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· · ABSTRACT 

Smeluer, E., RA. Kirn and S. Fi.ske. I 999. Long-lerm waterqualityand biological efi"ectsofalum treaunem of Lake Morey, 
Vermont. Lake and Reserv. Manage. 15(3):173-184. 

Lake Morey received one hypolimnetic U'eaunem with alum and sodium aluminate in 1986 to reduce lhe 
occurrence of algae blooms caused by imcmal P loading. Thineen years of post-U'eaunem monitoring have documented 
a sustained improvement in water quality in lhe lake. Comparison of pre-U'eatmem (1977-J 985) and post-trcaU'Oent 
(198~1998) data indicated lhat slgnificanl improvements occurred in all water quality variables measured, induding 
spring TP (reduced 66%), summer photic ione TP (reduced 68%), summer photicwne Chio (reduced 61 %), summer 
Secchi disk cransparency (increased 79%). late summerhypolimneticTP (reduced 83%), and lale summer hypolimnetic 
DO (increased 193%) . The one-timealum/aluminate U'eacmemofl..ake Morey has thus fur succeeded in breaking a cyde 
of sediment P release and re-precipitation that was initiated during ao earlier period in the lake's hislory. Relative weighl 
loss was observed in samples oflarge yellow perch during the 3 years immediately following lhe U'eacment. Yellow perch 
condition rerumed lO pre-U'eatmem levels by 1991. Toxicity from elevaled dissolved aluminum concentrations in the 
water column during lhe summer of trealmem may have caused the observed wcighl loss In fish. The benlhlc 
macroinvenebrate community in the upper hypolimoion experienced a 90% decline io density during the year 
immediately following lhe alum trcaU'Oent. The bcnthic community recovered duringsubsequem years with density and 
iaxa richness generally exceeding pre-trcauncm values, possibly in response lo improved hypolimnetic 00 conditions. 

Key Words: alum. phosphorus inactivation, internal loading, lake resloratlon, lake moniloring, aluminum loxidty, fish, 
benthic macroinvert.ebralcs. 

Phosphorus (P) inactivation with aluminum com- l 993a). Welch and Cooke ( 1999) reviewed n umerous 
pounds such as alum (aluminum sulfate) is an im- case histories of lake alum treatments and found that 
portant lake restoration tool for c~ntrolling internal in the majority of cases, including both stratified and 
phosphorus loading from sediments (Cooke et al. unstratified lakes, alum c.reaunem was at least partly 
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responsible for controlling internal P loading and 
reducing water column total phosphorus (TP) and 
chlorophyll a (Chi a) concentrations over post-treat­
ment monitoring periods ranging from 4 to 20 years. 
However, relatively few studies have investigated the 
impacts of alum treatments on lake biota, and Cooke 
et al. (1993a) noted the need for more long-term 
biological monitoring of alum-treated lakes. 

Lake Morey (VT) provides an alum treatmentcase 
history where both water quality and biological 
monitoring have occurred over a 13-year post-treatment 
period. The rationale for the treatment and the initial 
post-treatment monitoring results were reported by 
Smeltzer ( 1990). This paper describes long-term 
changes in water quality, fish relative weight, and 
benthic macroinvertebrate community structure after 
alum treatment of Lake Morey. 

Description of Site and 
Sampling Methods 

Lake Morey is a 220-ha stratified, dimictic lake 
with a maximum depth of 13 m, a mean depth of 
8.4 m, and a 92% forested watershed of 1,900 ha. 
P budget studies by Walker ( 1983) and Morgan et al. 
(1984) indicated that internal P loading from anoxic 
hypolimnetic sediments was the primary cause of 
excessive P levels and algae blooms in ·the lake. 
Paleolimnological studies (Smeltzer and Swain 1985) 
suggested thatPloadingfromimproperwastedisposal 
practices and land clearing during the early 1900s 
caused eutrophic conditions thacwere perpetuated by 
internal recycling processes, even after the external 
loads declined in recent decades through better land 
management and wastewater disposal methods. 

The hypolimnion of Lake Morey was treated with 
a pH-balanced mixture of alum and sodium aluminate 
in June 1986 to control the internal P loading. A 
buffered alum mixture was used to avoid pH changes 
in the moderately low alkalinity (35 to 45 mg· L·1 as 
CaCO,) water of the lake. Chemical dose rates were 
determined using guidelines adapted from Cooke 
and Kennedy (1981). The entire 133-ha hypolimnion 
(~8 m depth) was treated at a rate of 44 g Al· m1 

( 12 mg Al· L 1
) • 

Water Quality Sampling 

Long-term water quality monitoring has been 
conducted on Lake Morey by the Vermont Department 
ofEnvironmental Conservation (DEC) under a variety 
of programs. TP at spring turnover was measured in 

vertically integrated samples of the entire water column, 
obtained on one date annually during 1977-1998. The 
Vermont Lay Monitoring Program (Warren and 
Lehner 1991) provided summer monitoring data on 
Lake Morey from 1979-1998, supplemented with com­
parable data obtained by Vermont DEC staff in 1978. 
Vertically integrated samples of the photic zone (twice 
the Secchi disk depth) for TP and Chl a were obtained 
weekly duringJune to early September each year. 

