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Abstract.  Measurements of  microbial biomass, bacterial numbers, and 
microbial production were determined for three small woodland streams 
located in the Adirondack Mountain region of New York State, USA. These 
streams exhibited spatial and temporal gradients in water pH ranging from 
a high of 7.0 to a low of  4.5. Twelve sites along these streams were used 
for comparative analyses of  the effects of  pH and related water chemistry 
parameters en the planktonic, sedimentary, and epilithic bacterial com- 
munities. The planktonic bacterial communities were not influenced by 
water pH or related water chemistry parameters. For sedimentary popu- 
lations, the organic content of  the sediment was more important than the 
chemistry of the overlying water. The epilithic bacterial communities, how- 
ever, were influenced significantly by the pH of  the water column, showing 
decreased bacterial production at lower pH. 

Introduction 

Small woodland stream ecosystems are largely dependent on externally pro- 
duced organic matter [6, 12, 31]. These flowing-water environments can provide 
a continuous, albeit uneven, supply of  nutrients to stream organisms. Nutrients 
do not cycle in place but are displaced downstream in what has been described 
as a spiral, through sediments, organisms, and water. Spiraling can be influenced 
significantly by physical, chemical, and biological factors. Stream flow can alter 
the spiraling length, and different sediment sorption properties and biological 
community activities can interrupt the spiral [26, 33]. 

Stream water chemistry and nutrient status can change as a result of  short- 
term and long-term effects, including storms, daily temperature variations, light 
rhythms, inputs of leaves or other detritus, ice cover, snow melt, low-water 
conditions, algal blooms, beaver impoundments,  and anthropogenic inputs. 
Small low-order streams in the temperate deciduous forests of  the Adirondack 
Mountains of New York State are influenced by all these factors. Because they 
are low ionic strength waters and thus have low buffering capacities, these 
streams are susceptible to pronounced changes in chemistry due to atmospheric 
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deposition of strong acids upon them and their surrounding drainage basins 
[9]. 

Neutralization of acid deposition in and near streams has been studied in 
the Hubbard Brook Experimental Forest in New Hampshire, an area that is 
considered to be acid sensitive [22]. Here, strong mineral acids are reported to 
be initially neutralized by dissolution of aluminum in the thin acid soils, re- 
sulting in the transport of acidic cations such as hydrogen (H +) and aluminum 
(A1 "§ to the streams at the top of the watershed. Further down the watershed, 
increases in soil depth and drainage area allow greater ion retention times within 
the soil, resulting in neutralization of acidic cations by release of basic cations 
such as calcium, magnesium, potassium, and sodium [9, 10, 22]. Other pro- 
cesses, such as the biologically-mediated reactions of sulfate and nitrate re- 
duction [24] and anion adsorption [9], contribute to the neutralization of acidic 
inputs. 

Seasonal changes in stream water chemistry due to acid deposition are also 
seen. During periods of high discharge, such as snow melt or storms, increases 
in acidic cation concentrations due to increased inputs of  nitrate (NO3-) and/ 
or dilution of basic cation concentrations occur [8, 9, 16]. In beaver impound- 
ments or marshes, which can retain sulfate by reductive processes, the oxidation 
of reduced sulfur during the low-flow summer months followed by rain in the 
fall can result in pulses of sulfuric acid to downstream water [9]. 

The Adirondack streams in this study have water pH values that are often 
much lower than the optimum pH range for many aquatic microorganisms. 
Each of the various microbial communities in streams is necessary in terms of 
nutrient regeneration and assimilation. Therefore it is important to gather 
information on the effects of low pH on these communities. 

Microbial communities in aquatic systems can be classified into four cate- 
gories: the planktonic population, which floats freely in the water column; the 
particle-associated population, also in the water column; epilithic and epiphytic 
organisms, attached to submerged rock and plant surfaces; and the sediment 
population, which inhabits the water-filled spaces of  the sediment [7]. Plank- 
tonic and particle-associated bacteria in small mountain streams are less nu- 
merous than either epilithic or sediment organisms. In shallow waters, geo- 
metric factors can make substrate-bound bacterial populations as much as 1,000 
times more numerous than planktonic bacteria [27]. Sediment microorganisms 
develop in response to the conditions present in a given portion of the stream, 
in contrast to the transient planktonic populations [30]. Bedrock type, gradient, 
sediment supply, and water-flow rate all influence the distribution of substrate 
in the stream, which determines whether the sediment-associated or the epi- 
lithic community is more important to overall microbial production [7]. 

The physiological effects of low pH on microorganisms in extreme habitats 
have been described [28, 43]. Extrapolating from these and other studies, one 
would expect pH changes resulting from acidic deposition to bring about varied 
consequences [1, 37]. Although most investigations of microbial populations 
in lakes and streams affected by acidic deposition have examined decompo- 
sition processes, more recent studies have focused on populations of  planktonic 
and sediment bacteria [4, 5, 13, 21, 35, 41] and of epilithic bacteria [35, 36]. 

