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Bacterial grow th  on stream  insects : potential for use in b ioasses sm ent
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Abstract. Growth of filamentous bacteria (S+ w otilus  sp., Leptoth rix sp.) on aquatic insects was
evaluated for its usefulness as a bioindicator of detrimental nutrient levels in streams. Field mea-
surements of insect abundance, nutrient concentrations, and incidence/degree of bacterial growth on
insects upstream and downstream of livestock pastures were made in 2 Virginia, USA streams.
Laboratory studies were conducted to determine the effect of bacterial growth on insect survival.
Elevated concentrations of dissolved nutrients (0.13X1.35  mg/L orthophosphate, 1.29-2.13 mg/ L ni-
trate) downstream of pastures were associated with growth of filamentous bacteria, which colonized
the gills and body surface of aquatic insects. Significantly lower densities of insects (up to 66% less)
occurred at downstream sites. In laboratory studies, 100%  mortality of heavily infested mayflies
(>25%  of body covered, including gills) occurred within 30 d, whereas >85’% of individuals without
bacterial growth survived and grew normally. The pattern of mortality in the laboratory closely
paralleled the differences in density observed in the field. Bacterial growth on aquatic insects appears
to be a reliable bioindicator of nutrient enrichment, and the degree of infestation associated with
reduced Insect survival can be quickly detected in the field or laboratory using a hand lens (10-15~
magnification). This bloindlcator  shows promise as a significant addition to EPA Rapid Bioassessment
Protocols because simple visual assessment of benthic samples may be sufficient to identify a cause
for impaired macroimrertebrate communities.  Bacterial growth should be useful for detecting nutrient
impacts in streams as well as evaluating the success of management practices to control nutrients
from point or non-point sources.

KL~ ztord~: bioindicator, stream pollution, eutrophication, benthic macroinvertebrates, aquatic bac-
teria, nitrogen, phosphorus, Ephemeroptera.

Th e nutrient status of stre am s can m ark e dly
influence  th e  grow th  of th e ir m icroflora and  m i-
crofauna, and d ire ctly or indire ctly affe ct m any
oth e r ch aracte ristics of th e  b iota. In nutrient-
poor syste m s, incre ases in nutrients are  associ-
ate d  w ith  incre ased production of aufw uch s and
m acroinve rte b rate s  (Larch  and  O ttow  19 86,
Krue ge r and  W ate rs 19 83). In som e s ituations,
such  enrich m ent m ay be considered beneficial if
th e incre ase in prim ary and  s econdary produc-
tion is translated  into large r populations of
gam e  fish e s  valued by society (R asm ussen 19 86,
Lenat and  Craw ford  19 9 4). H ow e ve r, th e re i s  a
w e ll-k now n th re s h old  for biological stim ulation
beyond  w h ich  e le vated nutrients h ave  d e trim en-
tal e ffe cts. For e xam ple , adding e xcess ive  organ-
ic nutrients  can cause h yper- eutroph ication
(H ynes 19 69 ),  a condition in w h ich  th e  b iologi-
cal com m unitv  collapses and fe w  sp eci e s  re -
m ain (H ynes i9 60,  Curtis 19 69 ).

O ne of th e notable  e ffe cts of adding nutrients
to stre am s is incre as ed  grow th  of aq uatic bac-
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te ria, particularly filam entous genera such  as
Sph aerotilus  and  Leptoth rix. Th e s e  b acte ria m ay
be  stim ulated  to bloom  w ith  m ode st incre ase s
in dissolved nutrients (e.g., 0.5 m g/L ph osph ate
or 0.8 m g/L nitrate ; Ph aup  and  Gannon 19 67,
Le m ly 19 82). O nce in th e  bloom  stage , th ey m ay
form  large  colonie s  on a varie ty of stre am  sub-
strata, including aq uatic insects.

W ate r q uality in south e rn A ppalach ian
stre am s can b e  s e riously degraded  by  organic
nutrients le ach e d  from  anim al w astes if live -
stock  are  allow ed  to graze in th e  riparian z one
(Le m ly 19 82). It is w e ll k now n to scientists and
fish e ries  profess ionals th at m aintenance  of an
ungraz e d , ve ge tated  buffe r strip or riparian
z one is im portant in reducing nutrient and  s ed -
im ent inputs to stre am s (USEPA  19 77, Young e t
al. 19 80, Sch los s e r and  K arr 19 81),  but th e s e
practice s  are not uniform ly follow ed by  live -
stock  grow e rs in th e  m ountain re gions of Vir-
ginia and  elsew h e re  (e .g., Yow  19 9 6). R e cove ry
and enh ance m ent of trout-stre am  h abitat in th e
south e aste rn USA  is a m ajor e ffort of state  fish
and  gam e  agencies as w e ll as th e  US Fore st Se r-
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FIG. 1. Location of th e  study stre am s in th e  Appalach ian Mountain re gion of Virginia.
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vice . Th e s e  efforts can be  underm ined by poor
livestock  m anage m ent practice s , particularly in
locations w h e re  trout stre am s trave rse private
graz ing land  and  th en re - ente r state  or national
fore s ts.