Vertical profiles of TP, dissolved oxygen (DO), 
and other variables were determined as part of a 
diagnostic-feasibility study and lake restoration project 
on Lake Morey (Morgan et al. 1984, Smeltzer 1990) 
and other Vermont DEC programs. Discrete-depth 
samples were obtained at 1-m intervals on at least one 
day during the late summer (August to early 
September) period of maximum hypolimnecic P 
accumulation and DO depletion, during 1979-1998. 

_ Vertical profiles of dissolved aluminum concentration 
were measured at bi-weekly intervals during April 
through November in 1986 and 1987. 

Chemical analyses were conducted by the Vermont 
DEC Laboratory using standard methods (USEPA 
1983, American Public Heal th Assoc. 1989). TP sam pies 
were acid-persulfate digested in the original glass 
sampling containers, followed by colorimetric analysis 
using the ascorbic acid method. Chi a samples were 
filtered in the field onto glass fiber filters and frozen 
for storage. The filters were ground in a tissue grinder 
with 90% acetone, and the extractwas analyzed fluoro­
metrically with a correction for pheophytin. DO was 
measured by the Winkler titration method. Dissolved 
aluminum was measured on 0.45-µrn membrane-
6.Jltered samples using atomic absorption spectroscopy. 

Fish Sampling 

Yellow perch (Percajlavescens) were sampled with 
experimental gill nets (5 panels, 7.6 x 1.8 m each, 
with bar mesh increasing in size from 19, 25, 32, 38 to 
44 mm) set perpendicular to the shoreline and fished 
overnight during October from 1984-1989 and 1991-
1994. Individual yellow perch were weighed to the 
nearestg and total length was measured co the nearest 
mm, except for 1984-1987 when length was measured 
to the nearest 2.5 mm (0.1 inch). 

The "condition" of yellow perch was described by 
the relative weight (Wr) index developed by Willis and 
Guy ( 1991). This index presents the actual weight of 
an individual fish as a percentage of a standard weight 
for fish of the same length (Wege and Anderson 
1978). Standard weights for yellow perch were 
developed from length-weight relationships of78 yellow 
perch populations from 20 states and 6 Canadian 
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provinces (Willis and Guy 1991). Mean Wrvalues were 
compared among the 9 years of sampling for fish 202 
to 278 mm (8.0 to 10.9 inches) in length. This length 
range was selected to maximize the use of pre-treatment 
data, and comprised 89% of the fish captured in the 
2 years prior to the alum treatment. Comparisons 
restricted to this specific size range also account for 
the potential influence offish size on feeding behaviors, 
such as piscivory and prey size selection (Knight et al. 
1984, Paszkowski and Tonn 1994, Mittelbach and 
Persson 1998). 

Benthic Macroinvertebrate Sampling 

Benthic macroinvertebrate community monitor· 
ing in Lake Morey was conducted by the Vermont DEC 
in the late winter during one pre-treatment year (1986) 
and during eight post-treatment years (1987-1993 and 
1997). Samples were collected on one date each win cer 
from two depth contours (9 m and 12 m) in the pro­
fundal zone of the lake. Six replicate samples were 
collected at each depth using a standard 6-in' 
(0.02 m2

) Ekmandredge.Sampleswererinsed through 
a #30 sieve and preserved in the field using 75% 
ethanol. In the laboratory, the samples were picked 
completely of all macroinvertebrates. The organisms 
were then identified to genus or species (except the 
Oligocheata), enumerated, and archived in 75% 
ethanol. Identifications were determined according 
to Johannsen (1970), Simpson and Bode (1980), Bode 
(1990), Peckarsky et al. (1990), and Strayer (1990) . 
Median density and caxa richness were compared 
statistically between the pre-creaanent (control) year 
and the post-treatment years using Dunnett's test 
(Steel and Torrie 1960, Jandel Scientific 1994). Taxa 
richness is defined as the number of different taxon­
omic categories (primarily genus or species) found in 
each sample. 

Results 

Water Quality 

Spring TP and summer mean phoric zone TP in­
creased from 1975 to 1985, and then declined 
immediately after the alum treatment in 1986 (Fig. 1). 
Post-treatroen t levels remained below any of the annual 
values recorded during the pre-treatmen t period. 
Comparison of mean pre-treatment and post-treatment 
annual values (Table 1) indicated aspringTPreduction 
of 66% and a summer TP reduction of 68%. 

Summer mean photic zone Chl a concen trations 
also increased during the years preceding the a lum 
treatment (Fig. 1). This trend culminated in a severe 
cyanobacteria bloom (Oscillatoria sp.) and associated 
fish kill in August 1985, affecting primarily yellow 
perch. Chi a dedined immediately after the alum 
treatment, and remained low and stable in recent 
years following some variability during the early p ost­
treatment period. The alum treatment was followed by 
a 61 % decline in summer mean Chl a concentration 
(Table 1). 

Sl!lIDIIler mean Secchi disk transparen cy increased 
immediately after the alum treatment, and water clarity 
continued to increase throughout the pose-treatment 
period (Fig. 1). Unprecedented summer mean Secchi 
disk transparencies exceeding 8 m have been recorded 
in Lake Morey during recent years. A 79% increase in 
mean Sec chi disk transparency was observed after the 
alum treatment (Table 1) . 