We followed bacterial numbers, total viable microbial biomass, and bacterial 
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p r o d u c t i o n  s p a t i a l l y  as  wel l  as  t e m p o r a l l y  i n  t h r e e  l o w - o r d e r  A d i r o n d a c k  s t r e a m s .  

R e s u l t s  o f  t h e  t w o - y e a r  s t u d y  r e p o r t e d  h e r e  f o c u s  o n  s e a s o n a l  p a t t e r n s  o f  a c i d -  

i m p a c t e d  b a c t e r i a l  c o m m u n i t i e s  a n d  t h e  e f f ec t  o n  t h e s e  p o p u l a t i o n s  o f  w a t e r  

c h e m i s t r y  p a r a m e t e r s ,  e s p e c i a l l y  t h o s e  r e l a t e d  to  p H .  

Methods  

Site Selection and Description 

All Adirondack study sites were chosen on the basis of the criteria established by the ALSS program 
[10], which required: 1) forested watersheds with little to no disturbance; 2) drainage water with 
low acid-neutralizing capacity (ANC < 100 ueq/liter); 3) longitudinal gradient in water chemistry; 
4) accessibility; and 5) low concentrations of dissolved organic carbon. 

Three low-order woodland streams in the Adirondack Park were chosen: Pancake Creek, Moss 
Inlet, and Beaver Brook (Fig. I). All three streams drain watersheds dominated by deciduous 
species (maple, beech, birch) containing some coniferous species [10]. The stream characteristics 
are described in Table 1. 

Sampling Schedule and Protocol 

All twelve sites were sampled for microbial populations in water and sediment and on rocks 
quarterly from July 1984 through April 1986. Samples were collected concurrently with the water 
chemistry sampling, taken monthly by the Department of Civil Engineering of Syracuse University. 
The results of the analyses [9, 10] of these samples were used in the statistical analyses of the 
microbiological portion of this project. All stream sites were sampled on the same day whenever 
possible. 

Direct Microscopic Counts of  Bacteria in Water and Sediments 

Water samples (3 per site) were preserved in the field with an equal volume of 10% formalin (all 
solutions were filter-sterilized by passage through a 0.2 ~m Nuclepore filter). Three sediment 
samples per site were preserved in 5% formalin (1:10, vol : vol). In the laboratory, measured volumes 
of water samples (2 to 10 ml) were stained with 0.01% acridine orange [20] and filtered through 
irgalan black-stained Nuclepore filters for examination of total bacterial numbers. Water on the 
filters did not lead to background fluorescence. From each 10 ml sediment slurry, diluted to 50 
ml and homogenized in a blender at high speed for 3 min, a 0.2 ml sample was transferred to a 
measured amount  of filter-sterilized water (1.8 to 4.8 ml) and stained as for water samples. Damp 
filters were cleared by adding a drop of immersion oil beneath a cover slip, and slides were counted 
as described previously [4]. 

ATP Measurements in Sediments and on Rocks 

At each sampling date, 5 samples of both sediment and rocks from each site were assayed. One 
milliliter aliquots of sediment slurry were added to 4 ml of 1 M phosphoric acid. At each site, 
rocks of 20 to 50 cm 2 surface area were chosen for uniformity of material and smoothness of 
surface and were placed directly into wide-mouthed sterile Nalgene bottles containing I M phos- 
phoric acid. All samples were placed on ice and transported to the laboratory within 12 hours of 
collection. After 3 to 12 hours of extraction with cold phosphoric acid, 0.5 ml subsamples from 
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Fig. 1. Maps of the three study streams. Insert on the top left shows their location in the Adi- 
rondack Park of New York State. Map of Pancake Creek on the top right shows sampling sites 
PAl ,  PA2, PA3, and PTl .  The stippled area in the watershed is a beaver impoundment. Map of 
Moss Inlet on bottom left shows sampling sites MO 1, MO2, and MO3. Map of Beaver Brook on 
bottom right shows sampling sites BEI, BE2, BE3, BT1, and BT2. 

extracts of  both sediment and rock surfaces were removed for analysis. Extracts were diluted to 8 
ml with 0.02 M Tris buffer (pH 7.5), adjusted to pH 7.5 with 1 M NaOH, and brought to a final 
volume of  10 ml. Subsamples of I00 ~1 of the diluted extracts were assayed for ATP using an 
integrating photometer (Lumac/3M Biocounter M2010, 3M Company) and Lumac/3M reagents, 
measuring integrated light emissions for 10 sec. Internal standardization for each sample was used 
in calculating the amount of ATP per g dry weight of  sediment or per cm 2 of rock surface. 

