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ABSTRACT/A newly installed combined detention/wetland 
stormwater treatment facility upstream from Lake McCarrons, 
Roseville, Minnesota, was monitored for 21 months to eval- 

uate its effectiveness and the response of the lake to de- 
creased phosphorus loads. The treatment facility consists of 
a 1.0-ha detention pond that discharges into a series of six 
constructed wetland "chambers." Data from snowmelt and 
rainfall events are presented for several pollutants. Results 
show good reductions for most pollutants. Discussion on the 
facets of the system's operation are presented. Data from the 
lake show very little change in its water quality from three 
years prior to restoration (1984-1986) to three years fol- 
lowing restoration (1987-1989): the lake's phosphorus and 
chlorophyll has actually increased. 

The McCarrons wetland treatment system (MWTS) 
is a runoff  management facility (Figure 1) consisting of 
a detention pond, followed in-line by six "chambered" 
wetlands (wet marshes) (Table 1), discharging to Lake 
McCarrons in Roseville, Minnesota. The system was 
constructed by the City of Roseville as a Clean Lakes 
(Section 314) project to improve the quality of surface 
water draining a fully developed urban watershed. 
Prior to construction, the area was a long, narrow wet- 
land with a well-entrenched channel that moved sur- 
face water rapidly through with little vegetative contact 
and essentially no detention. 

The MWTS was designed to achieve a 75% reduc- 
tion in the total phosphorus (TP) load from this water- 
shed (Donohue 1983). As a result of  this substantial 
anticipated reduction, we expected that improvements 
in the lake's water quality would have been observable 
almost immediately. The measured change in the 
short-term (two years) phosphorus loading regime 
through the MWTS and its immediate impacts on the 
water quality of Lake McCarrons are examined here. 

M e t h o d s  

Surface water quality data collection focused on 
rainfall and snowmelt runoff events. Flow was contin- 
uously monitored from September 1986 through May 
1988 and was automatically sampled during 21 rainfall 
and four snowmelt events at the outflow of the deten- 
tion pond and at the wetland system outflow (Figure 
1). The  tributary stations were all sampled manually 
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during events. Event samples were flow-composited 
and analyzed for total suspended solids (TSS), volatile 
suspended solids (VSS), chemical oxygen demand 
(COD), total phosphorus (TP), dissolved phosphorus 
(DP), total Kjeldahl nitrogen (TKN), nitrate nitrogen 
(NOa) and total lead (TPb). This report focuses on 
TSS, TP, and DP; discussion of the other pollutants 
can be found in the completion report (Oberts and 
Osgood 1988). 

Base flow samples were taken four times during 
the study; sediment samples were taken within each of 
the wetland chambers and the pond; and several water 
samples were taken before project construction was 
complete. Wet and dry atmospheric input was calcu- 
lated using data from previous council sampling 
(Oberts 1982). Pollution loading to the MWTS was de- 
termined based on the data collected during 21 of the 
57 rainfall events that occurred, fuur snowmelt events, 
and base flow. The event mean concentrations at each 
site for the constituents discussed are listed in Table 2. 

Lake McCarrons was sampled from May 1984 
through October 1989. Tile lake was sampled at its 
deepest spot every two weeks during the open-water 
seasons and monthly during several winters. Temper-  
ature and dissolved oxygen were measured at 0.5- to 
1-m intervals (open water), or at larger intervals under 
the ice, using a Yellow Springs, Inc. model 57 (1984- 
1987) or model 50 (1988 and 1989) oxygen-tempera-  
ture meter during open water and by Winkler titra- 
tions and a mercury thermometer during the winter. 
Transparency was measured using a 20-cm black-and- 
white Secchi disk. 

Water was collected from the lake surface (0-2 m) 
during the open-water seasons using a 2-m-long PVC 
pipe that held 2 liters of water. Three  such grabs were 
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Figure 1. Lake M,.'Carrons ~,,ctlat+d t]catmcnt s',stcm ~ith 
tnotfitoring sites. 

mixed in an 8-1iler plastic.iug. [ h r e c  2-liter Van l)orl) 
grabs f iom 0.5-, I+0-, and 1.5-nt depths were mixed to 

composite the sut+[:ttt + sample (hu ing  the winter. 
Water tv<>m this sample was withdrawn for the l))l- 
lowing chemical analyses: TP, liP, I K N  ,m(l r 
ph}.ll r: (CLA). Sul)surtace samples were gr;tl)be(l with 
a 2-liter Van I)orn bottle to bc anahzcd  t0r TP. 

