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The use of aluminum sulfate (alum) to precip i tate phosphorus 
in highly eutrophic lakes is increasing (PETERSON 1979). AS th is  
use increases, the need to study the effects of alum on the biota 
also increases. Possible adverse effects of alum on lake organisms 
may be due to chemical tox i c i t y  from dissolved aluminum compounds 
or to physical inh ib i t ion  of movement, feeding, or reproduction 
from the precipi tated aluminum hydroxide f loc.  Lethal and sub- 
lethal effects of alum on a wide range of f ish and aquatic inverte- 
brates described in the l i t e ra tu re  are reviewed by BURROWS (1977). 
There is,  however, a lack of information as to the effects of alum 
on benthic insects. 

Aluminum chemistry in natural water is extremely complex. 
Aluminum combines readi ly with a number of elements and the resu l t -  
ing compounds may appear as both sol id and dissolved forms. There- 
fore, special at tent ion must be paid to other ions found in the 
water to which alum is applied and especial ly how these ions in te r -  
act with the A1 +3 ion and the AI(OH)3(s) polymer. 

The objective of the present study is to determine the acute 
and chronic effects of alum to Yanytarsus dissimilis. Y. dissimi- 
l i s  is a representative of the Chironomidae, the family of orga- 
nisms which occupies a s ign i f i cant  portion of the benthic inverte- 
brate community of lakes and which are important f ish food orga- 
nisms. 

MATERIALS AND METHODS 

Test water was obtained from Liberty Lake, Washington, three 
to four weeks before the s ta r t  of each bioassay and f i l t e red  
(.45 ~m) as soon as possible. Alum stock solutions were prepared 
using standard, reagent grade aluminum sul fate (AI2(S04)~-I8 H20) 
crystals and stored in stoppered, acidwashed Erlenmeyer f lasks. 

Twenty-four hours af ter  solut ion preparation a procedure was 
started to acquire a pH of 7.8 in the acute test  solut ions and 6.8 
in the chronic test  solut ions. A lower pH was necessary in the 
chronic test  to be able to hold i t  re la t i ve ly  constant over the 
test  period. The pH was adjusted by adding sodium hydroxide (NaOH) 
to each solut ion and Control, every second day for  the f i r s t  six 
days af ter  preparation, and every four days thereafter ,  unt i l  the 
pH stabi l ized at the desired level.  
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The larval test  organisms were obtained from stock culture 
tanks f i f teen to eighteen hours pr ior  to the s ta r t  of each test  
and measured to get the instar  desired. The larvae were held in 
Petri dishes containing clean lake water and algae unt i l  the s ta r t  
of each test .  

The tests were conducted in 50 mL acid-washed Pyrex beakers 
containing 30 mL of solut ion. Five larvae were transferred ran- 
domly to each beaker as soon as the solutions were added and a 
pH reading was taken. For the chronic tests a substrate of algae 
was established in each beaker by allowing 40 mL of a culture of 
Selenastrum capricornutum to settle and then decanting off the 
unwanted media. All tests were conducted at 20~ with a 14-I0 
hour light-dark interval. 

At the beginning of each test, specific conductance, carbon 
dioxide (C02), and methyl orange alkal in i ty were measured in the 
stock solutions. At the same time a sample of each stock solution 
was f i l tered (.45 vm) and analysed for calcium (Ca), magnesium 
(Mg), potassium (K), sodium (Na), s i l i ca te  (Si02), sul fate (S04), 
chloride (Cl), ammonia-nitrogen (NH3-N), n i t r i t e  nitrogen (NO2-N), 
phosphate phosphorus (PO4-P), and total  phosphorus (t-P) (APHA 
1975). At the conclusion of each test ,  the beaker contents were 
measured for pH and then f i l t e red  (. I  ~m) and ac id i f ied for d is-  
solved aluminum analysis (PERKIN-ELMER 1977). The dissolved oxy- 
gen (D.O.) was checked in the test  beakers during Tests #I,  #4 and 
#5. 