Bacter ial  Uptake  o f  [ 3 H ] - T h y m i d i n e  in S e d i m e n t s  a n d  on Rocks  

Bacterial production by sediment and epilithic populations was determined by measuring incor- 
poration of tritiated thymidine into DNA [ 11, 14]. The method used for both sediment and rocks 
was that of Findlay et al. [11] modified for use on rock surfaces [35]. Tritiated thymidine (0.064 
nM, New England Nuclear, specific activity = 78 Ci-mM -~ in sterile distilled water) was added to 
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Table 1. Study streams in the Adirondack Park, NY 
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Number Site Drainage 
of designa- Stream area 

Name sites tions order ~ (km 2) Elevations (m) 

Pancake Creek 4 PAl 1 0.74 556-720 
PT1 1 
PA2 2 
PA3 2 

Moss Inlet 3 MOI 1 2.40 543-726 
MO2 1 
MO3 1 

Beaver Brook 5 BE 1 1 7.70 520-1,215 
BT1 2 
BE2 2 
BT2 2 
BE3 2 

1 represents a higher elevation than 2 

2 ml of sediment slurry (3 samples per site) and each reaction mixture was brought to a total 
volume of  5 ml with sterile water and incubated for 2 hours at ambient stream temperature with 
shaking. Earlier studies of sediment indicated that the time course for [3H]-thymidine incorporation 
was linear from 45 min to 3 hours. Extraction of labeled DNA was begun by adding 5 ml of a 0.3 
N NaOH, 1% sodium dodecyl sulfate (SDS), and 25 m M  ethylenediaminetetraacetic acid (EDTA) 
solution to each sample. After extraction (with shaking at 25"C overnight) and centrifugation (6 
min at 2,500 x g), the supernatant was chilled to 4"C and neutralized to pH 7.0-7.5 with 3 N 
HC1. A sufficient amount  of  50% trichloroacetic acid (TCA) to achieve a final concentration of 5% 
was then added, and unlabeled carrier DNA was added to aid precipitation. The sample was 
centrifuged at 25,000 • g for 10 min at 4"C to collect the TCA-insoluble fraction, after which the 
pellet was washed once with 5% TCA and centrifuged again. The DNA in the pellet was then 
hydrolyzed in 3 ml 5% TCA at 95~ for 30 min. Panicles were removed by centrifugation at 2,500 
x g for 6 rain and 1 ml of the supernatant was added to 9 ml Scintiverse II (Fisher Scientific Co.). 
This mixture was then radioassayed, and corrections to DPM were made using an internal stan- 
dardization. 

Individual rock samples (5 samples per site) with a m i n i m u m  volume of stream water (50 ml), 
enough to totally immerse the rock, were inoculated with 0.64 nM of [3H]-thymidine. Each reaction 
mixture was incubated with shaking at ambient  stream temperature for 20 min. Since time-course 
experiments with rock samples had indicated a much shorter period of linear uptake of the thy- 
midine than that measured for the sediment samples, the incubation solution was poured off the 
rock sample after 20 min, after which the rock was then rinsed three times with distilled water. 
Fifty milliliters of  the NaOH-EDTA-SDS mixture was then added to the rock sample, which was 
extracted overnight at 25~ One half of  the extractant was chilled, neutralized, and treated as in 
the sediment procedure except that the precipitated material was collected on membrane filters 
(0.45 urn) to avoid losing any precipitate. The filter and precipitate were then hydrolyzed and 
radioassayed as described above. Isotope dilution measurements  on the rock samples were made 
on one sampling date. 

Recovery Efficiencies and Isotope Dilution Measurements 

DNA recovery was estimated during several of  the sediment and rock extractions by adding known 
amounts  of  [3H]-DNA ([thymine-Me-all] DNA) from E. coli (New England Nuclear). Recovery 
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ranged from 66% to 79% for sediment samples and was 75% for rock samples. Tritiated thymidine 
incorporation with different concentrations of unlabeled thymidine added to the sediment and rock 
samples (0 to 10 nM) was measured. 

The results of tritiated thymidine uptake experiments using varying concentrations of added 
unlabeled thymidine were transformed and analyzed to determine if any isotope dilution was 
occurring. The regression of the inverse of  DPM incorporated into DNA vs the concentration of 
added thymidine was significant at least at the 95% level. In this analysis, the internal plus external 
pools of thymidine are estimated by the negative of  the x-intercept of the regression line. If the 
y-intercept is zero, then the x-intercept is also zero, and there is no evidence for dilution of the 
isotope. In the five isotope dilution experiments done with the stream sediments, the y-intercept 
was within 1 SE of 0. Because of this result, thymidine incorporation was determined using a 
specific activity that was calculated from the amount ofthymidine added in the laboratory, assuming 
no exogenous dilution of the thymidine. Tritiated thymidine uptake was expressed per g dry weight 
of sediment or per c m  2 o f  rock surface area. 

Sediment Dry Weight and Organic Content Determinations 

Dry weight was determined by drying the sediments to constant weight at 80"C for at least 72 
hours. The organic fraction of dried samples was determined by combustion at 550"C for 1 hour 
in a muffle furnace. 

Rock Surface-Area Determinations 

The surface area of rocks used in the ATP and [3H]-thymidine uptake analyses was determined 
by carefully wrapping the rocks with aluminum foil so that the foil approximated the surface area 
of the rock sample. This foil was then weighed, and that value was divided by the weight of 1 cm 2 
of the same foil. 