O ne of th e  basic tools th at agency fish e ry bi-
ologists use to e valuate  stre am  conditions is th e
EPA  R apid  Bioassessm ent Protocol for m acroin-
ve rtebrate s  (Plafk in et al. 19 89 ). A lth ough  th is
m e th od  re ve als im paired  b iological com m uni-
ties, it does not identify cause-effe ct link age s ,
i.e ., w h e th e r th e im pairm ent is caused by ch e m -
ical pollutants, s ed im entation, nutrient enrich -
m ent, or oth e r pe rturbations. In addition to th is
basic screening tool, biologists  ne ed  asse s sm ent
m e th ods  th at are  specific to ce rtain types of pol-
lution or oth e r d i sturbance s . Th is pape r d e -
scribes research  to e valuate  a potential bioindi-
cator  of d e trim ental nutrient enrich m ent in
stre am s bas ed  on bacte rial grow th  on aq uatic
ins ects.

M e th od s

Field surveys

A  s e rie s  of field sam ples  w as tak en from  2
stre am s to d ete rm ine th e  possible influence  of
livestock  graz ing on th e  re lative  abundance  of
aq uatic i n s ects  b y  m ak ing upstre am -dow n-
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stre am  com parisons. Insects  w e re  colle cte d
from  2nd-ord e r  (Benson Run, lat 38”15’31”N,
long 79 ”29 ’51”W )  and  3rd -ord e r  (Cow pasture
Rive r, lat 38”16’1O ”N,  long 79 ”29 ’14”W )  stre am s
in th e  Appalach ian Mountains of Virginia (Fig.
1). Th e s e  are  low -gradient (<5%), m od e rate - el-
e vation (700-800  m  asl) stre am s th at support
brook  trout (Salvelinus fontinalis)  and  oth e r cold-
w ate r fish e s  typical for th is m ountain re gion.
Th re e  q u antitative  s am ple s  w e re  colle cted in
e ach  of 6 riffles  of e ach  stre am  in March , June,
and  Septe m b e r 19 9 5 (3 sam ples  / riffle / d ate )
w ith  a portable inve rtebrate  box sam ple r (PIBS,
Ellis-Rutte r As sociate s , Punta Gorda, Florida).
Each  sam ple  consiste d  of 2 PIBS colle ctions th at
w e re pooled , 1 from  th e  m iddle  of th e  stre am
and  1 equidistant from  th e  cente r of th e  stre am
to th e  m argin of th e  w e tted  ch anne l. Th re e  of
th e  riffles  w e re  dow nstre am  (w ith in 300 m ) of
cattle pasture s  (7-15  h a, 18-35  anim als per pas-
ture ) w h e re  active  graz ing and d eposition of an-
im al w aste  w as occurring im m ed iate ly adjacent
to th e  stre am s. Th e  re m aining 3 riffles  w e re up-
stre am  (w ith in 300 m ) of cattle pasture s  or as-
sociated  nutrient inputs. R iffle s  s e le cte d  for
sam pling h ad s im ilar substratum  te xture  (peb -
ble  s i z e ), w ate r depth , w e tted  ch anne l w idth ,
and  current ve locity. Insects w e re pre s e rved in
70% e th anol and  re turne d  to th e  laboratory for



230 A .D . LEMLY [Volum e  17

processing. Eph e m e ropte ra, Ple copte ra, and  Tri-
ch opte ra w e re  identifi ed  to fam ily, enum e rated ,
and  exam ined for bacte rial grow th  using a dis-
s e ction m icroscope  (10-200X m agnification).
Som e individuals of e ach  fam ily w e re prepare d
and  view e d  w ith  scanning e le ctron m icroscopy
(SEM) using a Ph ilips Mod el 501 instrum ent.

Filam entous bacte ria w e re  identifi ed  to genus
(400-1000~  m agnification using a com pound
m icroscope  w ith  ph ase -contrast optics and sup-
ple m ental fiber optic ligh t source s) w ith  identi-
fication k eys th at use  exte rnal m orph ological
fe ature s  of th e  s h e ath s (e.g., Buch anan and  Gib-
b ons 19 74). W h en present in m ature  s tage s ,
w h ich  w as th e  cas e  for bacte ria e xam ined in th is
study, sh e ath -form ing bacte ria are  e asy to iden-
tify using sim ple  ch aracte ristics  such  as  th e
presence  or absence  of iron or m angane s e  oxid e
crusts on sh e ath s and  th e presence  or absence
of sw ollen tips on sh e ath s. Even preserved  m a-
te rial is sim ple  to identify, and  th e re  i s  s eldom
a ne e d  for culturing or staining.