A computer model was also used to determine the d is t r ibu t ion  
of aluminum (AI) and the chemical agents responsible for the ob- 
served effects.  This program, called REDEQL2 (MCDUFF & MOREL 1973) 
uses the Newton-Raphson I terat ive Method to calculate equil ibrium 
speciation given the actual water chemical character is t ics.  

Acute Tests 

The solutions tested in the three acute tests contained alum 
concentrations of 80, 160, 240, 320, 400, 480, 560, 720, and 
960 mg/L. (Tests #I and #2 used al l  these doses; Test #3 used a l l  
except 480, 560 and 720 mg/L). Duplicate beakers were u t i l i zed  
for each dose tested. Second instar  larvae were used in Test #I 
and th i rd  instars were used in Tests #2 and #3 for  easier observa- 
t ion and handling. These tests followed "Standard Methods" 
(APHA 1975) and were run for  96 hours. 

Chronic Tests 

Solutions tested in the chronic tests (numbers 4 and 5) in-  
cluded I0, 80, 240, 480, and 960 mg/L of alum. Test #4 contained 
doses of 240 and 960 mg/L with f ive and ten repl icates respec- 
t i ve ly .  Test #5 contained f ive repl icates each of I0, 80, 240, 
and 480 mg/L of alum. Second instar  larvae were used for these 
tests. These tests ran for 55 days with observations at 24 hours 
and a minimum of once a week thereafter.  The larvae were per iodi-  
ca l ly  transferred to beakers containing fresh algae and alum solu- 
t ion when deter iorat ion (yellowing) of the substrate was observed. 
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The confidence intervals for the cumulative percent morta l i ty  
(>50%) were calculated using the variance among repl icates for  a 
given dose. 

RESULTS AND DISCUSSION 

Acute Tests 

The resul ts of acute bioassays (Tests #I, #2, and #3) ind i -  
cated that there was no apparent ef fect  of alum on ei ther  second 
or th i rd  instar  T. d i s s i m i l i s  at alum doses between 80 and 960 
mg/L. Throughout the 96 hours the larvae, including Controls, 
were generally active and they exhibited typical movements and 
food searching. 

Due to the polymeric, coagulant nature of AI, a white to grey 
precip i tate ( f loc)  was formed in al l  alum solut ions. In the test  
beakers th is  f loc layer varied from a patchy d is t r ibu t ion  1 to 
2 mm thick to a consistent 3 to 4 mm thick layer. Many larvae 
bu i l t  or extended the tubes they inhabit  with the f loc material. 
A microscopic examination revealed that f loc was also ingested by 
the larvae. 

The D.O. measured at the end of 96 hours in Test #I was 5.5 • 
.2 mg/L. The mean pH was observed to drop in a l l  acute tests over 
the 96-hour period from 7.71 ( •  to 6.85 (• Dissolved A1 
was <. ]ug/L at a l l  alum concentrations. 

Of the addit ional parameters tested in the stock solutions 
only Na, SO 4, and speci f ic  conductance were seen to vary over the 
range of alum doses. The variat ion in Na concentrations was from 
a background of 11.2 • 2.7 mg/L (acute test  Control solut ions) to 
118.8 mg/L in the 960 mg/L alum solut ion (Test #2). Sulfate in- 
creased approximately 30 mg/L with each addit ional 80 mg/L of 
alum, from a background of 3.0 to a high of 410 mg/L (Test #I ) .  
Specif ic conductance was 73 • 14 ~mhos/cm in the Controls and 
840 umhos/cm in the 960 mg/L solut ion with increases proportional 
to the Na concentration. 

