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Abstract. Dry (NH.i)iSO. (1,800 eq·1 ha·1 yr"1
) has been applied to the western of two contiguous IO ha 

catchments at the Bear Brook Watershed in Maine (BBWM) since November, 1989. The initial rapid and 
significant response in both S and N in West Bear, compared to the reference East Bear, slowed after three 
years. Annual S retention of the total experimental treatment decreased from 86 to 34%, with a seven year 
cumulative retention of 59%. Hydrology influences the export flux of S; S is retained more in dry seasons 
and dry years. The annual retention ofN has decreased from 96 to 81%, with a cumulative retention of82%. 
The export of N from the reference watershed has declined from 178 to 23 eq·1 ha'1 yr" 1 during the treatment 
period. The treatment N (as NH4) initially stimulated nitrification, and caused pre-existing N to be lost in 
runoff, rather than the treatment N. Retention of the treatment N has decreased to approximately 80%. The 
majority of the retained N is stored in the soil, but the reasons for the decreased flux from the reference 
watershed are not known. 

l. Introduction 

Scientific knowledge is incomplete concerning how terrestrial ecosystems influence the 
response of aquatic systems to acidic atmospheric deposition, especially for N (e.g., 
Stoddard, I 994; Aber et al., 1989), and on the recovery of impacted systems. 
Understanding these processes is especially relevant. Implementation of the Clean Air 
Act Amendments of 1990 has resulted in a marked decrease in atmospheric deposition 
of SO4 since 1995 (MacLean, 1998), accelerating the 30 year decline in S deposition. 
Nitrate in deposition is increasing relative to SO4, at the same time that ecosystems in 
the northeastern U. S. are experiencing an overall decline in acidic deposition. 

Sulfate has typically been considered the most important 'mobile anion' for soil 
processes in watersheds affected by acidic deposition, serving as a mobile counter
anion to base cations, Al, or H+ in leaching to surface waters (Church et al., 1989; 
Rochelle and Church, 1987; Johnson et al., 1986; Reuss and Johnson, 1986; Galloway 
et al., 1983; Cronan et al., 1978). In the 1980s, acidification of surface waters was 
generally considered to be a function of the competing rates of cation supply from soils 
and acid anion supply (principally SO4) from deposition (National Academy of 
Sciences, 1984). 

Sulfate adsorption is an important control on short-term S retention (Fuller et al., 
1986; Johnson and Todd, 1984), and is positively correlated with soil acidity (Nodvin et 
al., 1988), particularly below the forest floor. However, acidic northern Spodosols 
seem to retain the least amount of S of the major soil orders {Church et al., 1989; 
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Rochelle et al., 1987). Rochelle et al. (1987) concluded that there was little retention of 
S by soils in glaciated terrain. They found that for many watersheds dominated by 
Spodosols, there was a greater output flux than deposition input, suggesting that there 
were missing sources of S input ( dry deposition or weathering of bedrock S) or that S 
stored during periods of higher deposition was leaching from soils. At the Hubbard 
Brook Experimental Forest (HBEF), NH, export of S exceeded measured bulk 
deposition inputs by 40% for the IO years of record summarized by Likens et al. 
(1977). Similar results have been inferred for other localities by Mitchell et al. 
(1996b), Farley and Werrity (1989), Calles (1983), and Lynch and Corbett (1989). 
Hultberg and Greenfelt (1992) and Rustad et al. (1994) suggested that underestimation 
of dry deposition is a common problem in these studies, and that SO4 dry deposition 
may exceed wet deposition by more than 2-fold (Rustad et al., 1994). Driscoll et al. 
(1998) concluded that dry deposition is an important source ofS at HBEF. 

The question in the late 1990s is why ANC in surface waters of the northeastern U.S. 
is not recovering concurrently with the substantial declines in SO4 deposition. One of 
the possible explanations is continued chronic N deposition from the atmosphere. 
Nitrogen in deposition was not considered important until the late 1980s. Since then, N
saturation has received increasing attention on a hemispheric scale (Aber et al. 1998; 
Mitchell et al., 1996a; Williams et al., 1996; Nodvin et al., 1995; Jeffries, 1995; 
Stoddard, 1994; Kahl et al., 1993; Sullivan, 1993; Murdoch and Stoddard, 1992; Aber 
et al., 1989; Schulze, 1989; Hauhs et al., 1989; Henriksen and Brakke, 1988). 

There is no apparent regional pattern in the U. S. for retention and output flux of N. 
During 1987-94, N flux in surface water from the Catskill Mountains, NY exceeded the 
export from the East Bear reference stream by about a factor of 2. The stream fluxes of 
Nat HBEF and Huntington Forest, NY were similar to runoffN in East Bear (Mitchell 
et al., 1996a). At HBEF, retention ofNH4 and NO3 were estimated at 84% and 85%, 
respectively, although a substantial additional input component from N fixation was not 
quantified. Therefore, Likens et al. (1997) considered that N storage was 
underestimated. At Arbutus watershed in the Adirondack Mountains, NY, export flux 
of 90 eq N ha-• represented a retention of 85% of N deposition (Mitchell et al., 1996b ). 
In Maryland, N export equaled N input for two upland watersheds (Katz et al., 1985). 
Ninety percent N retention is typical of watersheds in many regions (Stottlemeyer and 
Troendle, 1987; Calles, 1983; Wright and Johannessen, 1980). 

