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Abstract

The relationships between long-term (~115-year) phosphorus and sediment accumulation and submerged mac-
rophyte biomass were determined both within a submerged macrophyte bed and among beds in Lake Memphre-
magog, Quebec, Canada. Strong relationships between present submerged macrophyte biomass and littoral-zone
sediment and phosphorus accumulation rates both within and among macrophyte beds yielded ssimple models for
estimating long-term littoral-zone accumulation rates. Mean sediment particle size at the depth of maximum sub-
merged macrophyte biomass, estimated from water content, was comparable with the mean particle size in profundal
zone of Lake Memphremagog, suggesting that energy environments differ little between vegetated littoral zones
and profundal zones. The mean total sediment-accumulation rate of 1.2 mm yr—* in the macrophyte beds was
indistinguishable from average profundal rates of sediment accumulation in North American lakes. Although dense
beds accumulated twice as much bulk sediment per unit area (g m-2 yr—*) compared with their profundal counter-
parts, phosphorus accumulation per unit bulk sediment in macrophyte beds with a biomass of 1,000 g m=2 (wet
weight) was one sixth that measured in profundal sediments, pointing to large postdepositional losses of sedimented
phosphorus (>70%) from macrophyte beds. Finally, extrapolation of the present results to five nearby |akes suggests,
based on still-limited data, that, in lakes in which half of the sediment surface is colonized by submerged macro-
phytes, the littoral zone accounts for roughly one third of whole-lake phosphorus and two thirds of whole-lake bulk

sediment accumulated annually.

The distribution, transport, and ultimate fate of sediments
have large effects on phosphorus (P) cycling in lakes (Can-
field et al. 1982; Kalff 2001). With respect to the composi-
tion and long-term accumulation of sediments, stratified
lakes can be divided into three zones. The zone of sediment
accumulation (ZSA) located in deep sites of low underwater
slope and energy is dominated by fine, low-density inorganic
and organic particles (Hakanson and Jansson 1983; Rowan
et al. 1992a), and is characterized by disproportionately high
rates of sediment accumulation. Located just above the ZSA
is the zone of discontinuous sediment accumulation (ZDA),
where the accumulation of fine sediment particles is inter-
rupted by periodic resuspension and transport during rare
storm events. Finaly, the zone of sediment erosion (ZSE),
located in high-energy, shallow environments, is character-
ized by coarse-grained, dense inorganic sediments and low
sediment-accretion rates. This pattern, however, does not
hold where the littoral zone is colonized by submerged veg-
etation (James and Barko 1990; Benoy and Kalff 1999; Bin-
dler et a. 2001).

Submerged macrophytes modify near-bed water flow and
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sediment composition, increasing the sedimentation rates of
fine inorganic and organic particles, and associated nitrogen,
phosphorus, and trace metals (Petticrew and Kalff 1992;
Sand-Jensen 1998; Benoy and Kalff 1999). Long-term sed-
iment-accumulation rates measured over periods of decades
to centuries are therefore high within the low-turbulence
vegetated littoral zone, declining sharply to a minimum in
the zone of highest turbulence beyond macrophyte beds, and
rising to a second maximum in deeper profundal regions of
lakes and reservoirs characterized by low turbulence (Moell-
er and Wetzel 1988; James and Barko 1990). The role of
macrophyte beds in long-term sediment accumulation and
retention was dramatically demonstrated during the eutro-
phication of Lake Constance when an increase in algal tur-
bidity lead to the disappearance of beds, and the loss of the
extensive sediment shelves deposited over centuries, as the
result of increased nearshore turbulence (Schroder 1988).
Apparently, only one study has examined relationships be-
tween macrophyte bed characteristics and long-term sedi-
ment accumulation. In Lake Memphremagog, Quebec, total,
bulk, organic, and anthropogenic lead accumulation rates at
the depth of maximum submerged macrophyte biomass
(MSMB) rise linearly with plant biomass (g m=2) and bio-
mass density (g m=3) (Benoy and Kalff 1999). Increased
long-term sediment accumulation in macrophyte beds results
from the deposition and retention of water column and catch-
ment-derived particles as well as the production and reten-
tion of organic matter produced within the littoral zone by
macrophytes and periphyton. Because these processes result
in the import of external P to macrophyte beds, the extent
to which such beds accumulate and retain P should be a
function of macrophyte bed attributes such as biomass and
biomass density.

Both biomass and biomass density vary within macro-
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phyte beds. Submerged macrophyte distribution in larger
lakes is limited by turbulence near shore (Chambers and
Kalff 1987) and by light in deeper water (Chambers and
Kalff 1985). Within beds, slope, sediment characteristics,
and the light regime interact to determine plant biomass and
its distribution (Duarte and Kalff 1986; Anderson and Kalff
1988). With plant biomass attributes being the primary de-
terminant of lead and sediment accrual among beds, deter-
mined at the depth of maximum submerged macrophyte bio-
mass (Benoy and Kalff 1999), it seems plausible that there
be an equivalent link between plant biomass and the sedi-
ment and P accumulation rates not only at the depth of
MSMB but also at different depths within macrophyte beds.
As much of the P entering lakes is sorbed to particles (Prairie
and Kalff 1988) or converted to particulate form by organ-
isms, littoral-zone sediment accumulation should be linked
to P accumulation. Moreover, the extent to which macro-
phyte beds are a sink for P should be a function of bed
characteristics such as biomass and biomass density.