Th e  e xtent of bacte rial grow th  on individual
insects w as quantified using a block -grid  re -
cording te ch niq ue. A n outline sk e tch  of a gen-
e raliz e d  m ayfly,  caddisfly, or stone fly  (an en-
large m ent of a line-draw ing from  a taxonom ic
k ey) w as copie d  onto q uad-ruled engine e ring
pape r (25 sq uare s / cm ’; e ach  ins ect -240 m m
long, 1 inse ct per page ) and used  as a data sh e e t
for re cording bacte rial grow th . A n insect w as
vi ew e d  und e r th e  m icroscope , and  b acte rial
grow th  w as  re cord e d  b y  s h ading th e  corre -
sponding body part on th e  s k e tch  w ith  a h igh -
ligh te r pen. A  d orsal view  and  a ventral view
w e re  s k e tch e d  for e ach  insect. Th e  h igh ligh te d
squares in both  view s w e re  counted  and  com -
pare d  to th e  total num b er of square s  w ith in th e
outline of th e insect to calculate  th e  % of th e
body cove red  by  bacte ria. A t le ast 100 individ-
uals per fam ily from  e ach  site  on e ach  date  w e re
as s e s s ed  for pre valence  and  d egre e  of infe sta-
tion (a single  e xception involved  only 83 Pte r-
onarcidae in 1 sam ple ).

Th re e  types of statistical analyses w e re  con-
ducted  on insect data: 1) D iffe rence s  am ong in-
s ect ord e rs in % infe station/insect population
and  % cove rage/ ind ividual by  bacte ria w e re
te ste d  for statistical significance using G-te sts
(Sok al and  R oh lf 19 81). D ata for e ach  stre am
w e re  considered separate ly, but w ith in a re ach
(e .g., dow nstre am ) data for th e individual PIBS
sam ples  w e re  com bined across all 3 sam pling

date s  b efore  analysis. 2) Th e dens ity of insects
(num b e r / m 2)  w as calculated  and  upstre am -
dow nstre am  com parisons (by insect ord e r and
fam ily) w e re  m ade using 2-factor ANOVA  (lo-
cation X date ) on log-transform ed dens ities. 3)
Product-m om ent corre lation (Sok al and  R oh lf
19 81) w as used to e xam ine associations betw een
% reduction in dow nstre am  density and % of
d ow nstre am  individuals  h e avily infe s ted  by
b acte ria.

O n each  colle ction date  concentrations of dis -
solved nutrients (total nitrate  and  orth oph os-
ph ate in 0.45~ pm -filte re d  sam ple s ) w e re  m e a-
sured (5 replicates) at locations w h e re insects
w e re  s am ple d , using m e th od s  approved  by
USEPA  for in-situ analysis (cadm ium  reduction
m e th od  for nitrate , ascorbic acid m e th od  for or-
th oph osph ate , USEPA  19 9 2). Upstre am -dow n-
stre am  com parisons of nutrient le ve ls  w e re
m ad e  for e ach  m onth  (March , June, Septe m b e r)
using t-te sts. Th e insect surveys and nutrient
m e asurem ents w e re  done  w h en stre am  flow s
w e re  m od e rate  (d efined visually by com paring
s tage  on sam pling d ate s  to active  ch anne l
w idth ) to avoid possible influences  of h igh  flow s
on nutrient m e asurem ents (e.g., spurious intro-
duction of anim al w aste ).

Laboratory tests

In June and  Septe m b e r 19 9 5, live  m ayflies
(Epeorus sp.) from  th e  d ow nstre am  re ach  of
Cow pasture  R ive r w e re  placed  into ae rate d ,
polypropylene jars and  transported  (in an ice -
w ate r bath  at 15°C to pre vent th e rm al stres s  on
th e insects) to Virginia Polyte ch nic Institute  and
State Unive rs ity for survival stud i e s. Th re e
Ple xiglas@ aq uaria w ith  re circulating, ae rated ,
and  te m perature -controlled  w ate r supplies w e re
used to conduct th e s e  expe rim ents (Fig. 2). Each
aq uarium  h e ld  five  1.5-L ch am b e rs (containing
s eve ral 3-5 cm  Cow pasture  R ive r cobbles) into
w h ich  insects w e re placed. Th e  s ide s  and  bot-
tom s  of th e  ch am b e rs supporte d  h ole s  large
enough  to allow  w ate r to circulate  fre e ly but
sm all enough  to pre vent insects from  e scaping.
Ch am b e rs w e re  subm e rge d  to a depth  of 10 cm .
Cond itions in th e  aq uaria m im ick e d  a riffle
dow nstre am  of a sm all plunge pool, i.e ., th e in-
le t flow  w as diffused th rough  4 h oles  and  cas-
caded in fre e -fall for 25 cm  b efore  re ach ing th e
w ate r in th e  aq uarium , w h ich  generated  consid-
e rable  turbulence  and bubbles  th rough out th e
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FIG. 2. Sch e m atic top view  of aq uarium  containing 5 ch am b e rs  used to h old  m ayflies  in th e survival e x-
perim ents and  a s ide  view  of a single  ch am b e r. A  total of 3 aq uaria and  15 ch am b e rs w as used.

aq uarium . Th e  w ate r circulation rate in aq uaria
w as - 9 60 L/ h  (m anufacture r’s  ope rational
specifications for th e  re circulating pum p), yie ld-
ing a m id-tank  current ve locity of lo-15  cm /s,
bas ed  on tim ing of air bubbles  trave ling th rough
th e  aq uaria.