In the severely polluted Czech Republic, N outputs were negligible from some 
catchments, despite high deposition (Kram et al., 1997; Paces, 1985). Of the eight 
control sites in the NITREX experiments in Europe, only the three receiving the highest 
N input ( as through fall) leaked significant percentages of N (Bredemeier et al., 1998). 
At the Turkey Lakes Watershed, Ontario, N input ranged up to 2,500 eq-1 ha-• yr-1

, and 
35 to 60% was retained (Nicholson, 1988). In Great Britain, Farley and Werrity (1989) 
reported low retention of N in their experimental reforestation experiments. The 
differences among these data support the hypothesis that land use history may be 
important for N cycling and flux. Fire history may be especially important for control 
ofN retention and flux (Riggan et al., 1993; Buso et al., 1985). 

Results from the NITREX watershed manipulations in Europe (Wright and 
Rasmussen, 1998) suggest that the concept of 'N-saturation' and NO3 export is valid. 
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When more N was added to such sites, the system leaked more NO3 ; when N was 
reduced (even to below the previous ambient), the systems leaked less (Bredemeier et 
al., 1998). However, the response to N additions was not linear; some manipulated 
sites had only minor increases in N export in response to treatment. During nine years 
of experimental HNO3 loading of 7 kg N ha·1 yr·1 at Sogndal, Norway, 90% of the N 
was retained in a 1,900 m2 mini-catchment (Wright and Tietema, 1995). This site had 
the lowest ambient deposition in NITREX (Oise and Wright, 1992; Bredemeier et al., 
1998). Sites with higher ambient deposition showed more linear response to N 
additions, but some of these sites were not calibrated stream watersheds. 

The research described here is part of the whole ecosystem paired-watershed study at 
the Bear Brook Watershed, Maine (BBWM) (Church, this volume; Norton et al., this 
volume). We have added N and Sas dry (NH4) 2SO4 to the 10.2 ha West Bear catch
ment, with the adjacent 10.9 ha East Bear catchment remaining untreated as a reference 
system. During the 1990-1997 treatment of West Bear, the watershed export in 
streamwater has increased for NO3, SO4, base cations, Al, and H+, while ANC has 
decreased. The chemical relationships among several analytes have changed during 
this period (Norton et al., this volume). The focus of this paper is the comparison of 
watershed responses over time and an estimate of the input-output mass balances for N 
and S. Processes governing ecosystem function within the watershed are addressed 
more fully in accompanying articles in this volume. 

2. Methods 

2.1. STUDY SITE 

The Bear Brook Watershed is in eastern Maine at 44°52' N and 68°06' W, 50 km from 
the Gulf of Maine. The watersheds cover the upper 210 m of the southeast slope of 
Lead Mtn (475m). Two nearly perennial, low DOC, low ANC streams drain the 10.2 
and 10.9 ha contiguous watersheds. The forest is mixed northern hardwoods (Fagus 
grandifolia, Acer rubrum, Acer saccharum, Betula alleghaniensis, Betula papyrifera, 
and Acer pensylvaticum) with softwoods at higher elevations (Picea rubens, Abies 
balsamea, and Tsuga canadensis). Soils are coarse, loamy, mixed, frigid Typic 
Haplorthods on till averaging 0.9 m in depth. The bedrock is quartzite and metapelite, 
intruded by granite (Norton et al., this volume). 

2.2. EXPERIMENTAL DESIGN 

The research at BBWM was designed to evaluate the assumptions and behavior of 
watershed acidification models using a whole-watershed response to artificial acidic 
deposition. The research design included a two year period of baseline data collection 
(1987-89) before treatment initiation. The remarkable similarities in chemical and 
hydro logic response of the two catchments (Norton et al., this volume; Norton et al., 
1992), provided a solid foundation for later evaluation of the response of the treated 
versus reference catchment (Cosby et al., 1996; Uddameri et al., 1995; Sullivan and 
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Cosby, 1995; Norton et al., 1994; Kahl et al., 1993). The BBWM experimental design 
allowed us to test the response of West Bear Brook against its pre-treatment period, and 
against the reference response in East Bear Brook. 

2.3. WATERSHED EXPERIMENTAL TREATMENT 

Dry (NH4) 2SO4 has been applied every two months since November, 1989 to the I 0.2 
ha West Bear catchment. The adjacent 10.9 ha East Bear catchment serves as an 
untreated reference. The treatment loading is 1,800 eq·1 ha· 1 yr·1 ofN and S, compared 
to 600 eq· 1 ha· 1 yr" 1 ambient (wet plus estimated dry) N deposition, and 900 eq·1 ha·1 yr· 1 

for (wet plus estimated dry) Sat the start of the experiment in 1989. The experiment 
increases the annual loading ofN (total of measured wet plus estimated dry) by 300%; 
S is increased 200%. The resulting dose to the landscape of the West Bear catchment, 
including the treatment, is now approximately 60% higher than in the highest dep
osition region of North America, about 30% lower than has recently occurred in some 
areas of central Europe, and similar to other experimental addition research 
experiments (Table I). 

TABLE I 

Examples of natural and treatment N and S deposition at watershed sites compared to BBWM. Data are from 

Dise and Wright (1995), Adams et al. (1995), Johnson and Lindberg, (1992), and Bredemeier et al. (1998). 

