-um
screen, and the upper end was stoppered. Tubes were
inserted at desired depths of the mat by apening a hole
with a §-cm wooden point and forcing the sampling
tubes into this apening. Mat temperatures were mea-
sured by lowering a temperature probe into the sam-
pling tubes. To remove water samples, the Tygon tub-
ing was connected to a sample flask, which in turn was
connected to an evacuated 20-L glass carboy, which
provided suction. Sampling tubes were installed at
depths of 0.15, 0.5, 2, and 4 m at locations that were
I and 3 m from the open water, in the vicinity of Tran-
sect [ (Fig. I). These depths were selected because it
had been previously determined that the maximum
phosphorus concentration in the mat was at =2 m
depth and that beyond a 4-m depth there was little
change in concentration.

[n 1975 five surface {0.(5-m) holes were made ? m
from the open water, midway between twa groups of
sampling tubes. After monitoring of temperature and
background activity, the five holes were each labeled
with 74 MBq of *P. Every 3rd d 100-mL water sam-
ples were taken from each sampling tube and from the
open water at |-m intervals. Samples were dried at
low temperatures and counted.

In 1976, 20 water-sampling tubes were installed in
a3 x 4 m plot in the mat at the south end of the lzke.
These tubes were randomly located and sampled at a
variety of depths from the surface ta 3 m. They were
used (o follow the flow of phasphorus from the mat
after labeling a central point. Before additions of the
label. we monitored temperature and background ac-
tivity ar all depths in these sampling tubes. On 19 July
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at a central location, we added a label to an opening
in the mat [ em in diameter and | m deep. During the
remainder of the summer, we followed movement of
the label by remoaving 50-mL samples from the sam-
pling tubes. Samples were then dried at a low tem-
perature and counted.

An evapotranspirometer similar to that described by
Bay {1966) was installed in an open area on the east
side of the bog. The evapotranspirometer was con-
structed of 1.27 mm thick {18-gauge) sheet metal which
was rolled into a cylinder 2.44 m in diameter. The joint
of the sheet metal was bolted and sealed and the cyl-
inder was driven into the peat to a depth of 0.61 m.
At this depth a consolidated peat layer effectively
sealed the inside of the cylinder from the surrounding
groundwater. The groundwater level within the cyl-
inder was measured every 3 d. This measurement
monitored the combined changes due to evapotrans-
piration and rainfall.

To measure water table fluctuation in the mat ad-
jacent to the evapotranspirometer, we installed four
surface-sampling tubes at locatians that were 7 and 9
m north and south of the evapotranspirometer. These
surface-sampling tubes consisted of sections of 5.08-
em PVC pipe perforated at the lower end with 1.91-
cem holes. These openings allowed the groundwater to
flow into the tubes from the mat. The tubes were
sealed at the top with a stopper when not in use. The
water level inside the tubes was recarded at 3-d inter-
vals. To manitor the lake level, we fastened a vertical
gauge to a harizontal bar that extended to the lake
from a tree near the open water. The water level was
recorded at 3-d intervals. [Lake evaparation was mea-
sured by ancharing a child's hard plastic swimming
pool 80 c¢cm in diameter and 20 ¢m deep in the open
lake (Fig. 1). The poal was filled with lake water so
that it was partially submerged in the lake. This min-
imized temperature differences between the lake and
the evaporating water. A plastic 125-mL graduated
cylinder perforated at its lower end was cemented o
the bottom of the poal and was used to gauge water
evaporation loss. The pool was filled to a fixed level
after the water level was recorded every 3 d.

REsuLTs
1971 labeling experimenis

After P was applied directly to the mat vegeration
ta simulate input from rain, the activity entering the
lake was entirely SUP. Particulare activity was never
significantly above background until after the second
experiment in which the mat interstitial water was la-
heled (Fig. 3).