Statistical Analyses 

Analysis of variance (ANOVA) and Tukey pair-wise comparison tests were used to determine 
differences between the twelve sites in terms of each of  the microbiological analyses. The Pearson 
product-moment correlation was used to measure the closeness of a linear relationship between 
biological and chemical parameters. All statistical analyses were done using the SAS statistical 
package [39]. 

Results  

O f  t h e  t h r e e  s t r e a m s  s tud i ed ,  B e a v e r  B r o o k  h a d  t h e  l a rges t  r ange  o f  p H  v a l u e s  
(4.9 to  7.0)  a n d  a c i d - n e u t r a l i z i n g  c a p a c i t y  ( A N C )  ( -  16 to  130 # e q / l i t e r ) .  M o s s  
I n l e t  h a d  p H  a n d  A N C  ranges  o f  5.1 to  6 .6  a n d  - 1 to  142 # e q / l i t e r ,  r e s p e c t i v e l y ,  
a n d  P a n c a k e  C r e e k  g e n e r a l l y  e x h i b i t e d  t h e  l o w e s t  p H  a n d  A N C  r a n g e s  (4.5 t o  
6 .4  a n d  - 3 5  to  70 g e q / l i t e r ,  r e s p e c t i v e l y ) .  T h e  w a t e r  c h e m i s t r y  o f  al l  t h r e e  
s t r e a m s  v a r i e d  spa t i a l ly ,  t h o u g h  v a r i a t i o n s  w e r e  m o s t  o b v i o u s  fo r  P a n c a k e  
C r e e k  a n d  B e a v e r  B r o o k ,  w i t h  h e a d w a t e r  s i t e s  o f  b o t h  s t r e a m s  e x h i b i t i n g  l o w e r  
p H  a n d  A N C  v a l u e s  t h a n  d o w n s t r e a m  s i t es  [9, 10]. 
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Fig. 2. Planktonic bacterial numbers in three Adirondack streams (n - 3). Beaver Brook sites 
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Fig. 3. Sediment bacterial numbers (n = 3). Beaver Brook sites BE1, BE2, BE3, BT1, and BT2. 
Moss Inlet sites MO1, MO2, and MO3. Pancake Creek sites PAl ,  PA2, PA3, and PT1. 
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ATP in sediments (n = 4 ) .  Beaver Brook sites BEI, BE2, BE3, BT1, and BT2. Moss Inlet 
sites MOI, MO2, and MO3. Pancake Creek sites PAl, PA2, PA3, and PT1. 

Bacterial Numbers in the Water Column 

Bacterial counts,  reported as numbers  per  milliliter, are shown in Fig. 2. Con-  
centrat ions o f  planktonic bacteria always appeared  low, with no significant 
difference between the sites irrespective o f  season, s tream, or  location in a given 
s t ream (P < 0.05). We observed a general seasonal t rend o f  higher numbers  
in the fall and winter months,  with five sites showing a peak  in January  1985. 
Counts  in April  1985 were the lowest ove r  the course o f  the study, coinciding 
with the highest seasonal s t ream flow. 

Bacterial Numbers in Sediments 

Figure 3 shows the bacterial numbers  in sed iments  (reported as numbers  per  
g dry weight). A significantly greater n u m b e r  o f  bacter ia  was always found in 
the sediments  f rom site PAl  than f rom all the o ther  sites (P < 0.0001). With  
this one exception,  sediment  bacterial numbe r s  showed no consistent pat tern 
among  sites or  seasons. 

A TP Levels in Sediments 

Sediment  microbial  biomass,  as measured  by the levels o f  A T P  per  g dry weight 
o f  sediment ,  is shown in Fig. 4. The  m o s t  noticeable difference among  sites 
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Fig. 5. ATP on rock surfaces (n = 5). Beaver Brook sites BEI, BE2, BE3, BT1, and BT2. Moss 
Inlet sites MO 1, MO2, and MO3. Pancake Creek sites PA2, PA3 and PT 1. Rocks were not collected 
at PA 1. 

was that site PA 1 had higher levels o f  sediment A T P  than all other sites on 
almost  all sampling dates. Post-hoc analysis o f  variance done for each sampling 
date showed that on all dates when PA 1 was sampled (except for the July 1984 
sampling), the ATP content o f  the sediment at this site was significantly greater 
(P < 0.0001) than at all other sites. We could find no other discernible pat tems 
of  ATP  levels, either when we considered all twelve sites together or when we 
examined the three streams separately. Al though a seasonal pattern was seen 
in the Beaver Brook system, with all five sites showing the highest levels o f  
ATP  in October of  1984 and lowest levels in April of  1985, no consistent 
seasonal patterns were discernible in the Moss Inlet or Pancake Creek systems. 