Results from the TP and DO depth profiles were 
used with lake morphometric information lO compute 
volume-weighted mean hypolimnetic concentrations 
(8- to 12-m-depth range) for one late summer date 
during each year for which data were available. Hypo­
limneltic TP concentrations were high and variable 
(0.038- to 0.245-mg· L-1 range) before the alum treat­
men t (Fig. 1), and declined to moderate and more 
stable values (0.013- to 0.050-mg· L-1 range) after the 
treatment. Vertical profile data were averaged by depth 
for the pre-treatment and post-treatment periods to 
produce the average TP and DO depth profiles shown 
in Fig. 2. TP concentrations were reduced throughout 
the water column following the treatment, and TP 
accumulation in the bypolimnion was sharply curtailed. 

Late summer DO concentrations in the hypolim­
nion increased after the treatment, although consid­
erable year-co-year variability was evident (Fig. 1). 
Summer DO profiles (Fig. 2) showed a downward shift 
in the depth of the DO maximum and a reduced 
extent ofhypolimneticanoxia following the treatment. 

During and following alum treatment, dissolved 
aluminum concentrations exceeded the target safe 
level of 50 g · L·1, which was recommended by Cooke 
and Kennedy (1981) and used to determine the maxi­
mum aluminum dosage for this treatment (Smeltzer 
1990). Fig. 3 shows that dissolved aluminum concen­
trations ranged from 100 to 200 µg ·L·1 for more than 
30 days within the 5- to 7-m zone, and between 50 to 
100 µg · L-1 from late May until fall turnover from 
the surface to 7 m in depth. The elevated dissolved 
alum-iinum concentrations may have been the 
consequence of unanticipated mixing of treatment 
chemicals into the upper waters where pH was higher 
(7.5 to 8.5 range, Fig. 3),and where aluminum solubility 
would be greater. 
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Figure 1.- Long·term water quality monitoring results for Lake Morey. EITor bars are 95% confidence intervals for the annual mean values. 

Fish 

Considerable changes in gill net catches and Wr 
of large yellow perch were observed during the study 
period. Large yellow perch density, reflected in average 
catch per gill net, decreased from 53/net in 1984 to 

11/ net in 1985 (Fig. 4) following the partial fish kill in 
1985.An increase in mean Wr, representingan average 
weight increase of 4%, was observed coincident with 
this decline in catch (Fig. 4). 

Substantial declines in Wr values for large yellow 
perch were observed following the alum treatment in 
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Table I .-Summary of water quality changes in Lake Morey following the alum/ aluminate treatment. Values in 
parentheses are the number of years of monitoring data on which the means of the annual values are calculated. 
All differences between means are statistically significant at p<0.05, based on a two-tailed t-test for independent 
means. 

Variable 

Spring TP (mg· L-1) 

Summer Phocic Zone TP (mg· L·1) 

Summer Photic Zone CW a (mg· L·1) 

Summer Secchi Disk Transparency (m) 
Late Summer Hypolimnetic TP (mg·L·1) 

Late Summer Hypolimnetic DO (mg· L·1) 

1986 (Fig. 4). The WrvaJues prior to the alum treaanem 
averaged 77 and 81 for 1984 and 1985, respectively, 
and declined to 66 in 1986 and remained between 60 
and 63 through 1989. This decline in Wrcorresponded 
to average weight losses of 11 to 16% from 1984, and 
14 to 20% from 1985 samples. Catches oflarge yellow 
perch during this period continued to decline toa low 
of2/net in 1989. 

Recovery of mean Wr to pre-treatment levels was 
observed in 1991 (mean Wr = 75) and continued 
throughout the remainder of lhe study, averaging 81 
each year from 1992-1994. Gill net catch of large 
yellow perch also increased during this period, from 
13/net in 1991 to 39/net in 1994. 

The distribution of individual Wr values further 
describes the changes in yellow perch condition 
following the alum treatment (Table 2). Prior to the 
alum treatment, the majo rity of individual fish had 
Wrvalues between 70 and 90, while the proportion of 
fish observed with Wr values less than 70 ranged 
between 12 to 18%. No fish were observed with a Wr 
value less than 60 in 1984 or 1985. In 1986 the 
proportion offish with Wrvalues less than 70 increased 
to 71 %, and remained between 79 to 90% from 1987-
1989. Sixteen co 47% of the yellow perch during this 
time period had Wr values less than 60, including 
individual fish with Wr values as low as 30. During the 
recovery period from 1991-1994, Wr values less than 
70 accounted for only 2 to 11 % of the fish measured. 
As in pre-treaunentsamples, no fish with Wrvalues less 
than 60 were observed from 1991-1994. 

Benthic Macroinvertebrates 

The density of anjmals at the 9 m depth declined 
significantlybyover90% duringthe first yearfollowing 
the alum treatment (Fig. 5). However, median density 

Pre- Post-
Treatment Treatment Percent 

Mean Mean Change 

0.037 (10) 0.012 (11) - 66% 
0.048 (3) 0.015 (12) -68% 
0.0129 (8) 0.0050 (12) -61% 

4.0 (8) 7.2 (13) 79% 
0.137 (3) 0.023 (10) -83% 
1.9 (6) 5.7 (10) 193% 

at the 9 m depth recovered fully t0 pre-treatmenclevels 
by 1988. The density of animals at the 12 m depth was 
highly variable during the monitoring period, and 
showed little change following the alum a-eaunem. 