Results and Discussion 

Effectiveness of Treatment System 

['mul. l:l<)w iIm> the MWTS begins with three tribu- 
tary it+puts to a detent ion pond t h a l  has a pcrn)anent 
pool suet+ace area o t  ().97 ha and a t'l'CY, l sutl+ace are:z o[ 

1.2 ha. This p<md serves as a m;!jor settling p()inl for 
solids. The  pond had a design crcst or o'cerfh>+~ 

volume of 12,?,20 m :+ (10.1 acre-tt+et)and a pe tmanen t  
pool volume of 3415 tn :+ (2.8 acre-feet). After 21 
months o[ operatioi) unde r  generally low pre(ipita- 
tion, the voh]me al crest ovet-fhm detrcased bx 5c~ 
and the pe rmanen t  storage volume by 18{S, while the 
average depth o[ the permanent  pool de( rcased b~ 7.5 
cm and the maximt)m depth decreased by 10 cm. 

An', storm greater than 1.27 cm will generate suiti- 
cient r u n o t t  to displace the entire volun)e of de+ig~ 
permanen t  storage (3415 nP). It  the latest measured 
pe rmanen t  storage is considered (9805 Ill"+), it would 
take only 1.02 cm (>t rain to displace the storage. Total 
displacement of storage, however, does uot have t<) 

occur for the inf luence of all inflow to be seen at the 
outflow. E~en thougll the detention pond is fairly well 

mixed, its small size means that runof f  water +rill l ind 

Table 1, Characteristics of the McCarrons wetland 
treatment system 

l'ond Wetland 

Surthcc area (ha) 
l'ribut,ux arch 

(ha) 
Pt. ' I t l  l t l l )CI) l  

�9 ,<)htnm ( m" ) 

U.97 (1.2 at crest) 2.5 
220 +' 38 

?,115 (design, 6685 (design) 
Sept. i986) 

2805 (stud~ cud, 
Max 1!)88) 

M,iximutn depth ().8 Varics 1)~ 
] ) e i ' n l . s l O a l ' g t 2  ( : } l ; t l l l l ) e l  l ' r (m+ 

(m) O. 17> to 0.6 
Fh>od storage 8905 t910 

vt) l t l l lK* 0113) b 

a.'klC;l (|Ct'I+.:}IS('S+ tO i I:'~ }l<t "+',h('ll pOl'tiOll Ol ()11<' ll'ihUEll'~+ ro t ; l i ned  in 
t lpSll  ('~IIII [ )Ol ld.  

hI)I)CS If|it hlt l t t , :Ic |)Cliff;It]tILl ' , l(It:l~t '  ' . o lu t tm 

its way 1)ore inf lo~ to ottttlo~v in a ~erv short period 
o f  time, 

Table 3 illusuatcs the ctlb~ti\cness of the pond's 
t rcaunent  [0r rainfall events only and fin" the snow- 

meh plus raintall evenls. The  "event efliciencies" are 
based on the mass inflows and outflows for each 
event, summed over the entire period of stud~. Al- 
lhough these efticiencies ~xere determined on a total 
mass-lhrough basis, they are essentially equiva/en~ to 
the "regression el~i]ciencies'" that would be determined 

1)y plotting the slope of an in f low-ou t f low regression 
line, an analytical method proposed b~ Martin and 
Stnoot (1986). l)riscoll (1986) criticizes the use of in- 
f low-outfh>w t tmss  bit]LtllCCS on a single event basis as 
l)eing unrelated to total annual  performancc. In a situ- 
ation such z-is MWTS, hovcever, this method betiel- r 
scribes efficiency. The  MW+IS is essentially a [low- 

throug]l systetn; that is, the permanent  storage in the 
syslem is very small and inflowing runof f  moves 
quickly to bolh pond and wetland outflo~vs. Ahhough 
it ix true that a certain portion of the initial oufflowing 
water is leftover, quiescently settled water from the 
previous event, tiffs volume and mass is a slight por- 
tion of the event total  For example, a typical summer  
event of 1.55 cm on 28 J u n e  1987 resulted in a TP 
load to the detent ion pond of 2.67 kg,. (.)utfh)w load 
t ier ing the period o1 s torm-inf luenced flow was 0.78 
kg, yielding a decrease in event load of about 70%. 
After each event, this one inchtdcd, base t1o++- immedi- 
ately resumes and tributaries contribute little or no 
flow to the pond. Prior to the next event (5 July), an 
additional net 0.07 kg ot  I P  left the pond. This mass 

represents less than 4r~ o f  the TP retained in the pond 
dur ing  the 28 J u n e  event. The  event ett]ciencv of the 
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Tab le  2, Even t  m e a n  c o n c e n t r a t i o n s  for m o n i t o r e d  even ts  

l%{ ' l i t  i l le ; / i i  { ' { l i l { { ' l l l i ; i l i l l l l  ( l l l~, : l i l t ' i ) . '  
i l i i i i  
I l l ; iX 