A T P  Levels on Rock Surfaces 

Epilithic microbial biomass, as measured by the level of  ATP  per square cen- 
timeter o f  rock surface area is shown in Fig. 5. Overall, levels o f  ATP  attest 
to the low microbial biomass found in these streams. Only the biomass at site 
BT2 was shown to be different than that at other sites, being greater than that 
at sites BT1 and PT1 (rocks were never collected at PAl) .  Post-hoc analyses 
o f  variance for each sampling date showed no pattern o f  any site having con- 
sistently greater or lower levels o f  epilithic A T P  (P < 0.05). 

When we separated and analyzed the sites by stream systems, we found 
differences between the Beaver Brook sites for January 1986, when site BT2 
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had higher levels of ATP than all other Beaver Brook sites (P < 0.05). In the 
Pancake Creek system, site PA3 had greater levels than the other sites in October 
1984 (P < 0.002). Site PA2 had the highest mean level ofepilithic ATP among 
the Pancake Creek sites for six of the eight sampling dates, but values were 
never significantly greater than those at PA3 and PT1. Differences in epilithic 
ATP levels were found between the Moss Inlet sites only in January I985, 
when MO3 was significantly greater (P < 0.05) than MO2. 

When we examined seasonal variations in epilithic ATP levels for individual 
sites, we found levels in October 1984 at all the Beaver Brook sites to be the 
highest, with sites BT1, BE2, and BE3 having greater levels compared to all 
other sampling dates (P < 0.05). For the Moss Inlet system, the samples 
obtained in October 1984 were again the ones consistently showing the highest 
levels of ATP, with differences often being significant (P < 0.05). In the Pancake 
Creek system, sites PTI and PA3 showed highest levels of ATP in October 
1984 with the level on this sampling date being significantly higher (P < 0.000 I) 
only at PA3. Site PATs highest level was measured in April of  1985, but this 
level was not significantly different from other sampling dates. No other patterns 
were discernible among the other sampling dates. 

Bacterial Thymidine Uptake in Sediments 

We determined thymidine incorporation using a specific activity calculated 
from the amount ofthymidine added in the laboratory, assuming no exogenous 
dilution of the thymidine (on the basis of isotope dilution determinations done 
on the sediments). Uptake of tritiated thymidine by bacteria in the sediment 
is reported per cm 3 of sediment per hour and is shown in Fig. 6. No significant 
differences (P < 0.05) were found between the individual sites. 

We investigated seasonal trends for each site. All but BE2 of the Beaver 
Brook sites showed the highest uptake in April of 1985, those levels being 
significantly higher than for January and July of 1985 at BT2 and July 1985 
at BE3 (P < 0.05). In October of 1984, the highest level of  uptake was measured 
at BE2, but this was not significantly different than the other two sampling 
dates. The uptake levels measured at MO2 and MO3 were highest in April 
1985 (P < 0.05). MO1 showed a peak of  uptake in July 1985 no greater than 
that measured on the other two sampling dates. Three of  the Pancake Creek 
sites, PAl,  PA2, and PA3, had their highest levels of sedimentary thymidine 
uptake in April 1985. The highest level at PT1 was measured in January 1985. 
However, none ~3f these levels differed significantly from those on the other 
sampling dates. 

Bacterial Thymidine Uptake on Rock Surfaces 

Uptake of  tritiated thymidine by epilithic bacteria is reported per cm 2 of rock 
surface area per hour (Fig. 7). Although no significant difference was found 
between the three sampling dates (P < 0.05), there were differences between 
sites. Sites MO 1 and MO2 had higher levels of thymidine uptake than sites 
BE1 and BTI, all three Pancake Creek sites, and site MO3 (P < 0.05). Sites 



Adirondack Stream Microbial Populations 221 

\ 
E u 

\ 

o 
o 
E 

a 

f-" 

July 85 e 
1.5 

_y _i s Lj' ~[I/April 85 cm 

a5 

0o BE, BE2 BE3 ~h ~2 ~GI ~b2~b~ ' ~ ~2 ~3 ~h 

Site D e s i g n a t i o n  

Fig. 6. Tritiated tbymidine uptake by bacteria in sediments (n = 3). Beaver Brook sites BEI, 
BE2, BE3, BT1, and BT2. Moss Inlet sites MO1, MO2, and MO3. Pancake Creek sites PAl ,  PA2, 
PA3, and PT1. 

"Z" 
.c 
\ 

E (J 
1.5 

\ 

J 

- 1 . 0  o 
E v 

{} 

o.5 D 

"a 

E ~ 0 . 0  

I.-- BE~ 

I 
i 

BE2 BE3 8h B+2 f M()I  

i 
.b2 MG3 

[~  ~ V~ay 86 

L i 
' PA2 PA3 PT1 

(:3 

(3. 
E 

Site D e s i g n a t i o n  

Fig. 7. Tritiated uptake by bacteria on rock surfaces (n = 5). Beaver Brook sites BEI, BE2, BE3, 
BTI, and BT2. Moss Inlet sites MO1, MO2, and MO3. Pancake Creek sites PA2, PA3, and PTI. 
Rocks were not collected at PAl .  