Epeorus  w as  s ele cte d  for study  b ecause: 1)
th ey are  com m on in both  stre am s, 2) th ey are
scrape rs th at can fe e d  on e asy-to-grow  biofilm s,
m ak ing th e m  am enable  to long-te rm  laboratory
study, and  3) field  colle ctions sh ow e d  th at th ey
w e re  h e avily coloniz ed  by  bacte ria. Mid-instar
life  stage s  (6-8 m m  length , e xcluding caudal ce r-
ci) w e re  u s e d . Te m p e rature  and  pH  w e re
ch e ck e d  daily and  adjuste d  w h en neces sary to
m aintain th e  sam e  values as th e  stre am  w ate r
(15?1”C; pH  6.520.2,  m e an 5 m axim um  d e vi-
ation). A  12h  : 12h  ligh t : dark  re gim e  w as m ain-
taine d  th rough out e ach  study, w h ich  lasted  -30
d . D uring e xpe rim ents , m ayflies  fe d  on algae
and  associated  m icroorganism s th at gre w  as a
biofilm  on th e  stones in th e  e xpe rim ental ch am -
b e rs. D ogw ood  le aves  (conditioned by incubat-
ing d rie d  le aves in th e  ch am b e rs for 30 d prior
to introducing th e insects) w e re placed  am ong
th e  cob b le s  to supple m ent m ayfly  d i ets  and
stim ulate  th e  grow th  of th e  b iofilm . D ogw ood
le aves  w e re  us ed  b ecause th ey condition q uick ly,
and  th is species is a com m on und e rstory tree in
th e  riparian z one  of th e  study stre am s. Insects

w e re  re cove re d  and enum e rated  at th e  end  of
e ach  study and % m ortality w as  d ete rm ined.
Surviving insects w e re  e xam ined for bacte rial
grow th  under a d i s s ection m icroscope .

Tw o 30-d  m ayfly  survival studies w e re  con-
ducted; th e  1st from  12 June to 14 July 19 9 5 and
th e  2nd  from  25 Septe m b e r to 27 O ctober 19 9 5.
Prior to b eginning e ach  e xpe rim ent, m ayflies
w e re  e xam ined under a d i s s ection m icroscope
and d ivided into 2 groups base d  on th e pres -
ence  or absence  of bacte rial infe station: 1) indi-
viduals w ith  h e avy bacte rial grow th  (> 25%  of
total body cove re d , including gills), and  2) in-
d ividuals  w ith  no vis ible  b acte rial grow th .
Gross visual e stim ates , rath e r th an th e  quanti-
tative  block -grid procedure  us ed  for pre s e rved
insects, w e re  us ed  to d ete rm ine th e  d egre e  of
bacte rial infe station. A lth ough  th e  visual m e th -
od  w as som e w h at less pre cise, it allow ed insects
to be  process ed  qu ick ly to reduce possible  h an-
dling stres s. More ove r, th e  e xpe rience  gaine d
from  q uantifying bacte rial grow th  on h undreds
of insects  from  pre viously colle cte d  s am ple s
m ade  it e asy to identify and  s ele ct individual
m ayflies  w ith  > 25%  body cove rage . Each  te st-
ing ch am b e r re ceived  5 individuals (June study)
or 7 individuals (Septe m b e r study) from  1 of th e
2 groups, and  e ach  ch am b e r w as random ly as-
signed to 1 of th e  3 aq uaria (Sok al and  R oh lf
19 81, Table  1).
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TA BLE 1. Expe rim ental des ign for survival studies
w ith  Eporus sp. Tre atm ents: X = infe cte d , 0 = non-
infe cte d , ~  = e m pty ch am b e r. June expe rim ent: 5 in-
dividuals / ch am ber; Septe m ber e xpe rim ent: 7 individ-
uals/ch am ber.

Study 1 (12 June-14 July 19 9 5)
Ch am b e r

1 2 3 4 5

A q uarium  #
1 x 0 x 0 x
2 x 0 0 x 0
3 0 x x 0 -

Study 2 (25 Septe m b e r-27 O ctob e r 19 9 5)
Ch am b e r

1 2 3 4 5

A q uarium  #
1 0 x x 0 x
2 0 x 0 x 0
3 x 0 -  0 x

R e sults

Field surveys

Nutrient concentrations in both  stre am s w e re
significantly low e r in locations upstre am  of th e
cattle pasture s  th an at dow nstre am  site s  (Table
2). Th e dens ity of insects, e specially Eph e m e r-