It is clear that submerged macrophyte beds can act as a
source or sink of P depending on the stage of plant devel-
opment (Granéli and Solander 1988; Barko and James 1998).
However, most studies that have quantified the influence of
submerged macrophyte beds on P cycling have been carried
out over short time periods (weeks—months) during the
growing season only, ignoring nutrient cycling during the
remainder of the year. Yet macrophyte stands are capable of
acquiring and retaining nutrients even during periods of ice
cover (Wetzel and Sgndergaard 1998). One advantage of
measuring long-term accumulation rates in macrophyte beds
is, therefore, that accumulation outside of the growing sea-
son is taken into account. Further, interyear variation in mac-
rophyte biomass and distribution (Rooney and Kalff 2000)
and associated sedimentation rates are averaged over longer
time periods, alowing for the development of predictive
models not confounded by seasonal and interannual varia-
tion.

A problem associated with measuring long-term sediment
P accrual using a sediment marker technique is the potential
mobility of P across the marker in the sediment column (Car-
ignan and Flett 1981), as well as the potential for sediment
P loss to the overlying water. Counteracting sediment pro-
cesses do, however, allow for sediment P immobilization in
vegetated sediments. Precipitated calcite in hard-water lakes
(Carignan 1985) and iron oxyhydroxide complexes that sorb
soluble P in oxygenated surface sediments (see Kalff 2001)
help prevent the upward diffusion of soluble P from anoxic
sediments below to the overlying water. Retention is further
enhanced through a diffusion of dissolved oxygen from plant
roots into the surrounding sediments. Thus B Fe, and Mn
retention rates are 2-5 times higher in a Littorella uniflora
bed than in nearby bare sediments (Christensen et al. 1997).
Furthermore, ahigh C: P ratio observed in littoral sediments
(Moeller and Wetzel 1988) points to an incomplete microbial
mineralization of the organic matter, shown directly by the
presence of plant fragments in macrophyte bed sediments
(LaZerte 1983).

Here we use a sediment marker (stable lead) to determine
long-term (~115-year) P accumulation within and among
Lake Memphremagog macrophyte beds to estimate their im-
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Fig. 1. Map of Lake Memphremagog (Quebec—Vermont),

showing study sites. Sites for the among-macrophyte bed portion
of the study are shown with black circles, and the site for the within-
macrophyte bed portion of the study is shown in the inset.
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Table 1. Summary statistics for within and among portions of the study, including mean, minimum, maximum, and standard deviation
of al variables measured within and among macrophyte beds in Lake Memphremagog, Quebec.

Mean Minimum Maximum Standard deviation
Variable Among Within Among Within Among Within Among Within
Mean biomass, g m—2 845 987 78 0 1,767 2,603 567 597
Mean biomass density (g m-3) 530 280 39 0 876 759 268 213
Slope (%) 7.9 41 2.1 27 28.4 75 7.4 17
Water content (%) 76 68 62 24 88 84 7 18
TSAR, mm yr—1* 1.2 11 0.1 0 1.8 2.0 0.7 0.5
BSAR gm—2yr? 588 507 88 0 1,130 1,167 371 248
OSAR g m=2yrt 57 51 2 0 139 123 47 33
PSAR, mg m2yr? 193 246 14 0 498 616 154 149
Min PSAR mg m=2 yr—* 114 120 14 0 276 287 100 79

portance as P traps and to use the relationships developed
between plant biomass and the specific P and sediment-ac-
cumulation rates (mg m-2 yr—1) to provide a first estimate of
the importance of such beds as sinks for P and sediments.
Some of the P in the ~115-year profile may be derived from
earlier deposited sediments which, following the deposition
of additional sediment, created anoxic conditions that al-
lowed a solubilization and migration within the profile. If
so, this would lead to an overestimation of P accumulation
unless offset by an equivalent loss of P from the surface
sediment to the overlying water as a result of periodic sur-
face sediment anoxia (James et al. 1996). While anoxia is
unlikely at the macrophyte densities encountered (Table 1),
it cannot be precluded. Not knowing the magnitude of the
above processes, we calculate both P accumulation and what
we call, for lack of a better term, a minimum P accumulation
rate (see Methods and Materials).

The goal of this investigation was to quantify the role of
macrophytes in the accumulation of sediments and the in-
filling of lakes and to test two previously untested hypoth-
eses. The first is that macrophyte biomass and biomass den-
sity are linked to long-term P accumulation within and
among submerged macrophyte beds. The second is that re-
lationships between macrophyte biomass characteristics and
sediment and P accumulation rates at different depths within
a single macrophyte bed are not significantly different from
those observed among beds at the depth of maximum sub-
merged macrophyte biomass. If correct, this would greatly
facilitate the modeling of sediment and P accumulation rates
in the littoral zones of lakes.