Site 

Gdrdsj0n, Swe. 
Ysselsteyn, Neth. 
Fernow, WV 
Soiling, Ger. 
BBWM 
Great Smokey, NC 
White Face, NY 
Sogndal, Nor. 
Howland, ME 

Site 

Soiling, Ger. 
Fernow, WV 
BBWM 
Ysselsteyn, Neth. 
Great Smokey, NC 
Gdrdsjoo, Swe. 
Sogndal, Nor. 
White Face, NY 
Howland,ME 

natural N 
900 eq ha·• yr"' 

4200 
1100 
2700 
650 

1900 
1100 

190 
550 

natural S 
4800 eq ha· yr" 
1200 
800 

2300 
1900 
1300 
500 

1000 
580 

treatment 
3500 eq ha·• yr"' 

2500 

1800 

500 

treatment 

2500 eq ha·• yr"' 
1800 

500 

total N dep. 
4400 eq ha·• yr"' 
4200 
3600 
2700 
2450 
1900 
1100 
950 
550 

total S dep. 
4800 eq ha· yr" 
3700 
2600 
2300 
1900 
1300 
1000 
1000 
580 

The treatment is chemically similar to actual deposition at the BBWM because 
precipitation chemistry in Maine, U.S., is dominated by H+, NO3, NH4, and SO4 • As of 
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1995, S in wet deposition at the site had declined to slightly less than a 1: 1 equivalent 
ratio of N:S in wet deposition. Over the course of the experiment, the 1:1 N:S 
equivalent ratio in the treatment approximated the ratio in deposition. The bimonthly 
schedule is a reasonable distribution of acidifying deposition at the site. Up to 80% of 
the annual precipitation loading of solutes has occurred in as few as the 10 largest 
storms in a year. 

The experimental addition of N is modest relative to total N soil pools and to annual 
vegetation requirements. The loading rate of 25 kg N ha-1 yf1 is less than 25% of esti
mated vegetative requirements of 80 to 120 kg-1 ha-1 yf1 (Aber et al., 1991), and only 
about 10% of typical forest fertilization application rates of 200 kg-1 ha-1 yf1 (Allen, 
1987). The annual experimental loading is about 1 % of the estimated total N pool of 
2,500 kg N ha-1 in upper soil horizons at BBWM. 

2.4. CALCULATION OF MASS BALANCES 

Likens et al. (1977) pioneered the use of watershed mass balances at HBEF, NH. The 
relationship is simple. 

storage = input - output (1) 

For N, we define input as wet deposition (measured) plus dry deposition (estimated) 
plus N fixation (not measured) plus treatment. N output is stream output of inorganic 
(measured) and organic N (estimated) plus denitrification (not measured). For S, we 
define input as wet deposition (measured) plus dry deposition (estimated) plus 
treatment. Output of S is through stream flow as inorganic S (measured). A negative 
value for storage in equation (1) is a net outflux and a positive value is retention within 
the watershed. 

We have made the following assumptions: 
1. Particulate flux is assumed to be neglible in these clearwater streams with low 

concentrations of suspended solids. Changes in particulate flux are not likely to be 
related to the experiment until there is physical disturbance in the forest. 

2. Neither N nor S are derived from chemical weathering of the mineral soil or 
bedrock. The SO4 source in streamwater at BBWM is atmospheric, with little or no 
bedrock source (Stam et al., 1992). An apparent lack of S isotopic fractionation 
within the watersheds indicates that abiotic processes control S chemistry, rather 
than more complex biotic and redox factors. 

3. Gaseous losses of N and S are low (e.g., we assume denitrification is low because 
most of the soils at BBWM are well-drained) and unchanged by the treatment. 
Gaseous gains (N-fixation) are assumed to be the same for both watersheds and 
unchanged by the treatment. 

4. Substantial inputs of water and solutes occur as cloud water and fog, based on data 
collected by a fog collector operated at the summit of Lead Mountain for several 
years (Norton et al., this volume). Quantification at the watershed-scale of this 
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input of water and solutes from this device has not occurred. However, inputs 
should be comparable for the two watersheds. 

5. Substantial inputs of some solutes occur as dry deposition. Rustad et al. (1994) 
estimated dry deposition of S and Cl at BBWM is at least 2 times the wet input. 
The calculations in this paper use a dry deposition estimate of 2 times for both S 
and N. The values in Figures 4 and 6 are derived for each watershed as [wet plus 
estimated dry deposition](plus treatment for West Bear) minus [stream flux]. No 
direct measure is available for dry deposition to our sloping, irregularly surfaced, 
and heterogeneously forested mountainside. Although there are uncertainties in 
estimates of dry deposition of S and particularly N, dry deposition should be 
comparable for both watersheds. Thus differences between the two watershed 
budgets that evolve during the treatment are assumed unrelated to changes in dry 
deposition to either of the watersheds. 

6. Organic S is low in the discharge. Organic N was measured for several years. It 
was a small percentage of the total N (dominantly NO3) and was unchanged in 
absolute amount as a result of the treatment. 

7. Concentrations of S and especially N increased in the treated watershed vegetation 
and forest floor (Wang 1993, and White et al. this volume) but the mass changes 
were small compared to the treatment and output values. 

The application of equation (I) to the real world is not simple (Gorham et al., 1979). 
Data requirements also include interpolation of stream chemistry during the period of 
the discharge record without samples. The methods used to estimate mass balances at 
Bear Brook are described below. 

Calculation of wet deposition input 

The input term at Bear Brook is the product of chemistry and water deposition volume 
from two NADP-style Aerochem-Metrics wet-only precipitation collectors with Belfort 
gauges for volume measurement. These stations are operated on a standard NADP 
Tuesday collection schedule (NADP, 1986). One is located at the East Bear Brook 
weir, and one is at a mid-elevation station (the 'Camp'). The Camp station was not 
operated in 1997. At the Camp station, we operated an independent Belfort gauge with 
a U.S. Weather Service shield to reduce turbulence around gauges and increase the 
accuracy of wet deposition measurement. During 1989-95, this gauge collected 5.8% 
more water than the companion Belfort gauge located 6 meters away. Therefore, the 
Belfort precipitation volume data are increased by +5.8% each year. 

