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Abstract- We analyzed three kinds of information to evaluate the potential of forests in the Chesapeake Bay 
watershed to retain the nitrogen in atmospheric deposition. Long-term (13:~) measurements of nitrogen in 
precipitation and stream discharge for one forested watershed in the Inner Coastal Plain showed consistently 
high nitrogen retention. Annual wet precipitation deposited an averagk of U.4 kg N/ha, of which 46% was 
nitrate and 26% ammonium. Dry deposition of nitrate estimated by net throughfall was 24% of wet nitrate 
deposition. The forest lost an average of 1.95 kg N/ha in annual stream discharge, of which 83% was organic- 
N. Stream discharges of nitrate and ammonium were only 3.2 and 5.4% of wet deposition inputs. A 1-year 
broad-scale survey indicated low nitrate outputs from forested watersheds in a variety of geological settings 
within the Chesapeake drainage. Nitrate concentrations were markedly higher in streams draining watersheds 
with some non-forested land, particularlv cultivated lands. Consistentlv low nitrate o u t ~ u t s  from a variety of 
forested watersheds suggest thHt high ni&ogen retention is a common feature of forests k the Chesapeake ~a~ 
watershed. A literature study indicated that of 25 forested watersheds where precipitation inputs and stream 
discharges were measured, 21 retained most of the inorganic N from atrnosp'heric' inputs. 

* 

A worldwide concern has developed over how forests will respond to long-term high rates of atmo- 
spheric deposition, particularly of nitrogen and acid. According to a paradigm proposed in the 
1980s, young aggrading forests efficiently retain nutrient inputs, but as forests mature they retain 
less and less of any nutrient inputs 111. More recently, a hypothesis has developed that forests be- 
come nitrogen saturated as a result of chronic high rates of atmospheric deposition [2-61. A nitro- 
gen saturated forest stops exhibiting net incorporation of nitrogen inputs, so the flux of nitrogen in 
watershed discharge approximately equals the nitrogen input from atmospheric deposition. How- 
ever, deposited nitrogen may still be assimilated and recycled before being discharged [7, 81. A 
forest's response to chronically high atmospheric loading also depends on the tree species composi- 
tion. Much of what is known about nitrogen cycling within various types of forests has been summa- 
rized in recent reviews [g-U]. 

One way to evaluate the effects of atmospheric deposition on forest ecosystems is to measure input 
and output mass balances, thereby treating the forest as a black box. This mass balance approach is 
best applied at a watershed level by comparing atmospheric inputs with watershed stream dis- 
charges. One of the best examples of an input-output analysis of a forest ecosystem was Hubbard 
Brook in the White Mountains of New Hampshire, where bulk precipitation inputs and accurately 
gauged stream outputs were measured for U years [U] .  Many other input-output studies of forested 
watersheds have been done for shorter periods or with less thorough sampling. For example, one 3- 
year study in Sweden compared bulk precipitation to stream outputs, which were measured by con- 
tinuous stream gauging (but only biweekly grab sampling of stream chemistry (131.) Another 
Swedish study of three gauged basins sampled bulk precipitation and stream chemistry only 
monthly for 10 years [14]. In the White Mountains of New Hampshire, bulk ~recipitation was mea- 
sured, but stream discharge volumes were extrapolated from nearby Hubbard Brook, and stream 
chemistry was grab sampled biweekly [15]. A %year study in the Vosges Massif in north-eastern 
France measured bulk precipitation inputs and stream outputs, but fluxes of ammonium and nitrate 
must be inferred from other data in the article [16]. Balances were measured for two years in Massa- 
chusetts 1171, for three basins in Sweden [18], and for three years in the Colorado Rockies [19]. All 
of these studies reported data for both nitrate and ammonium, but most did not report organic-N. 
Clearly, some were completely forested watersheds, but for others, land use composition was un- 
clear. 
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We have been measuring input/output mass balances for a completely forested watershed in the 
coastal plain of Maryland. Balances for 1 year [20] and for 4 years [21] have previously been re- 
ported. As in the other studies cited above, we used wet or bulk precipitation data as inputs to the 
forested basins. Here we report a nitrogen balance spanning a longer (13-y) period, including esti- 
mates of and results of dry atmospheric deposition from a 30-month intensive study. 