Methods and materials

Field work was conducted in oligo-mesotrophic Lake
Memphremagog (Quebec, Canada—Vermont, USA), which
provides a wide variety of littoral environments for compar-
ative work (e.g., Duarte and Kalff 1986; Rasmussen 1988;
Benoy and Kalff 1999). Lake Memphremagog is a long (45
km), narrow (1-4 km), and deep (Z,ee, = 20 M, Z,,, = 107
m) dimictic lake (Fig. 1).

Among macrophyte beds—Sampling for the among-bed
portion of the study took place in October 1998. Ten sites
were selected to examine among-macrophyte bed variation

in sediment and P accumulation patterns (Fig. 1), with the
sites a subset of those examined by Benoy and Kalff (1999).
Macrophyte biomass (g m~2), biomass density (g m-3), and
the depth of the sediment marker (lead horizon, see below)
at each of the sites were taken from Benoy and Kalff (1999).
We used the biomass data from the previous study for two
reasons. First, by October, the biomass of the macrophytes
in Lake Memphremagog is far less than peak biomass in
August (Jackson et al. 1994). Second, the lack of systematic
differences between surface and deeper core sediment char-
acteristics and the absence of discontinuities in Pb profiles
are both consistent with the hypothesis that macrophyte beds
have remained relatively constant over the past century (Be-
noy and Kalff 1999), but do not preclude modest interyear
differences in macrophyte biomass and linked sediment ac-
cumulation.

At each site, sediment cores (tube inner diameter, 5.7 cm,
length 70 cm) were collected by SCUBA divers from the
depth of maximum submerged macrophyte biomass
(MSMB), determined to be 2.7 = 0.5 m using an empirical
relationship between Secchi depth and MSMB derived by
Chambers and Kalff (1985). The cores, ranging in length
from 3 cm to 25 cm, were immediately returned to the lab-
oratory and extruded using a vertical extrusion system at one
of three section intervals (1, 1.5, or 2 cm), with section in-
tervals consistent within cores, to obtain at least 10 sections
per core where possible. Sediments were transferred to clean,
preweighed 25-ml polyethylene vials and weighed to the
nearest 0.1 g to obtain sediment wet weight. Sediments were
dried at 85°C until constant weight (~48 h) to determine
water content (%) and bulk sediment weight. Subsamples
(~1 g) were burned for 2 h at 550°C to determine loss on
ignition (LOI) to estimate the organic content (Dean 1974).

Phosphorus (P) analysis was carried out following a mod-
ification of the ignition method (Anderson 1976). Between
3 and 10 mg of burnt sediment was boiled in 10 ml of 1 N
HCI for 15 min. Each sample was then diluted to 40 ml with
double-distilled deionized water and assayed for P using the
ascorbic acid method following persulfate digestion (Gries-
bach and Peters 1991).

Within macrophyte bed—Sampling for the within-bed
portion of the study was done in August 1999. Three tran-
sects were sampled within a macrophyte bed located in
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MacPherson Bay, a large (~1 km?) embayment on the east-
ern shore of Lake Memphremagog (Fig. 1 inset). Macro-
phyte composition was heterogeneous, with plants nearest
the shore dominated by isoetids and sequentially moving
away from shore, by Myriophyllum spicatum, Potamogeton
spp., and Elodea canadensis. Sampling for accumulation
rates (ARs) and aboveground macrophyte biomass was done
at seven sites along each of three transects, for atotal of 21
sites. Two (Transect 2, cores 1 and 2, nearest the shore) were
later eliminated because they lacked identifiable lead hori-
zons.

Triplicate quadrats (0.25 m?) were placed at each site, and
plant height was measured in situ, providing estimates of
macrophyte bed canopy height to be used to calculate mac-
rophyte biomass density (g m-3; Benoy and Kalff 1999). All
plants within quadrats were harvested, taken back to the lab-
oratory, and processed within 24 h of collection. Plants were
washed free of epiphytes, detritus, and invertebrates; roots
were pinched off; and plants were then spun in a lettuce
spinner to remove excess water. Plant biomass was weighed
to the nearest 0.1 g to obtain fresh weight.

Sediment cores (inner diameter 5.7 cm) were taken from
a fourth quadrat at each site. Cores varied in length from 4
to 32 cm. The 19 cores were returned immediately to the
laboratory and processed as in the among-macrophyte bed
portion of the study (see above).