Aerochem™ or Belfort collectors may report only part of a precipitation event 
because of malfunction, wind patterns, or evaporation of the sample. These devices can 
not collect more sample than actually fell. Therefore, we used the higher total 
precipitation value at the Camp or the East Bear Belfort stations for each weekly value 
used to calculate deposition flux. This procedure yields total annual deposition 
estimates for Bear Brook that are higher than either gauge estimates individually (Table 
II). Precipitation and water yields from the nearest NADP station at Acadia National 
Park generally agree with these estimates of wet deposition (Table II). There are only 
minor differences in chemistry between Camp and East Bear precipitation, and no 
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consistent seasonal pattern (Table III). We multiplied the weekly chemical 
concentrations from the Camp station (East Bear if Camp station data were unavailable) 
by the maximum weekly volume for the total input of chemical constituents from wet 
deposition. The annual deposition is the cumulative sum of the weekly deposition data. 

TABLE II 

Annual water yields for East and West Bear Brook. Data are in meters of precipitation or runoff. 
Precipitation at Acadia National Park, Maine (ANP) is the nearest NADP station and is included for 
reference. 

year ANP BBWM East Bear West Bear 
precipitation runoff yield runoff yield 

1989 1.42 1.42 0.95 64.5 % 1.02 70.5 % 
1990 1.53 1.41 0.90 61.7 0.93 64.6 
1991 1.42 1.44 0.97 64.8 1.05 71.9 
1992 1.21 1.17 0.76 62.4 0.80 67.6 
1993 1.48 1.06 0.72 65.2 0.77 70.9 
1994 1.44 1.38 0.92 66.5 1.05 77.0 
1995 1.48 1.21 0.65 52.0 0.64 51.6 
1996 1.53 1.78 1.19 66.8 1.02 57.3 
1997 1.15 1.35 0.85 62.9 0.79 59.6 

mean 1.40 1.36 0.88 64.8 0.89 65.6 

TABLE III 

Volume-weighted precipitation chemistry at the East Bear weir and the mid-elevation 'camp' station, 1990-
1996. Units are µeq 1"1 except for volume and pH 

Variable n camp n weir 

cm 305 113 312 110 
pH 290 4.71 300 4.69 
cond. 290 15.4 302 15.3 
Ca 297 3.5 305 3.0 
Mg 297 3.3 305 3.3 
K 297 1.2 305 1.0 
Na 297 11.7 305 12.9 
NH. 299 7.1 308 6.9 

Cl 305 14.8 31 I 16.6 
NO1 305 14.0 312 13.9 
so. 305 23.5 312 22.9 

Calculation of N and S in stream output 
Calculating fluxes of input and output are different. Atmospheric wet input of water and 
chemistry occurs in discrete precipitation events that are nearly completely sampled. In 
contrast, the output process operates continuously, but we sample it discontinuously. 
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For each year, we have up to 8,784 values of hourly discharge data, but typically fewer 
than 250 samples for chemistry. The challenge of calculating output fluxes is the 
interpolation of chemistry to provide a value for each discharge observation. The 
annual solute fluxes are the sum of (:5: 8,784 values of discharge)*( concentration for 21 
chemical variables)*(n). 

Scheider et al. ( 1978) and Dillon et al. ( 1982) provided a summary of the methods for 
calculating output budgets. The two methods involve different procedures for 
interpolating chemistry between samples, or for summing annual chemical flux using 
various assumptions. The simplest method for watersheds with continuous discharge 
and periodic chemistry is to calculate a volume-weighted mean concentration for each 
analyte, and multiply by the annual water flux. This method is biased by any tendency 
to collect at certain stages of flow, and underestimates the influence of the largest 
discharge episodes and the peak of most hydrographs. 

A better method interpolates stream chemistry to provide a reasonable value for each 
value of hydrology, by using a concentration-discharge calculation for each analyte. 
Unfortunately, concentration-discharge relationships typically apply to only one storm 
or one season (Scheider et al., 1978). Differences in antecedent conditions, flow paths, 
and biotic influences prevent consistent relationships among seasons or years. Scheider 
et al. (l 978) suggest two alternatives for assigning chemistry to each value of 
discharge. For each interval of discharge data between chemistry samples, l) assign the 
value for chemistry at the beginning of the interval to all values of hourly discharge 
until the next sample for chemistry is taken, or 2) assign the chemistry value as the 
midpoint of the discharge interval. Scheider et al. (l 978) infer that method 2 is the 
better method because the value of chemistry assigned to each discharge is closer in 
time to the actual sample. For their nutrient budgets, they determined that method 2 
was at least 4% more accurate than method 1. 

At Bear Brook, we use an extension of method 2 of Scheider et al. (l 978). Our 
method calculates a linear interpolation between adjacent stream chemistry data, and 
assigns the interpolated chemical concentration to each value of discharge between 
actual samples. During low flow when concentrations are not changing, our 
interpolation is accurate even when applied over a week or more (lower panel, Figure 
1). In the example of Figure 1, 33 samples were collected from West Bear Brook in 
June, and the results approximate a concentration-discharge relationship for each 
hydrologic episode. In contrast, 11 samples were adequate in June (low flow) to 
represent the output of N03 during that month. This method is superior to method 2 
because we have a large number of samples per year, and collect several samples 
during most of the significant hydrologic episodes. We approximate a concentration
discharge relationship by collecting several samples during a single storm hydrograph 
(upper panel, Figure 1). At high flow, our interpolations span shorter periods, so each 
interpolative segment between samples spans a relatively short, quasi-linear portion of 
the hydrograph (Figure 1 ). Because this relationship is based on data for each period, 
there is no seasonal bias in the relationship that would occur if we used a generalized 
concentration-discharge relationship. The relationship holds at both high (upper panel 
in Figure 1) and low flow (lower panel). 
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Fig. I. Results from the interpolation routine used to calculate output fluxes. 
Interpolated chemistry is shown by dashed lines and discharge by solid lines. 
Squares indicate actual samples. 
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The most likely error in calculating output flux results from automated sampling 
equipment failure. Missed samples during periods of changing discharge may cause the 
interpolation model to assign incorrect values for chemistry. However, this problem 
exists only until the next chemistry sample occurs in the data record, after which 
reasonable interpolated values will be generated based on actual data. Thus, any error 
will be propagated in the data for no more than a few days, and will be a small 
percentage of the yearly record. Such errors can be identified easily by graphical 
inspection, and estimated values for chemistry at critical points on the hydrograph can 
solve this calculation problem. 