Site E v e n t s  "I'SS VSS I P  I}P {2{)1} I ' K N  N():~ 1 N '1 Pb 

A 25 29 I{) 1).22 {I. 1{} 39 1.09 {i.gH 1.3t; It.It 10 
1 I 0 . { }8  {}.{} t 21} i t . t i l l  {}. Ill 11.87} {).0t} 1 

2{i5 :->3 ti.32 {)<_}2 152 2 .75  0.81i 3 .35 t}.{i50 

(2 } .T 2}ti) 73 1.11 li.23 I ,".4.") 3.3 `} {I.(it; 3.9S ILl)03 
2+}2 1 1}. t5 {i.{)S {;2 2 . 2 5  {}.3ti  I +{;{I l}.{l l8 

1450 .I{R; {.}.it) it.'} 1 ~ I t  t.i.-,ll 2. I{1 ~.Td) {l.7}21) 

1) 70 {7{}t 2 tli (!.71 I). l t 3 t3 -}.l){I 11.{],'3 5.i;1 o. 137 
2{1 7 {}. I{} RoB 33 {kit} {I.2{i {).fill l}.(il t 

391{i 1 t+{tl} I.~{} 0.28 <2{i3i) 1B.{){) 1.3{} 9.85 t}.53l} 

E 16 26{.} l i t  0 .76  {).L>{.} 196 2 .39  li.72 3.'3{I 0.0ST 
3ii I 2 {}. 1 ti I}.(}7 29 {)_5{} {i.2fi {).8~i It.It l 7 

9'100 t 16 3. Ill 11. t3 I lili{'* H.3{) l .iL"} 9 0 5  (i.22i} 

F 1-t 9ri0 l;7 n .79  {}.37 2 t 3  2 .87  1).l;9 3.7}1 :, o+!)71i 
.t8 6 (i.2t i). 16 32 1.0{i I}.21} 1 .t l !  i).{}{i7 

1720 t 16 2 .50  (i.67} ,'4{ i<'.t 7.1ill 1.1;7} 8.<}'3 (1.<}90 

( ;  23 63 15  ! ) . 2 7  (L Il l  5,",4 I..I I ().3.-} 1.7(i  (}.1)2 t 
3 1 {i.{i5 ikl}3 2tl ( i.!>l ) <). I{I {}.{i0 1).1)(}2 

l 71 .18 0_-r !) .2{i 195 3.01} I. I t} I. 10 0. 111) 

*ISS = total st,Sl)cndcd solids, \'SS - ~(llatil{. ~U+l)cn{lcd s<~li{I,. 11 > I,>t;ll l~h{},l)h~+lt,s. I}I' 
ox}gcn dctnand. [ K N  = total Kicldaht nilr~}~cn. X( )L, hill;tic ui l iogt 'n I X I~}tal nitID~Cit. 

tt,tal <lM,>l~<'d i+]l{,sl}h,>t us. {;{}I} {hctnh;ll 
I I% h>l;ll liL,ld. 

Tab le  3. T r e a t m e n t  e f f i c iency  (pe rcen t  remova l )  of 
the M c C a r r o n s  w e t l a n d  t rea tmen t  sys tem 

(]onst i tucnt P(>nd Wetl;ui(t Svst{.itr' 

Rainl~tll cvents 
"ISS 93 8 t {.It; 
VSS 91 ~<-) 9{i 
{ ;OD 8,8 ti3 S9 
l P  79 32 77 
DP ?}7 15 t,'4 
T K N  78 2S 78 
NO~ 62 2.1 {i.t 
T N  76 27 76 
[Pt> 88 7 t  93 

Raintal l  phts snowmelt events;  
T S S  90 ~3 till 
VSS t}2 81 95 
(]()1) 82 66 8{) 
T P  73 t I 7~ 
DP 52 3{} 56 
F K N  7(} 3{; 76 
N O  B 31 35 (;:~, 
T N  tiS 35 7 t 
l P b  78 73 '.}{! 

aReductions it{it addit ive I)+<'+.;ttl++t ' o| tr ibtl tai~ aim o'+ciland inti<~+s 
into wctland. 

p<md t h m i  is c o n s i d e r e d  7<t+..;{, x~itl i the <tddhhm<ll t<.4 

cons idered  a p o r t i o n  o f  the I}asc fhl+v c<}ntr i l }ut i {}n. 
w t t i d l  requ i res  a d i l l e r e n t  apt) r<}a{h to l l l ; i l ia~ t ! l i i tq i l .  