Sediment analysis—Stable Pb was selected as the most
suitable marker for dating sediment cores, as it has been
shown to be a replicable and reliable marker for both pro-
fundal and littoral sediments in lakes in this region (Blais
and Kalff 1995; Benoy and Kaff 1999). The subsurface en-
richment of stable Pb isthe result of coal burning and mining
and smelting activities in southern Quebec and adjacent re-
gions starting in the mid 1880s. Consequently, all ARs are
based on a ~115-year interval (Blais et al. 1995; Benoy and
Kalff 1999). There is a high degree of agreement between
accumulation rates determined using stable lead and other
markers (?°Pb, Ambrosia pollen, *¥Cs) in Quebec and On-
tario lakes (Blais and Kalff 1995).

All laboratory glassware used for Pb anaysis was acid
washed in 15% HCI and twice rinsed in double-distilled de-
ionized water. All reagents were AnaaR grade acids from
BDH. Dried sediment samples (~1 g) were crushed by mor-
tar and pestle and digested in a dilute agua regia (3HCI :
3H,0:HNO,) at 85°C for 1 h. After digestion, samples were
cooled and brought to a final volume of 25 ml in polyeth-
ylene volumetric flasks using double-distilled deionized wa-
ter. Samples were centrifuged at 3,000 rpm for 10 min to
remove suspended solids. Concentrations of Pb were mea-
sured using a flame atomic absorption spectrometer (Perkin
Elmer 3100). Pb extraction efficiencies were assessed using
standard reference material (Buffalo River sediment, No.
2704, U.S. National Bureau of Standards). The extraction
efficiency of the medium for Pb was 100%, and the extrac-
tion reproducibility was 10%, both of which are within limits
set by the U.S. National Bureau of Standards.

Accumulation rate determination—The depth used to cal-
culate accumulation rates (ARs) was, asin Blais et a. (1995)
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and Benoy and Kaff (1999), the point in the sediment profile
where anthropogenic Pb burden was greater than background
burden by a factor of two. When two or more points of
inflection were encountered in cores, shallower rather than
deeper points were selected to avoid artificially inflating of
the depth of the sediment marker.

Five measures of accumulation were used. Total sediment-
accumulation rate (TSAR, mm yr—%) refers to the depth of
material that has accumulated with respect to the lead hori-
zon. TSAR was corrected for compaction by using elastic
bands placed at the sediment—water interface at the time of
core collection to indicate the difference between the sedi-
ment depth in the core tube and the surrounding sediment.
The undisturbed depth of sediments accumulated since the
1880s was calculated as the sum of the sediment sections
from the surface down to and including the section at the
inflection point (in mm) multiplied by the distance from the
elastic band to the bottom of the core tube divided by the
distance from the top of the sediments to the bottom of the
core tube. The average TSAR (mm yr—%) was obtained by
dividing the above-corrected depth (mm) by 115 yr.

The bulk sediment-accumulation rate (BSAR) was calcu-
lated by summing the dry weights (g) of the sediment sec-
tions again from the surface down to and including the sec-
tion at the inflection point. Because the tube had an area of
25.5 cm?, the sum was multiplied by 392 to convert to m?
and divided by 115 yr to obtain the average BSAR (g m—2
yr~1). The organic sediment-accumulation rate (OSAR) was
found in the same manner but summing the loss on ignition
values for each section instead of the dry weights.

Two measures of phosphorus accumulation were devel-
oped. The phosphorus sediment-accumulation rate (PSAR)
was calculated by multiplying the bulk dry weight (g) times
the sediment P content (mg g~*) for each section, again start-
ing at the sediment surface down to and including the section
at the inflection point. The values were summed, multiplied
by 392, and divided by 115 yr to find the average PSAR
(mg m=2 yr=%). The minimum phosphorus sediment-accu-
mulation rate (MinPSAR) was calculated by multiplying the
background concentration of P (mg g—) as determined by
the deep (>115 yr) portion of the cores (Fig. 2b) by the
BSAR. Like the PSAR, the units are in mg m-2 yr-1,

Statistical analyses were performed using SY STAT soft-
ware (1998). Correlation and regression analysis were used
to develop predictive models for the measured accumulation
rates as a function of macrophyte biomass.

Results

The large ranges of underwater slope, biomass, and sed-
iment water content show that a wide variety of littoral en-
vironments were considered (Table 1). Including all sedi-
ment cores, peak Pb concentrations (mean = 20.4 ug g4,
SE = 9.2, n = 19) were significantly higher than background
levels (mean = 8.8 ug g%, SE = 5.9, n = 19) according to
a paired t-test (P < 0.0001). Figure 2 shows profiles of Pb,
organic content, and P in sediment cores taken at different
sites from the within-macrophyte bed portion of the study.