3. Results and Discussion 

3. I CHANGES IN THE CHEMISTRY OF AMBIENT DEPOSITION 

The period of record at BBWM (1987-1997) reveals the partial success of the 1990 
Clean Air Act Amendments (CAAA) in decreasing the concentration of S in 
precipitation (Norton et al., this volume). From 1988 to 1994, S deposition exceeded N 
deposition (Figure 2). Beginning in 1995, the pattern reversed, with N deposition 
becoming greater by a small amount. This reversal coincided with the implementation 
of Phase I controls in the CAAA, which reduced S much more than N. Both ambient 
deposition and the experimental treatment have an equivalent N:S ratio of 
approximately l: l. These results are typical of recent data from the eastern U.S. 
(Lynch et al., 1995). 

3 .2. WATERSHED FLUX OF N 

Experimental treatment began in November 1989. The response of West Bear relative 
to East Bear was rapid and statistically significant (Uddamari et al., 1993). The N 
response of West Bear relative to East Bear has been relatively consistent since 1991 
(Figure 3). The relatively constant higher (than east Bear) fluxes ofN after 1990 may 
be related to regional climatic factors that have changed in the 1990s. Beginning in 
1991, NO3 concentrations and flux in EB have declined to near zero (NH4 has always 
been near zero in both streams). At the same time West Bear has retained a relatively 
constant proportion of the sum of precipitation and treatment N (Figure 4). The yearly 
pattern of N retention in West Bear is proportional to that of East Bear (Figure 4). 
Mitchell et al. (1996a) suggested that a climatic factor has driven the N response in the 
northeastern U. S .during this period. 

Prior to treatment, N retention at BBWM was 96%. For the experimental period, we 
have calculated the retention of the experimental (NH4) 2SO4 by assuming that the flux 
of N from EB and WB would have been the same if the experiment had not occurred. 
Therefore, the fractional loss of treatment N from West Bear is: 

loss (eq ha·1 yr·1
) = [(outputws-outputEB)/(input1reatmen1)] (2) 
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Fig. 4. Input-output budget for N in East and West Bear watersheds. 

and the retention is: 

retention(%)= [l- [(outputw8 -outputEB)/inpu1:ireatmentl x 100] 

2000 

(3) 

West Bear retained 94% of the treatment in the first year of treatment (1990), and this 
retention has slowly declined to 81 % of the experimental treatment added in each year 
(Table IV). The yearly retention and the cumulative retention are approaching the same 
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value (82%). The annual retention values decreased until 1995. The annual retention of 
N in 1997 was equivalent to adding approximately 1 % to the total soil N, and supplying 
approximately 20% of the annual vegetation requirements. At the NITREX N research 
sites in Europe (Wright and Rasmussen, 1998), different forms of N, including 
NH4NO3 and NaNO3 , were added to a variety of watersheds ranging from low N input 
(<3 kg ha-1 yr"1

) (Sogndal, Norway) to >18 kg N ha-1 yr"1 (Klosterhede, Denmark). 
Retention was very variable and not directly comparable to that at BBWM because of 
the different chemical forms ofN. Retention ofNH4 at all the NITREX sites is >90% 
whereas retention ofNO3 is typically much lower. 

TABLE IV 

Yearly and cumulative retention of S and N resulting from the treatment of the West Bear Brook 
watershed at BBWM. The calculations use the reference stream as the natural experimental control, 
assuming that the flux from West Bear without treatment would have equaled those from East Bear. The 
differences between West and East Bear are inferred to be the response to treatment from which the 
annual and cumulative retentions are calculated. 

Year Cumulative Annual N Cumulative Annual S Cumulative 
Nor S (eq ha-1

) retention N retention retention S retention 
from treatment % % % % 

1989 0 0 0 0 0 
1990 1886 94.0 94.0 86.3 86.3 
1991 3791 81.7 87.8 72.8 79.5 
1992 5603 80.9 85.6 73.6 77.6 
1993 7415 77.9 83.7 66.0 74.7 
1994 9227 78.4 82.7 41.4 68.2 
1995 11039 78.0 81.9 63.0 67.3 
1996 12851 80.8 81.7 36.8 63.0 
1997 14663 81.3 81.7 33.7 59.4 

The retention of N in West Bear is higher than expected based on watershed 
characteristics. McNulty et al. (1991) found that BBWM had forest floor properties 
such as higher% N, and lower lignin:N and C:N ratios compared to other New England 
sites, suggesting BBWM would be less retentive for added N. The relatively slow rates 
of N mineralization in coniferous forest soils of northern New England due to acidic 
soil conditions and high C:N properties may have been offset by relatively high foliar N 
concentrations. Wang et al. (this volume) report significantly greater N potential 
mineralization in the treated forest floor under hardwoods (the dominant forest type at 
BBWM) after three years of treatment, but no significant effect under softwoods. 
Because soil solutions from the treated watershed showed a gradual increase in NO3 

concentrations (Fernandez et al., this volume), N cycling in the lower mineral soil may 
play a key role in the ecosystem-level processing of added N and subsequent N 
mineralization and nitrification. 