The fol lowing chemical concentrations found in the Control 
solut ions are typical of concentrations measured in the alum so- 
lut ions:  Ca, 5.0 • .5 mg/L; Mg, 1.2 • .I mg/L; K, I . I  • .3 mg/L; 
C], 1.4 • .4 mg/L; C02, <I mg/L; bicarbonate (HCO~), 30 • 5 mg/L 
as CaC03; NH3-N, .019 • .008 mg/L; NO2-N, <.01 mg/L; and 
NO3-N, .070 • .009 mg/L. Phosphate and total  phosphorus in the 
Controls were .008 • .007 mg/L and .014 • .006 mg/L respectively 
while levels in a l l  alum solutions were <.OOl mg/L (PO4-P) and 
<.005 mg/L (t-P).  Si02 values in the Controls were 4.3 • .8 mg/L 
and .7 • .02 mg/L in a l l  alum solut ions. 

Chronic Tests 

Morta l i t ies in the chronic assays were recorded in a l l  alum 
doses tested but with widely d i f fe rent  rates of d ieof f  (Figure I ) .  
The time to reach 50% morta l i ty  is shortest with 480 mg/L at 
about 4 days. The mortal i ty  time for 80 mg/L and 240 mg/L is not 
s ign i f i can t l y  d i f fe rent  (a : .05) and occurs between 8 and 10.5 
days. At 960 mg/L i t  took more than 23 days for 50% of the larvae 
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to die. The I0 mg/L dose shows less than 37% motal i ty at 55 days 
when the test  was terminated. There appears to be no difference 
in morta l i ty  between I0 and 960 mg/L unt i l  a f te r  about 35 days. 
Combined Control morta l i ty  (Test #4 and #5) was 5.4%. 

As with the 96-hour assays the larvae were generally active; 
they also bu i l t  tubes and were observed to feed on the algae sub- 
strate.  Prior to death however the larvae were often found in an 
"impaired" state characterized by l i t t l e  or no response to prod- 
ding. 

The f loc layer in the chronic test  beakers appeared s l i gh t l y  
more dense than in the acute beakers due to algae being trapped 
within i t .  This layer was also somewhat thicker but was pi led up 
around the beaker edges in the 80, 240, and 480 mg/L test  beakers. 
The I0 mg/L beakers contained very l i t t l e  f loc in small clumps 
scattered over the beaker bottom. 

The D.O. in the chronic beakers �89 hour before the l ights  came 
on was measured at 4.8 • .2 mg/L. The pH in the stock alum solu- 
t ions was adjusted to a lower level in the chronic tests (6.8) 
as compared to acute tests (7.8) which resulted in an overall 
( i n i t i a l ,  mid-test and f inal  for a l l  doses) average of 6.63 with 
a standard deviation of .32. Soluable aluminum concentrations 
were <.I  ~g/L except in the 240 mg/L beakers of Test #5 which 
measured .139 • .021 mg AI/L. 

Available chemical and physical data for  Tests #4 and #5 solu- 
t ions include: CI, 2.3 • .3 mg/L; HCO 3, 30 • 1.6 mg/L as CaCO 3, 
CO 2, <I mg/L; NH3-N, .038 • .02 mg/L; NO3-N, .59 • .44 mg/L; and 
NO2-N. <.01 mg/L. The PO4-P and t-P levels determined in the Test 
#4 Control were .010 and .011 mg/L respectively. The conductivi ty 
was 60 umhos/cm in the Control and 55, 123, 235, 400, and 615 
~mhos/cm in solutions of I0, 80, 240, 480 and 960 mg/L of alum 
respectively. 

There appears to be some chemical tox i c i t y  at alum concentra- 
tions of 80, 240, and 480 mg/L, the ef fect  being most evident at 
480 mg/L. Secondly, the heavy alum f loc at 960 mg/L appears to 
cause a stress by impeding movements and perhaps feeding to an 
extent that morta l i t ies occur a f ter  an extended time. Addit ion- 
a l l y  there seems to be a physiological stress due to some aspect 
of our test  conditions which causes an overall lengthening of 
larval development time. The accepted l i f e  cycle time for th is  
species is 14 days at 20~ (NEBEKER 1973). In the present study 
no larvae pupated in 55 days, however, two Control larvae in Test 
#4 were determined to in the fourth instar  (near maturation) a f ter  
78 days. 