Major inputs of SUP activity into the lake basin
were first recorded on 2 June (Fig. 2). At shallow
depths at the edge of the mat adjacent to the labeled
area, samples had much higher levels of activity than
in the open water {f = 3.7; @ = (1). Activity above
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background was encountered at 2- and 3-m depths at
station A. Samples from station B at the &6-m depth
contained 550 counts-min~ - L™', which indicated that
there had been considerable subsurface inflow of
phosphorus to the basin. Since these samples were
collected below the thermocline, movement through
uncansolidated portions of the mat to the hypolimnion
must have taken place. Water temperature was 6.2°C
at the 2-m depth. The minimum air temperature on 31
May was 7.8% and an | June was 2.4°. At this time the
water table was high, locally exposed to the atmo-
sphere, and subjected to advective and radiational
cooling. With these thermal gradients, inflow from the
mat to the lake is possible at a variety of depths de-
pending upan local temperature, hydrological condi-
tions, and the porosity of various sections of the mat.

There was no significant change in water activity
levels {corrected for decay) at successive sampling
dates from 6 June through 22 June (Fig. 3); thus, na
further mat input to the lake was indicated. Mat inputs
might have been expected during this period hecause
there was rainfall of 2 em on 7 June and | em between
12 and 13 June. This rain, however, followed a dry
period when the air temperature exceeded 30°% thus,
the rainfall replaced transpiration losses and did not
provide runoff to the lake.

The procedures used in the interstitial-water label-
ing on 24 June brought a more rapid flow of the label
to the lake than when the label was applied to the
vegetation. Samples collected 48 h after treatment
showed a large input of acrivity. With this labeling
procedure a much smaller fraction of activity was re-
tained in mat-sampling tubes than when vegetation
was labeled. Except for a single 2-m sample at station
D, the only activity input above background was at
the surface (Fig. 2). In contrast ta the first labeling,
the entire input to the lake as well as the ¥P activity
increase in mat-sampling tubes was PP (Fig. 3). The
small increase of SUP shown in Fig. 3 at the surface
is largely an artifact created by using 24 June instead
of 30 May as the date far calculating decay of the
residual SUP from the first treatment.

On 29 June a storm added 3.5 ¢cm of rain to the
watershed, flooded the mat, and further increased par-
ticulate activity (PP) in the surface water {# = 2.39;
e = .03 but did not increase SUP significantly. A sig-
nificant decrease in PP occurred between 30 June and
[ July (¢ = 2.39; & = .03), but there was na change in
SUP. Between | and 12 Iuly there was no significant
change in the quantity of either phosphorus fraction.
On 13 July a heavy rainfall (3.6 ¢cm) again flooded the
mat. Rain, strong winds, and cool weather continued
for 3 d. This brought about mixing and deepened the
epilimnion from 0.3 to | m. The precipitation brought
labeled SUP into the lake. This input, recorded on 16
July, was highest at station A, and entered the basin
at the surface and at the 2- and 3-m depths (Fig. 2).
Particulate activity decreased during this period. Fram
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16 to 20 July the weather remained cool and rainy. and
input of labeled SUP and loss of PP continued. By 20
July particulare phasphorus had fallen to background
level, but SUP had increased ta =100 counts-min-'-
L' at the surface and 40 counts-min~"L-" at 2 m
{Fig. 3).

Source of phosphorus compounds entering rhe lake

These experiments indicate that inorganic phos-
phorus entering the mat from the atmosphere or from
groundwater is transformed into either arganic ar par-
ticulate form before being fAlushed into the lake by rain-
fall. When flushed into the lake basin, the labeled SUP
fraction remained at approximately the same cancen-
tration far at least a 16-d period. [t may have persisted
longer, but the second labeling on 24 June made in-
terpretation of data difficult because of uncertainty of
the decay correctians. The long residence time of SUP
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indicates that the organic phospharis compounds pro-
duced by the mat vegetation were refractory and were
not utilized by the biota of the open lake. The SUP
that entered the lake on 16 July could have been SUP
from the first mat treatment or PP from the second
treatment that was converted into SUP by the mat
biota. With flooding, the water table in the mat was
exceptionally high, and this SUP input may have been
labeled SUP from a remote section of the mat that was
carried to the lake by strong lakeward flow.