D iscuss ion o [  the  e t tec l ivcne++ {>1 the t l t ' ; . t l i l iCi l l  

s v s t e n l  IO{ use:., o n  s<}li<In and n t t t r h ' n l s .  ',+hl{e flies<." p{}l- 

h m t n t s  "~,,erc t i l t '  real<,, itctt,:, <,l { ( } I I { t ' l l l  i l l  tit,., d i a g -  

llO:.,;li{ s tud ' . , .  {)v,:..l-<.i(}"/.' I S S  I'('III(B-r;II O<+'Ctll'l't+d ill t h e  

l){}n{I, hi{lit  a t i n g  t h a t  s t i l>shu l l i a l  :-;{'ItlhIR {n< m-s.  l h i s  in 

t i l t  + dc,  n m l n H t  Imt<:,r h l  tilt" pond 's  r a p i d  loss o f  { a -  

])~t('it'l~" ()'l+rt'l " t i le  sh~}t'l--lt'lIII , ' , t l l { { \ .  

R{'{Itut i , .>ns ~}I ~>xcr '7()1~ ill ' I P  {'l'al:,h> 3) w.crc 

gr,.'at,.'r t han  ',,,+,>uht bv ,. '•  I B <tt>l>lkalion c,I 1)r,t. '- 
di,.ti,:l l/ nieth<>d~, ,dcvcbv, l iv{ l  h,,, x,V<llk,.+t (1�82 [h ,P  
W a l k e r  tn{ 'di{ t i<>ti  o f  {,fli,{thcnc<+s l i l t  +Itt{ ' M<.(;+lrrc, rls 
p { ind .  ,,vith a r,.'l<lti',c ',,ohml{' <}f 0.8 crn .and h',drattt i<. 

r , . ' s i d e n c c  titn{+ {}I O.<II , . c a r  ,,,,<told b c  30<4 ; v, h c n  t l m  

t'l'tT.'<ii~t'li{'ss is p i ' ed i { I cd  t lascd ~ltl the r ; t l io  { i t  I){}il{t 
ai '{ ' l t  I l l  i t i i l i t ' l 'V i< l t lS  w<itcrshcd ;I1C;i, the V i ' ; i l k t ' I  l>l-{,- 

d ic tcd  \ a h i c  i.~ al}<li l l 3.'+)+.~ + " l 'hu M{( ] ; i iT i>t ls  { I c h ' i i l i o i l  
])<>lid ','+'its dt 's igt l { ' l l  wel l  I }chlw thc c t i t l ' r i a  s t i ,~cs l cd  It\ 
W a l k t ' t  []>r ;i I)<tsin in ;i x~alcts i i t 'd  o1 Ihi~ +<lit', "+tl ;t 
su l /s l ; i i l t ia l  I C d u i l h m  i l l  11 '  is ~,c{+ii. +\ S i l i t i l n i [ \  t i l l t ' x -  
t }c{ tcd hind I t 'd i i t l i~>t l  {>1 .'>7+~ o t { i l i l c l l  t o t  1}P. 

l ] t t ' l t  ~ l t tc th lc { '  t}ossibh ̀  { 'x l} l ; i i l ; i t i {>l l+ t{ l l  I t lc  v{'t",  

go<)d sol ids <ul<l phosl ih~>rt is rcdltcti~>ns hi  the  p{nld+ 
I :hst,  the I h i e e  l i i l i u l m i t ' s  t{> t i l t  + t i t i t l l l  art '  s ln{ ' ; id  
t ' t l u i d i s i an l l v  l t i tnn l<[  I l l { '  p o n d  { l " i~u i t "  I), i l i i i s  {ii+si- 
})<ilh/+~ ihc  i n lensc  , , ' i lc i~}  {>1 ihc  t l l t l~ l l ]+ l ) iss i i )a l i { ln  o f  
ihb+ i n t l { m  t ' i i { ' i ~ ,  l ic l l l+  s t i l l i n g  l i t  t; i l , . i l i~ ; t { t x ; i i l l ; i ~ t '  

o [  ih t '  fu l l  \ o h i i i i t '  o1 ih t '  })<)li<l. l i t  s l lhc  o f  t h i s ,  h<i~,+- 

c V { ' l ,  t h c i c  is d i l c t  I I t t{>vcti l{ql i  t i o i n  h i t  h~x~ to Dtit l ' i {Bx, 

its I l oh ' d  p l c \ i i n i n l ' , .  
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Table 4. McCarrons wetland treatment system sediment samples 

