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Does resuspension prevent a shift to a clear state in shallow lakes

during reoligotrophication?
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Abstract

Water managers often debate whether resuspension of sediment with high organic matter and water content
accumulated during eutrophication delays improvement of water clarity after reduction of external nutrient loading.
Using data from 15 shallow (mean depth <5 m) eutrophic lakes surveyed during 8-12 yr, we show that the reduction
in phytoplankton biomass after external loading reductions of phosphorus or changes in the abundance of plankti-
benthivorous fish was accompanied by a proportional or nearly proportional reduction in detritus and inorganic
suspended solids. The reduction occurred irrespective of lake size (0.1-40 km?), extent of phytoplankton biomass
reduction (up to 10-fold), and despite dominance of sediments with high water and organic content. Therefore, we
conclude that recovery of shallow lakes after nutrient loading or fish stock reduction is apparently not significantly
delayed by resuspension of organic or inorganic matter accumulated in the sediment during eutrophication.

World-wide, many lakes suffer from eutrophication due to
high external loading from sewage, industries, and runoff
from cultivated soils. Large efforts have been made during
the last two decades to combat eutrophication by reducing
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excess loading (Sas 1989; Van der Moelen and Boers 1994),
and this has led to improvement of the ecological state and
water quality of some lakes (Sas 1989; Jeppesen et al. 2002).
However, many lakes show great resistance to improvement
due to high internal loading of phosphorus (Sas 1989), ho-
meostasis in the fish community (Gulati et al. 1990; Perrow
et a. 1997), and waterfowl grazing (Sendergaard et al.
1997). Furthermore, it has been argued that resuspension of
the sediment with high organic matter and water content
accumulated during eutrophication also delays or even pre-
vents a shift to the clearwater state in large, shallow, wind-
exposed lakes (Bachmann et a. 1999; Meijer et al. 1999).
The arguments suggest that continuous resuspension of de-
tritus reduces the light climate sufficiently to prevent growth
of submerged macrophytes (Bachmann et al. 2001a) or that
the sediment in the reoligotrophication phase is too loose
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Table 1. Physicochemical characteristics of the 15 study lakes. The chemica data represent

summer averages (1 May—1 Oct 1989—-2000).

Mean Median  Minimum Maximum

Lake area (km?) 3.34 0.42 0.10 40
Mean depth (m) 22 1.9 1.0 4.6
Hydraulic retention time (yr) 0.7 0.2 0.04 27
Total phosphorus (mg L—%) 0.20 0.15 0.06 0.85
Total nitrogen (mg L—%) 21 19 0.9 37
Chlorophyll a (ug L) 107 78 11 326
Suspended solids (SS) (mg L% 25 22 5 64
Inorganic suspended solids: SS (%) 26 25 1 46
Nonalgal organic suspended solids: SS (%) 54 53 32 88
Secchi depth (m) 11 0.9 0.4 2.0

and therefore unsuitable for establishment of rooted plant
communities (Meijer et al. 1999). Yet plant establishment
has occurred in several large shallow reoligotrophic lakes,
like Lake Veluwe and Lake Wolderwejd in The Netherlands
(Hosper 1997) or following fish manipulation as seen in the
U.S.A. (Hanson and Butler 1990). Lowe et al. (2001) also
observed a reduction in suspended solids roughly propor-
tional to the reduction in Chl a in large Lake Apopka in
Florida, where plant establishment remains poor (Lowe et
al. 2001). The ongoing debate on the future perspectives of
trophic state and management for Lake Apopka (Bachmann
et al. 1999; Lowe et a. 2001; Bachman et al. 2001a,b; Schel-
ske and Kenney 2001) illustrates well the lack of consensus
on the role of resuspension for lake recovery.

We contribute to the debate by presenting data on inor-
ganic and organic fractions of suspended matter from 15
shallow Danish lakes after major reductions in external total
phosphorus (TP) loading (Jeppesen et al. 2002; Sgndergaard
et a. 2002). The lakes vary in size from 0.1 to 40 km? and
in mean depth from 1.0 to 4.6 m and were generally eutro-
phic (Table 1).

