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ABSTRACT

For more than 50 years, aluminum (Al)-salts have been used with varying degrees of success to inactivate
excess mobile phosphorus (P) in lake sediments and restore lake water quality. Here, we analyzed the
factors influencing effectiveness and longevity of Al-treatments performed in six Swedish lakes over the
past 25 years. Trends in post-treatment measurements of total phosphorus (TP), Chlorophyll a (Chl_a),
Secchi disk depth (SD) and internal P loading rates (Li) were analyzed and compared to pre-treatment
conditions. All measured water quality parameters improved significantly during at least the first 4 years
post-treatment and determination of direct effects of Al-treatment on sediment P release (Li) was possible
for three lakes. Improvements in TP (-29 to -80%), Chl_a (-50 to -78%), SD (7 to 121%) and Li (-68 to -94%)
were observed. Treatment longevity, determined via decreases in surface water TP after treatment, varied
from 7 to >47 years. Lake type, Al dose, and relative watershed area were related to longevity. In addition,
greater binding efficiency between Al and P was positively related to treatment longevity, which has not
previously been shown. Our findings also demonstrate that adequate, long-term monitoring programs,
including proper determination of external loads, are crucial to document the effect of Al-treatment on

sediment P release and lake water quality.

© 2021 The Author(s). Published by Elsevier Ltd.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Excess internal loading of phosphorus (P) in lakes, a result of
historical sediment P accumulation from external sources, is of-
ten the most important driver of in-lake P cycling and thus eu-
trophication (e.g. Pilgrim et al., 2007, Sondergaard et al., 2003).
External P sources, e.g., leaching from agricultural soils and mu-
nicipal/industrial wastewater are the primary source of excess nu-
trients in lakes (Conley et al., 2009). Even when external nutri-
ent sources are controlled, recovery can be delayed by decades
or longer due to the release of legacy (or mobile) P from lake
sediments (Sas 1990). For more than 50 years, aluminum (Al)-
salts have been used to permanently inactivate excess mobile P in
lake sediments and restore lake water quality (Huser et al., 2016b;
Welch and Cooke 1999). The longevity of Al-treatment, however,
has been highly variable, with beneficial effects lasting from just
a few months to more than 40 years (Egemose et al, 2011;
Garrison and Knauer 1984; Huser et al., 2011; Huser et al., 2016b;
James et al., 1991). Reported binding effectiveness (measured as
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Al:Al-P or Al:P,; ratios) has varied by an order of magnitude, i.e.,
between 2.1 and 21.1 (Agstam-Norlin et al., 2020; Huser et al.,
2011; Huser 2012; Jensen et al., 2015; Lewandowski et al., 2003;
Reitzel et al., 2005; Rydin et al., 2000; Rydin and Welch 1999;
Schiitz et al., 2017).

Treatment longevity and effectiveness are influenced by mul-
tiple factors including external loading, lake morphology, mixing
regime, bioturbation, Al dose, and application method. When ex-
ternal P loading remains elevated after Al-treatment, ongoing P in-
puts can overwhelm Al binding capacity, resulting in new mobile
sediment P accumulation over the treated layer and elevated inter-
nal P loading (Huser et al., 2016¢). The ratio of lake to watershed
areas (WA:LA) is an important predictor of treatment longevity,
as nutrient levels in lakes with large watersheds relative to lake
area are more controlled by external sources than lakes with rel-
atively small watersheds (Huser et al., 2016b; Sas 1990). The rate
of water renewal (i.e. residence time) can strongly affect treatment
longevity, as a long residence time can result in P being retained
in the lake and sediment instead of moving to downstream water
bodies (Sas 1990).

Morphology can decrease overall binding efficiency in lakes
with steep bed slopes through translocation and focusing of the
added Al-mineral (AI(OH)3) in deep areas. This is because freshly
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formed, amorphous Al-minerals have a similar density to the sur-
rounding, organic-rich sediment and a large fraction can rapidly
(within 6 months) move down-slope to deeper areas (Huser 2017).
This can result in excess accumulation of Al (Egemose et al., 2012;
Huser 2012), and in the absence of available P, the Al-mineral
starts to crystalize resulting in a lower surface area and a loss
of P binding sites (Berkowitz et al., 2006; deVicente et al., 2008;
Huser 2012; Huser 2017).

The Al dose used is another critical factor influencing longevity
and effectiveness. In the past, Al doses were often inadequate to
bind all potentially releasable sediment P. This was usually a re-
sult of old dosing calculation methods where dose was based on
lake water alkalinity or hypolimnetic P instead of targeting the to-
tal pool of available mobile P in lake sediment (Cooke et al., 2005).
Greater Al doses tend to bind more P in the sediment, which can
increase longevity (Huser et al., 2016b; Sas 1990). However, adding
too much Al, or using excessive amounts of Al in one application,
will generally decrease binding efficiency due to crystallization of
the Al-mineral before P binding occurs (deVicente et al., 2008),
with potentially negative effects on longevity (Agstam-Norlin et al.,
2020; Huser 2012).