Percent of total Concentration (mg/kg dry weight) 

Total Tot. vol. Total Total Total Total 
Site Date solids solids P Fe AI Pb 

Pond A 9/4/86 15.7 10.4 185 5025 2898 14.5 
Pond B 36.0 11.1 800 8928 4339 34.5 
Wetland 4 50.7 9.2 435 19084 11000 69.6 
Wetland 3 20.2 11.2 305 5519 5020 24.6 
Wetland 2 62.1 5.1 390 14863 8052 117.0 
Wetland 1A 47.1 8.7 640 24968 18195 138.0 
Wetland 1B 41.2 7.2 555 15136 11867 60.6 
Outlet A 32.3 8.1 575 20464 14263 98.1 
Outlet B 50.5 7.2 560 23109 13075 134.0 
Outlet C 31.2 9.1 550 23529 11147 57.5 

Pond A 6/15/88 29.2 7.4 227 4715 2193 45.7 
Pond B 39.2 8.8 409 4804 2696 36.8 

The  second important factor appears to be the 
DP:TP ratio. Most phosphorus in the surface water 
flowing into the pond is particulate (DP < 20%) and 
thus easily subject to settling. Most of  this settled phos- 
phorus appears to stay in the pond. The  DP:TP ratio 
at the pond outflow increases by about 15%. 

The  third reason suspected for the high removal of 
phosphorus in the pond relates to complexing of 
phosphorus with organic and mineral soils flowing 
into the pond and to the composition of the soils from 
which the pond was scoured. Solids flowing into the 
pond are a mix of mineral and organic soils, which 
tend to readily adsorb available phosphorus and settle 
it. The  pond bottom was scoured from sapric (highly 
decomposed) peat. Soils were characterized to a depth 
of 76 cm over the entire wetland treatment system at 
the beginning of the study, and ten samples were col- 
lected for physical-chemical analysis. Research con- 
ducted on wetland soils by Richardson (1985) shows 
that phosphorus retention can be greatly influenced 
through geochemical adsorption by extractable alu- 
minum (A1) and iron (Fe) minerals. Table 4 shows that 
the two pond sites are relatively low in A1 and Fe com- 
pared to the downstream wetland sites; however, the 
peaty soils at the pond, where still exposed, likely have 
more sorption capacity available than soils downstream 
that have been exposed for longer periods. The  data 
show differing phosphorus content in the pond, pos- 
sibly indicating that the sorptive capacity of  these 
newly exposed soils has not been reached. As noted by 
Richardson, however, at high loading rates, saturation 
occurs within several years and phosphorus uptake is 
greatly reduced. This, coupled with the fact that the 
peat is being buried by inflowing sediment, points to a 
reduction of this mechanism as an important factor in 
phosphorus reduction as time goes on. 

An analysis of  tile pond was done to see if there 
were any dominant hydrologic factors associated with 
rainihll events that seemed to be controlling water 
quality in the pond. The  load reduction percentages 
for each constituent by season (spring, summer, or 
fall) for each event were run in a stepwise regression 
as dependent  variables against a suite of  independent 
hydrologic variables consisting of rainfall depth, dura- 
tion, and intensity; pond inflow volume and hydraulic 
detention time; and time since last rainfall more than 
2.5 mm. The  dominant hydrologic variables leading to 
increased efficiency in the pond for the fall season 
were rainfall intensity and hydraulic detention time. 
These variables are also important in increasing effi- 
ciency in the summer, along with the time since the 
last rainfall greater than 2.5 mm. Spring effectiveness, 
however, is almost totally dominated by the total 
amount  of  precipitation in the event and by rainfall 
over 2.5 mm. The  fact that increased intensity shows 
up so significantly in the summer  and fall is most likely 
related to the previous discussion of settling. During 
high-intensity storms, a large amount of  debris is 
picked up from urban surfaces and moved along with 
stormwater until quiescent waters of the detention 
pond are reached. It is easier to show good reductions 
from highly concentrated inflows than it is from rela- 
tively clean inflows. The  hydraulic detention time vari- 
able reflects the importance of increased detention 
time in tile reduction of both settleable and soluble 
pollutants. The  spring responds to different hydro- 
logic variables, but with some similarities. The nearly 
total dominance of precipitation depth indicates again 
the phenomenon of greater pollutant reductions oc- 
curring from larger, more intense storms with higher 
pollutant concentrations. 