Materials and methods

Water samples (depth-integrated samples from the photic
zone) for analyses of chemical variables and phytoplankton
biovolume were taken at a midlake station biweekly during
summer (1 May—1 October) and monthly during the remain-
der of the year. Phytoplankton was counted on Lugol-fixed
samples using an inverted microscope. Biovolume was cal-
culated by fitting the different species and genera to geo-
metric forms. A factor of 0.29 was used to convert phyto-
plankton biovolume (mm? L-1) to biomass (mg organic dry
weight L-%) (Reynolds 1984).

Suspended solids (SS) were determined as matter retained
on GF/C filters after drying at 105°C for 24 h and the organic
content as loss-on-ignition (L1) (550°C, 2 h) of SS. LI may
potentially include some CaCQO,, thereby overestimating the
organic content. Yet parallel measurements of L1 and partic-
ulate COD (chemical oxygen demands) on 1,811 samples,
however, show good correspondence between the two mea-
sures (Jeppesen et al. 1999). Calculations were made to
determine nonalgal organic suspended solids (naorgSS)
by subtracting phytoplankton biomass from LI, inorganic

suspended solids (inorgSS) by subtracting LI from SS, and
nonalgal suspended solids (naSS) by summing up naorgSS
and inorgSS. Chlorophyll a (Chl a) was measured after eth-
anol extraction of matter retained on a GF/C filter.

Total discharge of tributaries and outlets (Q,,) was mea-
sured monthly with an OTT-propeller. Water level (H) in the
inlet streams was automatically and continuously recorded
and daily discharge calculated by use of the relationship ob-
tained between H and Q,,. Daily TP loading was estimated
for each inlet as the product of the daily water discharge and
phosphorus concentration obtained by linear interpolation.
Loading from the lake catchment not covered by streams
was caculated as Q,, — Q,, assuming TP to equa the
Q-weighted mean concentrations in the measured inlets. At-
mospheric deposition on the lake surface was estimated us-
ing an average rate for Denmark of 0.2 kg P ha~* yr—.

Sediment cores were taken with a Kagjak sampler (5.2 cm
in diameter) at 4—7 midlake stations in each of four lakes,
then dliced and analyzed for wet weight, dry weight, and
loss-on-ignition (550°C, 1 h) and total phosphorus (TP) (as
molybdate reactive phosphorus after extraction of ash-free
sediment with 1 mol HCI L-1). Only data on the upper 5 cm
of the sediment was used in the present analyses.

To test trends in the time series at selected physicochem-
ical variables, we used the seasonal Kendall trend test
(Hirsch and Slack 1984). This test is a robust nonparametric
statistical method commonly used in environmental science
for testing seasonal trends in time series. We used data from
7 yr, from the months of April to October, inclusive. The
other calendar months were excluded because of too many
missing values. For a given year and month, we averaged
all observations before analysis.

Results and discussion

Regression analyses—The 15 lakes are shallow and nu-
trient rich (summer mean: 0.064-0.850 mg P L) with high
phytoplankton biomass (Chl a), high concentrations of SS
(Table 1), and, accordingly, low Secchi depth (summer
mean: 0.4-2 m). The contribution of both naorgSS and that
of inorgSS to SS were overall high, which is typical of shal-
low Danish lakes (Jeppesen et al. 1999), and reflects the
shallowness of the lakes and the frequent occurrence of re-
suspension. NaorgSS averaged 54% and inorgSS 26% dur-
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Table 2. Pearson correlation coefficients for some selected physicochemical variables in 15 study lakes over 8-12 years. Number of
samples ranged between 1,775 and 3,144. All pairwise comparisons were significant (P<<0.0001), though the weakest ones must be inter-

preted with care because of the large number of samples.