In winter 1986, prior to the alum treaunent, the 
beothic community was dominated b)' only a few taxa 
considered to be toleramofoxygen-deficientenviron­
ments, primarily Chaoboruspunctipennisand C. flavescens, 
and Chironomus decorus, C. riparius and C. tentans grps. 
(Hynes 1971, Beck 1977, Wiederholm 1980, Bazzanti 
and Seminara 1987). At the 9 m depth, caxa richness 
began to increase a few years after the treatment 
(Table 3, Fig. 5). Median taxa richness at 9 m doubled 
by 1997, with a significantly higher number of species 
recorded in samples obtained during 1992 and 
1997 than were found during the pre-treatment year 
(Fig. 5). 

The taxonomic composition of the bentbic com­
munity at the 12 mdepth was less affected by the alum 
treatment. Two species of Chaoborus ( C. punctipennis 
and C. jlavescens) dominated the 12 m depth both 
before and after the u·eaunent (Table 4). However, 
median taxa richness at the 12 m depth increased 
significantly during 1993 and 1997 (Fig. 5). 

Discussion 

Cooke et al. (1993a) proposed that the success 
of sediment P inactivation treatments be evaluated 
using three criteria: (l) Did the treatment reduce 
sediment P release for at least several years? (2) Did 
the treatment lower the P concentration in the lake's 
photic zone? (3) Was the treatment non-toxic? Payne 
et al. (1991) suggested that a ttainment of the lower 
25m percentile of the appropriate lake ecoregion TP 
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Figure 2.-Comparison of mean late-summer TP and DO depth 
profiles between pre-treatment and post-treatment monitoringyean. 

distribution be used as a treatment effectiveness 
criterion. 

In Lake Morey. the alum/ aluminate treatment 
appears to have significantly reduced sediment P re· 
lease (inferred from hypolimnecic TP accumulation) 
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rigure 3.-Dissolved aluminum concenu-ations and pH in the water 
column of Lake Morey during the year of treatmenL 

and phocic zone TP concentrations over a 13-year posc­
treaunen t monitoring period. Lake Morey lies within 
a lake ecoregion with a lower 25th percentile TP value 
of about 0.015 mg · L·1 (Rohm et al. 1995) . Post­
treacmentsummer photic zone TPvalues have averaged 
0.015 mg · L·1 (Table 1) . Therefore, the Lake Morey 
treaonenc can be judged effective by the quantitative 
criterion of Payne e t aJ. (1991). 

The extent of P reduction observed in Lake Morey 
can be attributed to several factors. First, external P 
loads were under control prior to treatment (Smeltzer 
1990). P export to the lake from the watershed was low 
(0.16 kg · ha·1 • yr1) and typical of a predominately 
forested watershed (Reckhow and Chapra 1983) . Pre­
u·eaunen t lake TP concenu-ations were much higher 
than the 0.009 mg· L·1 value predicted from the external 
loading rate using a simple lake model (Dillon and 
Rigler 1974, Smeltzer 1990) that did not take internal 
loading directly into account After the trea tment, 
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Figure4.-Mean relative weight and number of fish per net for large yellow perch caught in experimental gill nets in Lake Morey during 1984-
1994. Error ban are 95% confidence iote.rvals for the mean relative weight values. No data were coUected during 1990. 

TP con centra tions approached lhe model-predicLed 
value. 

Cooke e t al. (l 993b) suggesLed lhaL lakes such as 
Lake Morey with a low ra tio o f mean depth LO square 
root o f surface area ("Osgood Index") would be good 
candidates for alum treaonent because of the strong 
poLential for vertical transport ofhypolimnetic Pinto 
the photiczone during the summer. However, Maiaraza 
and Cooke ( 1997) later found that substantial transpon 
also could occur in deeper lakes with strong vertical 
P con centration gradients. Walker (1983) conclud ed 
that vertical mixing at fal l turnover and conservative 

retention of P over Lhe winLer were more important 
factors in Lhe delivery of P to the photic zon e in Lake 
Morey than thermocline erosio n during the summer. 
In any case, various mechanisms existed in Lake Morey 
for delivery to the pholic zone of P released from hypo­
limnetic sediments. 

The increase in hypo limnetic DO concentrations 
following the alum treatment was an unexpecLed occur­
rence. Variations in DO concen trations in the hypo­
limnion ofLake Morey appear to be strongly influenced 
by the photosynthetic activity of a mid-deplh algal 
layer usually dominated by Oscillatoria sp. Greater 

Table 2.-Di.stribution (percent of fish measured each year) of relative weight (Wr) values for 202- to 278-mm yellow 
perch collected in experimental gill nets from Lake Morey during 1984-1994. 

Sample Relative Weight (Wr) 

Year Size 30 40 50 60 70 80 90 100 

1984 160 0 0 0 18 53 24 4 1 

1985 33 0 0 0 12 33 45 9 0 

1986 65 2 0 14 55 23 6 0 0 

1987 51 0 4 27 51 16 2 0 0 

1988 60 2 7 23 47 20 2 0 0 

1989 28 0 11 36 43 11 0 0 0 

1991 64 0 0 0 11 69 20 0 0 

1992 65 0 0 0 2 42 48 9 0 

1993 96 0 0 0 5 38 51 6 0 

1994 193 0 0 0 4 45 45 7 0 
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water clarity after the treatment was associated with a 
shift in the vertical location of maximum Chi a and 
DO concentrations downward from the metalirn­
nion into the hypolimnion (Smeltzer 1990). Possible 
explanations for the hypolimneticDO increase include 
(1) deeper light penetration after the treatmenc 
allowing photosyn thetic oxygen production in the 
hypolimnion, and (2) reduced P concentrations and 
lake productivity leading to lower community respir­
ation rates in the h ypolimnion. Better sediment oxida­
tion may be contributing to treatment effectiveness 
and longevity by curtailing anoxic P release from the 
hypolimnetic sediments. 