opte ra,  in th e  study stre am s w as significantly
low e r (up to 66% less) in dow nstre am  re ach e s
w h e re  bacte rial grow th  occurre d  (Table  3). A ll
of th e  field-colle cted  m ayfly  nym ph s th at sup-
porte d  h e avy bacte rial grow th  w e re  e arly to
m id-instars. H ow e ve r, m ayfly  nym ph s w ith out
bacte rial grow th  w e re  represented  by  all life
stage s , including m ature individuals re ady to
e m e rge . Th is patte rn diffe re d  for Ple copte ra; a
fe w  m ature  nym ph s (1.2%) supporte d  h e avy
grow th s  of b acte ria. A ll taxa of insects from
re ach e s  dow nstre am  of cattle pasture s  exh ibite d
grow th s  of filam entous bacte ria; no b acte ria
w e re  d e te cte d  on insects  at upstre am  s ite s .
Pre valence  and  d e gre e  of infe station w as h igh e st
in Eph e m e ropte ra (Table  4), and  th e  d egre e  of
infe station w as gre ate st in Eph e m e re llidae  and
H eptagenei idae  (Fig. 3). Individual Eph e m e re l-
lidae  and  H eptagene i idae  w e re  often nearly cov-
e red  by  bacte rial colonie s  (cove rage  of infe ste d
individuals = 12-89 % and  22-9 4%,  re sp ective -
ly). In e ach  stre am , th e re  w as a significant pos-
itive  association betw een % of dow nstre am  in-
dividuals h e avily infe ste d  and % reduction in
dow nstre am  density of insects (Fig. 3). Pre va-
lence  of infe station am ong inse ct ord e rs w as
sim ilar in both  stre am s but th e  d egre e  of bac-
te rial grow th  on Eph e m e ropte ra and  Trich op-
te ra w as significantly gre ate r in Cow pasture
Rive r (Table  4). Th e re  w as no apparent s easonal

TA BLE 2. Mean concentrations of dissolved nutrients (21 SE) in 2 Virginia, USA stre am s during 19 9 5, n =
5. Upstre am  denotes  re fe rence s ite s  w h e re nutrient concentrations w e re uninfluenced  by  cattle pasture s. D ow n-
stre am  denotes s ite s  w h e re  grazing and deposition of anim al w aste  w as occurring ad jacent to th e  stre am . t-
probabilities (upstre am -dow nstre am  com parison): *** = p < 0.01.

Stre am

Total orth oph osph ate  (m g/L)

Upstre am D ow nstre am t-prob.

Total nitrate  (m g/ L)

Upstre am D ow nstre am t-prob.
Benson R un

March

Septe m ber

Cow pasture  R ive r
March

June

Septe m ber

0.02
(0.009 )

0.05
(0.016)

0.05
(0.011)

0.03
(0.014)

0.05
(0.025)

0.02
(0.029 )

0.13
(0.016)

0.35
. (0.009 )

0.24
(0.033)

0.29
(0.022)

0.25
(0.010)

0.21
(0.014)

*** 0.13
(0.019 )

*** 0.11
(0.020)

*** 0.15
(0.010)

*** 0.19
(0.018)

*** 0.15
(0.021)

+ ** 0.15
(0.044)

1.41 ***
(0.078)

1.55 ***
(0.09 0)

1.29 ***
(0.024)

1.66 ***
(0.049 )

2.13 *xx
(0.013)

1.78 4**
(0.066)
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TABLE 3. Com parison of insect dens ities (m e an no. of individuals/m ’ k 1 SE) upstre am  (up) and  d ow n-
stre am  (d ow n) of cattle pastures in 2 Virginia, USA stre am s during March , June, and Septe m b e r 19 9 5. ANOVA
results list F-values for analyses  of log-transform e d  d ata (d f = 1, 17 for locations; 2, 17 for d ate s  and  location
X d ate ). Significant ANOVAs (p < 0.05) are  bold-face d . EPT = Eph e m e ropte ra, Ple copte ra, and  Trich opte ra.

Taxon

March June Septe m b e r Anova results

Location
UP D ow n Up D ow n Up D ow n Location D ate x date

Benson R un
Total EPT

Eph e m e ropte ra

Ple copte ra

Trich opte ra

Cow pasture  R ive r
Total EPT

Eph e m e ropte ra

Ple copte ra

Trich opte ra

89 1 503 1020 69 8 9 41 559
(40.7) (33.9 ) (25.2) (32.2) (29 .0) (19 .7)

359 184 472 329 407 232
(19 .3) (11.0) (36.0) (21.5) (18.7) (24.3)

29 0 172 311 19 8 330 183
(21.2) (14.5) (20.0) (32.1) (23.6) (18.2)

242 147 237 171 204 144
(26.6) (21 .O ) (36.9 ) (12.2) (18.4) (19 .6)

1288 660 1415 863 1072 703
(31.0) (19 .7) (42.2) (20.3) (36.9 ) (24.5)

572 248 615 312 503 318
(39 .7) (27.3) (56.2) (18.7) (34.5) (16.9 )

367 175 419 282 339 247
(24.2) (12.6) (18.4) (23.5) (30.2) (16.7)

349 237 381 269 230 138
(44.3) (26.9 ) (30.0) (12.6) (19 .3) (11.7)

58.77 0.224 0.782

82.9 3 0.475 0.143

53.22 0.29 6 0.131

28.47 0.110 0.472

9 6.33

126.76

56.77

19 .85

6.68

0.116

0.127

5.19

0.49 4

0.735

0.843

0.112

d iffe rence in infe s tation ove r th e  M arch - Sep -
te m b e r sam pling period in eith e r stre am .