Mixing regime is also important. Shallow, polymictic lakes tend
to have shorter treatment longevity (Huser et al., 2016b; Welch and
Cooke 1999), but the underlying mechanisms behind this are not
entirely understood. Shallow lakes generally have lower water vol-
ume per area of sediment, and thus alkalinity needed to sup-
port higher doses is often lower and as a consequence, lower Al-
doses have generally been added which per se decreases longevity
(Huser et al., 2016b). Dense populations of macrophytes often
found in shallow polymictic lakes may increase internal loading
by translocation of sediment P to the water column (through
plant decomposition) or by stabilizing the water column and lim-
iting oxygenation, thus increasing the potential for internal loading
(Welch and Kelly 1990). In addition, benthic feeding fish often have
much greater negative impacts on nutrients and water quality in
small shallow lakes relative to deeper, stratified systems (Bajer and
Sorensen 2014).

Bioturbation caused by benthic feeding fish, e.g., carp (Cyprinus
carpio) can deepen the active sediment layer and mass of P avail-
able for release to the water column (Huser et al., 2016a), espe-
cially in shallow polymictic lakes (Parkos et al., 2003; Weber and
Brown 2009). On the other hand, enhanced sediment mixing by
benthic feeding fish may result in higher Al:P,; binding efficiency
by increasing the chance of Al to encounter P before crystallization
of the mineral occurs (Huser et al., 2016a).

Different Al-application procedures have been used historically,
with the most commonly used method being application of Al in
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solution to the water column and allowing the newly formed min-
eral to settle to the sediment surface (Welch and Cooke 1999).
However, there is a newly developed technique where Al is in-
jected into surficial sediment (10-15 cm deep, (Schiitz et al.,
2017)). The injection method minimizes Al transport and focus-
ing because the Al-floc is trapped in the vertical sediment pro-
file, which can lead to improved binding efficiency (Agstam-
Norlin et al., 2020). Solid forms of Al (pellets) have also been used
historically (Cooke et al., 2005), but a shift to liquid application
occurred after the 1970s. However, binding effectiveness using pel-
lets may be greater relative to liquid application in some cases
(Agstam-Norlin et al., 2020). Treatment using Al pellets has been
tested recently in countries lacking equipment needed for liquid
application (Kuster et al., 2020).

Here, we determined the longevity of Al treatment and as-
sessed the factors influencing effectiveness and longevity of Al-
treatment using available monitoring data for six Swedish lakes
of varying size, morphology, Al dose applied, and application tech-
nique (Table 1). Nutrient-related water quality variables including
historical trends for surface water chemistry/quality were analyzed.
Internal P release rates were calculated pre- and post-treatment
when adequate data were available.

2. Methods
2.1. Study sites

Additional information about all study sites, including locations,
is presented in Agstam-Norlin et al. (2020).

2.1.1. Dimictic lakes

Six lakes situated within a 30 km radius of Stockholm city were
included in the study. Flaten is a 63 ha lake with a 403 ha catch-
ment mostly covered by forest and recreational areas (70%). Al-
application was performed in 2000 with combined sediment in-
jection and hypolimnetic water application using a total of 24 tons
of Al (as pre-hydrolyzed aluminum chloride (PAC, PAX XL100). Ar-
eas of the lake where water column depth was between 6 and 9 m
were treated with 30 g/m? Al injected into the sediment and ad-
ditionally 10 g/m? dispersed in the water near the sediment water
interface. Deeper areas (9-10 m) were dosed with 40 g/m?2 via sed-
iment injection and 14 g/m? to the water. At the deepest point of
the lake (10-14 m) 53 g/m? was injected and 17 g/m? added to the
water (Table 1). Partial water application was conducted to precip-
itate P already released from sediment.

Trekanten is 13.5 ha lake with a catchment of 60 ha dominated
by urban park areas. Al-treatment was performed in 2011 using

Background information including morphology, sediment characteristics and aluminum treatment details. Al-treatment method includes sediment treatment (S) and water
treatment (W). Sediment data reworked from Agstam-Norlin et al. (2020), with permission.

Lake Lejondalssjon Flaten Trekanten Langsjon Bagarsjon Malmsjon
Max depth (m) 14.0 13.1 6.6 33 5.6 6.8

Mean depth (m) 7.5 8.7 3.6 2.2 23 4.7

Lake area (ha) 272 63 14 29 6 89
Osgood index 4.6 11.0 9.5 3.7 8.8 5.0
Watershed (ha) 1660 403 60 243 135 1175
Watershed:Lake area (WA:LA) 6.1 6.4 43 8.4 22.5 13.2
Volume (Mm?) 20.5 4.6 0.6 0.6 0.2 4.2
Residence time (years) 7.0 4.0 3.0 0.8 0.8 1.3

Mean Al dose (g/m?) 25 61 60 75 50 60
Treatment year(s) 1991-1993 2000 2011 2006 1997 2007
Al-treatment method w S S S w S
Treatment chemical PAX XL60 PAX XL 100 PAX XL 100 PAX XL100 PAX XL 60 PAX XL 100
Mean Al:Py 114 9.0 10.7 12.9 16.0 14.6
Mean Mob-P (g/m?) 7.3 4.9 8.6 2.8 53 3.5

Al dose:Mob-P 34 124 7.0 21.4 9.4 16.9
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sediment injection of PAC (PAX XL 100). 60 g Al/m? was applied to
all lake areas where water depth was > 4 m, with a total Al dose
of 5 tons (Table 1).

Lejondalsjon has a surface area of 272 ha with a catchment of
1660 ha that is dominated by forest (58%), agriculture (crop- and
pasture fields, 16%), and urban areas (2%). Al-treatment was per-
formed during three consecutive years where a total of 28.6 tons
of Al (as PAC, PAX XL 60) was applied to the hypolimnetic lake
water. In 1991, a relatively low Al dose (10 g/m?, total of 5 tons)
was applied to the northern half of the lake where water depth
was >10 m. In 1992, three small test areas of the northern part
of the lake (total 12 ha) were treated with a total Al dose of 0.6
tons but with different areal doses (25, 50 and 75 g/m?2). The final
PAC application in 1993 treated areas with water column depths
exceeding 10 m (25 g/m?2, Table 1).