The depth of input of these phaspharus compounds
into the lake seems to be controlled by temperature
gradients in the interface zone. In the first experiment,
when mat temperatures were low, labeled mat phos-
phorus entered the bottom aof the basin. This took
place in early spring when the surface mat water was
cooler than the surface lake water. With this thermal
gradient, flow was alang isotherms within the mat and
led to an increase in the SUP in the deeper strata. The
second labeling showed that exchanges between the
mat and lake later in the summer take place in shal-
lower strata. At this season weather changes cool and
deepen the epilimnion and make possible exchange
with subsurface layers of the mat complex.

Fate of mat phasphorus fractions in the
limnetic habitat

Although the lake retained an average of 20 counts-
min~'- Lt of SUP activity for at least 16 d following
laheling of surface vegetation, anly traces of activity
appeared in the biota. Prior labeling experiments dem-
onstrated that when added as PO, ", a much lower
concentration of **P than used in this experiment gives
high activity levels in the limnetic food chain (Hooper
and [mes 1971). Thus while this quantity was suffi-
ciently high for biolagical uptake, its form (SUP) ap-
pears to have restricted entry into the food chain. A
small but significant amaount of activity appeared in
Umbra, and traces appeared in zooplankton and
Chaoborus on 30 May (Fig. 3). This may indicate that
the lake received labeled P that did not pass thraugh
the mat vegetation; however, this input to the water
must have been small since no trends in incorporation
in the food chain were observed. Umbra feeds at night
in the mat-lake interface zone and may have fed upon
invertebrates of the mat that were labeled directly.

On the first sampling date following labeling of the
interstitial water and after input of mat PP to the lake,
activity was detected in seston, zooplankton, Cha-
eborus, and Umbra. Activity was much higher than
that observed at any time after labeling the vegetatian.
Water, seston, and zooplanktan reached peaks in ac-
tivity on 30 June, but species with a longer phosphorus
turnover {Chaoborus and Umbra) continued to accu-
mulate activity for an additional 8-12 d. Seston and
zaoplankton at 2 m showed accumulation patterns
similar to those at the surface, even though we did not
detect an input of particulate activity at 2 m. Activity
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in sestan decreased from 30 June through 12 July, but
a second increase in activity was observed after the
mat flooding and mixing that occurred with the change
in weather pattern between 13 and 16 July.

These experiments indicate that limnetic productian
is sustained by particulate phasphorus entering from
mat groundwater but not by organic phospharus leach-
ates from the mat vegetation. Our data do not identify
the form of PP entering the lake. In the filtration pro-
cedures used, filters were rinsed with dilute acid,
which wauld free absarbed **P. Thus PP activity when
callected in the lake was probably incorporated into
bacteria. The concurrent increase in seston activity,
however, indicates that entering PP was rapidly made
available by excretion by bacteria and/or zooplankton.

Distribution and maovenment of mar phosphorus

The vertical distribution of total phosphorus in the
lake~mat interface zone varied anly slightly duning the

summer of 1974 (Fig. 4). The persistent pattern in the
open water and at the 3-m mat station was a maximum
cancentration at a depth of =2 m. This overall pattern
persisted thraughout the summer, but variations
seemed to be related to weather patterns. There was
an increase in total phosphorus with increasing dis-
tance from the open water at all depths within the peat
profile. At the site 3 m from open water, concentra-
tians at the 2-m depth ranged fram 1200 to 1900 mg/L
and exceeded the high concentration encountered be-
low the chemocline (Fig. 4}.

Weather-induced fluctuations were temporary. A
wet, cool period between 5 and 13 June coincided with
a decreased surface phospharus concentration at both
the i- and 3-m sites. These results agree with mea-
surements of mat phosphorus made in July 1973 when
a heavy rain reduced surface concentration from 500
to 212 mg/L at a station 0.6 m from the open water
and from 1123 to 688 mg/L at a statian 2.4 m from the
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apen water. [n 1973 some dilution of phosphorus oc-
curred at depths of 0.5 and 2 m at the 0.6-m station,
but at the 2.4-m station the only significant change was
at the surface. On 29 June and |7 July 1974 precipi-
tation occurred following a period of drought. Rain
was absorbed by the mat, and there was very little
horizontal movement. The elevated air temperatures
and lack of precipitation between 7 and 10 July 1974
increased surface phasphorus at both the |- and 3-m
sites and suggest that during periods of high evapo-
transpiration, phosphorus may be carried upward from
the deeper strata of the mar to the surface.