To complement our long-term study of one small forested basin, we report the relationship between 
the relative proportion of forested and non-forested land and stream nitrate concentrations for 153 
Chesapeake Bay subwatersheds in the Coastal Plain, Piedmont, Great Valley, Ridge and Valley, and 
Appalachian Plateau physiographic regions [22]. Finally, we compare results from these Chesapeake 
watersheds to other forests reported in the world literature. 

Methods 

Long-Term Forest Watershed Study 
Our long-term study watershed (#110) is a 6.3-ha subwatershed of the Rhode River basin at 38'53'N, 
76O35'W (20 krn south of Annapolis MD) on the inner mid-Atlantic Coastal Plain on the western 
shore of Chesapeake Bay (Figure 23-1) [23]. The mean annual rainfall from a 160-y record is 108 cm, 
and this precipitation is distributed evenly throughout the year, while mean January and July tem- 
peratures are 1.6 and 25.2OC, respectively [24]. Watershed 110 has an average slope of 8.3% and 
sandy loam soils from the Eocene Nanjemoy formation [20,21,25]. Mean pH of the surface 60 cm 
of soil is 4.9, and organic matter content is 4.2% [26]. The soils are naturally very rich in both nitro- 
gen and phosphorus [26,27]. The watershed is underlaid by an impervious clay layer, the Marlboro 
Clay, which forms an effective aquiclude and allows the discharge of both surface and groundwater 
to be measured by a V-notch weir on the first-order stream draining the basin [23,281. Bedrock is 
located hundreds of meters below the aquiclude [29] and does not affect the chemistry of the 
stream. 

The entire watershed is vegetated with mixed hardwood deciduous forest dominated by white, 
southern red, and black oaks (Quercus alba, Q. falcata, Q. velutina); pignut and mockernut hickories 
(Carya glabra, C. tornentosa); tulip poplar (Liriodendron tulip$era); and sweetgum (Liquidanzbar 
styrac$ua) [30]. The forest has a well-developed understory dominated by dogwood (Con~usflorida) 
and ironwood (Carpinus caroliniana) in the upper watershed and by black haw (Viburnum dentaturn) 
and spicebush (Lindera benzoin) in the lower watershed [30]. Ninety percent of the watershed has 
never been cleared and was only selectively logged before 1940 [27]. The remaining 10% was aban- 
doned from farming in 1940. 

Wet-only precipitation was collected on an event basis with an Aerochem Metrics model 301 Sam- 
pler, bulk precipitation was collected with a polyethylene funnel on the top of a 13 m high tower, and 
precipitation volume was measured daily with a standard weather-bureau manual rain gauge at a 
weather station near the tower. Wet and bulk deposition samples were collected after each precipi- 
tation event of more than 0.5 cm, and the sampler was then cleaned [31]. Dry deposition was esti- 
mated as the difference in flux between bulk precipitation and throughfall on the forest floor 
[32-341. Nine fiberglass-lined funnels, each of one square meter area, were placed a t  positions se- 
lected from a stratified random grid. Another identical collector was placed at the nearby weather 
station to collect bulk precipitation samples. All precipitation events were sampled from June 1986 
through November 1988. 

Stream discharge was sampled at a sharp-crested 120' V-notch weir equipped to take volume- 
integrated composited samples representative of the chemical composition of the discharge [23,351. 
Samples were composited for one week intervals in plastic bottles with sulfuric acid preservative. 
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Figure 23-1 Map of Chesapeake Bay watershed showing Rhode River long-term study site and 6 clusters where I-y 
grab sample study of streams draining 153 watersheds was conducted. (RR) Rhode River; (LF) Little 
Falls; (CR) Conestoga River; (BC) Buffalo and White Deer Creeks; (GB) German Branch; and (OCP) 
Owego, Catatonk, and Pipe Geeks. Upper inset shows location in eastern U.S.; bottom inset shows a 
cross-section through 3 major geological provinces of the watershed. 