Bagarsjon is an urban, 6 ha lake with a catchment area of
135 ha that includes mainly residential (80%) and small park/forest
areas. Al (as PAC, PAX XL 60) was applied in the hypolimnetic wa-
ter at a total of 2 tons at a rate of 50 g/m? to areas with water
depths greater than 2 m (Table 1).

2.1.2. Polymictic lakes

Langsjon is a 29 ha urban lake. The 243 ha catchment is mainly
residential with some recreational areas. Al (PAC, PAX XL100) was
applied by direct sediment injection with different doses for dif-
ferent depth zones of the lake. A dose of 25 g/m? was applied at
water column depths between 1.5 and 2 m, 50 g/m? at water col-
umn depths between 2 and 2.5 m, and 75 g/m? from a water depth
of 2.5 m to the maximum depth (3.3 m, Table 1).

Malmsjon is an 89 ha lake in an 1175 ha catchment dominated
by forest (57%), farmland (23%), and urban areas (11%). In total, 53
ton of Al (PAC, PAX XL100) was applied using sediment Al injec-
tion. The area specific Al dose was 60 g/m? at all lake locations
with a water column depth exceeding 1 m (Table 1).

2.2. Data handling

Average, annual growing season (May-Aug) TP, Chlorophyll a
(Chl_a), and Secchi disk depth (SD) were used to describe differ-
ences in surface water quality between pre- and post-treatment
periods. In stratified lakes, the increase in hypolimnetic TP dur-
ing the growing season and corresponding hypolimnetic water
volumes were used to calculate internal P loading rates (Li,
mg/m?2/day) (Niirnberg 2009). A 4-year pre-treatment period of an-
nual means for SD, Chl_a, surface TP, and Li were compared with
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following post treatment 4-year periods to compare whether the
parameters had changed due to Al-treatment. Four-year periods
were used in order to limit the effect of natural interannual varia-
tion.

Longevity was estimated using three different methods. For
lakes where longevity had been reached (i.e. no improvement
was detected compared to pre-treatment after a period of time),
longevity was defined as the year when annual mean (or single
August data point, when seasonal data was lacking) TP concentra-
tion exceeded one standard error of mean (SEM) below mean pre-
treatment TP (4-year period). For lakes where water quality im-
provements were still ongoing throughout the monitoring period
(e.g., Malmsjon, Langsjon and Bagarsjon), but TP showed a linear
increase post Al-treatment, we estimated longevity using linear re-
gression and extrapolation. Longevity was estimated as the time
point where the linear regression exceeded one SEM below pre
Al-treatment mean TP (4-year period). Finally, the longevity pre-
dicting equation (LPEq) of Huser et al. (2016b) was used to es-
timate treatment longevity in cases where there was no deteri-
oration of post-treatment water quality through the end of the
dataset (Eq. (1)). Three variables described 82% of the variation
in Al-treatment longevity in Eq. (1), including Al dose, watershed
area to lake area ratio (WA:LA) and Osgood index (Osgood 1988).
It should be noted that this method for calculating longevity is
almost certainly an underestimate as the regression developed
weighted lakes highest where no external nutrient reduction oc-
cured. In addition, longevity predicted using LPEq has an arbitrary
endpoint (i.e., longevity is considered to end when surface TP is
50% of the pre-treatment value), and thus is not a true representa-
tion of longevity of positive treatment effects.

log(Longevity) = —0.5 + 1.3 x log (Al dose) — 0.79
x log(WA : LA) +0.37 x log(Osgood index) (1)

Graphical exploration for effect size was used to evaluate ef-
fect and longevity of Al-treatment and Principal component analy-
sis (PCA) was used to evaluate driving factors for longevity. All sta-
tistical analyses was performed in JMP (SAS institute Inc., version
11.0.0).

3. Results

Nutrient-related water quality variables improved after Al-
treatment in all lakes (Table 2). Flaten, Ldngsjon, Lejondalssjon,
Bagarsjon and Malmsjon had changes in all measured water qual-
ity variables during the first 4 years after Al-treatment, whereas

Mean, standard error and percent change for each post 4 year period compared to pre aluminum treatment conditions. Pre denotes parameter mean values of a 4-year
period prior to treatment. Following columns shows similar information for 4-year periods post Al-treatment (e.g. 1-4 y). Column “A” denotes the percent change in each
parameter. TP and Chl a in pg/L, SD in meters and Li in mg/m?/day. N denotes mean annual observations (Li: mean number of TP observations below hypolimnion).