222 M. C. Osgood and C. W. Boylen 

8 

> 

0 

0 

E 

8 

0 

a 
i .  

8 

e4 

I I I I  I I  I I I 

g o ~ g  ~ ~ 8 ~ g ~ g ~  
I III I I II 

I I I I  I 

g ~ - g ~ ~ g g ~ o ~ ~ _  - ~  _ _  _ _ _ _  

~ d 6 d d d d 6 6 6 6 6 6 d d 6 d d d 6 d 6 d 6 d d  
I I I I  I ! 1 1 1  I I I 

t t I I I I I I I t I I I I I I 

q - . - . o . o . ~ .  . . . .  o . ~ . o . ~ o . o . - - . ~ . ~ . ~ o . o . ~ . - . . ~ . o ~ - .  

I I I I I I I t I I I I I t I 

I I II I II 



A d i r o n d a c k  S t r e a m  M i c r o b i a l  P o p u l a t i o n s  223 

0 
0 

z 
o 

< 

o 

< 

o 

< 
o 

o 

,,-1 
< 

o [,.. 

> 

0 

0 

o - -  < 
0 o 0  
0 - -  

I 

r..) 

o - , ~  a 

I 

-t-- 

~ d d d  
I 

Z 
< 

, - : d  d N  d ~., 

< 

+ -  ,t--- ~X, + , -  

I I I I I 

~ g  ~ - ~  

s  
I I  I I I 

I I I I I I I  

I I I  I I I  I 

I 

I I I I I l l  I 

I I I I I I I I I I 

I I I  l i  I I I  I 

I I I  I I I I I I  I I  

~ < 

~ Z ~ Z N ~ N O  ~ 



224 M. C. Osgood and C. W. Boylen 

o 

. ~ d d d d c ~ c ~ c ~  
I I I I 

+_. ** ~ *  

~ z ~ ~ = ~  
2 d d N d d d d d d  

~ d ~ d d d d d o o d  
I 1 t  I l l  I I  

~ d d d d d d d d d d d  

Z d d d d d d d d d d d d  

~ d d d d d d d d d d d d d  

II ~ .,.~ ~ . ~  

e ~ - - " =  

~ . ~ z o _ =  

-a ~: ~ ,-. [_ 
~o ~, ~ c~ 

~ s  

~ ~ - ~  
e - . _  ~ 

o ~ ~ ~' .-  

V 

~- ~ o ~  
�9 ~ at== 

os ,, 

~ .==  

� 9 1 6 9  



Adirondack Stream Microbial Populations 225 

BE2 and BT2 showed uptake levels greater than BE1 and all three Pancake 
Creek sites (P < 0.05). On a date- to-date  basis, the sites ment ioned above as 
having higher levels were often higher (P < 0.05), but  no consistent pattern 
was seen. 

Organic Content of Sediments 

Mean organic content of  sediments,  for all but  two sites, was on the order  o f  
I to 5% (w/w), reflecting the characteristic sandy nature of  Adirondack stream 
bottoms.  Site PA2 showed a wide range and a mean of  8%; this was not 
significantly greater (P < 0.05) than the other  sites. Site PAl ,  however,  had 
leaf-derived sediments with mean  organic content  of  72%, and this was sig- 
nificantly greater (P < 0.0001) than all the other  sites. 

Relationships of Water Chemistry Parameters and Other Site 
Characteristics to Microbial Parameters 

We calculated Pearson correlation coefficients between the water chemistry 
variables [9, 10] and the quarterly microbiological parameters.  The  water chem- 
istry parameters  of  ANC and concentrat ions of  calcium, magnesium, silicon, 
and sodium were all highly and positively correlated to pH (P < 0.0001). 
Concentrat ions of  nitrate and o f  three measured forms of  a luminum were highly 
and negatively correlated to pH (P < 0.0001). Total  chloride, fluoride, sulfate, 
and conductivi ty were less highly correlated to pH (Table 2). 

Many o f  the microbiological variables were related to each other  and to 
sediment  characteristics. The levels o f  A T P  and the numbers  o f  bacteria in the 
sediment  were highly correlated to the organic content  of  the sediment  and to 
each other  (P < 0.0001). The uptake of t r i t ia ted  thymidine  by sediment  bacteria 
was also correlated to sediment ATP  levels and sediment bacterial numbers  
(P < 0.05). Another  statistical relationship found was between levels o f  sedi- 
ment  A T P  and epilithic ATP (P < 0.0001). 

However  relationships between water chemistry parameters and microbio-  
logical parameters  were not  always consistent.  In an at tempt  to understand 
these better, we calculated correlations separately for the three stream systems. 
For  the five Beaver Brook sites, we found a posit ive correlation between water 
pH and epilithic ATP (P < 0.05), a correlat ion that was also reflected in the 
negative relationship between epilithic A T P  and total and monomer ic  alu- 
minum (P < 0.05) and in the positive relat ionship between A TP  and chloride 
concentrat ion (P < 0.001). Total  phosphorus  and soluble reactive phosphorus  
were related to epilithic bacterial thymidine  uptake (P < 0.05 and P < 0.005, 
respectively). The concentrat ion o f  DOC in the water  was related to sediment  
ATP  levels (P < 0.0001), to sediment  bacterial numbers  (P < 0.005), and to 
epilithic ATP,  epilithic thymidine  uptake, organic content  of  the sediment,  and 
planktonic bacterial numbers  (P < 0.05). 