Macrophyte bed sediment-accumulation rates were com-
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Fig. 2. Three example profiles taken from the within-macrophyte bed portion of the study: (a)
transect 1, quadrat 5; (b) transect 2, quadrat 6; (c) transect 3, quadrat 2. Figures for each site include
organic content (%), Pb concentrations (ug g—*), and TP concentration (ug g-* dry weight).

parable among the three within-bed transects measured. In ing their highest values in the middle (densest portion) of
general, macrophyte biomass increased from the near-shore  the macrophyte bed (Fig. 3d-).

sites to a peak in the center (and densest portion) of the bed, Of the three predictor variables (biomass, biomass density,
and then declined toward the open water (Fig. 3a—). Sedi-  and underwater slope), only biomass was coupled to within-
ment ARs followed a similar pattern, with most rates attain- macrophyte bed sediment accumulation (Table 2). Sediment
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Fig. 3. Relation of macrophyte bed characteristics to distance from shore for each of the three
transects. The top row (a, b, ¢) shows macrophyte bhiomass and total sediment-accumulation rate
(TSAR). The second row (d, e, f) shows bulk (BSAR) and organic (OSAR) sediment-accumulation
rates. The third row (g, h, i) shows phosphorus (PSAR) and minimum phosphorus (MinPSAR)
sediment-accumulation rates. See text for explanation of abbreviations.
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Table 2. Correlation matrix of all measured variables from the within-macrophyte bed portion of the study.

Biomass Water

Biomass density Slope content TSAR BSAR OSAR PSAR MinPSAR
Biomass 1.00
Biomass density — 1.00
Slope — — 1.00
Water content 0.52* 1.00
TSAR 0.73*** — — 0.77%** 1.00
BSAR 0.79*** — — 0.48* 0.78*** 1.00
OSAR 0.82*** — — 0.70** 0.88*** 0.86%** 1.00
PSAR 0.74%** — — 0.61** 0.72%* 0.86*** 0.81*** 1.00
MinPSAR 0.54* — — 0.52* 0.52* 0.64** 0.60** 0.85*** 1.00
— Not significant.
* P<0.05.
** P<0.01.
**% P<(0,001.

water content (%) was correlated with biomass and accu-
mulation rates (Table 2). Organic sediment accumulation
(OSAR) showed the highest correlation with biomass,
whereas MinPSAR was least correlated, although the cor-
relation coefficient was significant at the P = 0.05 level
(Table 2). Whereas neither underwater slope nor biomass
density were linked to any of the ARs, all accumulation rates
were correlated with each other (Table 2).

Among beds, biomass was again the overall best predictor
of ARs, being significantly related to TSAR, OSAR, PSAR,
and MinPSAR (Table 3). Water content was not significantly
correlated with biomass or any ARs among sites. Biomass
density (g m=3) was correlated only with TSAR (Table 3).
As in Table 2, variation in underwater slope was too small
to alow it to be a significant predictor of any ARs.

ANCOVA of the within and among portions of the study
showed no significant differences between grand means and
slopes of the relationships between biomass and sediment
ARs for TSAR, BSAR, and PSAR (Fig. 4a,b,d), alowing
the data to be pooled for regression analysis.

Linear regression analysis was used to construct models
predicting sediment accumulation within macrophyte beds,
among macrophyte beds, and for pooled data where AN-
COVA dlowed. Biomass was a significant predictor of all

ARs within the bed, accounting for the largest variation in
OSAR, followed by BSAR, PSAR, TSAR, and finaly
MinPSAR (Table 4). Prediction of ARs among beds was
generally better than those within the single bed, with the
exception of BSAR (Table 4). Pooling data from the two
portions of the study decreased the SE., and increased sig-
nificance of the regression models for TSAR and PSAR,
although it did not increase the R? of the relationships (Table
4).

Discussion

The results show macrophyte biomass to be a good pre-
dictor of long-term sediment and phosphorus (P) accumu-
lation in the littoral zone of Lake Memphremagog. It is par-
ticularly noteworthy that models predicting among-bed total
(TSAR), bulk (BSAR), and P (PSAR) measured at the depth
of maximum submerged macrophyte biomass (MSMB) do
not differ significantly from the within-macrophyte bed ARs
measured over a similar range of biomass (Fig. 4). This
shows accumulation rates (ARS) to be a function of local
biomass rather than of where along transects within a bed
or where in the lake measurements were made. That patterns
among macrophyte beds emerged despite having combined

Table 3. Correlation matrix of al measured variables from the among-macrophyte bed portion of the study.

Biomass Water
Biomass density Slope content TSAR BSAR OSAR PSAR MinPSAR

Biomass 1.00
Biomass density — 1.00
Slope — — 1.00
Water content — — — 1.00
TSAR 0.81* 0.72* — — 1.00
BSAR — — — — 0.81* 1.00
OSAR 0.87** — — — 0.89** — 1.00
PSAR 0.79* — — — 0.90** 0.76* 0.92** 1.00
MinPSAR 0.92x* — — — 0.83* — 0.94*** 0.93** 1.00
— Not significant.
* P<0.05.
** P<0.01.