InorgSS NaorgSS  Chl a TP Secchi Area Mean depth
Suspended solids (SS) 0.84 0.71 0.83 0.74 -0.90 0.26 -0.25
Inorganic suspended solids (inorgSS) 0.50 0.65 0.63 —0.76 0.12 -0.42
Nonalgae suspended organic solids (naorgSS) 0.58 0.61 —0.64 0.47 -0.20
Chlorophyll a (Chl a) 0.71 -0.84 0.18 -0.22
Total phosphorus (TP) -0.77 0.11 -0.33
Secchi depth (Secchi) -0.18 0.32
Lake area (ared) 0.28

ing summer (Table 1). Pearson correlation analyses on log-
transformed data showed highly significant positive
correlations between SS, inorgSS, naorgSS, Chl a, and in-
lake TP (Table 2). In addition, all forms of suspended matter
(SS, inorgSS, naorgSS, and Chl a) were weakly positively
correlated to lake area and negatively so to lake mean depth
(Table 2). In a multiple regression, Chl a, in-lake TR, lake
area, and mean depth contributed significantly to the varia-
tion in SS, inorgSS, and naorgSS. We tested for collinearity
by calculating a condition index (Rowlings 1988). A con-
dition index around 10 indicates that collinearity affects the
regression, a collinearity of 30 and 100 being moderate to
strong and values over 100 indicating serious collinearity
problems. For the three models with Chl a, TR, area, and
depth as explanatory variables, we obtained condition indi-
ces of around 20, indicating moderate problems. However,
by exclusion of TP from the models (Table 3), the index was
<10.

As Secchi depth is highly significantly related to SS,
inorgSS, and naorgSS (Table 2), both detritus and inorganic
suspended solids could potentially delay or prevent the clear-
ing up of lakes during the recovery phase following nutrient
loading reductions, provided that these variables are not af-
fected themselves by the reduction in phytoplankton bio-
mass. To illustrate how SS, naorgSS, and inorgSS are af-
fected by changes in phytoplankton biomass, we focus on
the four lakes with the largest changes in Chl a during the
survey period, due to either reduced external TP loading
prior to (data not shown) or during the course of the inves-
tigation (Figs. 1-4). For one lake, Lake Arreskov, in addition
to TP reduction, the biomass of planktivorous fish was re-
duced substantially by fish kills in 1991 and stocking of
piscivorous pike in the following years (Fig. 4). For al four
lakes, SS followed closely the changes in Chl a and also

largely the algal biomass (Figs. 1-4, panels B and C). Ac-
cordingly, only comparatively minor changes occurred in the
proportion of naorgSS and inorgSS to SS even though con-
tributions to SS were high throughout the year (Figs. 1-4,
panel D).

Time series analyses—L ake Dons (0.36 km?, mean depth:
1.0 m), showed a significant decline (detrended for seasonal
variations) in in-lake TP (P = 0.018), Chl a (P = 0.017),
while Secchi depth increased (P = 0.010). Summer mean
Chl a declined from 444 to 232 ug L~' from 1989-1997
(Fig. 1), SS from 76 to 32 mg L%, and LI from 42 to 22
mg L. We found no significant changes (P > 0.05) in the
fractions of inorgSS, phytoplankton biomass, nonalgae sus-
pended matter to SS or naorgSS, all detrended for seasonal
variations.

In Lake Arresg (40 km?, mean depth: 2.9 m), Chl a and
SS showed increasing trends until 1993, followed by a major
decline coinciding with a reduction of in-lake TP (Fig. 2).
The share of nonalgae suspended matter was constantly high
except for a reduction at the end of the study period, while
the proportion of inorgSS tended to increase. Considering
the entire period only, in-lake TP showed a significant de-
cline during the period. However, if only the period with a
declining trend (1994—2000) was included, a significant de-
cline was found for in-lake TP (P = 0.010), Chl a (P =
0.018), SS (P = 0.009), while no significant decline (P >
0.05) was found for the contribution of inorgSS to SS. Only
the contribution of naorgss to SS decreased dightly (P =
0.029).

In Lake Vesterborg (0.21 km?, mean depth: 1.4 m), asig-
nificant decline was observed for in-lake TP (P = 0.003),
Chl a (P = 0.007), SS (P = 0.001) and phytoplankton bio-
mass (P = 0.006), while Secchi depth increased (P = 0.001).

Table 3. Multiple linear regression of logarithmically transformed (natural log) total suspended
solids (SS), inorganic suspended solids (inorgSS), and nonalgae organic suspended solids (naorgSS)
(al in mg DW L~1) in the 15 study lakes studied during 8-12 years versus a number of independent
variables, chlorophyll a (Chl a), lake area (area), and mean depth (depth). Other units as in Table
1. In al cases, the relationship was statistically significant (P < 0.0001). Total phosphorus was

excluded due to collinearity.