T he Lake Morey aJum/aluminate treatment was 
not as successful in achieving the non-toxic criterion 
of Cooke et al. (l 993a), as indicated by the elevated 
dissolved aluminum concentrations in the 0- to 7-m­
depth zone during the summer of treatment. The 
soluble forms of aluminum generally occur below a 

pH of 6.0 or above 8.0, and are regarded as the most 
acutely toxic forms to fish (Freeman and Everhart 
1971, Decker and Menendez 1974, Hunter eta!. 1980. 
Gundersenetal.1994), although insoluble forms have 
also been shown to have lethal and sublethal effects 
(Freeman and Everhart 1971, Decker and Menendez 
1974, Baker and Schofield 1982, Gundersen et al. 
1994). Nearly anoxic conditions prevailed below 9 m, 
precluding this area as a possible refuge for fish from 
aluminum exposure. 

The modest increase in Wr observed from 1984 to 
1985 may have been a response to reduced densities of 
large yellow perch and diminished competition for 
food resources (Swingle 1956) resul ting from the 
partial fish kill in 1985. Following the alum treatment 
in 1986 however, mean Wr declined from 1986-1989 
despite relatively low densities of large yellow perch. 

The decline in yellow perch Wr is consistent with 
symptoms ofsublethal aluminum toxicity reported in 
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Table 3.-Taxonomic percent composition and totaJ taxa richness of the late-winter benthic macroinvertebrate 
community at the 9 m depth in Lake Morey during 1986-1997. 

1986 1987 1988 

Cluroborus punctipennis 60 24 73 

Chacborus flavescens 4 21 10 

Chironomus decorus grp. 18 4 

Chironomus riparius grp. 12 21 6 

Chironomus tentans ~P· 5 9 3 

Trebelcs sp. 

Paratendipes sp. <l 

C/o.dopelma sp. 

Cryptochironomous sp. 

Dicrotendipes neomodestus 

Tanytarsus sp. 

Diplccadius sp. 

l.alutschia sp. <] 

Procladius sp. <l 12 4 

Culicoides sp. 

Sphaeromias sp. 

Oecetissp. <l 

Sialis sp. 3 

Musculium sp. 

Pisidium sp. 

Hydrachnidia uid. 

Oligocheata uid. 9 

Total Taxa Richness 7 7 8 

studies of other alkaline waters. Freeman and Everhart 
(1971) exposed rainbow trout (Oncorhyncus mykiss) to 
52, 520 and 5,200 µg·L·1 of aluminum for up to45 days 
at pH levels between 7.0and 9.0.Although no acute or 
chronic effects were observed at the lowest concen­
crat.ion, exposure to higher levels resulted in gill 
damage, darkened coloration, and reduced feeding. 
Recovery times for treaunents were proportional to 
aluminum concentration and length of exposure. Fish 
exposed to the highest aluminum concentration for 
short periods of time (4.7 to 9.3 days) experienced 
weight differentials as much as 50% below control fish 
(Freeman and Everhart 1971 ) and remained 11 to 
20% below control weights after a recovery period of 

9 m Depth 

1989 1990 1991 1992 1993 1997 

50 7 54 7 4 6 

2 <1 1 <1 

3 2 <1 13 <1 

8 2 4 15 4 

6 8 2 4 4 

<1 <l <1 

<1 4 7 <1 

<1 

<l 

2 <l 5 <l 4 

1 

1 3 9 8 20 

28 46 25 18 30 22 

<1 

6 2 6 <l 

<l 2 

<l 

..-: <l 

<l <l 

1 34 <1 16 36 

9 10 11 12 16 13 

over 5 months (Freeman 1973). Expowres for 45 days 
at pH 7.0 to aluminum concentrations of 520 and 
5,200 µg · L·1 resulted in extremely emaciated fish 
(24 to 33% of control weigh ts). After mo re than 9 
months, the weight of these fish remained 47 to 53% 
below that of the control group despite the fact that 
normal growth rates generally resumed after 2 weeks 
of recovery. 

Gundersen et al. ( 1994) reported similar results 
from 96-h (acute) and 16-d (subacute) exposures of 
rainbow trout to various combinations of aluminum/ 
hardness and aluminum/ hurnic acid concentrations 
between pH 7.14 and 8.58. Dissolved aluminum expo­
sures varied widely with pH but were generally in the 
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Table 4.-Taxonomic percent composition and total taxa richness of the late-winter benthic macroinvertebrate 
community at the 12 m d epth in Lake Morey during 1986-1997. 

12 m Depth 

1986 1987 1988 1989 1990 1991 1992 1993 1997 

91 64 73 Chaoborus punctipennis 

Chaoborus jlavenscens 

Chiroru:nnus decorus grp. 

Chironomus riparius grp. 
Chironomus tentans grp. 

Cl.adopelma sp. 

Tanytarsus sp. 

Zalutschia sp. 

6 35 27 

Procladius sp. 

Oligoclieata uid. 