*** P<0.001.
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Fig. 4. Bivariate plots of the relationship between five SARs and macrophyte biomass. Black
circles represent measurements for the within-macrophyte bed portion of the study and open circles
represent measurements taken among macrophyte beds at the depth of maximum submerged mac-
rophyte biomass. (a) Total sediment-accumulation rate (TSAR), (b) bulk sediment-accumulation rate
(BSAR), (c) organic sediment-accumulation rate (OSAR), (d) phosphorus sediment-accumulation
rate (PSAR), and (€) minimum phosphorus sediment-accumulation rate (MinPSAR). Linear regres-
sions are plotted for pooled data when allowed for by ANCOVA, and separately for each portion
of the study when slopes are significantly different. Regression equations are given in Table 4.

sediment core data collected in 1998 with macrophyte bio-
mass data collected 3 yr earlier (Benoy and Kalff 1999) is
an indication of the robustness of the relationships.

The total sediment-accumulation rate (TSAR) is low
(~0.4 mm yr-1), but not negligible, just outside macrophyte
beds, rising systematically with increasing plant biomass to
a maximum of nearly 2 mm yr—* in the densest beds (Fig.
43). The overall average TSAR (1.2 mm yr—%, SD = 0.55)
was indistinguishable from the average profundal TSAR re-
ported by Blais (1995) for 143 North American lakes (1.4
mm yr-t, SD = 0.56). Littoral TSARs are sufficient to have
a large impact on shallow embayments of Lake Memphre-
magog and the morphometry of lakes with large shallow
water zones. A large impact of macrophyte beds on the long-
term accumulation of sediment was observed in Lake Con-
stance, on the border of Germany, Switzerland, and Austria,
following eutrophication. The increased turbidity led to the
disappearance of submerged macrophyte beds, increased lit-
toral-zone turbulence, and the loss of sediments accumulated
by macrophyte beds over millennia (Shroder 1988). Based

on the underwater emergence of a near-shore Neolithic
house (2800 B.R) following the loss of 1.5-2 m of sedi-
ments, we estimated the loss of sediment to represent along-
term accumulation of ~0.5-0.7 mm yr-, a rate sufficient to
modify lake geomorphometry over millennial time scales.
Lakes therefore fill in not only in the profundal zone but
also from the edges in littora regions with slopes of less
than 15% where submerged macrophyte beds establish
(Duarte and Kalff 1986). Given time, macrophyte beds there-
fore act as “‘biological engineers,” using a term coined by
Sand-Jensen (1997) with reference to seasona effects of
macrophytes on lowlands streams, but here applied to their
long-term impact on lakes.

The minimum estimate of P accumulation (MinPSAR)
places a lower limit on the amount of P accumulated during
the past 115 yr because, with a known mobility of P, at least
following complete mixing of sediments (Carignan and Flett
1981), there is a possibility that some of the total P accu-
mulated (PSAR) is the result of a migration from below the
lead horizon. However, if P mobility was responsible for the
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Table 4. Regression models of sediment accumulation rates (SARS) with macrophyte biomass as the independent variable. Models are
given for within-macrophyte bed, among-macrophyte beds, and where allowed by ANCOVA, the pooled data. SE is the standard error
of the estimate for each model. Significant intercepts for the models are denoted with an asterisk. Units are biomass (kg m~2), total SAR
(mm yr-1), bulk SAR (g m~2 yr-1), organic SAR (g m-2 yr-*), phosphorus SAR (mg m-2 yr-%), and min phosphorus SAR (mg m=2 yr-1).

Coefficient Regression

Dependent variable n (biomass) SE. Intercept R? P value
Total SAR

Within 19 0.67 0.15 0.49* 0.50 <0.001

Among 10 1.05 0.21 0.24 0.73 <0.001

Pooled 29 0.77 0.13 0.42 0.57 <0.001
Bulk SAR

Within 19 330 63 181* 0.59 <0.001

Among ns ns ns ns ns ns

Pooled 29 330 75 225 0.39 <0.001
Organic SAR

Within 19 44 7.4 8.1 0.65 <0.001

Among 10 76 125 -4.0 0.80 <0.001

Pooled nd nd nd nd nd nd
Phosphorus SAR

Within 19 184 40 65.3 0.53 <0.001

Among 10 225 53 2.6 0.65 0.003

Pooled 29 198 31 42.1 0.58 <0.001
Min Phosphorus SAR

Within 19 70 26 51.4 0.25 0.016

Among 10 164 23 —24.4 0.84 <0.001

Pooled nd nd nd nd nd nd

ns, not significant; nd, not done.

observed hiomass—PSAR relationships, one would expect
macrophyte biomass and background P concentration (>115
yr) to be correlated, which they were not (r = —0.2, P =
0.43). Further, PSAR was better correlated with other mea-
sures of sediment accumulation than was MinPSAR (Table
3), indicating that the total P accumulated during the 115-yr
period was associated with sedimenting particles. Even
though MinPSAR sets a lower limit on P accumulation, es-
timates were of the same magnitude as those of PSAR (Table
1), both showing macrophyte beds to be long-term net sinks
for P