Grab samples were also taken without preservative at various stream stage heights to allow analysis 
of both dissolved and particulate fractions and to relate those concentrations to the effects of stream 
discharge rates. 

Nitrate was analyzed by automated colorimetry using hydrazine sulfate reduction to nitrite and a 
Technicon autoanalyzer I1 (method no. 696-82W) and by Dionex ion chromatography. Ammonium 
was analyzed by the hypochlorite oxidation technique 1361. Kjeldahl N was digested according to 
1371 and the resultant ammonium was steam distilled and analyzed by Nesslerization [36]. Grab 
samples from streams were analyzed for Kjeldahl N before and after filtration, and the difference was 
considered to be particulate Kjeldahl N. Triplicate analyses were routinely performed on about 10% 
of the samples to provide a constant check on analytical precision. Adequacy of the digestion for 
Kjeldahl N was checked by spiking samples with guanine, and recoveries were greater than 94% of 
added guanine. Whenever analytical techniques were changed, comparability was checked by cab- 
bration against the same standards and, in most cases, comparative analysis of samples by both old 
and new techniques. Our most recent analytical methods for nitrate were checked by analysis of 
National Institute of Standards and Technology certified standards for acidic rainwater. Our results 
agreed with the NIST certified concentrations within the standard errors. 

Stream Nitrate Concentrations across the Chesapeake Bay Watershed 
The broad geographic sampling involved a total of 153 subwatersheds of Chesapeake Bay in six 
"clusters" of nested watersheds (Figure 23-1) [22]. Two clusters were in the Coastal Plain at the 



Rhode River (13 basins) and the German Branch (23 basins) of the Choptank River on the Eastern 
Shore near Centreville MD. One cluster was on Little Falls of the Gunpowder River (21 basins) in the 
Piedmont in Baltimore County MD and York County PA. Another cluster was in the Great Valley 
region on the Conestoga River (36 basins) near Lancaster PA. One cluster was in the Ridge and Valley 
region on the Buffalo and White Deer Creeks (24 basins) near Lewisburg PA. The sixth cluster was 
in the Appalachian Plateau region on Owego, Catatonk, and Pipe Creeks (36 basins) near Owego NY. 

The stationswere sampled 8 times from July 1992 to June 1993. Each time, all stations were sampled 
over a 3- to 4-d period. Samples were immediately filtered through Millipore HA filters (nominal 
0.45 p pore size) that had been prewashed with distilled water. Filtered samples were immediately 
placed on ice and stored at 4 O  C until analysis of nitrate by ion chromatography. 

Land use for these basins was obtained from a land cover classification of the entire Chesapeake Bay 
watershed [381. The classification was based on Landsat TM data and classifies land cover for 28 x 
28 m pixels into 6 categories (high intensity developed, low intensity developed, herbaceous, woody, 
exposed, and water). Overall classification accuracy was 90% for interior pixels of land cover patches, 
and accuracy was highest for the forest and water classes [%I. We also used an earlier version of the 
land cover classification that further separated the herbaceous class into cultivated land, grasslands, 
and herbaceous wetlands. These classes were lumped in USEPA'S final product because of inconsis- 
tencies and low accuracy [38], but we have found that the cultivated category is highly correlated 
with actual cropland at the county scale (obtained from 1391) and more strongly correlated with our 
stream nitrogen concentration than the grassland category (D. E. Weller, unpublished data). 

Results 
Long-Term Forest Watershed Study 
Bulk precipitation nitrogen fluxes at the Rhode River site have fluctuated from about 1 to almost 10 
kg total-N/ha-season over the study period (Figure 23-214). The organic-N component of bulk pre- 
cipitation varied the most, especially in the spring season. Bulk precipitation of all three nitrogen 
fractions peaked in the spring and was lowest in the winter (Table 23-1). Inorganic-N accounted for 
71% of the total nitrogen. The ratio of nitrate-N to ammonium-N was 1.76 for the complete year, but 
ranged from a winter high ratio of 2.5 to a spring low of 1.4. 