T otal Taxa Richness 

3 

3 

<l 

<l 

4 

range of 20 co 500 µg · L-1• Increased mortality of 
rainbow trout was associated with concentrations of 
dissolved alum inum, while insoluble forms of 
aluminum appeared more potent in restrictinggrowth. 
Decreased growth was at least partially due to appetite 
loss as evidenced by reduced consumption. Subacute 
toxicity (i.e., mortality) ofrainbow trout was reduced 
by hardness and hurnic acid. However, hardness did 
not p rotect against aluminum-related growth impacts. 
Cooke et al. (1993a) suggested that low total organic 
carbon leve ls found in Lake Morey minimized 
aluminum complexation and may have explained the 
toxic effects observed in yellow perch in this study. 

Tbe sustained recovery in yellow perch condition 
observed from 1991-1994, despite increasing fish 
densities, furthe r suggests the decline in Wr following 
the alum treatment in 1986 was a direct resul t of 
aluminum toxicity rather than an indirect effect of 
reduced lake productivity. This recovery in yellow 
perch cond ition may have been a result of gradual loss 
of aluminum-exposed perch from the population in 
conj unction with recruitmen t of perch produced in 
years following the alum treatment. The decline in gill 
net catches oflarge yellow perch from 53/net in 1984 
to 2/net in 1989 reflects this loss of large yellow 
perch from the population. Likewise, the gradual 
improvemen t in giU net catches from 13/ oet in 1991 
to 39/net in 1994 indicates recruitment of new year 
classes into this size range. 

In con trast with the effects observed on fish, adverse 
changes in the ben thic macroinvertebrate community 

2 

95 94 96 89 41 84 

4 6 2 10 3 2 

2 <l 9 6 

1 <l 18 <l 

4 7 

<l 

<l 

<1 <l 

23 

<l 

5 2 4 4 9 6 

of Lake Morey following the alum treatment were 
much more short-lived. The observed 90% decrease in 
density of benthic macroinvertebrates at the 9 rn 
depth the year following the treatment may have been 
caused by chronic toxic effects of the alum treatment. 
Because the Chaob<Jridae are highly mobile, they may 
have been exposed co dissolved aluminum con­
centrations as high as 200 g · L·1 while feeding o n 
zoo p lankton in the algal-rich 6-m to 8-m-depch zone of 
Lake Morey . 

The observed decrease in benthic macro· 
invertebrate density in the 9-m-depth zone was not 
likely to have been caused by acute toxicity. Havas and 
Likens (l 984) showed Chaoborus punctipennis and 
Chironomus anthrocinus to be tolerant of d issolved 
aluminum concentrations ranging up tO 1,000 µg · L·1• 

In laboratory testing, Lam b and Bailey (1981) also 
showed the midge Tanylarsus dissimilis to be unaffected 
acutely by alum doses as high as 960,000 µg · L·1• 

However, Lamb and Bailey (1981) did observe subtle 
chronic effects at all the alum concentrations tested 
(80,000 to 960,000 µg · L-1). These effects included 
heavy floe impeding movements, and fai lure of the 
larvae to develop. The Lake Morey alum treatment 
may have caused the failure of the Chaoboridae 
population in the 9-m-depth zone to com plete 
development in 1986, leading coa low density in 1987. 
However, it is unclear why the benthic community was 
not similarly affected at the 12 m depth. T he benthic 
community in the 9-m zone recovered to pre-treatment 
densities within 2 years following the treatment. 

J 

1 
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The long-term response of the benthic community 
in Lake Morey to the alum treatment has been one of 
generally increased density and imp roved taxa richness. 
Prior to the alum treatment, the profundal zone ben chic 
macroinvertebrace community of Lake Morey was 
dominated by the anoxia-tolerant Chaob<m.LS spp, with 
only a minor presence of the almost equally LOlerant 
Chirom,mou.s spp. and Oligocheata. This relatively simple 
bentbic communi ty was present in the deep profundal 
zone of Lake Morey since at least the summer of 1975 
(Vermont Deparunent ofWater Resources 1975). The 
low diversity of the benthic community was probably a 
consequence of severe hypolimnetic anoxia which 
existed throughout most of the summer, and to a 
lesser extent during the winter as well (Walker 1983). 

The changes in taxonomic composition of the 
benthic community following the alum treatment may 
have been the result of improved hypolimnetic DO 
conditions. Significant increases in taxa richness 
relative to pre-treatment conditions were observed by 
1992 as less anoxia-tolerant species began to appear. 
During the moscrecentyear of monitoring (1997), the 
benthic community at the 9 m depth was dominated by 
several less anoxia-tolerant taxa, including Zalutschia 
sp., Tanytarsus sp., and Sialis sp. Median ta.xa richness 
at the 9 m depth seems to have stabilized in recent 
years at 8 to 1 J caxa, representing a two-fold increase 
over pre-treatment levels. Similar improvements in 
taxa richness and the appearance onessanoxia-LOlerant 
species were observed at the 12 m depth, beginning in 
1993. However, the changes here were less dramatic, 
reflecting the continued severity of anoxia present at 
the 12 m depth. 

The benthic macroinvenebrate community 
changes observed in Lake Morey were similar to the 
findings of Narf ( 1990), who reported no long-term 
(6 years post-creatment) negative effects on either the 
density or species richness of the profundal zone 
benthic macroinverlebrate communities in five alum­
treated lakes in Wisconsin. Like Lake Morey, aU the 
Wisconsin lakes were poor in species richness and 
dominated by anoxia-tolerant Chaoboridae and 
Chironomus spp. Narf (1990) observed post-treatment 
increases in species richness in several of the Wisconsin 
lakes. 