The high correlation between P accumulation rates and
the other measures of sediment accumulation (TSAR,
BSAR, OSAR; Tables 2 and 3) shows P accumulation to be
closely linked to other long-term rates of littoral-zone sedi-
mentation. Yet within individual cores, the amount of P (g
m~2) per stratum was not correlated with bulk sediment (g
m~-2) for pooled strata (r = 0.01, p = 0.93), indicating that
P accumulation is decoupled from the physical building of
the sediments. The decoupling reflects an increase in bulk
weight per stratum in deeper sections as a result of compac-
tion, and a decrease in [P] (ng g—*) with increasing sediment
depth, presumably the result of an upward diffusion of sol-
uble P under anoxic conditions in deeper sediment (Carignan
and Flett 1981) and high rates of P recycling at the sediment
water interface. With the largest pool of P near the sediment
surface (Fig. 2), P is susceptible to loss to the overlying
water, resulting from surface sediment anoxia (James et al.
1996) or biological activity at the sediment—water interface
(see below). Nonetheless, the results show that, over long

periods, increased sedimentation of particles and associated
P is proportional to macrophyte biomass and outweigh P
losses (Fig. 4e).

Submerged macrophytes not only influence sedimentation
rates (Benoy and Kalff 1999) but also surficial sediment par-
ticle-size distribution, with plant surface area a significant
predictor of surface sediment clay content (Petticrew and
Kalff 1992). This finding is particularly relevant because
small particles with their large surface area to volume ratio
disproportionately sorb P (Clay and Wilhm 1979). An anal-
ysis of surficial sediment (0-5 cm) water content allows for
a comparison of macrophyte bed sediments with profundal
and bare littoral sediments, as water content is an excellent
predictor of mean surface sediment particle size (Phi =
—0.93 + 0.09 X water content, r2 = 0.93; Rowan et al.
1992a). The estimated mean sediment particle diameter at
higher biomass sites (>1 kg m=2) was 12 um (range 7-41
um, n = 14) and much closer to reported profundal values
averaging 7 um for glacial lakes in the region (Rowan et al.
1992b) than to bare littoral sediments in Lake Memphre-
magog (~300 um, Benoy 1997). Even at lower biomass
sites (<1 kg m=?), mean sediment particle size, although
much more variable, was much smaler (mean = 52 um,
range 4-323 um, n = 15) than in bare littoral sediment.
Consequently, although the finest particles are accumulated
in littoral areas of greatest macrophyte biomass, even a mod-
est plant density reduces turbulence sufficiently to allow for
the permanent sedimentation of relatively fine particles.

While mean sediment particle size in dense macrophyte
beds is similar to that of profundal sediment, there are no-
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Fig. 5. Box plots of sediment-accumulation rates in the vege-
tated littoral and profundal zones of Lake Memphremagog. The hor-
izontal bars indicate the median and the 25th and 75th percentiles
and the error bars represent the 10th and 90th percentiles for (a)
bulk sediment-accumulation rate and (b) phosphorus sediment-ac-
cumulation rate. Profundal data from Flett and Marshall (1983).

table differences between ARs in the profundal zone of Lake
Memphremagog (Flett and Marshall 1983) and those mea-
sured in the macrophyte beds. First, the mean bulk sediment-
accumulation rate (BSAR) among beds was more than dou-
ble that of mean BSARSs measured in two profundal basins
of Lake Memphremagog, with the densest beds having
BSARs amost fourfold higher than mean profundal zone
rates (Fig. 5a). In contrast, PSARs in the macrophyte beds
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were on average less than half that of profundal rates of P
accumulation (Fig. 5b), with only the densest macrophyte
beds exhibiting PSARs similar to profundal rates. Therefore,
macrophyte beds accumulate far less P per unit bulk sedi-
ment than their profundal counterparts even though mean
particle size is roughly the same. In fact, P accumulation per
unit bulk sediment was more than six times greater in pro-
fundal sediments than in dense macrophyte beds (biomass
> 1,000 g m~?). The fine particles retained in both the mac-
rophyte beds and the profundal zone are, based on the loss
on ignition of surface sediments, overwhelmingly inorganic
(macrophyte bed mean 12% organic, profundal mean 13%
organic; Flett and Marshall 1983). Assuming the origin of
these inorganic particles to the catchment (Rowan et al.
1992b), and an amost total P retention by the aerobic pro-
fundal sediment surface, the much lower PSAR: BSAR ratio
in the macrophyte bed cores implies alarge P loss following
sedimentation in the macrophyte beds. For example, assum-
ing bulk sediment to P ratios of 515:1 in Lake Mephre-
magog (Flett and Marsha 1983), the average macrophyte
bed in this study loses about three quarters (range 72%—
90%) of sedimented P Lake Memphremagog macrophyte
beds, therefore, by retaining a fraction of incoming P are net
sinks, with the balance of the originally sedimented P ex-
ported to the open water, linking the littoral and pelagic
zones in the process.