A plot study adjacent to West Bear utilized HNO3 treatments (Nadelhoffer et al., 
1995). When added as dilute 15N-enriched HNO3, 14% of the added 15N was 
sequestered in green leaves and wood, 15% of the N was sequestered in litter, forest 
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floor, and top of the mineral soil, and 65% of the experimental NO3-N was presumably 
retained in the lower mineral soil. More than 75% of the dry treatment NH4-N was 
retained in the soil and forest floor in the West Bear treated watershed (Nadelhoffer et 
al.,1993, 1994, 1995). The increased NO3 export in stream water (Kahl et al., 1993; 
Norton et al., this volume) was primarily from 'old' N, not N derived from the NH4 

treatments. Our (NH4) 2SO4 experiment appears to have initially stimulated nitrification 
of old N, rather than leaching of the new N, which was applied as NH4• 

3.3. WATERSHED FLUX OF S 

The initial response for S after the beginning of treatment was also rapid and significant 
(Uddamari et al., 1993). The increase of SO4 (eq ha-1

) in West Bear was double the 
initial response for NO3 and increased to almost 3-fold the N response by 1997 (Figure 
5). With the exception of the dry year in 1995, the export of SO4 has continued to 
increase relative to East Bear (Figure 5). 

In contrast to the clear retention ofN in both watersheds (Figure 4), the consistent net 
loss of SO4 from East Bear (Figure 6) indicates that our estimate of dry S deposition as 
2-fold wet may be too low. An adjustment for this factor would decrease the values of 
the response for East and West Bear individually, but would not change the 
experimental response (the difference between East and West Bear) shown by the black 
bars in Figure 5. The 'missing' input term for Smay be S desorbed from soils, stored 
during prior years of higher S deposition. This possibility may be tested as we collect 
additional mass balance estimates, because 1995-97 have the lowest residual S in the 
mass balance term in East Bear. The period of this study has seen substantial declines in 
S concentrations in precipitation due to the implementation in the mid-1990s of Phase I 
of the 1990 Clean Air Act Amendments. The decline of SO4 in East Bear over the last 
decade is concurrent with the decline in concentration of SO4 in atmospheric 
deposition. This observation suggests close linkages between changes in atmospheric 
deposition and SO4 concentrations in East Bear. Even though the amount of S stored in 
soils is large compared to the annual atmospheric flux, the labile S pool is 
comparatively small. 

Retention of the treatment S was 86% in the first year, and has declined to 34% in 
1997 (Table IV). Almost 60% of the treatment S has been retained from 1989 to 1997. 
Data from other watershed studies suggest that the loss of SO4 may slow as soils are 
acidified from the added N (producing NO3) coupled with the mobile anion SO4 • The 
acidification would increase the SO4 adsorption capacity (Nodvin et al., 1986). While 
the pHs of the 0, E, and upper B horizons were likely too low to have been acidified 
appreciably by the treatment, acidification further along flow paths is clear from the 
stream chemistry (Norton et al., this volume). Sulfur retention in soils is as inorganic S 
under both softwood and hardwood soils (Fernandez et al., this volume). Previous 
work on plots adjacent to BBWM also showed that H2SO4 treatments increased SO4 

adsorption largely in the inorganic SO4 fraction rather than ester or carbon-bonded SO4 

(Mitchell et al. 1994). This inorganic fraction was presumably adsorbed as a result of 
increased soil solution SO4 concentrations and decreased pH. David et al. (1991a, 
1991 b) using laboratory column experiments, showed that a BBWM Spodosol adsorbed 
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SO4 in the sesquioxide-rich B horizon. The majority of S at BBWM is in organic 
fractions, but the inorganic S pool is the most active pool, and apparently governs 
solution S flux (Dhamala and Mitchell, 1995). 

4. Conclusions 

Mass balance calculations for a treated and untreated watershed at the Bear Brook 
Watershed in Maine show that annual and cumulative retention of experimental N 
amendments has leveled off at about 80% after nine years of treatment. The export of N 
from the reference watershed has declined to near zero in just seven years, for unknown 
reasons. Retention of NH4 is nearly 100%. Despite chronic additions of N and a 
relatively rapid response to treatments by NO3 concentrations and export in West Bear, 
the majority of the N treatment is retained. 

The annual retention of treatment S has declined to less than 34% after nine years, 
with the cumulative retention below 60% over the course of the experiment. Yearly 
flux is strongly influenced by hydrology, with greater retention of S in dryer seasons 
and years. The mass balance for S indicates that West Bear has lost increasingly greater 
percentages of S relative to East Bear, unlike the response for N. These responses are 
occurring in an environment of declining S emissions and deposition. Beginning in 
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1995, N deposition became greater than S deposition for the first time. Despite this 
trend in deposition, both SO4 and NO3 concentrations in surface waters are declining in 
East Bear (Norton et al., this volume) and region-wide (Mitchell et al., 1996a; Stoddard 
et al., 1998). 

The contrasts between N and S input-output budgets reflect both the level of inputs 
and the different roles of biology in the response of these two elements. Increasingly 
smaller proportions of S are retained, and retention is largely abiotic. The majority of 
the N is retained in the watershed, presumably reflecting biological retention in the soil 
and the growing forest. Because of the character of the N retention, we expect recovery 
from elevated N deposition to be significantly longer than for S. 



NITROGEN AND SULFUR INPUT-OUTPUT BUDGETS 

Acknowledgments 

129 

This research was funded in part by US EPA cooperative agreements CR82 IO 14, CR 
813 599, and CR81626 I. This paper has not been reviewed by the agency and does not 
necessarily reflect the views of the agency. No official endorsement may be inferred. 
Additional financial support was provided by the University of Maine Water Research 
Institute and the Vice-Provost for Research at the University of Maine. Champion 
International has graciously allowing us use of their land for this research. This is 
contribution #2272 of the Maine Agricultural and Forest Experiment Station. 