De scription  of fk e  infestation

Taxonom ic identification re ve aled  th at bacte -
rial ass em blages  w e re  com posed of both  Sph ae r-
& /us sp. and  Lepfofk rix sp. Se ve ral grow th
stage s  of bacte ria w e re  apparent, ranging from
e arly colonists to m ature  form s w ith  e xtensive
sh e ath  netw ork s (Fig. 4). Qualitative  obs erva-
tions re ve aled  th at bacte rial grow th  w as typi-
cally h e aviest on insect gills (i.e ., th e  longest
bacte rial sh e ath s), but bacte rial colonie s  w ith
s im ilar s h e ath  d en s ity occurre d  on all insect
b ody surface s . Under low  m agnification, th e
b od i e s  of b acte ria-infe s ted  in s ects  appe are d
fuz zy  or supported  a ligh t-colored  film  (Fig. 5).
Bacte rial grow th  on h e avily infe ste d  (> 25% cov-
e re d ) i n d i vi d u als  w as  e as ily  d e te cte d  w ith  a
h and  lens w h en insects w e re im m e rsed in w ate r
or pre s e rvative . Caudal ce rci of Eph e m e ropte ra
and  Ple copte ra proved  to be  particularly good
for rapid  screening of bacte rial grow th  in th e
field using th is m e th od  (Fig. 6).

Laboratory experim e n ts

In both  e xpe rim ents , Epeorus sp. th at sup-
ported  h e avy bacte rial grow th  suffe re d  100%
m ortality w ith in th e  30-d experim ental run. In
contrast, m e an survivorsh ip am ong uninfe ste d

TABLE 4. Pre valence  (X of individuals infe ste d )
and  d e gre e  (%, of body cove red/individual) of bacte -
rial grow th  on insects colle cte d  from  site s  dow n-
stre am  of cattle pastures in 2 Virginia, USA  stre am s
during March , June, and Septe m b e r 19 9 5 (bas ed  on
e xam ination of 1033-1519  individuals per ord e r). No
bacte rial infe station w as  d ete cte d  at upstre am  site s.
Pe rcentages  follow ed by diffe rent le tte rs w e re s ignifi-
cantly diffe rent at p < 0.05, as d ete rm ined by G-te sts.

Taxon

Cow pasture
Benson Run R i ve r

M e an M e an
‘XI % cov- % % cov-

infe ste d  e rage infe ste d  e rage
Eph e m e ropte ra
Ple copte ra
Trich opte ra

61 (a) 46 (a) 56 (a) 59 (d )
43 (b) 28 (b) 45 (b) 24 (b)
39 (b) 14 (c) 44 (b) 23 (b)
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FIG. 3. Association (product-m om ent corre lation; n=6 for Eph e m e ropte ra, 7 for Ple copte ra and  Trich opte ra)

b etw een  s eve rity of bacte rial infe station on aq uatic insects and  d e gre e  of reduction in insect dens ity dow nstre am
of cattle pasture s  in 2 Virginia, USA stre am s sam pled during March , June, and  Septe m ber 19 9 5. Each  sym bol
repres ents a m e an of 3 m onth ly m e asures for a d iffe rent insect fam ily; filled sym bols indicate  d ata for Cow -
pasture  R ive r (O =Eph e m e ropte ra, A =Ple copte ra, V=Trich opte ra)  and  open sym bols indicate  d ata for Benson
R un (O =Eph e m e ropte ra, n=Ple copte ra,  V=Trich opte ra). H e =H eptagene i idae , EppEph e m e re llidae .

m ayflies  w as 86.7% (53.3  SE, n=3) in the June
e xpe rim ent and  9 0.6% (53.5  SE, n=3) in the
Septe m b e r study. Surviving individuals  ap-
p eare d  h e alth y and  s om e  h ad  grow n to th e
point of d eve loping w ing pads. None  of th e sur-
viving m ayflies  h ad  b e en  coloniz ed  by  bacte ria,
indicating th at th e re  w as no ch am b e r-to-ch am -
b e r transfe r or grow th  of bacte ria.

D iscussion

Effects on  ins ect survival

O ccurrence  of h igh  standing crops of aq uatic
bacte ria b elow  point source s  of organic nutrient
enrich m ent in stre am  syste m s, as  docum ented
h e re , is not uncom m on. H ynes (19 60) d e scribed
th is condition in re lation to outfalls  from  s ew age
tre atm ent plants nearly 40 y ago. H e  also pre -
sented ph otograph s of insects coloniz ed  by  s ew -

age  fungus th at appe ar q uite s im ilar to th e  con-
dition sh ow n in Figs. 5 and  6 of th is pape r.
H ow e ve r, coloniz ation of insects  by  nearly
m onotypic grow th s of filam entous bacte ria to
th e  e xtent seen in th is study h as not be en w e ll
docum ented. More ove r, th e  possibility of using
th is ph enom enon as a bioassessm ent tool h as
not pre viously been investigated. My data in-
dicate  th at such  grow th s influence insect surviv-
al and , th us, h ave im portant biological conse-
q uence s. I sugge st th at th e  occurrence  of epizoic
bacte rial coloniz ation can b e  a useful, q uick  in-
dicator of point- or non-point-source nutrient
enrich m ent.