The resul ts of the chemical analysis performed on the tox i -  
cant solut ions, par t i cu la r ly  for  dissolved AI, show no variat ion 
to account for the observed chemical tox ic i t y .  As a resu l t ,  a 
chemical equil ibrium computer model was u t i l i zed  to determine a 
theoret ical d is t r ibu t ion  of aluminum and other consti tuents in 
these solut ions. 

Baseline water qual i ty  data for the computer inputs was 
taken from Test #I. Values for AI, SO 4 and Na were calculated 
from the alum doses and total  base added during the pH adjust- 
ment. (Alum doses of lO, 80, 240, 480 and 960 mg/L correspond 
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to 0.8, 6.5, 19.4, 38.9 and 77.7 mg AI/L respectively.) The pH 
input value was 6.8. 

The results of this mathematical analysis indicated that alu- 
minum is found in seven forms (including A1 +3) with solid forms 
predominating at al l  alum doses. At an alum concentration of 
I0 mg/L, 85.6% of the A1 was bound with s i l i ca te  in a compound of 
the general formula AI2(SiO~)2(OH)2r~. Other forms present in 
order of decreasing concentration w ~  (AI(OH)3~s~, A1 (OHm4 ~, 
AI(OH) +2, AI(S04) +, and AI(S04)2-. The most prevalent dissolved 
species, the aluminate ion AI(OH)4-, was found at a concentration 
of .19 ~g/L with the four other dissolved species adding only 
7.3 x lO -4 ~g/L. At 80 mg/L alum, 87.7% of the Al was found as 
AI(OH)3(s~ and only 12.1% as Al2(SiO3)2(OH)2ts~. The concentra- 
tions of AI(OH)~-, AI(OH) +e and A1 +3 remained ~bout the same with 
AI(S04) + and AI(SO~) 2- increasing s l igh t ly .  These patterns con- 
tinued without f luctuat ion through al l  remaining doses. At 
960 mg/L, AI(OH)3(s) represented 99.0% of the A1 in the solution 
with the total dissolved species representing I% (~.21 ug/L). 

The computer output indicates that af ter the s i l icate  has been 
removed from solution (precipitated) the solid hydroxide controls 
the d is t r ibut ion of AI. This has in fact been substantiated ex- 
perimentally (ROBERTSON & HEM 1969, HEM et al. 1973). I t  is un- 
l i ke ly  that these solids are the cause of the chemical tox ic i ty  
noted. 

Even though the calculated concentrations of many components 
of these solutions came out very close to actual levels, there 
are l imitat ions to the accuracy of these predictions as evidenced 
by the difference between calculated and measured dissolved A1 
concentrations (.19 and <.I ug/L) respect ively).  These differences 
are apparently due to both chemical and physical interactions for 
which reaction constants are not known. Even though these inter-  
actions may be re la t ive ly  subtle and not change the overall dis- 
t r ibut ion of AI, they s t i l l  may lead to changes in the character 
of solid ( f loc) or dissolved species and thus affect tox ic i ty .  

Due to the polymeric, posit ively charged character of the 
f loc (HEM & ROBERTSON 1967), negatively charged ions and par t i -  
cles may become adsorbed and removed from solution. As noted 
previously algae became trapped during alum solution addition to 
chronic test beakers. Other substances removed include phosphate 
ion (HSU 1975), col loidal solids, clay part icles and organic com- 
pounds (CLARK et al. 1977). This adsorption could serve to con- 
centrate potent ia l ly  toxic materials d i rect ly  above lake bottom 
organisms. 