References 

Aber, J. D., Magill, A., McNulty, S. G., Boone, R. D., Nadelhoffer, K. J., Downs, M., Hallett, R.: 1995, 
Water, Air, Soil Po/lut. 85, 1665-1670. 

Aber, J. D., Melillo, J.M., Nadelhoffer, K. J., Pastor, J., Boone, R.: 1991, Ecol. Applic. l, 303-315. 
Aber, J. D., Nadelhoffer K. J., Steudler P., Melillo, J.M.: 1989, Bioscience. 39, 378-386. 
Aber, J., et al.: 1998, Bioscience. 48, 921-934. 
Adams, M. B., Edwards, P. J., Kochenderfer, J. N.: 1993, J. Hydro/. 150, 505-519. 
Allen, H. L.: 1987, J. Forestry. 85, 37-46. 
Bredemeier, M. et al.: 1998, Forest Ecol. Manage. 101, 57-64. 
Buso, D. C., et al.: 1985, Watershed interactions affecting pond acidification. UNH WRRC final report, 

Durham NH. 
Calles, U. M.: 1983, Hydrobiologia. 101, 13-18. 
Church, M. R.; 1997, Annu. Rev. Earth Planet. Sci. 25, 23-59. 
Church, M. R., Thornton, K.W., Shaffer, P. W.: 1989, Direct/Delayed Response Project: Future Effects of 

Long-term Sulfur Deposition on Surface Water Chemistry in the Northeast and Southern Blue Ridge 
Province. EPN600/3-89/061a-d, U.S. Environmental Protection Agency, Washington, D.C., 887 pp. 

Church, M. R., Thornton, K. W., Shaffer, P.W.: 1992, Direct/Delayed Response Project: Future Effects of 
Long-term Sulfur Deposition on Surface Water Chemistry in the Mid-Appalachian Region of the Eastern 
United States. EPN600/R-92/186, U.S. Environmental Protection Agency, Washington, D.C., 384 pp. 

Cosby, B. J., Norton, S. A., Kahl, J. S.: 1996, Sci. Total Environ. 183, 49-66. 
Cronan, C. S., et al.: 1978, Science. 200, 309-311. 
David, M. B., Vance G. F., Fasth, W. J.: 1991a, Soil Sci. 151, 136-145. 
David, M. B., Vance, G. F., Fasth, W. J.: 1991b, Soil Sci. 151, 208-219. 
David, M. R, Vance G. F., Kahl, J. S.: this volume. 
Dhamala, B. R., Mitchell, M. J.: 1995, J. For. Res. 25, 234-243. 
Dillon, P. J., Jeffries, D., Scheider, W.: 1982, Water, Air, Soil, Pollut. 18, 241-258. 
Oise, N. B., Wright R. F. (eds.).: 1992, The NITREX project (Nitrogen Saturation Experiments). 

Norwegian Institute for Water Research, Oslo, Norway. 
Oise, N. B., Wright, R. F.: 1995, For. Ecol. Manage. 71, 153-161. 
Downs M., Michener, R., Fry, B., Nadelhoffer, K.: this volume. 
Farley, D. A., Werrity, A.: 1989, J. Hydro/. 109, 351-368. 
Fernandez, I. J., Rustad, L. E., David, M. B., Nadelhoffer, K., Mitchell, M.: this volume. 
Fuller, R. D., Mitchell, M. J., Krouse, H. R., Wyskowski, B. J., Driscoll, C. T.: 1986, Water, Air, Soil 

Pollution 28, 163-171. 
Galloway, J. N., Norton S. A., Church, M. R.: 1983, Environ. Sci. Technol. 17, 451-545. 
Gorham, E., Vitousek, P., Reiners, W.: 1979, Ann. Rev. Ecol. Syst. 10, 53-84. 



130 J. KAHL ET AL. 

Hauhs, M., Ret al.: 1989, Summary of European Data. in The Role of Nitrogen in the Acidification of Soils 

and Surface Waters, Malenchuck, J., Nilsson, J. (eds.), Nordic Council of Ministers, Milj~rapport, 1989-10, 

p. 5-1 to 5-37. 
Henriksen, A. Brakke, D. F.: 1988, Water, Air, and Soil Pollution 42, 183-201. 
Hultberg, H., Grenfelt, P.: 1992, Environ. Po/lut. 75, 215-222. 
Jeffries, D.S.: 1995, Water, Air, Soil Pollut. 85, 433-438. 
Johnson, D. W., Lindberg S. E. (eds.): 1992, Atmospheric Deposition and Forest Nutrient Cycling. Spring-

Verlag, New York. 707 pp. 
Johnson, D. W., et al.: 1986, Water, Air, Soil Po/lut. 30, 965-980. 
Kahl, J. S., et al.: 1993, Environ. Sci. Technol. 27, 565-568. 
Katz, B. G., Bricker, 0., Kennedy, M.: 1985, Am. J. Sci. 285, 931-962. 
Kram, P., et al.: 1997, Biogeochemistry. 37, 173-202. 
Likens, G. E., et al.: 1977, Biogeochemistry of a Forested Watershed. New York, Springer-Verlag. 146 pp. 
Lynch, J. A., Bowersox, V. C., Simmons, C.: 1995, Precipitation chemistry trends in the United States, 1980-

1993. Summary Report, National Atmospheric Deposition Program. NREL, Ft. Collins, CO. 103 pp. 

Lynch, J. A., Corbett, E.: 1989, Water Resources Research. 25, 1695-1703. 
MacLean, B.: 1998, Address to the New Governors Conference, Portland, ME, 
McNulty S. G., Aber, J. D.: 1993, Can. J. Forest Research. 23, 1252-1263. 
McNulty, S. G., Aber J. D., Boone, R. D.: 1991, Biogeochemistry. 14, 13-29. 
Mitchell, M. J., et al.: 1996a, Environ. Sci. Technol. 30, 2609-2612. 
Mitchell, M. J., Raynal, D., Driscoll, C.: 1996b, Water, Air, Soil Po/lut. 88, 355-369. 
Nadelhoffer, K. J., et al.: 1995, Oecologia. 103, 292-310. 
Nadelhoffer, K. J. Fry, B.: 1994, Nitrogen isotope studies in forest ecosystems. Chapter 2 in K. Lajtha, 

Michner, R. (eds.), Stable Isotopes in Ecology, Blackwell Scientific Publications, Oxford, UK. pp. 22-44. 