Wet-only deposition fluxes (Table 23-1) were somewhat lower, averaging 92, 92, and 86% of bulk 
precipitation fluxes of nitrate, ammonium, and organic-N, respectively. However, in the spring wet 
deposition of organic-N was only 60% that of bulk deposition. Wet deposition of nitrate peaked in 
the summer and had a minimum in the fall, while ammonium-N and organic-N deposition both 
peaked in the spring and were lowest in the winter. Inorganic-N accounted for 72% of wet deposi- 
tion. The ratio of nitrate4 to ammonium-N was 1.77 for the complete year, but ranged from a win- 
ter high of 2.2 to a spring low of 1.4. Seasonal means of wet deposition of nitrate varied over 5-fdd 
(Figure 23-3). See Jordan et al. [31] for data on other components of bulk and wet deposition at this 
site and for statistical trend analyses. 

Dry deposition of nitrate, as estimated from net throughfall, also was highly variable (Figure 23-31, 
but was always lower than wet deposition. The mean for the ten seasons measured was 0.314 kg 
-N/ha-season or 1.25 kg NO;-N/ha-y. 

Stream nitrogen discharges were always much lower than wet or bulk precipitation inputs (Figure 
23-2B, Table 23-1). On average, 83% of the nitrogen discharged was organic-N, and 60% of this or- 
ganic% was in suspended particulates. Only 8.3% of the stream discharge was ammonium-N, and 
13% of this was in suspended particulates. Compared to precipitation, a much higher percentage of 
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Figure23-2 Long-term (A) inputs of nitrogen in bulk deposition and (B) outputs of nitrogen in stream discharge 

from forested watershed l l0  at Rhode River site 

the stream nitrogen was organic-N, and a much lower percentage was nitrate. Stream discharge 
fluxes of all three forms of nitrogen peaked in the spring. 

The long-term data for dry and wet deposition, stream discharge, and forest "retention" of inorganic 
nitrogen are summarized in Table 23-2. We estimated dry deposition inputs in two ways: by assum- 
ing that dry deposition equals average net throughfall and by assuming that dry deposition equals 
wet deposition. The effects of these two options on the percentage of retention are minor since very 
little inorganic nitrogen is discharged in the stream. There is considerable interannual variability 
when annual bulk precipitation input is plotted against annual stream discharge (Figure 23-41, but 
bulk precipitation inputs far exceeded stream outputs in all years for nitrate, total inorganic-N, and 
total-N. 

Stream Nitrate Concentrations across the Chesapeake Bay Watershed 
In our broad survey of the Chesapeake Bay watershed, stream discharges from basins that were 
mostly forested had consistently low nitrate concentrations. All 13  watersheds that were at least 85% 
forested averaged less than 0.7 mg NOS-N/L in stream discharge (Figure 23-5A). Nitrate concentra- 
tion was even more sensitive to the presence of cultivated land (Figure 23-5B). Discharges from ll 
watersheds that were less than 2.5% cultivated land averaged less than 0.5 mg NO;-N/L, but some 
watersheds with as little as 3% cropland averaged more than 1 mg NOS-N/L. Average nitrate concen- 
tration increased with the percentage of non-forested land, but the rate of increase was different for 
the six dfferent clusters (Figure 23-5A). Nitrate concentration rose even more steeply as the percent- 
age of cultivated land increased (Figure 23-5B). 

Watershed 110 at the Rhode River site was included in the broad survey. Its average stream nitrate 
concentration from the 8 spot samples was 0.11 mg NOS-N/L, quite close to the long-term average 
of 0.66 mg NO;-N/L estimated by continuous, volume-integrated stream sampling. 

Discussion 

Long-Term Forest Watershed Study 
A major finding of the long-term study is the consistently low level of nitrogen in the stream dis- 
charges from the completely forested watershed, reflecting nearly complete retention of nitrogen by 
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Table 23-1 Mean wet and bulk deposition and stream discharge from forested Rhode River Watershed 110 from 
Spring 1981 through Winter 1994 except Bulk deposition. which began in Winter 1979. Volumes are in 
cm and nitrogen fluxes are in kg N/ha. 