For  the Pancake Creek sites, we found no relationships other than the overall 
relationships for the twelve study sites. The  Moss Inlet sites revealed relation- 
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ships between the planktonic bacterial numbers  and several water physical and 
chemical characteristics, the water level, temperature ,  conductivi ty,  and nitrate 
and a mm on ia  concentrations all being posit ively correlated to the numbers  o f  
bacteria (P < 0.05). 

Discussion 

Planktonic bacterial numbers  (Fig. 2) were within the range o f  those found by 
other  researchers studying the microbial  ecology o f  diverse streams [10, 17, 
19, 35]. The  study reported here indicates that  the densities of  water-column 
bacteria are not  affected by pH or pH-re la ted  water  chemistry parameters,  
which is in agreement with the results o f  o ther  researchers [4, 5, 41 ]. Francis 
et al. [l 3], however,  found fewer bacteria in the most  acidic of  three Adirondack 
lakes studied. Hoeniger [2 l] found differences between planktonic bacterial 
numbers  in several lakes o f  varying pH,  but  a t t r ibuted the greater numbers  to 
the humic nature of  those lakes. A relat ionship between planktonic bacterial 
numbers  and concentrat ion o f  organic carbon has been postulated [ 13, 29, 35, 
41 ] and results f rom Beaver Brook are in agreement.  

It is not  surprising that the planktonic populat ions were not influenced by 
localized water  chemistry within a site, especially in streams where the water 
column bacteria are transient. The  me thod  used in this study for directly count- 
ing the bacteria did not allow us to de termine  whether  they were alive and 
active, dormant ,  or dead; these total counts  therefore cannot  provide an as- 
sessment o f  the health and functioning o f  the populat ion.  

Sediment  bacterial numbers  directly counted  in this study were on the low 
end o f  ranges reported by other researchers for freshwater streams [2, 3, 23, 
35]. Throughout  the study, site PAl ,  whose sediment  organic content was much 
greater than that at all of  the other sites, consistently had the highest numbers  
o f  sediment  bacteria. The organic content  o f  the sediments was highly correlated 
not  only to numbers  of  bacteria, but  also to A T P  and thymidine  incorporat ion 
in the sediment.  Organic carbon appears to be much  more  impor tant  than the 
pH of  the overlying water in influencing sediment  microbial  populations. This 
result agrees with work done by other  researchers, which show sediment bac- 
terial numbers  to be correlated with sediment  organic mat ter  [2, 35]. 

There  were no significant relationships between sediment  bacterial numbers  
and water pH or other water chemistry parameters  related to pH. This is in 
agreement  with the results o f  Bott and Kaplan [2], Boylen et al. [4], Boylen et 
al. [5], and Pa lumbo et al. [35]. The pH o f  sediments has often been found to 
be higher than that of  the water co lumn in acid lakes [ 13, 25], though this was 
not  the case in an acidic Adirondack lake recently studied [38]. Some possible 
reasons for higher pH in aquatic sediments include increased levels o f  nutrients 
and a more  "cons tan t"  env i ronment  [42], higher buffering capacity in the 
sediment  [ 15], and anaerobic microbial  processes that generate alkalinity [24, 
25, 40]. This  last effect would not be relevant  in the Adirondack streams we 
studied, where sediments were thin, patchy, and except for the sediments at 
PA 1, very low in organic matter.  However ,  even the l imited amount  o f  sediment  
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present in the streams represents an env i ronment  in which the microbial  com- 
munit ies  are somewhat protected f rom overlying low-pH waters. 

Measurement  o f  ATP gives an estimate o f  total biomass, not simply bacterial 
biomass.  Sediment ATP levels were within the range o f  those found elsewhere 
[35]. The Adirondack stream sediments had A T P  levels ranging f rom 20 to 
450 ng.g -1 dry weight. These measurements  were within the range found by 
Kaplan and Bott  [23]. However ,  there were no significant correlations of  sed- 
iment  A T P  with pH or ANC o f  the overlying water. There was, however,  a 
significant correlation of  ATP to organic carbon in the sediment in these streams. 
Bott  and Kaplan [2] also found sediment  A T P  to be significantly correlated 
with sediment organic mat ter  in streams in Pennsylvania.  

Sediment  bacterial incorporat ion o f  tr i t iated thymidine into D N A  was low 
but similar to that found by Pa lumbo et al. [35] in their southem streams. As 
in that study, there were significant correlat ions o f  thymidine uptake with 
sediment  bacterial numbers,  and no correlat ions with pH or related water 
chemistry parameters. Once again, the bacterial communi t ies  found in the 
stream sediments seem to be more  influenced by the properties o f  the sediment 
than by those o f  the water above. 