Nadelhoffer, K. J., eta/.: 1993, Biological sinks for nitrogen additions to a forested catchment, pp. 64-70. in 

L. Rasmussen, Brydges, T., and Mathy, P. (eds.): Experimental Manipulations of Biota and 

Biogeochemical Cycling in Ecosystems: Approach, Methodologies, Findings. Ecosystems Research Report 

No. 4 of the Commission of European Communities. ECSC-EEC-EAEC, Brussels-Luxembourg. 
Nat. Acid. Precip. and Assess. Prog.: 1990, National Acid Precipitation Program Report to Congress, 

Washington, D.C. 
National Academy of Sciences: 1984, Acid Deposition: Processes of Lake Acidification. 11 pp. 

National Acid Deposition Program (IR-7)/National Trends Network: 1990. NADP/NTN Coordination 

Office. Natural Resources Ecology Laboratory, Colorado State University, Fort Collins, CO 80523. 
Nicholson, J. A.: 1988, Can. J. Fish and Aquatic Sci. 45, 88-95. 
Nodvin, S. C., Driscoll, C. T., Likens, G. E.: 1986, Biogeochemistry 5, 185-199. 
Nodvin, S.C., et al.: 1995, Water, Air, Soil Po/lut. 85, 1647-1652. 
Norton, S. A., eta/.: 1994, Forest Ecol. Manage. 68, 61-73. 
Norton, S. A., Wright, R. F., Kahl J. S., Scofield, J.P.: 1992, Environ. Pollut. 77, 123-128. 
Norton et al.: this volume. 
Paces, T.: 1985, Nature. 315, 31-36. 
Reuss, J. 0., Johnson, D. W.: 1986, Ecol. Studies. 59, 1-155. 
Riggan, P. J., et al.: I 994, Environ. Sci. Technol. 28, 369-375. 
Rochelle B. P., Church, M. R.: 1987, Water Air Soil Pollut. 36, 61-73. 
Rochelle, B. P., Church, M. R., David, M. B.: 1987, Water Air Soil Po/lut. 33, 73-83. 
Rustad, L. E., et al.: 1993, Agric. Ecosyst. Environ. 47, 117-134. 
Rustad, L. E., Kahl, J. S., Norton, S. A., Fernandez, I. J.: 1994, J. Hydrology. 162, 319-336. 
Rustad, L.E., et al.: 1996. Soil Sci. Soc. Am. J. 60, 1933-1943. 
Scheider, W. A., Moss, J. J., Dillon, P. J.: 1978, Measurement and uses of hydraulic and nutrient budgets. 

Proc. Nat'I Conf. On Lake Restoration, NALMS. August 1978. EPA 440/5-78/00 I. 
Schulze, E.D.: 1989, Science. 244, 776-783. 
Stam, A. C., Mitchell, M. J., Krouse, H. R., Kahl, J. S.: 1992, Water Resources Research. 28, 231-239. 
Stoddard, J. L.: 1994, Long-term changes in watershed retention of nitrogen: It causes and aquatic 

consequences. in Baker, L. A. (ed.) Environmental Chemistry of Lakes and Reservoirs. Advances In 

Chemistry Series, No. 237, American Chemical Soc., Washington, D.C., 223-284. 
Stoddard, J. L., Driscoll, C. T., Kahl, J. S., Kellogg, J.: 1998, Ecol. Applic. 8, 288-299. 



NITROGEN AND SULFUR INPUT-OUTPUT BUDGETS 131 

Stottlemyer, R., Troendle, C.: 1987, Trends and input-output balances, Fraser Experimental Forest, CO. 
USGS Forest Service paper RM-275. 

Sullivan, T. J.: 1993, Environ. Sci. Technol. 27, 1482-1486. 
Sullivan, T. J., Cosby, B. J.: 1995, Water, Air, Soil Pollut. 85, 2607-2612. 
Uddamari, V., Norton, S. A., Kahl, J. S., Scofield, J. P.: 1995, Water, Air, and Soil Poll. 79, 131-146. 

Wang, Z.: 1993, Influence of soil type and forest vegetation on the distribution of forest floor nitrogen at the 
Bear Brook Watershed in Maine (BBWM). M.S.Thesis. University of Maine, Orono, Maine. 

White, G. et al., this volume. 
Williams, M. W., Baron, J. S., Caine N., Sommerfeld, R., Sanford, R. Jr.: 1996, Environ. Sci. Technol. 30, 

640-646. 
Wright, R. F., Johannessen, M.: 1980, Input-output budgets at gauged catchments in Norway. Drablos and 

Tollan (eds), SNSF, 1980. 
Wright, R. F., Tietema, A.: 1995, For. Ecol. Manage. 71, 133-142. 
Wright, R. F., Rasmussen, L.: 1998, The whole ecosystem experiments of the NITREX and EXMAN 

projects. For. Ecol. Manage. 101, pp.1-363. 