Lake Parameter  Pre 1-4y A 5-8y A 9-12y A 13-16y A 17-20y A N
Bagarsjon SD 22+04 35+04 59% 31+03 41% 25+03 14% 27 +£02 23% 3.0+02 36% 1
TP 60.3 + 9.1 248 +44 -59% 373 +14 -38% 430+25 -29% 238+25 61% 208+24 -66% 1
Flaten SD 29+ 04 6.4 + 04 121% 63 £ 05 117% 4.8 +£ 0.5 66% 55+ 04 90%  ND ND 4
Chl a 12.7 £ 2.8 28 +03 -78% 32 +0.6 -75% 54 +1.0 -57% 47 £1.0 63% ND ND 4
TP 333 +56 9.2 £ 04 -72% 8.9 + 0.6 -73% 9.5+ 0.6 -71% 11.0+ 1.6 67% ND ND 4
Li 34 +04 0.2 £0.1 -94% 0.2 +0.1 -94% 03 +0.1 -91% 03 £+ 0.1 91% ND ND 19
Lejondalssjon ~ SD 29+03 44 +0.2 52% 43 +£0.2 48% 41 +£0.2 41% ND ND ND ND 4
TP 353+ 26 250+14 -29% 272+27 -23% 240+14 -32% ND ND ND ND 4
Li 50+ 05 1.6 + 04 —68% 29+ 1.0 —42%  3.7+0.2 —26% ND ND ND ND 11
Langsjon SD 0.9 + 0.1 1.5 £ 0.1 67% 1.6 £ 0.1 78% 1.7 £ 0.1 89% ND ND ND ND 7
Chl a 536 £75 227 +24 -58% 17.0+49 -68% 164+26 —69% ND ND ND ND 4
TP 97.5 £ 5.7 333+16 —-66% 382 +3.1 —-61% 465 +26 -52% ND ND ND ND 4
Malmsjén TP 96.5+ 256 193 +33 -80% 288 +45 -70% 438 +87 -55% ND ND ND ND 1
Trekanten SD 3.0+ 0.2 28 +£0.2 —7% 3.6 +£0.2 20% ND ND ND ND ND ND 4
Chl a 144 + 2.6 7.2 +£038 -50% 5.9 +0.8 -59%  ND ND ND ND ND ND 5
TP 53.1+£7.0 243 +£25 -54% 234+14 -56% ND ND ND ND ND ND 5
Li 33+09 02 +0. -94% 0.1 £0.1 -97% ND ND ND ND ND ND 12
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Fig. 1. Annual growing season surface water TP and SD mean and SEM (May-Aug) in Lejondalssjon. Longevity was estimated as the year when one SEM below mean pre-
treatment (4-year period) was exceeded by annual post-treatment mean TP. Stars with corresponding color to time series at each Y-axis indicate one SEM below (or above

for SD) mean for years before Al-treatment. Observations: SD=70, TP=74.
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Fig. 2. Water column depth profiles showing concentrations of TP at different depth intervals in Lejondalssjon. 1988-1990 represents pre Al-treatment and following con-
secutive 4-year period represents post-treatment observations of TP. Pre-treatment data was collected as mixed water samples collected between 0 and 4 m, and 8-12 m.
Post-treatment observations was collected at stated depths according to the graph. Observations: 1988-1990=62, 1994-1997=90, 1998-2001=95, 2002-2005=96.

Trekanten showed no initial increases in SD, but TP declined sub-
stantially (Table 2). Flaten, Langsjon, Malmsjon and Trekanten had
changes in all measured water quality variables at the end of each
available data series (16, 12, 12 and 12 years post treatment, re-
spectively). Lejondalssjon had improved TP until 7 years post treat-
ment and showed deeper SD throughout the monitoring period
(Table 2).

3.1. Dimictic lakes

3.1.1. Lejondalssjon

TP decreased by 29% from 35.3 to 25.0 ng/L (mean values)
during the first 4 year post-treatment. During the second post-
treatment 4-year period the annual TP mean exceeded the pre-
treatment breaking point (one SEM below annual TP mean) and

longevity of the TP decline was 7 years (Table 2, Fig. 1). Li de-
creased as well, from a mean of 5.0 to 1.6 mg/mZ/day (68%) over
the first 4-year period post Al-treatment, but during subsequent
4-year periods the Li rate started to return to pre-treatment condi-
tions (2.9 mg/m?2/day) (Table 2, Fig. 2). A SD increase of >40% was
sustained throughout the available data series, from an average of
2.9 m before treatment to an average of 4.1 m at the end of the
data series (12 years post treatment).

3.1.2. Flaten

Surface TP averaged 33.5 pg/L before treatment and decreased
to 9.2, 8.9, 9.5 and 11.0 pg/L during subsequent consecutive 4-
year periods (4, 8, 12 and 16 years post-treatment), meaning the
longevity of treatment with respect to surface water TP exceeded
the end of this study. There was a decrease Chl_a, with con-
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Fig. 3. Annual growing season surface water TP, Chl a and SD mean and SEM (May-Aug) in Flaten. Longevity was estimated using LPEq. Stars with corresponding color to
time series at each Y-axis indicate one SEM below (or above for SD) mean for years before Al-treatment. Observations in total time series: Chl a = 85, SD=88, TP=77.
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Fig. 4. Water column depth profiles showing concentrations of TP at different depth intervals in Flaten. 1997-2000 represents pre Al-treatment and following consecutive
4-year periods represents post-treatment observations of TP. Observations: 1997-2000=150, 2001-2004=125, 2005-2008=129, 2009-2012=129, 2013-2016=120.

centrations declining from a pre-treatment mean of 12.7 ng/L to
2.8, 3.2, 54, and 4.7 pg/L respectively for 4, 8, 12 and 16 years
post-treatment. SD significantly improved as well, increasing from
a pre-treatment mean of 2.9 m to 6.3, 6.4 4.8, and 5.5 m dur-
ing 4, 8, 12 and 16 years post-treatment. Due to continued im-
provement of all nutrient related water quality variables (Fig. 3)
throughout the duration of monitoring, treatment longevity could
not be calculated but was instead estimated using LPEq to 37 years
(Huser et al., 2016b). Li decreased (90%) for all available post-
treatment data, with a pre-treatment mean of 3.4 mg/m2/day and
post-treatment averages were all below 0.3 mg/m2/day (Table 2,
Fig. 3 and 4).