Many natural ly occurring organic compounds increase the con- 
centration of dissolved A1 by forming "organoaluminum" complexes 
(LIND and HEM 1975). No analyses were performed for organics in 
the test solutions, however, i t  appears that some interaction be- 
tween the alum and the algaeor an algae by-product was responsi- 
ble for the tox ic i ty  because of the discrepancy between the acute 
and chronic tests. Algae release a wide range of organic com- 
pounds (HELLEBUST 1974) including growth-inhibit ing substances 
which may affect other organisms. High release rates of extra- 
cel lu lar  products of algal photosynthesis are related C02 
l imi ta t ion,  high population density and l igh t  intensity 
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(WETZEL 1975). All of these could be factors associated with the 
set t led algal substrate in the chronic tests. 

We also considered the possible toxic effects or stress 
effects of D.O., pH, S04, depth of water, crowding, and nu t r i t ion  
but these were found in our tests not be c r i t i ca l  factors. 

IMPLICATIONS FOR LAKE TREATMENTS 

Any attempts to extrapolate information indicated in th is 
study to impacts of in- lake alum treatments on the biota must con- 
sider both chemical and physical effects. Careful consideration 
must also be given to the limnological character of the water to 
be treated in determining the dose required. Examples (as re- 
viewed by DUNST et al .  1974) include 18 mg AI/L at Horseshoe Lake, 
Wisconsin (added as granular AI2(S04)3), 12 mg AI/L at Snake Lake, 
Wisconsin (as alumnate and l iqu id  alum), 7.3 mg AI/L in Pickerel 
Lake, Wisconsin (as l iqu id alum), and 50 mg AI/L in Langsjon, 
Sweden (as granular AI2(S04)3). Considerable var iat ion was seen 
in two Spokane County, Washington lakes as wel l .  Medical Lake is 
a hard water ( total  hardness 120 mg/L as CaCO~), sodium bicarbo- 
nate (730 mg/L total  a l ka l i n i t y  as CaC03) lake which received 
150 mg/L alum (13.5 mg AI/L) (GASPERINO & SOLTERO 1978). Liberty 
Lake is an extremely sof t  water lake ( total  hardness averaging 
23 mg/L as CaC03) with l imited buffer capacity ( total  a l ka l i n i t y  
14-30 mg/L as CaC03) which received I0 mg/L as granular AI2(S04)3 
resul t ing in an in- lake A1 concentration of about 0.8 mg AI/L. 
(FUNK et al.  1975). 

While some of these lake treatment doses are within the range 
causing tox ic i t y  in these bioassays (80 to 960 mg/L) there are 
other factors which would tend to mit igate toxic ef fects.  The 
predominant hardness causing ions for  instance, can compete with 
A1 +3 for both organic and inorganic ligands and decrease the ten- 
dency to form soluble complexes (STUMM & MORGAN 1970). I f  an 
algal bi-product par t icu lar  to Se~enast~m is in fact causing 
or contr ibut ing to morta l i ty  i t  is unl ike ly  that th is  would be 
found in s ign i f i cant  enough amounts in a diverse lake system to 
be a problem. 

The physical t ox i c i t y ,  however, could be a factor regard- 
less of dose. The Medical Lake treatment resulted in a f loc 
layer about 14 cm thick with 0.6 to 1.3 cm being deposited at 
Liberty Lake. Since both of these are greater than the depth in 
the 960 mg/L test  beakers, morta l i t ies might be expected. A 
heavy f loc layer may not be a problem for already established 
larvae with a normal development time, but a substantial f loc 
layer could i nh ib i t  pupae from reaching the surface and the de- 
posited eggs from reaching the sediments. Thus, the time (season) 
when an alum treatment occurs may be an important factor.  A late 
fa l l  treatment would f ind most benthic insects dormant or at low 
levels of ac t i v i t y .  Also, by the time these organisms were re- 
turning to ac t i v i t y  the f loc layer may have sett led.  

Considering the effects of the test  organism response in 
these assays and the lake character is t ics which tend to reduce 
morta l i ty  i t  seems unl ikely that a well planned alum treatment 
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would result  in s igni f icant mortal i ty in benthic insect popula- 
tions. 
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