Results of th is investigation suggest a cause-
e ffe ct link age  b etw een nutrient le ve ls, bacte rial
grow th , and insect m ortality. Nutrients w e re
significantly and  consistently h igh e r in stre am
re ach e s  affe cted by  anim al w aste s  from  graz ing
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FIG  4. Scanning ele ctron m icrograph s of gills of Eprorus sp. illustrating early (b) and  ad vance d  (a, c) stage s
of bacte rial coloniz ation by Sph acrotilus sp. and  Ltytoth rix  sp. Plate  d  s h ow s norm al, uncoloniz e d  gills. Infe station
of th e  d egre e  sh ow n in plates  a and  c w as associated  w ith  100%  m ortality in laboratory survival studies. Scale
bars = 200 k m .

livestock , w h ich  w e re  th e  only locations w h e re
bacte rial grow th  on insects occurre d. Results of
th e survival studies suggest th at m ortality as-
sociated  w ith  th e  bacte rial grow th  can h ave  a
m ajor influence  on stre am  insect populations.
For e xam ple , m ayflies  from  th e  field sam ples
w e re  h e avily coloniz ed  by  bacte ria, (e .g., up to
58% of H eptagenei idae ). In th e  laboratory e x-
perim ents all of th e  h e avily infe ste d  m ayflies
d i ed , w h e re as > 85%  of th os e  w ith out bacte rial
grow th  survived  and  appe are d  to b e  h e alth y.
Th e dens ity of m ayflies  in th e  study stre am s
w as significantly low e r in re ach e s  w h e re  bacte -
rial grow th  occurre d  (Table  3), and  th e re  w as a
significant positive  association betw een th e  d e -
gre e  of bacte rial infe station and  th e  e xtent to
w h ich  insect populations w e re  d epre s s ed  (Fig.
3). More ove r, none  of th e  field-colle cted nym ph s
th at supporte d  h e avy bacte rial grow th  w e re  m a-

ture . H ow e ve r, nym ph s  w ith out b acte rial
grow th  w e re  represented  by  all life  stage s , in-
cluding m ature individuals w ith  w e ll-deve lope d
w ing pads , w h ich  sugge sts th at h e avily colo-
nized individuals w e re not surviving to e m e r-
gence .

A lth ough  bacte rial grow th  sufficient to alte r
benth ic insect com m unities i s  easy to d ete ct vi-
sually, initial d eve lopm ent of th e  condition m ay
b e  rath e r insidious because only m ode st incre as-
es  in nutrients  are  n ece s s ary. R e sults  of th is
study (Table  2) as w e ll as  earlier w ork  (Le m ly
19 82) indicate  th at nutrient-poor stre am s th at
re ceive inputs sufficient to sh ift nutrient status
on e ven a sm all scale  (i.e ., local incre ase s  of
0.05-0.1  m g/L ph osph ate , 0.5-0.8  m g/L nitrate )
are  vulnerable . Th us, it is not neces sary for a
stre am  to b e  gros sly pollute d  for b acte rial
grow th  to d eve lop on res ident benth ic insects.
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FIG. 5. A ppearance  of bacte rial grow th  on Bltyh aricrra  sp. colle cte d  from  Cow pasture  R ive r, view e d  at 15X
m agnification (im m e rsed in 80% eth anol). Th e individual on th e  le ft (from  an upstre am  re fe rence s ite ) is fre e
of filam entous bacte ria, w h e re as th e individual on th e  righ t (from  a nutrient-enrich ed  s ite ) supports h e avy
grow th  of Spk m vw tilus  sp. and  Leptoth rix  sp. Scale  bar = 1.5 m m .

FIG. 6. Ch aracte ristic appearance  of h e avy bacte rial grow th  (> 25%  body cove re d ) on caudal ce rci of a m ayfly
view e d  at 15x m agnification (im m e rsed in 80% eth anol). Bacte rial sh e ath s can be  s e en  extending outw ard  from
th e  ce rci. Infe station of th is m agnitude  w as associate d  w ith  100% m ortality of m ayflies  in laboratory studies.
Th e  condition can be  d iagnosed in th e  fi eld using a h and  lens w ith  10-15x m agnification. Scale  bar = 3 m m .
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Use in bioassessm e n t

Practical application of bacte rial infe station as
a bioindicator of nutrient enrich m ent in a field
setting require s  only a h and  lens w ith  10-15~
m agnification. Qualitative  s am ple s  of insects
can b e  view e d  on-site , allow ing a screening-le v-
e l field  asses sm ent to b e  conducted  w ith in m in-
ute s.