Reduction efficiencies are noticeably lowered 
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during the snowmeh (Table 3) when detention ponds 
are covered by ice, wetlands are biologically nonfunc- 
tional, and infiltration surfaces are frozen to some de- 
gree. The  performance of detention ponds and wet- 
lands during the winter in northern climates can be 
improved by drawing down water levels before fi'eeze- 
up to avoid pressurized under-ice flow and over-ice 
flow with no settling depth, diverting mehwater 
around wetlands that could be sources of  nutrient 
inputs, and, providing maximum depth at the outlet 
structure to mininfize scour as pressurized meltwater 
emerges from under the ice. 

Wetlarwl. The  postdetention wetland system was in- 
tended to "polish" the water released from the deten- 
tion pond before it reached Lake McCarrons. 
Throughout  this discussion, it is important to re- 
member  that most of  the water entering the wetland 
system comes from the pond and has, therelore, been 
pretreated; however, overland flow and tributary site 
F also flow into the wetland system downstream froin 
the pond. Table 3 shows that smaller load reductions 
are seen in the wetland for every inonitored constit- 
uent. The  reductions for the solids-related constituents 
are generally similar to values seen in the pond, but 
the reductions for nutrients are less, 

Apparently the reduced nutrient efficiencies are 
due to their return through biological processes as 
part of  the physical-chemical-biological treatment 
system. Biological contact in the wetland system is 
greatly increased because the shallow storage depths 
and widespread nature of the chambers allows water 
to spread out and come into contact with dense vegeta- 
tion. This supplements the physical settling and filtra- 
tion and the chemical interaction between water and 
soil. Although often promoted as efficient sinks for 
nutrients, Howard-Williams (1985), Richardson 
(1985), and Hemond and Benoit (1988) point out that 
wetlands can also periodically release previously re- 
moved nutrients. In four small events, there was a net 
increase in TP as stormwater passed through the wet- 
land. The  four contributing events occurred during 
senescence in late summer-ea r ly  fall, when decaying 
vegetation released nutrients, 

Richardson (1985) stresses the importance of ex- 
tractable Fe and AI in retaining phosphorus in wet- 
lands. The  McCarrons wetland system has a high Fe 
and AI content in its relatively undisturbed inter- 
bedded pea t -minera l  soils (Table 4). These soils may 
be fairly well saturated with phosphorus at the sedi- 
men t -wa te r  interface, however, as indicated by the 
nearly uniform sediment TP content of  the wetland 
soil samples. Sediment phosphorus retention capacities 
were not analyzed as part  of  this study. 

The DP fraction in runoff  is reduced by vegetative 
and biotic uptake and by various chemical reactions 
with soil. Seven events contributed DP and an addi- 
tional three were relatively even; these events do not 
appear  to be seasonally distributed. In fact, some of 
the best reductions occurred in the fall during senes- 
cence, while contributions occurred in the spring and 
summer when uptake of DP by vegetation would be 
expected. 

Tile wetland outlet was completely fi'ozen during 
the winter of  1987-1988, allowing base flow and tile 
early portion of melt to build up behind the outlet 
bern). Data on perlormance of the wetland during the 
snowmeh must be viewed with caution. Sediment and 
debris accumulated on and in the ice during the 
winter and into the melt period. Even though the 
outlet culvert eventually opened to free flow, a sub- 
stantial amount  of  runott" debris and associated pol- 
lutants were left behind in the outlet wetland. Loading 
for the first posuneh rainfall event (24 March 1988) 
shows that treatment levels in the wetland were tile 
lowest observed; a maximum reduction of any pol- 
lutant was only 34%. The outlet wetland was, in fact, 
flushing itself of accumulated winter debris. The next 
event, 2 - 3  April 1988, showed a marked improve- 
ment in treatment, but reduction levels were still below 
those seen in auy other nonmelt event. Unlortunately, 
no subsequent events were sampled, so we are not sure 
how long the wetland took to rid itself of accumulated 
debris. It can he stated, however, that deceptively high 
pollutant reductions can be nndone by subsequent 
events that flush accumulated material. 

System. Data collected for the wetland treatment 
system show that the best overall reductions are for 
pollutants associated with solids and with the particu- 
late portion of the nutrient load. Soluble nutrients are 
not as easily removed because of their tendency to 
move quickly through the system. 

It is apparent that most of the treatment in the 
MWTS occurs in the detention pond. In order to see if 
there was a statistical difference between inflow to the 
pond and outflow from the pond, and between inflow 
to the wetland and outflow, a series of  statistical tests 
were run on the concentrations of the respective 
events. Results using the nonparametric Mann- 
Whitney T statistic show that tim event mean concen- 
trations of  the inflows to the pond are significantly 
higher than the outflows (P < 0.05) for all constit- 
uents. The  event mean concentrations for the inflows 
to the wetland are significantly higher than the out- 
flows for TSS, TP and NOa, but not for DP, TKN,  or 
TN. Long-term removal of  DP, TKN,  or TN does not, 
therefore, appear  to occur as a resuh of the wetland 
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Table 5. Annual water and phosphorus budgets. 