General  information on epilithic microbial  communit ies  is limited. They  
have been studied in terms o f  total bacterial numbers  and activity [27], but 
this work was done using organisms that had been scraped from the rock surface 
and physically dispersed, so the results differed from what would be expected 
in situ. Geesey et al. [18], using phase-contrast  and electron microscopy to 
study the epilithic communi ty  in a small subalpine stream, described dense 
and highly active communit ies  o f  pr imari ly  gram-negative organisms that 
seemed to be responsible for the slime matr ix  in which they were enclosed. 
The  bacteria were enumerated by direct counting methods and were found to 
number  between 7.0 x l05 and 1.0 x 108 cel ls .cm -2 of  surface area. These 
numbers  were several orders of  magni tude greater than those counted per ml 
o f  stream water, and in a shallow stream (<  1 m deep) this made the epilithic 
communi ty  the dominant  bacterial populat ion.  

We followed epilithic microbia l -ATP levels and bacterial-production esti- 
mates and found that despite the protect ive slime matrix, the epilithic com- 
munit ies were affected by water chemist ry  parameters.  The A T P  levels mea- 
sured were very similar to those found by Pa lumbo et al. [36]. These researchers 
found significant correlations of  epilithic A T P  to water pH and A N C and to 
total phosphorus and temperature.  Seasonal trends illustrated the relationship 
o f  rock ATP  and pH: ATP  levels were low in early spring but increased through 
summer  and into the fall. These authors  suggested that the correlat ion with 
temperature  was probably also related to the seasonal, pH-rela ted pattern. 
While many  of  the Adirondack sites had their  highest levels o f  epitithic A TP  
in the fall, no overall seasonal pat tern could be seen. However,  the significant 
correlations between epilithic A T P  and several water chemistry parameters  
related to pH at the Beaver Brook sites agree with other  studies [35, 36]. 

Tri t iated thymidine uptake by the bacteria on rock surfaces in our  Adiron-  
dack streams did not show any seasonal pattern,  nor  was there a significant 
relationship between thymidine uptake and any pH-related chemistry mea- 
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surement .  However ,  the Pancake Creek sites, generally the s t ream system with 
the lowest  pH,  and the two mos t  acidic o f  the Beaver  Brook sites (BE1 and 
B T I )  did have  the lowest levels o f  uptake.  This  is in agreement  with studies 
done  by P a l u m b o  et al. [36] which showed lower  levels o f  thymidine  uptake 
at low p H  sites when compared  to m a t c hed  high p H  sites. 

In order  to de termine  the effects o f  sudden changes in water  chemis t ry  on 
the epilithic microbial  communi t ies ,  a series o f  t ransplant  exper iments  was 
done  at Beaver  Brook sites BE1 and BE3. These  sites were chosen because they 
represented the largest difference in p H  (4.9 to 7.0) and  A N C  ( - 1 6  to 130 
meq/ l i ter )  within a single stream. Rocks,  with their  associated microbial  com-  
munit ies ,  were t ransplanted f rom BE1 to BE3 and  f rom BE3 to BEI .  A T P  
levels and tri t iated thymidine  uptake  was measu red  on control  (unmoved)  and  
t ransplanted  rocks after zero, two, four, seven and  nine days. 

Results  f rom these exper iments  indicated that  epilithic A T P  levels were 
decreased by the change f rom the higher p H  to the lower pH site. Thymid ine  
uptake  was also reduced by moving  the rocks to the lower p H  site, and increased 
by m o v i n g  the rocks f rom the low p H  to the higher  p H  site. This is in agreement  
with t ransplant  studies done by P a l u m b o  et al. [36]. Reduct ion in the bacterial 
t hymid ine  uptake  at lower p H  could have  been due to direct toxicity of  ei ther 
hydrogen ion or a luminum or to' an indirect  effect such as reduced grazing by 
inver tebra tes  on the rocks [32]. 

The  immed ia t e  response of  an organism to adverse  condit ions is not  always 
detected; the schedule of  sampling in this s tudy was not  sufficiently intensive 
to discern shor t - te rm (daily) changes in the microbia l  communi ty .  Very short-  
t e rm changes, on the order of  hours  or  minutes ,  also could not be measured.  
It  is possible that  a detr imental  effect o f  low p H  is realized more  rapidly than 
an amel iora t ive  effect o f  increased pH.  However ,  because o f  the large percentage 
o f  d o r m a n t  bacterial  cells generally found in aquat ic  ecosystems,  the injury to, 
or  recovery  of, the whole c o m m u n i t y  will be staggered. 

The  influence of  multiple env i ronmenta l  factors  on the microbial  c o m m u -  
nities is evident.  Despite  extremely thorough water  chemis t ry  analyses [9, 10], 
relat ively few significant relat ionships could be found between biological and 
chemical  measurements .  
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