Conclusions 

The Lake Morey project, as well as numerous 
other alum treatment case histories reviewed by Welch 
and Cooke (1999), have demonstrated that sediment 
P inactivation with aluminum salts can be an effective 
lake management tool. Long-term water quality 

improvement and enhancement of some biological 
communities are possible following alum Lreaunem if 
external P loads are under control. However, alum 
treatments involve environmental risks to fish and 
other aquatic biota in both acidic and alkaline 
environments. Treatm ents should be designed 
carefully to minimize these risks. 

ACKNOWLEDGMENTS: Water quali tyand biological 
monitoring on Lake Morey were supported by grants 
from the U.S. Environmental Protection AgencyClean 
Lakes Program, and by several program efforts spon­
sored by the Vermont Departrnem of Environmental 
Conservation and the Vermont Department of Fish 
and Wildlife. The fisheries component of this paper 
was made possible by Vermont fishing License sales 
and matching funds made avai lable through the 
Federal Sportfish Restoration Act. Local citizen 
volunteers made indispensable contributions to the 
water quality monitoring effort through participation 
in the Vermont Lay Monitoring Program. This paper 
benefited from the comments of four anonymous 
reviewers. 

References 
American Public Health Association. 1989. Standard methods for 

the examination of waler and waslewater. l 7th ed. Washington, 
DC. 

Baker,J. P. and C. L Schofield. 1982. Aluminum toxicity to fish in 
acidic waters. Water, Air and Soil Pollution. 18:289·309. 

Bazzantl, M. and M. Seminara. 1987. Profundal macrobenthos in a 
polluted lake: Depth distribution and its relationship with 
biological indices for water quality assessmenL Ecol. Applic. 
8:15-26. 

Beck, W. M.,Jr. 1977. Environmental requirements and pollution 
tolerance of common freshwater Chi ronomidae. EPA-600/ 477-
024. Cincinnati, OH. 260 p. 

Bode, R. W. 1990. Chapter 14, Chironomidae. P. 225-267. In: B. L 
Peckarsky, P. R. Fraissinet. M.A. Penton and D.J. Conklin.Jr. 
(eds.). Freshwater Macroinvenebrates ofNonheastem North 
America. Comstock Publishing Associates. Cornell University 
Press. Ithaca, NY. 

Cooke, G. D. and R.H. Kennedy. 1981. Precipitation and inactivation 
of phosphorus as a lake restoration technique. EPA-600/ l lW! J. 
012. 

Cooke, G. D .• E. B. Welch,A. B. Martin, D. C. Fulmer,J. B. Hyde and 
G. O. Schricve. l 993b. Effectiveness of Al, Ca, and Fe salts for 
control of internal phosphorus loading io shallow and deep 
lakes. Hydrobiol. 253:323-335. 

Cooke, G. 0., E. B. Welch, S. A. Peterson and P. R. Ne wroth. I 993a. 
Restoration and Management of Lakes and Reservoirs. 2 .. ed. 
Lewis Publishers. Boca Raton, FL. 

Decker, C. and R. Menendez. 1974. Acute toxicity of iron and 
aluminum to brook trout. West Virginia Academy of Science. 
46:159-167. 

Dillon, P.J. and F. H. Rigler. 1974.A testofasimple nulriembudgct 
model predicting the phosphorus concentration in lake water. 
J. Fish Res. Bd. Can. 31:1771-1778. 



184 SMELTZER, KIRN AND FISKE 

Freeman, R. A. 1973. Recovery of rainbow trout Crom aluminum 
poisoning. Trans. Am. Fish. Soc.102:152-154. 

Freeman, R. A. and W. H. Everhart. 1971. Toxicity of aluminum 
hydroxide complexes in neutral and basic media to rainbow 
trout. Trans. Am. Fish. Soc .. 100:64~58. 

Gundersen, D. T., S. Buswnan, W. K. Seim aod L R. Cunis. 1994. 
pH, hardness, aod hurnic acid iofluence aluminum toxicity to 
rainbow trout ( Oncorhyndiw mylti$s) in weakly alkaline waters. 
Cao.j. Fish. Aquat. Sci. 51 :1345-1355. 

Havas, M. and G. E. Likens. 1984. Toxicity of aluminum and 
hydrogen ions to Daphnia catawba, Holop«Jium gibbmm,., Chaoboru.s 
punctipmnis, and Chironomw anth-rocinus. Can. J. Zoo I. 63: 1114-
1119. 

Humer,J. B.,S. L Rossandj. Tannahill.1980.Aluminum pollution 
and fish toxicity.]. Water Poll. Contr. Fed. 79:41S-420. 

Hynes, H.B. N. 1971. The Biology of Polluted Waters. Liverpool 
University Press. Liverpool. 202 p. 

Jandel Scientific. 1994. SigmaStatStatistical Software User's Manual. 
San Rafael, CA. 

Johannsen, O. A. 1970. Aquatic Diptera (repriotS of partS i-v). 
Entomological Reprint Specialists. Los Angeles, CA. 