3.1.3. Trekanten

Pre-treatment TP averaged 53.1 pg/L and decreased to a mean
of 24.3 pg/L during the first 4-years post treatment period and de-
creased further to 23.4 pg/L through the end of the data set (5-
8 years post treatment) (Table 2, Fig. 5). Chl_a decreased from a
14.4 ng/L pre-treatment mean to 7.2 pg/L and 5.9 pg/L, 4 and 8
years post treatment, respectively. SD, however, did not improve
until the three last years of the study record (Table 2 and Fig. 5).
Li decreased by over 90% throughout the available data series, ini-
tially at 3.3 mg/m?/day before treatment and decreasing to 0.2 and
0.1 mg/m?/day at 4 and 8 years post Al-treatment, respectively
(Fig. 6, Table 2). Longevity was estimated to 47 years, using LPEq.
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Fig. 6. Water column depth profiles showing concentrations of TP at different depth intervals in Trekanten. 1997-2000 represents pre Al-treatment and following consecutive
4-year period represents post-treatment observations of TP. Observations: 2007-2010=96, 2011-2014=96, 2015-2018=96.

3.1.4. Bagarsjon

During the first two 4-year post-treatment periods (e.g. eight
years), TP was substantially lower compared to pre-treatment, de-
creasing from a mean of 60.3 ng/L to 24.8 and increasing to
37.3 pg/L respectively. During the following 4-year period (9-12
years post treatment) an increasing trend of TP was observed
(mean=43.0 pg/L) (Table 2, Fig. 6). However, due to other man-
agement efforts such as freshwater dilution and hypolimnetic aer-
ation during the 16, and 20 years post treatment periods, TP de-
creased again and was lower than pre-treatment conditions. SD did
increased with 59% and 41% at the first and second 4-year period
post Al-treatment, respectively. At years 9-12 post-treatment SD
had decreased to 14% improvement. (Table 2, Fig. 7). Li was not

analyzed due to lack of available data. Treatment longevity was de-
termined to 14 years (Fig. 7).

3.2. Polymictic lakes

3.2.1. Langsjon

All variables (TP, SD, and Chl_a) improved by over 50%
through the end of the study data series (12 years post Al-
treatment). SD increased from a mean of 0.9 m to 1.7 m dur-
ing the final post-treatment period. Chl_a decreased from a pre-
treatment mean of 53.6 npg/L to 16.4 nug/L and TP decreased
from a mean 975 pg/L to 46.5 pg/L 4, 8, and 12 years post-
treatment. (Table 2, Fig. 8). Longevity using the post-treatment,
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linear increase in surface water TP was estimated to be 21 years
(Fig. 8).

3.2.2. Malmsjén

Surface water TP concentrations decreased by over 50% in the
three post Al-treatment periods (4, 8 and 12 years post treatment,
the entire dataset). Pre-treatment TP averaged 96.5 pg/L and was
438 pg/L at 12 years post treatment. (Table 2, Fig. 9). Longevity,
using the linear increase in surface TP after treatment, was esti-
mated to be 20 years. No other water quality data were available
for Malmsjon.

3.3. Factors influencing longevity of Al-treatment

Principal Components Analysis (PCA) including factors in
Table 1 was used to determine factors driving longevity and ex-
plained 79% of the variation in the data set with two compo-
nents. Longevity was positively correlated to Osgood index sug-
gesting that deeper lakes (dimictic) have higher longevity than
small polymictic lakes. The analysis also showed that larger Al-
doses were correlated with greater longevity. Al:P,; was nega-
tively correlated to longevity, meaning that poor binding efficiency
(i.e. high Al:P,;) results in lower longevity. Finally, WA:LA also
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had a negative correlation to longevity, suggesting that lakes with
greater watershed area relative to lake area have shorter longevi-
ties (Fig. 10).

4. Discussion
4.1. Water quality response to Al-treatment
4.1.1. Dimictic lakes
Three dimictic lakes (Lejondalssjon, Trekanten and Flaten) were

historically monitored at a level required determining the effect
of Al-treatment on surface water quality. The data series from

these lakes included monthly (May-September) measurements of
Chl_a, SD and TP for both surface water and depth intervals cov-
ering the vertical water profile (except for Lejondalssjon, which
lacked pre-treatment Chl_a data). This provided the possibility to
include within-year (May to August) variation when studying his-
torical trends in surface water quality. Vertical profiles with sam-
ples taken from different water depths enabled calculation of his-
torical internal loading rates, which are generally a better indicator
of the effects of Al-treatment. However, this direct quantification of
internal loading is only applicable to dimictic lakes, where the lake
remains stratified and hypolimnion remains stable throughout the
growing season.