The depth of the maximum concentration of total
phosphorus {2 m} in the mat reflects the level of the
zone of compacted peat. This zane reduces vertical
movement and shunts flow horizontally. Qur finding
that this maximum extends into the open water of the
lake (Fig. 4) indicates cansiderable exchange with the
open water at this depth, as labeling experiments de-
scribed above demonstrated.

Flow of phosphorus in the mat should take place
along isotherms, provided there is na increase in den-
sity from the dissalved solutes in the interstitial water.
A high concentration of filterable iron and phasphorus
in the mat water at 4 m gave a conducrivity of 65 1S/
cm compared to a value for the surface lake water of
20 pSicm; hence, some nanisothermal flow would be
anticipated in deeper strata. However at (0.5 m and at
the surface, solute effects would be small. At the end
of the summer. isotherms slope downward toward the
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in the mat after mat labeling experiment in 1975,

open lake water (Fig. 5) and reflect (1) the insulation
qualities of Sphagnum and (2) water maovemenis,
which in turn depend upon the porosity and decom-
position of peat {Doage 1972).

The 1973 labeling experiments with *P tested the
hypothesis that the phosphorus flow is along isotherms
within the mat. If the phosphorus flows along mat
aguifers, its maovement would be confined by the com-
pacted and decayed peat of the deeper harizons, and
we wolld expect to find the isotope dispersed along
isotherms. An activity index was caleulated by mul-
tiplying **P activity by the distance in metres between
the sampling tubes and the line where the label was
intraduced. This index takes inta accaunt reduction in
activity from dispersion during mavement away from
the source. The sum of activity index values from each
tube was compared with the differences in tempera-
ture between the peat at the labeling site and each tube
{Fig. 6). The coefficient of determinatiaon of the linear
regression was .70.

At North Gate during August, Sphagnum at the
edge of the lake was warmer at all depths than at sim-
ilar depths in the forest (Fig. 5). The degree of decom-
position is less at the edge of the lake than at the same
depth in the forest, allowing water ta fiow faster near
the lake than at the same depth in the farest. This
pattern may allow rapid water movement at the peat
surface and in the undecamposed layers.
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TasLe |. Net ™P movement from “marginal’” and “‘forest’” group samplers (1976). Positive values indicate runoff to the
lake; negative values indicate uptake of Take water by the mat,

HP activity HP activity Net 3#p Net
sampled in sampled in {marginal-mat group —  water moverment
marginal-mat group forest mat group forest mat graup) O.5[(LL + LE) —
No. daysin  (counts-min~"-mL '} fcounts-min™' -miL™') (counts-min~'-mL~% (ML + ME}

Dates sample period {m/d} {mid) (m/d) (emfd)
16-22 July 6 0.00 (.00 0.00 0.0610
2225 July 3 2.57 116 —{.59 —0(.3980
25-28 July 3 19.00 11,18 7.82 0.4138
[3-21 August 8 111 2.20 —1.09 —1. 1438
21-24 August 3 0.56 0.00 0.56 0.0805
2430 Aupust 3 7.60 0.48 7112 {.3986

Phasphorus flushing from the mar should be related
to the net water balance of the mat-lake’system. To
test this hypothesis we attempted to correlate net #*P
movement with net water movement aver short pe-
riods of time. Net P movement is defined as the dif-
ference hetween P movement toward the lake and
P movement toward the forest. [f all activity had an
equal chance of being sampled at any sampling tube,
subtracting all activity lakeward of the labeling paint
from all the activity sampled toward the forest would
be an appropriate way of calculating net *P move-
ment. The 1975 study showed that **P movement oc-
curs along isotherms {Fig. 6). Therefore some samples
should have more activity than others. The water table
was exceptionally low at times, and samples could not
always be collected from all sampling tubes.