Intercept Log (Chl a) Log (area) Log (depth) r2 n
log, (SS) 0.77+0.05  0.57+0.01 0.13+0.008 —0.32+0.03 075 1,759
log, (inorgSS)  0.03=0.09  0.49+0.02 0.10+0.02 -0.58+0.08 047 1,759
log, (naorgSS)  0.57+0.7 0.47+0.01 0.23+0.01 -048+0.04 061 1,814
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Fig. 1. Lake Dons. (A) discharge-weighted annual mean inlet concentration and lake concen-
tration of total phosphorus, (B) chlorophyll a and total suspended solids, (C) biomass of phyto-
plankton and Secchi depth, and (D) the proportion of nonalgae and inorganic suspended solids of

total suspended solids.

Summer mean Chl a ranged from 175 to 80 ug L' and SS
from 43 to 23 mg L-* (Fig 3). InorgSS was only monitored
for the last 3 yr and the analysis is therefore restricted to the
naSS, which showed no significant changes during the pe-
riod (P > 0.05).

In Lake Arreskov (3.17 km?, mean depth: 1.9 m), a
marked reduction in Chl a and SS occurred following fish
kills in 1991 and a subsequent addition of piscivorous fish,
followed by somewhat higher values between 1999—2000
(Fig. 4). If we consider only the period with declining Chl
a (1989-1997), then the 10-fold reduction in summer mean
Chl a (from 130 to 12 ug L") was accompanied by nearly
similar proportional reductions in SS (from 61 to 6 mg L—?%)
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and in LI from 40 to 3 mg L-*. Accordingly, no significant
changes occurred in the contribution of naorgSS or inorgSS
to SS during the period. For the entire study period, a sig-
nificant decline was observed in in-lake TP (P = 0.037), Chl
a (P < 0.05), SS (P < 0.01), and phytoplankton biomass (P
< 0.025), while Secchi depth increased (P = 0.017).

Thus, the changes in the proportion of different fractions
of SS through time were small or insignificant compared
with the major changes recorded in SS and Chl a concen-
trations. The decline in naorgSS and inorgSS concentrations
cannot be attributed to a plant-mediated reduction in the
shear stress at the lake bottom, as otherwise seen in lakes
with abundant plant coverage (James and Barko 1994; Ham-
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Fig. 2. Lake Arresg: (A) discharge-weighted annual mean inlet concentration and lake concen-
tration of total phosphorus, (B) lake concentration of chlorophyll a and total suspended solids, (C)
biomass of phytoplankton and Secchi depth, and (D) the proportion of nonalgae and inorganic

suspended solids of total suspended solids.
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Fig. 3. Lake Vesterborg: (A) discharge-weighted annual mean inlet concentration and lake con-
centration of total phosphorus, (B) lake concentration of chlorophyll a and total suspended solids,
(C) biomass of phytoplankton and Secchi depth, and (D) the proportion of nonalgae and inorganic

suspended solids of total suspended solids.

ilton and Mitchell 1996), as no macrophyte colonization oc-
curred in Lake Dons, Lake Arresg, or Lake Vesterborg. Only
in Lake Arreskov may plants potentially have contributed to
reduce shear stress as macrophyte coverage here increased
from zero to a maximum of 61% in these lakes in 1997 and
thereafter ranged between 1 and 30% (Hansen 2001). The
observed major reductions in naorgSS and inorgSS cannot
be attributed to low sensitivity of the sediment to resuspen-
sion either, as al four lakes have sediment with high content
of water and organic matter in the top 5 cm of the sediment
sampled at midlake stations. The water content averaged 89,
90, 94, and 95% in Lake Dons, Lake Arresg, Lake Vester-
borg, and Lake Arreskov, respectively, and the contribution
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of organic matter to dry weight averaged 22, 23, 36, and
34%, respectively.

Besides the four lakes analyzed above, 7 of the remaining
11 lakes showed a significant (P < 0.05) decline in Chl a
or SS during the study period (detrended for seasonal ef-
fects). We did not find any significant change in the contri-
bution of inorgSS, naorgSS, or phytoplankton biomass to SS
with time (P > 0.05) for any of these lakes. As could be
expected, we did not find any significant (P > 0.05) changes
with time either in the different fractions for the four re-
maining lakes without significant changes in Chl a or SS.