4.1.1.1. Lejondalssjon. Internal loading rates decreased 68% during
the first 4-year period post Al-treatment. During the following
4-year post-treatment periods, however, internal loading gradu-
ally returned to levels not different to pre-treatment conditions
(Table 2, Fig. 1& 2). This is likely due to a combination of fac-
tors. The high amount of legacy (mobile) sediment P remaining af-
ter Al-treatment (Agstam-Norlin et al., 2020) (Table 1) likely over-
whelmed the Al-treatment, as was the case for numerous his-
torical treatments where Al doses were added that were inade-
quate to bind the entire excess mobile P pool (Huser et al., 2016b;
Welch and Cooke 1999). Even though Li improved substantially af-
ter treatment (at least initially), surface water TP only decreased
by 29% during the first 4-year period. This can likely be explained
by ongoing, excess external P inputs.

Limited treatment longevity has been seen elsewhere when
external loading was not reduced adequately or inadequate Al
doses were used (Egemose et al., 2011; Garrison and Knauer
1984; Huser et al., 2011; Huser et al.,, 2016b; James et al., 1991;
Mehner et al., 2008). Thus the limited treatment longevity in
Lejondalssjon is likely explained by a combination of continued ex-
cess external loading and the low Al dose (25 g/m?) added. Dose
calculation methods based on other variables besides sediment P
were common before 2000. For Lejondalssjon, Al dose was calcu-
lated based on the internal P loading rate (Kennedy et al., 1987).
One problem with this approach is that it only accounts for sed-
iment P release during one year, even though the sediment often
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contains enough mobile P to support many years of internal load-
ing. Without looking at sediment P content, it is impossible to de-
termine how much mobile P exists in the sediment, and thus un-
derdosing of Al is a likely result (Kuster et al., 2020).

4.1.1.2. Flaten. When this lake was treated in 2000, the under-
standing of Al dosing had improved substantially and was based on
the available pool of mobile P (labile organic P, P bound to Fe, and
loosely sorbed/porewater P) in the lake sediment (Rydin 2000).
The mean dose of Al across the lake was 61 g/m? (Schiitz et al,
2017), however dose was adjusted higher or lower depending on
the amount of mobile sediment P in different locations. The ap-
plication technique employed was also different compared to most
Al-treatments. A combination of sediment injection and hypolim-
netic water application was used, where approximately a fourth of
the Al dose was applied to the water and the rest injected into the
sediment. Surface water TP concentrations decreased by over 60%
due to Al-treatment and this decrease was sustained through the
end of the data series (Table 2, Fig. 3 & 4). Chl_a had a similar
response and remain reduced throughout the study period. SD in-
creased more than two fold, which also was sustained through the
end of the data series.

4.11.3. Trekanten. The most recent treatment presented in this
study was performed in 2011 in Trekanten, where a similar dose
to that used in Flaten was applied (60 g/m?). However, the ap-
plication technique differed slightly and only sediment injection
was used (i.e.,, no water application). As with Flaten, the Al dose
was determined from the amount of mobile P in the sediment.
The water quality data covered only two 4-year periods post treat-
ment (i.e. 8 years) and showed a twofold decrease of TP and Chl_a
throughout the measurement period (Table 2, Fig. 5). Because in-
ternal loading rates decreased by nearly 100%, but the lake water
still has a TP concentration of nearly 25 pg/L, it seems likely that
external sources of P are still elevated. This may, to some extent,
be due to sewage water pipes that had been incorrectly connected
to storm water runoff pipes between 2006 and 2013, unfortunately
contributing excess external P load during these years. The excess
external loading does not seem to have had an effect on internal
loading (Fig. 6), but if not controlled, it is likely internal loading
will return (Huser et al., 2011).

While SD did not initially improve post treatment, there was
an increasing trend from 7% during the first 4-year period to 20%
increase at the end of the data set (5-8 years). Similar, delayed ef-
fects have been seen after Al-treatment in a number of US lakes
(Huser et al., 2011). The lack of immediate response in SD does
not seem to be controlled by algal presence, because Chl_a de-
creased by 50%. This suggests a number of alternatives, e.g., sed-
iment resuspension due to winds or benthic feeding fish causing
sediment mixing (bioturbation), turbid storm water inflows, or in-
creasing water color (total/dissolved organic carbon) that has been
shown to be occurring in boreal regions across Sweden and else-
where (de Wit et al. 2016; Huser et al., 2012; Monteith et al.,
2007). Unfortunately, the lack of data did not allow us to explore
any of these possible effects.

4.1.14. Bagarsjon. Whereas the previously described dimictic lakes
were monitored in enough detail to calculate historical trends for
Li, data for Bagarsjon only included surface water TP and SD at one
occasion per year (August). Thus, it was not possible to calculate Li
and within year variation (seasonal mean) could not be included in
the analysis. However, the effect of Al-treatment on surface water
TP was clear for the initial 4-year period (Fig. 7). Surface water TP
began to increase after treatment but decreased again during the
last two 4-year periods post treatment (from 2009). This decrease
is likely a result of another separate management action starting
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in 2009, when an aeration pump was installed in order to keep
hypolimnetic water oxygenated. There was no clear change in SD
after 6 years post Al-treatment (including after aeration started).

4.1.2. Polymictic lakes

Because polymictic lakes are generally shallow and well or par-
tially mixed, the lack of a well-defined hypolimnion makes it is dif-
ficult to calculate internal loading rates. Dynamic modeling would
be needed in such cases but monitoring of inflows and outflows
was not conducted or data available were too sparse to use dy-
namic or even simple mass balance models. Surface water quality
trends, however, could be analyzed and used to estimate treatment
effect, as has been done in previous studies (Huser et al., 2016b;
Welch and Cooke 1999).