Knight. R. LJ. Margraf and R. F. Carline. 1984. Piscivorybywalleyes 
and yellow perch in western Lake Eric. Trans. Am. Fish. Soc. 
113:677-693. 

Lamb, D.S. and G. C. Bailey. 1981. Acute and chronic effeas of 
alum to midge larva (Diptera: Chirooomidac). Bull. Environ. 
Contam. Toxicol. 27:59-67. 

Mat.ara2a, L. K. and C. D. Cooke. 1997. A test of a morphometric 
index to predict vertical phosphorus transport la lakes. Laite 
and Reserv. Manage. 13:323-337. 

Mittelbacb, G. C. and L. Persson. 1998. The ootogeny of pisdvory 
and itS ecological consequences. Can.J. Fish. Aquat. Sci. 55: 145+. 
1464. 

Morgan,].. T. Moye, E. Smelt2erand V. Carrison. 1984. Lake Morev 
Diagnostic-Feasibility Study. Final Report. Vcm1ont Dept. of 
Water Resources and Environ. Engineering. Montpelier. 

Narf, R. P. 1990. Interactions of Chironomidac and Chaoboridae 
(Diptera) with aluminum sulfate treated lake sedimentS. Lake 
and Reserv. Manage. 6:3S-42. 

Payne, F. E., C. R. Laurin, K. W. Thornton and C. E. Saul. 1991. A 
strategy for evaluating in-lake trcatmeot effectiveness and 
longevity. Terrene Institute. Washington, DC. 

Pasikowski, C. A. and W. M. Tonn. 1994. EffectS of prey size, 
abundance, and population structure on piscivory by yellow 
perch. Trans. Am. Fish. Soc. 123:855-865. 

Peckarsky, B. L. P.R. Fraissinet, M.A. Pemon and D.J. Conklin Jr. 
1990. Freshwater Macroinvencbrates of Northeastern North 
America. Comstock Publishing Associates. Cornell University 
Press. Ithaca, NY. 442 p. 

Reckhow, K. H. and S. C. Cbapra. 1983. Engineering Approaches 

to Laite Management. Vol. 1: Data Analysis and Empirical 
Modeling. Buttcrworths. Boston. 

Rohm, C. M.,J. M. Omernik aod C. W. Kiilsgaard. 1995. Regional 
patterns of total phosphorus in lakes of the Northeastern 
United States. Lake and Reserv. Manage. 11: 1-14. 

Simpson, K. W. and R. W. Bode. 1980. Common larvae of 
Chironomidae (Diptera) from New York State streams 
and rivers with particular reference to the fauna of artificial 
substrates. New York State Museum Bulletin No. 439. Albany. 
104 p. 

Smelt2er, E. 1990. A successful alum/aluminate treaunem of Lake 
Morey, Vermont. Lake and Reserv. Manage. 6:9-19. 

Smeh..zer, E. and E. B. Swain. 1985. Answering lake management 
questions with palcolimnology. P. 268-274 /n: Lake and Reservoir 
Managemem-Practical Applications. N. Am. Lake Manage. Soc. 
Washington, DC. 

Steel, R. C. D. andj. H. Torrie. J 960. Principles and Procedures in 
Statistics. McGraw-Hill. New York. 481 p. 

Strayer, D. 1990. Chapter 17. Freshwater Mollusca, and Chapter 18. 
Aquatic Oligocheata. P. 335-397. In: B.L. Peckarsky, P.R. 
Fraissioet, M.A Penton, and DJ. Conklin Jr. (eds.). Freshwater 
Macroinvertebrates of Northeastern North America. Comstock 
Publishing Associates. Cornell University Press. Ithaca, NY. 

Swingle, H. S. 1956. Determination of balance in farm fish ponds. 
21" North American Wildlife Conference. Wildlife ~{aoagemcot 
Institute. Washington DC. 

U.S. Environmental Protection Agency. 1983. Methodsforchemic:i.J 
aoal)"Sis of water and wastes. EPA-600/ 4-79-020. 

Vermont DepartmemofWacer Resources. 1975. Lake Morey Water 
Quality Report. Lake Eutrophication Se ries Rep. No. 8. 
Montpelier. 

Walker, W.W. 1983. Data analysis and model developmeot for the 
Lake ~forey 314 diagnostic study. Prep. for VT Agency Em,iron. 
Conservation. Montpelier. 

Warren, S. and L. Lobner. 1991 . Vermont Lay Monitoring Program 
Manual. Water Quality Surveillance Series Report No. 14. 
Vermont Dept. Environ. Conservation. Waterbury. 

Wege, C.J. and R 0. Anderson. 1978. Relative weight (Wr): Anew 
index of condition for largemouth bass. P. 79-91 Jn:C. Novinger 
andj. Dillard. (eds.). New Approaches to the Management of 
Small !mpoundmencs. American FtsheriesSodecy, Korth Ccotral 
Division. Special Publication 5. Bethesda. MD. 

Welch, E. B. and C. D. Cooke. 1999. Effectiveness and longevil)' of 
phosphorus inactivation with alum. Lake and Reserv. Manage. 
15:5-27. 

Wiederholm, T. 1980. Use ofbenthos in lake monitoring.J. Wat. 
Poll. Coner. Fed. 52:537-547. 

Willis, D. W. and C. S. Guy. 1991. Development and evaluation of 
a standard weight equation for yellow perch. 1'orth. Am.J. Fish. 
Manage. I I :374-380. 