Although the mechanisms cannot be resolved here, there
are many plausible means for postdepositional export of P
from macrophyte beds. Summer organic matter mineraliza-
tion rates in the warmer littoral zone are about threefold
higher than in profundal sediments (den Heyer and Kalff
1998) and, with the highest rates of nutrient recycling at the
sediment-water interface, recently sedimented P is rapidly
recycled and made available to the algae and bacteria living
in or above the sediments of macrophyte beds, leaving be-
hind P-depleted sediments. Furthermore, phosphorus losses
from macrophyte beds to the open water can be linked not
only to a direct loading from macrophyte bed sediments
(James et a. 1996), but aso to both the export of macro-
phyte detritus containing P obtained primarily via root up-
take (Carighan and Kalff 1980), and sloughed off periphyton
containing, directly or indirectly, sediment-derived P Finally,
fish feeding on the disproportionately abundant macroben-
thos (Rasmussen and Rowan 1997; Vadeboncoeur et al.
2002) and horizontally migrating zooplankton (Jeppesen et

Table 5. Morphometric and macrophyte characteristics of five lakes in the Eastern Townships, Quebec, used in the whole-lake sediment
accumulation simulation. Estimates of the proportion of bulk (BSAR) and phosphorus (PSAR) are given, using estimates of accumulation

in vegetated and bare lake sediments.

Measured variables Predicted
% BSAR in % PSAR in
Area Z ox Z eon % of lake Mean biomass macrophyte macrophyte
Lake (ha) (m) (m) colonized (gm? bed beds

Waterloo 150 6 29 11 143 26 7
Brome 1,417 12 5.8 18 195 33 10
Magog 927 18 7.7 19 675 35 10
D’ Argent 108 16 54 28 212 58 23
Hertel 29 9 47 66 890 80 47
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a. 1999) provide yet another vector for P transport from
macrophyte beds to the open water (e.g., Schindler et al.
1996).

While the above discussion addresses specific rates (mg
m~2 yr-1) of long-term sediment accumulation, the relative
importance of littoral and profundal sediments as sites of P
accumulation (% zone™?) is a function of lake morphometry
and the associated size of the vegetated littoral and the pro-
fundal zones. Large and deep Lake Memphremagog is, ex-
cept for shalow embayments, characterized by generally
steep underwater slopes and submerged macrophytes cover
<2% of the surface area, making the littoral zone an insig-
nificant sink for P and bulk sediment in absolute terms. The
importance of macrophyte beds as net sinks for P and sed-
iment will, on awhole-lake basis, be much greater in shallow
lakes with a much larger fraction of the bottom covered by
macrophytes.

Whole-lake accumulation rates. An exploration—We ex-
trapolated the per-unit area estimates of littoral and profundal
bulk and P accumulation rates as a function of macrophyte
biomass in Lake Memphremagog to five nearby lakes for
which we collected macrophyte biomass and distribution
data (Table 5). The lakes share a similar climate, geology,
and land use, but differ appreciably in morphometry and
littoral characteristics, thereby providing afirst indication of
the relative impact of macrophyte beds on sediment accu-
mulation among lakes. The extrapolation, albeit based on a
small data set, suggests that macrophyte beds in such lakes
could account for more than half of the annual bulk sedi-
mentation when greater than one third of the sediment sur-
face is colonized by submerged macrophytes, with the bal-
ance sedimented in the profundal zone. The same analysis
for P suggests that macrophytes must cover a much larger
fraction (about two thirds) of the sediment surface in such
lakes for the littoral zone to retain half of the P accumulated
in sediments (Table 5). The primary value of the simple
models lies not in the relevance of the estimated impacts to
lakes everywhere, but rather to serve as afirst indication of
the magnitude of macrophyte cover required to have a major
impact on sediment and P distribution in lakes. In the same
vein, the estimated impacts serve as an indication of the
importance of vegetated littoral zones as traps for sediments,
nutrients, and contaminants, something generally overlooked
as the result of the emphasis in [imnology on pelagic zones
and profundal sediments.

In summary, our results highlight the importance of sub-
merged macrophyte beds in the long-term accumulation of
sediment and P in the near-shore regions of lakes. Although
macrophyte beds can act alternatively as sources and sinks
of water column P over short time scales (Granéli and So-
lander 1988; Barko and James 1998), the present study sup-
ports the hypothesis that submerged macrophyte beds are net
sediment, trace metal (Pb), and P sinks, with rates of total,
bulk, organic matter, and P accumulation linked to macro-
phyte biomass. In general, the relationships between mac-
rophyte biomass and sediment and P accumulation rates at
different depths within a single weedbed in Lake Memphre-
magog are not significantly different from those observed
among beds at the depth of maximum submerged macro-
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phyte biomass. Although both submerged macrophyte beds
and the profundal zone accumulate fine particles, macro-
phyte beds accumulate far more (bulk) sediment per unit
area than their profundal counterparts, while retaining about
six times less P per unit bulk sediment (Fig. 5). The results
show that macrophyte beds serve as important sediment
traps, but that a large portion of initially sediment-associated
P is subsequently lost to the open water. Extrapolations of
the specific accumulation rates to five nearby lakes for which
macrophyte cover is known points to a major role of sub-
merged macrophyte beds in the trapping and cycling of
phosphorus in shallow lakes.
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