4.1.2.1. Langsjon. Historical water chemical data for TP, SD and
Chl_a, together with water profile measurements of TP were avail-
able. Because the lake is polymictic, often no accumulation of TP
occurs in the bottom water, which limits the possibility to esti-
mate Li. However, there was a positive effect for all measured pa-
rameters for all 12 years of post-treatment data, with all variables
improving by >50% (Table 2, Fig. 8). It should be noted that other
management actions including freshwater dilution were performed
simultaneously to Al-treatment. These actions will, of course, im-
prove water quality due to dilution of nutrients in the lake. Ex-
ternal loading remains elevated, however (Table 2), and will likely
overwhelm the effects of Al-treatment in the future (see Longevity
section below).

4.1.2.2. Malmsjon. Available water chemical data included surface
water TP concentrations from single samples taken in August each
year. The lack of water column profile measurements of TP pre-
cluded calculation of internal loading, making quantification of the
direct effect of Al-treatment impossible. Despite the limited data
available, the effect of Al-treatment on surface water TP was clear
for the complete data record. Surface water TP started to increase
after treatment (Table 2, Fig. 9), and TP was estimated to return to
pre-treatment levels after 20 years.

4.2. Al-treatment longevity in polymictic and dimictic lakes

If external P sources are reduced sufficiently and Al is added
at a dose necessary to inactivate the entire legacy sediment P
pool, treatment longevity would theoretically be infinite. Once P is
bound to Al, it is considered permanently inactivated (Welch and
Cooke 1999) and the sediment layer with elevated aluminum
bound P will, over time, be buried by new sediment. For most
lakes discussed herein, however, external loading remains elevated,
in some cases substantially (i.e., Malmsjén and Langsjon (Table 2)).
In these cases, estimates of longevity are mainly a factor of how
much external loading has been reduced, with Al dosing and treat-
ment methods that affect how much Al was added relative to
legacy sediment P (Kuster et al., 2020) and binding efficiency be-
tween Al and P (Agstam-Norlin et al., 2020; Huser 2012) having a
smaller effect.

4.2.1. Dimictic lakes

Nutrient cycling in Flaten is mainly controlled by in-lake pro-
cesses rather than external sources due to the low WA:LA ratio
(6.4) and low intensity of land use in the watershed. Further, the
Al dose was relatively high (mean 61 g/m?2) and mostly applied di-
rectly into the sediment rather than to the water column, which
likely increased binding efficiency (mean 9.0, Table 1) (Agstam-
Norlin et al., 2020). Given that no increase has been detected for Li
or surface water TP after Al-treatment, longevity in this case may
be infinite. The LPEq-estimated treatment longevity in Flaten was



0. Agstam-Norlin, E.E. Lannergdrd, E. Rydin et al.

37 years (i.e. surface water TP increases to 50% of pre-treatment),
which is above the mean treatment longevity (21 years) for dim-
ictic lakes (Huser et al., 2016b). However, treatment longevity will
likely be substantially longer than predicted using LPEq given no
significant increase in Li or surface water TP has been detected to
date.

The treatment of Trekanten was in many ways similar to the
situation in Flaten, with an even lower WA:LA (4.3), similar sedi-
ment binding efficiency (mean Al:P,; = 10.7) (Agstam-Norlin et al.,
2020), and a relatively high Al dose (mean = 60 g/m?2) injected
exclusively into the sediment. Because water quality was still im-
proved with no decline throughout the measurement period, a
determination of total longevity was not possible. With an LPEg-
estimated treatment longevity of 47 years, it is possible that total
longevity (e.g., the time it takes for surface water TP to reach pre-
treatment levels) may be a century or longer.

The treatment of Bagarsjon differed from the previous two
cases (Al was applied exclusively to the water column), resulting in
a lower binding efficiency (mean Al:P=16.0, (Agstam-Norlin et al.,
2020)). Additionally, nutrient cycling and availability is likely con-
trolled mostly by external sources because the lake has a rel-
atively small area compared to the watershed (WA:LA = 22.5).
These two factors likely decreased longevity (14 years), which is
lower than what would be predicted for an average dimictic lake
(Huser et al., 2016b). Similarly, Lejondalssjén also had a shorter
than expected longevity (7 years), which can be explained by other
factors, namely a low dose (25 g Al/m2, calculated using outdated
methods) applied to the water column together with moderately
high binding efficiency (mean Al:Py = 11.4).

4.2.2. Polymictic lakes

The longevity of the Lingsjon treatment was estimated to be 20
years using linear increase and extrapolation (Fig. 8) of TP. This is
above the previously reported Al-treatment longevity of polymictic
lakes (mean 5.7 years) according to Huser et al. (2016b). The much
longer predicted longevity can partly be explained by the relatively
low WA:LA (8.4), meaning that in lake processes are likely more
important than external sources for nutrient cycling. Lingsjon was
treated with a relatively high Al dose (mean = 60 g/m?2) directly
applied to the sediment, which led to a moderately high binding
efficiency (mean Al:P,; = 12.9). Further, another restoration effort
was simultaneously performed using freshwater dilution (30 /s,
since 2002), likely increasing longevity.