To calculate net **P movement, twa groups of sam-
plers were selected: marginal-mat samplers and forest
mat samplers. Marginal-mat samplers were those lo-
cated lakeward of the labeling point and included: (1)
open-water lake samplers at the surface and at 2 m,
(2) samplers located at the edge of the mat 2 and 3 m
deep, and (3) samplers 0.75 m from the edge at depths
of 3 and 1.5 m. These marginal-mat samplers were
compared to forest mat samplers, which were sam-
plers located: (i) 1.5 m from the open water, 0.5 and
1.5 m deep, and (2} 3 m from the open water, 2 and
¥ m deep. Ta determine whether or not these two
groups of samplers received comparable amounts of
activity aver the entire sampling period, the activity
of the two graups was compared using the Mann-Whit-
ney U/ test of medians (Sokal and Rohlf 1969). For the
entire period sampled, the activity of the two groups
was not significantly different (e = . 1}.

To estimate net water movement between the mat
and the open water, change of lake level (LL), change
of mat water level (ML), lake evaparation (LE}, mat
evapotranspiration (MET), and rainfall (R) were mea-
sured. Rainfall that occurred between sampling pe-
riods was subtracted from the change in each mea-
surement from ane sampling period to the next.

Changes in LL that remained after accounting for
precipitation and LE indicate either runoff to the lake
{when the number is positive) ar uptake of lake water

by the mat {when the number is negative). Changes in
ML after accounting for the MET and R could also
indicate increase from the surrounding watershed or
lake, ar loss to the watershed ar lake. Therefore net
water movement (NWM), which can be considered
runaff or influx of water to the mat, can be evaluated:

(ML + MET) + NWM = (LL + LE) — NWM ({1}
NWM = 0.5 [(LL + LE) - (ML + MET)] (2)

Net water movement and net **P mavement are
closely assaciated (r* = 7693). Although values for
LL after accounting for R and LE (LL + LE}are nev-
er negative (Table 2), there is a range of positive values
from 0.0373 to 0.4942. After accounting for R and
MET (ML + MET), values for ML are bath negative
and positive. Any negative values of NWM are then
the result of (ML — MET) values being greater than
the pasitive (LL + LE) values. Both net *P move-
ment (marginal-mat group activity — forest mat group
activity) and net water movement, 0.5 [(LL + LE)
— (ML + MET)], showed both negative and positive
values (Tables | and 2). Net water movement was to-
ward the lake between 25 and 28 July and between M
and 30 August but toward the mat between 22 and 25
July and between (3 and 21 August. Lake and mat
mavement of water were nearly equal between 16 and
22 July and berween 2| and 24 August. Net ®P move-
ment was highly correlated with this pattern.

Time of P input to the lake seems to be in part reg-
ulated by the water storage capacity of the mat sys-
tem. During early spring when the water table is high.
more P should flush from the mart inta the lake as a
result of lack of storage capacity. The increase in P
concentration at 2 m in the open water after the rainy
pertod between 5 and 13 June 1974 (Fig. 4) occurred
after a period when air temperatures were low, which
indicates that evapatranspiration rates would be low.
These conditions meet the requirements for an input
af phosphorus from forested areas. As evaporative
losses increase, less phasphorus from the surrounding
watershed is flushed inta the lake. The amount of
water and phospharus draining from the mat may dif-
fer at various sites along the margin as well as at dif-
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TaBLE 2. Net water movement variables (1976).
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Mar Net movement
Lake evapotranspira- {NWM)
Lake level evaporation Mat level tion 0.5[(LL + LE) -
No. days in (LL) {LE) (ML} (ME) {ML + ME)]

Dates sample periad (emid) {cm/d} {cm/d) (cmid) {cm/id)
16-22 July 6 -.2138 .5857 6467 1833 0.0610
3225 fuly 3 —.5292 5667 —.8333 16667 —.3980
25-28 July 3 —. 1058 6000 —.8313 5000 0.4138
13-21 August 8 —.2375 4500 —.4375 9374 —. 1438
21-24 August 3 —. 1058 2667 —.. 5000 -5000 0.0835
24-30 August é —. 1157 5795 —.7295 23961 0.3986

ferent distances from the margin. More phasphorus is
present in the mare-decomposed layers, but more
drainage will accur from the less-decomposed layers.