The relatively close correspondence between the SS and
Chl a reduction in Lake Arresg is particularly noteworthy,

50 ¢ I3
Abd o omge
i "’ bomob 3.0
40 Vo i R
W pha il Fes o
T IRHHIBE BR R &
o IR IR B 8
304 M FRE AR Y 20 E
1 LRy T o
VE LTI R L S
20 BT RIE R vz
1
ALY I: i Lo €
10 A | \
y Los i
0
100
g
80 ®
:
2
60 2
z
40 ¥ g
g
g
20 3
0- !

789790 91 9279379495796 97 98 99 00 '
Year

Fig. 4. Lake Arreskov: (A) discharge-weighted annual mean inlet concentration and lake con-

centration of total phosphorus, (B) lake concentration of chlorophyll a and total suspended solids,
(C) biomass of phytoplankton and Secchi depth, and (D) the proportion of nonalgae and inorganic
suspended solids of total suspended solids. Fish kills occurred in the summer of 1991.
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as this lake is large (40 km?) and, moreover, situated in a
wind-exposed area in a flat landscape close to the sea. A
detailed study of resuspension conducted in 1991 (Kristen-
sen et al. 1992) showed that resuspension occurred on av-
erage every second day and that the increase in SS due to
resuspension alone could reduce Secchi depths to below 1
m. Nevertheless, even in this lake, rapid reduction of
naorgSS and inorgSS occurred concurrently with the ob-
served reduction in Chl a (Fig. 4).

Our results therefore suggest that, for Danish lakes, re-
suspension of sediment even with high organic matter and
water content does not prevent a shift to the clearwater state
during reoligotrophication following reduction in external
nutrient loading. This contradicts the view of Bachmann et
a. (1999) but supports suggestions forwarded by Lowe et
al. (2001). There may be several reasons for the simulta-
neous decrease in Chl a and naSS. First, a reduction in Chl
a is accompanied by a decline in the abundance of benthi-
vorous fish (Jeppesen et al. 2002). Consequently, disturbance
by sediment-foraging fish is also likely reduced. Bream
(Abramis brama), which is abundant in Danish lakes, and
carp (Cyprinus carpio) (although absent from the investi-
gated Danish lakes), may have a substantial effect on the
concentration of SSin shallow lakes (Hosper 1997). Second,
decreased predation by benthivorous fish may enhance the
abundance of benthic invertebrates (Andersson et al. 1978)
and thereby indirectly also the consolidation of the sediment
mediated by tube-building chironomids that also oxidize the
sediment by ventilation. Third, enhanced light penetration of
the water stimulates benthic algae production, which, in turn,
reduces the risk of resuspension (Paterson 2001). Fourth, the
consolidation period between resuspension events is pro-
longed by the less frequent disturbance of the sediment by
fish and by the higher biomass of benthic algae and inver-
tebrates, which enhance the shear stress threshold for resus-
pension, as has been shown after prolonged consolidation
periods with stream sediments (Partheniades 1965). Finally,
low phytoplankton production reduces the accumulation of
“new” detritus in the water. It also reduces sedimentation
and thus diminishes the amount of detritus that may poten-
tially be resuspended by fish or wave action.

In conclusion, resuspension of loosely organically rich
sediment is apparently not a major factor for delaying the
recovery of shallow Danish lakes. We emphasize, though,
that our analysis does not include lakes with a high content
of silt or humic substances nor does it include very large
lakes (>40 km?). Yet the recent results from large (124 km?)
and heavily wind-exposed Lake Apopka in Florida (Lowe et
al. 2001) suggest that our findings also apply to somewhat
larger lakes. Resuspension may, however, indirectly influ-
ence the recovery process, as resuspended sediment can re-
lease nutrients for phytoplankton growth or sometimes trap
nutrients depending on phosphorus adsorption relative to the
equilibrium state (Kamp-Nielsen 1974; Sgndergaard et al.
1992), just as internal P loading from the undisturbed sedi-
ment pool (accumulated during eutrophication) may delay
recovery (Sas 1989; Sgndergaard et al. 2002).
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