Treatment longevity for Malmsjon, which was estimated at 20
years using the linear increase in surface water TP after treat-
ment (Fig. 9), was well over the typical range for polymictic lakes
(Huser et al., 2016b). Similar to Langsjon, direct sediment Al ap-
plication was done with a relatively high dose (60 g/m2). Binding
efficiency (mean Al:Py= 14.6) and the WA:LA (13.2) were moder-
ate in comparison to the other study lakes. The generally shorter
longevity in shallow, polymictic lakes is not solely due to lake
characteristics, but because historically these types of lakes usually
received lower Al doses, which per se results in short longevity.
Because Langsjon and Malmsjon received relatively high Al doses
(calculated using the mobile sediment P pool) applied directly into
the sediment (increasing binding efficiency), longevity exceeded
expectations compared to earlier treatments (Agstam-Norlin et al.,
2020; Huser et al., 2016b).

4.2.2. Factors influencing Al-treatment longevity

In this study we showed that observed factors generally con-
trolling longevity for the most part follow current understanding
in the literature. Al-dose, WA:LA, and Osgood index (i.e. polymic-
tic versus dimictic lakes) drove longevity for the study lake, sim-
ilar to previous conclusions from Huser et al., al.(2016b) where
114 lakes were analyzed for factors controlling longevity, and 82%
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of the variation in longevity was explained by WA:LA, Al-dose
and Osgood index. This is also supported by PCA analysis of the
study lakes (Fig. 10), where a higher Osgood index (i.e. a greater
chance for stratification) was positively related to longevity and
WA:LA ratios were negatively correlated. Al-dose had a weak pos-
itive correlation to longevity, possibly explained by the similarity
of dose across the study lakes (Table 1). A new factor, Al:P, ra-
tios, was also shown to control longevity, with greater ratios (i.e.
lower binding efficiency) being negatively correlated to longevity
of treatment. This is plausible, as a lower binding efficiency means
that less sediment P will be bound per unit Al added.

4.3. Recommendations for assessing Li with water quality monitoring

The duration and intensity of lake water quality monitoring be-
fore and after Al-treatment constrains the evaluation of effective-
ness and longevity. In many situations it may not be sufficient to
only measure changes in surface water nutrient related parameters
such as SD, Chl_a, and TP in the lake. This is because other restora-
tion efforts may be used simultaneously and/or external loading
may remain high, potentially masking the effect of Al (or other
treatments) designed to reduce internal phosphorus loading. Three
dimictic lakes in this study were monitored in a sufficient manner
to determine changes to Li associated with Al-treatment (Lejon-
dalssjon, Flaten and Trekanten). Monthly water profile measure-
ments of TP, with multiple samples collected through the verti-
cal water profile and temperature every meter, made it possible
to calculate the volume of the hypolimnion and the mass of TP in
hypolimnetic water and follow the increase throughout the grow-
ing season when lake was stratified (Niirnberg 2009). Higher res-
olution monitoring is likely needed in polymictic systems, as in
Huser et al. (2011) where biweekly observations were used to as-
sess Li. This is due to the fact that internal loading events are
likely shorter (i.e. periodic stratification and/or high pH events).
The polymictic Ldngsjéon was monitored monthly with vertical wa-
ter chemical profiles and temperature at least every meter, how-
ever assessing Li using the same methods as for dimictic lakes
was not possible due to the lack of stabile stratification during the
growing season. Thus, in polymictic/shallow lakes, monitoring of
flow and nutrient concentrations is needed in the inlets as well
so that external and internal loading can be differentiated. Further,
to assess Li accurately, it will generally be necessary to use dy-
namic modeling approaches, including spatially representative in-
formation on sediment P forms and potential flux, with data series
covering pre and post periods of Al-treatment.

5. Conclusions

An Al dose adequate to bind legacy sediment P and appropriate
treatment methods, depending on lake morphological characteris-
tics, are crucial for sustainable restoration of surface water qual-
ity using Al-treatment. Al dose needs to be large enough to in-
activate the entire pool of excess mobile P in the lake sediment,
which drives the long term potential for internal loading. Exter-
nal load reduction is also important, as continued excess P loading
will eventually overwhelm any measure designed to reduce sed-
iment P release, as we showed in this study. Based on available
data, the positive effects from Al-treatment in two lakes (Flaten
and Trekanten) are likely to last a century or longer. On the other
hand, lakes with high levels of excess external loading had (or will
have) shorter treatment longevity ranging from 7 to 21 years. In
addition, elevated external loading will limit the positive effects of
reduced internal loading. In Lejondalssjon, internal loading was re-
duced substantially after Al-treatment (before the treatment was
overwhelmed by new P), but surface water TP decreased by a
much smaller amount due to continued elevated external loading.
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Assuming adequate reduction of external loads, Al dose be-
comes the most important factor for restoration success. Newer
methods, based on sediment P, have been developed and have
led to substantially greater treatment longevities primarily due to
greater Al doses being added. However, care should be taken with
Al doses added during one treatment as high, single treatment
doses decrease the overall efficiency of Al-treatment, as was seen
in Malmsjon, and can limit the amount of sediment P that is inac-
tivated per unit Al added. Doses should be split into smaller sub-
treatments to improve binding efficiency and increase the amount
of P inactivated per unit Al added.

Finally, Al-treatment success was based (in most cases) on sur-
face water quality improvement in this study, however the main
goal of Al-treatment is to reduce P release from sediment. We at-
tempted to evaluate reduction in internal loading for all lakes, but
too often adequate data to do this were lacking. In cases where
variables such as TP, Chl_a, and SD have unexpected responses, it
is important to be able to evaluate whether these responses are
due to internal, external or both types of loading. Proper monitor-
ing, both before and after treatment, is a necessary requirement to
be able to evaluate and optimize methods to reduce P loading and
eutrophication in surface waters in the future.
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