Season Volume Nitrate Ammonium Organic-N Total-N 

Wet deposition 

Winter 
Spring 
Summer 
Fall 
Year 

Bulk deposition 

Winter 
Spring 
Summer 
Fall 
Year 

Stream discharge 

Winter 
Spring 
Summer 
Fall 
Year 

the forest (Table 23-2). Atmospheric bulk deposition at the Rhode River site in Maryland is in the 
upper portion of the range reported for six other sites in this region [40] and has been high for at 
least 20 years [31]. Total nitrogen deposition is even higher when estimates of dry deposition are in- 
cluded (Table 23-2). Stream discharge is low despite the high deposition. The apparent forest reten- 
tion does not necessarily mean long-term storage in the watershed; it also includes gaseous loses to 
the atmosphere and may reflect effective denitrification in the riparian zone [41]. Nitrogen does not 
escape measurement by moving into deeper aquifers because the underlying clay aquiclude forces 
groundwater to emerge to the gauged stream before leaving the watershed. The essentially complete 
retention of inorganic deposition inputs (Table 23-2) indicates that this forest is not approaching 
nitrogen saturation. 

Stream discharge was so low that nitrogen retention was essentially complete despite the large un- 
certainty in estimating dry deposition (Table 23-2). Dry deposition in the forest of watershed 110 
would be expected to be very high relative to other habitats since this mature forest has a high leaf 
area index and a very "rough" canopy surface. Net throughfall probably underestimates nitrate dry 
deposition because forest canopies often assimilate inorganic-N from precipitation. In some decidu- 
ous hardwood forests there is less nitrate in throughfall than in precipitation [42-44], indicating a 
high rate of uptake of nitrate by the forest canopy. In other deciduous hardwood forests there is sig- 
nificantly more nitrate in throughfall than in precipitation [33,34,45-511. These divergent results 
could be due to differences in soil fertility and thus tree nitrogen demand, or to differences in the 
duration and magnitude of atmospheric nitrogen loading. In one study a beech forest was fertilized 
with ammonium nitrate and a large increase in both nitrate and ammonium in net throughfall was 
observed for.severa1 months [52). In other studies net throughfall was found to be depleted of nitrate 
in forests on poor soils, but enriched in nitrate in forests on richer soils [53,54]. Another study found 
a positive correlation between atmospheric deposition rates and net throughfall nitrate flux [321. 
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Figure 23-3 Nitrate flux in (e)  wet deposition and (m ) forest net throughfall at Rhode River site 

Table 23-2 Inorganic nitrogen input/output budget for Rhode River Forested Watershed 110 (All values are kg 
N/ha-y unless otherwise indicated.) 

Atmospheric deposition 

K t  Dry WTF) Dry = Wet Stream discharge Forest Iretenhon" 

Thus net throughfall of nitrate is more likely to reflect dry deposition rates in forests that have high 
deposition rates and rich soils, such as the Rhode River site. 

Our net throughfall estimates of dry deposition also did not include nitrate in stemflow, which 
ranges from 2.9% to 11.2% [34,45,51] of the nitrate in throughfall. Therefore, our net throughfall 
fluxes probably underestimated the washoff of nitrate from the forest canopy by about 5 to 10%. 
Also, bulk deposition averaged 0.47 kg NO;-N/ha-y more than wet-only deposition, and this could 
be treated as an estimate of coarse particulate dry deposition that should be added to the nitrate 
measured as net throughfall. The value 0.47 is close to a reported estimate of 0.52 kg NO?-N/ha-y for 
coarse particulate deposition in a northern hardwood forest 1431. 

Stream Nitrate Concentrations across the Chesapeake Bay Watershed 
Discharges from forested basins in 6 geoiogic/physiographic regions of the Chesapeake drainage 
had low nitrate concentrations, suggesting that high retention of nitrogen inputs and lack of nitro- 
gen saturation are general characteristics of forests in the Chesapeake drainage. Higher nitrate con- 
centrations in streams draining watersheds with small amounts of non-forested land suggest an 
important caveat for interpretation of reported data from "forested" watersheds. Precise, spatially 
detailed information on land use composition is critical because only a small percentage of 
nonforested land (particularly cultivated land) can significantly elevate nitrate effluent and make the 
data unrepresentative of completely forested systems. In our experience, very few watersheds of any 
size are completely free of houses and agricultural activities. 
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Figure 23-4 Annual stream outputs of nitrogen versus bulk precipitation inputs at  Rhode River watershed 110. (A) 
nitrate only, (B) inorganic nitrogen, and (C) total nitrogen. Along diagonal lines, output would equal 
input. Data are for the 16 years. 1978-1993. 