DiscussioN

Mavement of phosphorus in the system is regulated
to a large degree by decomposition profiles, water bal-
ance, and water density. Decompaosition regimes and
water density regulate the depth of movement, but
water balance dynamics regulate time of phosphorus
movement and the distance it moves to and from the
open water. These movements in effect regulate the
amount of P input to the lake. [n early spring mat
water temperatures are low, and phosphorus will enter
deeper strata (hypolimnion and monimolimnion).
Temperature profiles at this season indicate that fiow
to the lake is downward to the compacted peat layer
at 2 m, then horizontal ta the lake—mat interface zone,
and then downward as a density current along the ba-
sin slope. Such a flow could account for the similarity
in phosphorus concentration between the mat 2-m lay-
er and the monimolimnion (Fig. 4). Later in the sum-
mer a5 the mat water warms, flow will be to the warm-
er strata of equivalent density. The maxima in total
phosphorus in both the mat and lake at 2 m (Fig. 4)
indicate that this is a zone of frequent phospharus in-
put to the water calumn. This is also the zone with the
highest bacteria counts in the basin {Koenings 1977),
which suggests that mat inputs bring in a companent
of phosphorus from mar bacteria. In midsummer,
evapatranspiration of marginal plants reverses the di-
rection of net transport. As the water-retaining capac-
ity of the mat increases there is less oppartunity for
the drainage from areas rich in phasphorus to reach
the lake, thereby reducing phosphorus inputs to the
limnetic Zone.

Loss of water during high evapotranspiration con-
centrates the SUP within the mat but at the same time
creates a flow of lake water low in phosphorus into
the mat. At increasing distances from the lake, dilution
of SUP by lake water becomes progressively less, and
there appears to be some upward fiow of the phos-
phorus-rich water from deeper strata of the mat (Fig.
4}, Thus a gradient n phosphorus concentrations is

established within the mat adjacent to the lake by
evapotranspiration. Phosphorus concentrated in this
way by evapotranspiration is again diluted and moved
lakeward by rainfall; thus, over an extended period an
equilibrium in phosphorus exchange may exist be-
tween mat and lake.

The fates of inorganic phasphorus entering the bog
system from the atmasphere and from groundwater
appear ta be quite different. Atmaspheric inputs to the
mat vegetation enter the water table and lake as re-
fractory arganic phosphorus with a long turnover time
in the lake basin and probably also in the mat. The
labeled SUP fraction that persisted in the limnetic
zone was probably identical to the filterable but non-
dialyzable fraction of high molecular mass that was
isolated by Koenings (1977) and had a turnover time
in excess of 6.5 mo. The principal chemical environ-
ment in the bog lake system which frees SRP from this
arganic component appears to be the monimolimnion,
and re-formation of refractory SUP takes place upon
transport of the SRP to the aerated layers of the mat
or lake {(Koenings and Hooper 1976). A major fraction
of the total phosphorus of the bog system is made up
of these refractory SUP companents with a long turn-
aver time. This may account for the anomalous situ-
ation of low biological productivity of these bag lakes
in the face of high concentrations of tatal phasphorus.
Anthrapogenic contributions to armospheric phos-
phoras {(Gorham 1976) would increase this refractory
fraction if contaminated rain falls upan the vegetation-
al complex of the mat. On the other hand, inputs of
SRP from groundwater at the edge of the mat could
behave as a labile phosphorus component and would
be cycled rapidly into the food chain if delivered ta
the lake as PP.

Madification of the littoral zone brought about by
the development of a Sphagnuwm mat not only strongly
madifies phosphorus flow patterns, but alsa creates
phospharus storage and high concentrations of phos-
phorus at a variety of sites within the lake basin and
mat. Thus compared to nonbog lakes, bog-lake sys-
tems exhibit greatly reduced recycling of phosphorus
because aof (1) reduced biolagical transformations and
(2) storage, which reduces physical recycle.
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