Year 

Water Phosphorus 
income income 
(10 ~ m 3) (kg) 

1984 858 522 
1985 683 387 
1986 754 446 
1987 399 195 

polishing the water from the pond and intermediate 
inflows to the lake. 

It is expected that the treatment role of  the wetland 
system would become increasingly stressed as the pond 
fills and loses some of its ability to treat inflow, thus 
emphasizing the need to regularly remove the sedi- 
ment  from the pond. Unfortunately, the system has 
not been well maintained and has become visually de- 
graded during the summer  of 1989. We measured a 
loss of 18% in the permanent  storage pool during the 
course of  the study and observed several incidents of  
berm failure, which to date have not been repaired. 
We expect that this lack of maintenance has resulted in 
the decreased treatment efficiency of  the MWTS. 

Response of Lake McCarrons 

The  annual water and phosphorus budgets for 
Lake McCarrons are summarized in Table 5 (Oberts 
and Osgood 1988), where the water income includes 
direct precipitation and surface runoff  and the phos- 
phorus income (to the surface of the lake) includes 
inputs from the atmosphere, inputs from macrophyte 
transport (estimated from literature values), and 
inputs from surface runoff. The  incomes for 1988 and 
1989 were not measured in this study; however, 1988 
was very dry and the water and phosphorus inputs to 
the lake were probably much lower than in 1987; and 
the water and phosphorus loadings in 1989 were 
probably intermediate between 1987 and 1988. 

Lake McCarrons had greater phosphorus concen- 
trations in the years following the wetland treatment 
(Table 6) despite the lower inputs of phosphorus. 
Other trophic state indicators, nitrogen, chlorophyll a, 
and Secchi disk transparency have also not improved 
(Table 6). Nitrogen and chlorophyll appear to have in- 
creased and the Secchi disk transparency has de- 
creased since 1984 (Table 6). In addition, no quantita- 
tive or qualitative changes in the phytoplankton com- 
munity have occurred throughout the study (Oberts 
and Osgood 1988). 

A more complete analysis of  the response of Lake 
McCarrons appears elsewhere (Osgood 1989). Briefly, 
Lake McCarrons appears to be insensitive to the ex- 
ternal inputs of DP to its summertime epilimnion. 

Table 6. Trophic state indicators, Lake McCarrons: 
May-September surface averages 

1984 1 9 8 5  1986 1 9 8 7  1 9 8 8  1989 

Total phosphorus 
(mg/m 3) 38 34 28 46 61 34 

Total dissolved P 
(mg/m s) - -  17 - -  19 27 - -  

Total Kjedahl N 
(g/m 3) 1.08 0.97 0.82 1.11 1.38 1.01 

Chlorophyll a 
(mg/m ~) 20 16 14 26 30 17 

Secchi disk 
(m) 2.3 2.1 2,8 1.8 1.3 1.8 

Since the lake is so strongly thermallly stratified, inputs 
of  internal phosphorus to the epilimnion do not occur 
during the summer. Also, the three postrestoration 
years were abnormally dry, which affects the water 
loading to the lake. We estimate that the MWTS under  
normal hydrologic conditions would reduce the lake's 
summertime epilinmetic TP concentrations by 8% 
(Osgood 1989). However, due to the rapid degrada- 
tion of the MWTS that we have observed, this may 
overestimate the long-term benefit to the lake. 

The  temperature of  the inflow to the lake may 
have increased as a result of  the project. Since we have 
no data, this is a hypothetical analysis; however, we be- 
lieve it should be considered. Prior to the project, the 
flow through the project area occurred very quickly 
through a channel. Following the construction of the 
outlet berm, there were standing pools of  water along 
the stream. We assume that the temperatures of  these 
pools increased relative to the runoff  during 
nonrunoff  periods. During a runoff  event then, the 
runoff  water would mix with the pooled water and the 
overall temperature would increase. Normally this ef- 
fect may not be important; however, Lake McCarrons 
is very stably stratified during the summer. I f  the tem- 
perature of  the runoff  was even slightly cooler before 
the project, it may have plunged and may have be- 
come entrained at the level of the thermocline, and 
theretore may not have been available to the epilim- 
nion. Following the construction of the MWTS, the 
warmer interflow would more readily mix with the 
surface waters. This may explain inverse response of 
the lake to reduced phosphorus inputs. 