Pre s e rvation of insects in eth anol or form alin,
or m anipulation of insects w ith  colle ction equip-
m ent such  as  brush e s  and  forceps  do not dis -
lodge  th e  bacte ria. Consequently, s eve rity of in-
fe s tation can b e  confirm ed  in  th e  lab oratory
w ith out loss of data. A rch ived  sam ples  colle cted
as part of a long-te rm  m onitoring program  or
oth e r re s earch  purposes can also b e  evaluated.
Im m e rsing individual insects into w ate r or pre -
s e rvative suspends bacte rial filam ents attach e d
to th e  late ral e dge s  of th e  body for e asy recog-
nition, particularly on th e  caudal filam ents of
h e avily infe sted Eph e m e ropte ra and  Ple copte ra
(Fig. 6). Ind ividuals  w h os e  b od i e s  are  > 25%
cove red  by  bacte ria (i.e ., th e  le ve l associated
w ith  100% m ortality in m y laboratory e xpe ri-
m ents) can be rapidly dete cted in th e  field  or
lab oratory.

Th e  m e th od  can b e  easily applied to fre s h  or
pre s e rved b enth ic sam ples  colle cted using th e
EPA  R apid  Bioassessm ent Protocol (R BP, Plafk in
e t al. 19 89 ),  w h ich  is w idely used by fish e ry bi-
ologists in th e  south e rn A ppalach ian re gion and
e lsew h e re in th e  USA . Th e  R BP w as  d eve loped
for application to stre am s and  rive rs, and  focus-
e s  on num e rical re lationsh ips betw een Eph e m -
e ropte ra, Ple copte ra, and  Trich opte ra to asses s
w h e th e r a benth ic m acroinve rtebrate  com m u-
nity is h e alth y or im paire d. Th e s e  3 ord e rs of
insects are  also am ong th e  b e st to use in de-
te cting grow th s of filam entous bacte ria. Positive
d iagnosis of b acte rial grow th  can strength e n
R BP analyses by identifying a probable  cause
for im paire d  m acroinve rte b rate  com m uniti e s ,
and it can h e lp to focus subsequent investiga-
tions because nutrient enrich m ent is indicate d  as
a m ajor contributing factor. Th e s im plicity and
speed  of th e  m e th od  allow  it to be incorporated
into th e  EPA  R BP w ith  little  additional e ffort by
th os e  conducting stre am  surveys.

My data suggest th at bacte rial grow th  on in-
s ects can b e  a practical tool for identifying th e
e xistence  of non-point- source nutrient inputs
into stre am  syste m s, as w e ll as  evaluating th e

s e ve rity of b iological im pacts  from  k now n
source s. Such  inform ation provides  a 1st step in
th e im ple m entation of re m ed iation program s to
initiate  stre am  re cove ry. Many land uses  can
contribute  to e le vated  nutrients in stre am s.
H ow e ve r, organic and inorganic nutrients asso-
ciate d  w ith  agriculture probably pose th e  gre at-
e st th re at to coldw ate r re sources in th e  Appa-
lach ian Mountain re gion. For e xam ple , livestock
w aste s  contain h igh  concentrations of nitrogen,
ph osph orus, and  am m onia, w h ich  are  e as ily
dissolved in rainw ate r and  w ash ed into stre am s
from  pasture s  and  fe e d lots  (H rubant e t al. 19 78,
H rubant and  D e troy 19 80). In-stre am  nutrient
and  b acte rial concentrations can ch ange  d ra-
m atically in response to such  runoff (Steph en-
son and  Stre e t 19 78, Le m ly 19 82, th is study),
ultim ate ly re sulting in detrim ental e ffe cts  to
benth ic organism s th at s erve  as a food  re source
for im portant sport fish  such  as  brook  trout. W a-
te r- quality proble m s  as sociate d  w ith  graz ing
livestock  are  pervasive in th e  south e aste rn USA
(e .g., Yow  19 9 6). A llow ing cattle  to graze in th e
riparian z one  lik e ly played  a m ajor role in th e
biological e ffe cts obs erved in th is study.

Th e US Fore st Se rvice  and  oth e r fe d e ral and
state  agencies  h ave  d e ve lope d  and im ple m ente d
be st m anage m ent practice s  (BMPs) for fore stry
and  agricultural activities. A lth ough  BMPs  h ave
b e en  w i d ely im ple m ente d , th ey  are  s e ld om
m onitore d  to d ete rm ine th e ir long-te rm  succes s.
R e cent re view s by th e  Fore st Se rvice  h ave iden-
tifi ed  th e  n e ed  to e valuate  th e  e ffe ctiveness  of
BMPs  in m e e ting w ate r-quality goals and  obje c-
tives  (D issm eyer 19 9 4). Results of m y studies
h ave d ire ct application to th e s e  efforts. Ass e s s -
ing bacte rial grow th  on insects sh ould b e  a use-
ful te ch niq ue for e valuating th e  e ffe ctiveness  of
BMPs  in controlling nutrients associated  w ith
fore stry, agriculture , and  oth e r land uses.
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