x Cultivetea Lana 

Figure 23-5 Average stream nitrate concentration versus percentage of (A) nonforested land and (8) cultivated land 
for watersheds in 6 different clusters in Chesapeake Bay drainage: (0) Rhode River; (A) Little Falls; (0) 
Conestoga River; (+)Buffalo and White Deer Creeks: (x) German Branch; and (0) Owego. Catatonk. 
and Pipe Creeks (see Figure 23-1). 
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Figure 23-6 Literature survey of nitrogen inputs and outputs for forested watersheds (see Table 23-3). (A) nitrate 
outputs versus precipitation inputs, (B) inorganic nitrogen input and output, and (C) total nitrogen 
input and output. Along diagonal lines, output would equal input. 

Comparisons with Other Nitrogen Input/Output Studies 
In a survey of the scientific literature, most of the temperate forest watershed studies we found re- 
ported high retentions of inorganic-N from precipitation inputs, but four reported essentially no 
retention of inorganic-N (Figure 23-6). We compared precipitation inputs to stream discharges for 
Rhode River watershed 110 and 30 other forested watersheds (Table 23-3, Figure 23-6). Forested 
watersheds fell into two groups. In one group, 21 forested basins (including the Rhode River site in 
Maryland) retained much of their inorganic nitrogen inputs. The group of four watersheds that re- 
tained essentially no inorganic-N included The Bowl and Hubbard Brook in the White Mountains of 
New Hampshire, Fernow control watershed 4 in West Virginia, and Strenbach in the Vosges Massif 
in France. It is not clear that the Strenbach site is truly an undisturbed forest [161. However, Hubbard 
Brook and The Basin in New Hampshire and Fernow watershed 4 are clearly completely forested, SO 

these forests may be cases of nitrogen saturation. 

Total nitrogen data were available for only five of these basins, but we found 5 tropical forest basins 
in Puerto Rico and Malaysia where total nitrogen was measured (Table 23-3, Figure 23-6C). Inor- 
ganic nitrogen fractions were not reported for the 5 tropical forests. The 3 forests in Puerto Rico ex- 
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Table 23-3 Literature sources for nitrogen input/output data on forested watershed (Figure 23-6) 

LocatiodName Yrs Data #Watersheds Reference 

Total N 

Marylandfihode R. #I10 
New Mexico/Tesque 
Malaysia/Mendolong W3.W6 
Puerto Rico/Luquillo 

Additional studies where only inorganic N was reported 

France/Strenbach 
SwedenDanterstra 
Sweden/Solm.. Kass., Vuodd. 
SwedenRl, F2, F3 
NWHubbard Brook 
NH/the Bowl 
MABickford 
WV/Fernow #4 
NUCoweeta 
TN/Walker Br. 
CO/Como Cr. 
N W e s q u e  
OlUAndrews 

1 Thcs paper 
4 [551 
2 [561 
3 I571 

ported more nitrogen than they received in bulk precipitation, but much of this was in the form of 
suspended particulates. The 2 Malaysian forests had net nitrogen retentions but retained propor- 
tionately less nitrogen than the 5 temperate forests, including the Rhode River site. 

Conclusion 
Our data from the Rhode River watershed and watersheds in diverse geological regions of the Chesa- 
peake drainage showed consistently low nitrogen discharges from forested watersheds. Stream out- 
puts from the Rhode River forest were so low that nitrogen retention was nearly complete regardless 
of whether nitrogen input by dry deposition was estimated conservatively or liberally. Results re- 
ported for forests in other areas of the world showed low nitrogen retention, possibly because of 
nitrogen saturation. However, we found no evidence in our own data or in the literature for low ni- 
trogen retention or nitrogen saturation in forests of the Chesapeake Bay watershed. 
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