Conclusions 

The overall goal of  reducing TP load to Lake 
McCarrons by 75% from the wetland watershed was 
achieved through the installation of the MWTS. Al- 
though the 21-month period of study had unusual pre- 
cipitation conditions, a representative series of  snow- 
melt and rainfall runoff  events was collected. 
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Even though the pond seemed to be underde- 
signed, it worked better than expected and was re- 
sponsible for most of  the treatment that occurred 
within the system. Enhanced performance of the de- 
tention pond appears to be due to diffuse inflow from 
tributaries, a high percentage of easily settleable par- 
ticulates, and newly exposed peat soils that appear to 
readily adsorb TP. The  pond lost 18% of the perma- 
nent storage and 5% of the total storage to sedimenta- 
tion, which could have been avoided by presettling of 
coarse-grained particulates. The  treatment system is 
likely performing as well as can ever be expected be- 
cause of its recent construction and its observed rate of  
disrepair. Maintenance of the system is required if 
treatment ability is to be kept high. 

The  dominant hydrologic factors increasing pol- 
lutant removal efficiencies of  the pond in the fall are 
rainfall intensity and hydraulic detention time. These 
same variables, as well as time since last rainfall greater 
than 2.5 mm, dominate in the summer. Spring effec- 
tiveness is almost totally dominated by the amount of  
precipitation in the event and by the time since last 
rainfall greater than 2.5 mm. These variables relate to 
the buildup of pollutants on urban surfaces and the 
energy with which these surfaces are washed off; that 
is, intense storms easily mobilize pollutants that have 
accumulated between events. Treatment  facilities then 
show good pollutant removal percentage because the 
inflowing runoff  is so highly concentrated. 

Treatment  efficiencies are lower for the wetland 
part of the MWTS because of pretreatment by the de- 
tention pond. Solids-related pollutants are removed 
efficiently by the wetland chambers, whereas nu- 
trients, particularly soluble components, are less effec- 
tively removed. Vegetative decay and associated nu- 
trient release is evident during senescence. Treatment  
might be enhanced by alternating chamber outflow, 
replacing culverts with r iprapped swales, providing 
drawdown and diversion capability, harvesting vegeta- 
tion, or providing more permanent  pool volume in the 
chambers. We also have observed that the efficiency of  
the system has decreased rapidly as a result of  lack of  
proper  maintenance. 

Ice and snow hamper  the ability of detention facili- 
ties, as runoff  is forced into pressurized sub-ice flow 
and unsettleable over-ice flow. In wetlands, the winter 
conditions mean that a minimum amount of  biological 
activity will occur. Snowmelt and spring rainfall runoff  
events following melt can "flush" debris settled above 
the ice and incorporated into various layers of  ice 
during the winter. Runoff  treatment systems can be 
designed to minimize the effects of winter. 

The  MWTS did reduce the phosphorus load to 
Lake McCarrons, but the water quality of  the lake is 

unchanged. The  TP concentration of the lake surface 
waters, other trophic state indicators, the rate and ex- 
tent of oxygen depletion, and the lake's plankton com- 
munity structure are all essentially unchanged. Con- 
sidering TP loading alone, there should have been 
substantial improvements in the lake's quality with the 
reductions that have occurred. However, the lake is 
more responsive to summer loads of  dissolved phos- 
phorus, which were reduced to a lesser extent by the 
MWTS. It is possible that the increased temperature 
of the outflow from the MWTS prevents the runoff 
from becoming entrained below the lake's thermo- 
cline, thus allowing more of the inflow to become 
available to the lake's surface waters; however, this hy- 
pothesis was untested. We expect that under  normal 
hydrologic conditions, the summertime surface TP 
concentration would be reduced by 8% as long as the 
MWTS continues to perform as effectively as it did 
during this study. 

Finally, we believe that the disproportionately low 
response of Lake McCarrons to a measurable reduc- 
tion in phosphorus load is a general occurrence 
(Oberts and others 1989; Osgood 1989). We have 
found other watershed treatment systems (wetlands, 
ponds) to be similarly effective, but most other lakes in 
our region to be less responsive. The reduced respon- 
siveness of the lakes is due largely to the more general 
occurrence of internal phosphorus loading affecting 
the lakes' summertime epilimnetic phosphorus con- 
centration (Osgood 1988). We are not recommending 
that the use of  watershed treatment systems be discon- 
tinued; rather, we believe that their limitations relative 
to immediate lake water quality intprovement be ac- 
knowledged and that the use of  in-lake management  
techniques be considered as part of  a comprehensive 
lake management plan. 
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