1) Abstract: This study examines N and C concentrations and loads among tributaries of the Hood Canal, an estuary in Washington, USA.  Monthly monitoring of 43 tributaries for 2 years was used to estimate loading rates and flow-weighted mean concentrations.  Principle component analysis and multiple regression models were used to predict flow-weighted mean particulate and dissolved N, C, and Si concentrations based on land cover, soil type, population density, and watershed physical characteristics.  In the optimal dissolved inorganic N (DIN) model, deciduous mixed forest and population density had positive effects, though there were equally probable DIN models with coefficients for land cover only or soil only.  Total (dissolved + particulate) organic N was best explained by a model with positive coefficients for deciduous mixed forest and organic/wetland soil types, though an equally probable model had only positive terms for organic/wetland soils and glacial till.  Organic carbon models were similar to organic N models.  Together, the models show N export higher in watersheds with wetlands and deciduous mixed forest, likely due to mineralization of organic soils, connectivity between soil water and streamwater provided by wetlands, and/or N fixation by red alder (Alnus rubra), a common dominant in deciduous mixed forest.  There is also some evidence of hydrologic control of total dissolved N (TDN) export, with the total annual freshwater TDN load to Hood Canal similar between a wet and dry year.
2) Introduction

a) Globally human activities have increased the input of mineralized nitrogen into terrestrial ecosystems approximately two fold (Vitousek et al 1997).  
i) Other general N/eutrophication sentences.

b) Background :  The Hood Canal is a deep, stratified fjord-like estuary that is a tributary of the Puget Sound (need citation).  Dissolved oxygen (DO) in deep waters declines in summer due to strong density stratification and settling and decomposition of algal biomass from the surface mixed layer.  Low summer and early fall dissolved oxygen has been measured since the 1950s (Collias et al 1974), but recent fishkills have brought attention to DO concentrations in Hood Canal and an effort to characterize watershed N loads and concentrations.  This paper documents 2 years (January 2005 – December 2006) of subsequent monthly monitoring of dissolved nutrient (N, C, P, and Si) concentrations and loads in 43 tributaries of the Hood Canal, Washington.  
c) The focus has been on: 1) characterizing seasonal patterns of surface freshwater N and C loads and concentrations, and 2) assessing the effect of land use/land cover, population density, soils, and other watershed characteristics on nutrient concentrations.  
d) The study is important because it examines possible anthropogenic N cycling effects among watersheds with relatively low loading rates (~1 – 5 kg dissolved N/ha/yr) and low population densities (15 people/km2), while many other watershed nutrient loading studies have focused on human effects in more urbanized watersheds of Europe and the eastern U.S. where loading rates are commonly 5 to greater than 15 kg N/ha/yr.  
e) The 43 sampled watersheds include 1) largely undeveloped watersheds of the Olympic Mountains, with steep dominated by mature coniferous forest, 2) lowland watersheds of the Puget Trough.  We are using these 43 diverse watersheds to look at:
i) Land Cover/Land Use Effects on N and C
(1) Population Density: Are population density effects present along a gradient from uninhabited to suburban/semi-rural watersheds.
(a) Human Waste Inputs: There is no centralized wastewater treatment in Hood Canal watershed.  Estimates of annual per person human waste N loads are approximately 4 kg (citations).  Can this be seen in elevated streamwater N discharge?
(b) Other Human N inputs are fertilizer runoff and fallout from fossil fuel combustion.  Seitzinger et al (2002) used regression models, with population density, atmospheric deposition rates, water runoff rates as predictors, to estimate per capita N loads globally of 4 kg/year, including all human effects.  
(2) Alder and N fixers: Alder studies from northeast, Washington, and the one from coastal Oregon.
(3) Other land cover effects:
(a) Impervious surfaces

(b) Filling/draining wetlands: Denitrification and mineralization effects.

ii) Hydrologic Control of N and C 
(1) Flushing: Other studies (e.g. Bechtold et al – Queets River) show high soil N concentrations during dry years and low soil nitrate concentrations during wet years, with an inverse pattern in streamwater and subsurface flow concentrations.  Is N load effectively constant interannually ?
(2) Seasonal hydrologic processes, such as snowmelt, affect N speciation and concentrations.  Seasonal hydrologic and biotic effects on N speciation may be difficult to separate because seasonal shifts coincide.  High nitrate concentrations are observed in the wet season, (at least in Pacific Northwest…need to see if elsewhere too).  This may be caused by: 

(a) Accumulation of soil/snowpack N during the wet season via litterfall, snow and rain when there is little biological uptake,
(b) Stimulation of N mineralization in soils during spring warming.
(3) Watershed-specific hydrologic characteristics, such as the fraction of flow routed into surface and subsurface pathways, influence N and C entrainment and transformations.  In Chesapeake Bay piedmont and coastal plain streams, Jordan et al (Jordan Correll Weller 1997) found NO3 discharge associated with high base flow indices and organic N and C associated with low base flow indices (high surface runoff).  

iii) Soils

(1) Soil Organic Matter

(2) Transmissivity – glacial till
(3) Wetlands: Exchange flow between soils and streams.

3) Methods

4) Results

5) Discussion

a) Separating Land Cover/ Soil Effects
i) Wetland/organic soils affect organic N and C.  This pattern was also observed in a survey of 850 streams across conterminous US (Scott Harvey Alexander Schwarz.  2007.  Dominance of organic nitrogen from headwater streams to large rivers across the conterminous United States.).  TON is 46.3% of TN.  
ii) Glacial till (Soil_PCA3) is a term in several of the NO3/DIN models and others.  It is also has a positive effect on DOC/POC/TOC.  Glacial till effects may be flow routing/hydraulic conductivity effects.
iii) Population density and land cover (DMF):  These apparently affect DIN, but there were equally probable models based on land cover only or soils and physical characteristics only.  This may indicate some kind of more simple pattern (e.g. less N in Olympic Mtn streams than lowland).

(1) Alders: Compare observed areal loading rates with the reported kg/ha/yr alder effects.  Is the enrichment above atmospheric loading rate on right scale?

(a) In a study of 26 small (<3000 ha) Oregon Coast watersheds that were on average 17% red alder, nitrate and DON concentrations correlated with broadleaf cover (r2 = 0.65 or 0.68), after watersheds < 5 km from coast were excluded.  On average, loading rates were 13.6 (range = 2.4 to 30.8) kg/ha/yr, higher than in the Hood Canal tributaries, where the average loading rate was 2.6 kg/ha/yr.  
(b) In the Washington Wind River site, N flux from the surface 0.8 m of soil was 5.1 kg/ha/yr in conifer stands 25.9 kg/ha/yr.  In Cascade Head Oregon, export rates were 21.4 and 50 kg/ha/yr in conifer and mixed stands respectively.    DON was 78% of leached N from Washington site and 28% leached from Oregon sites.  (BINKLEY D, SOLLINS P, BELL R, SACHS D, MYROLD D…BIOGEOCHEMISTRY OF ADJACENT CONIFER AND ALDER-CONIFER STANDS… )
(c) Alder fen in Germany enriched surface water at a rate of 24.6 kg/ha/yr (Busse and Gunkel 2002), while denitrification was a loss of 1.02 kg/ha/yr.
(d) 37 – 43 kg N/ha/yr by specked alder (Alnus incana ssp. rugosa) in Adirondacks.
(e) N fluxes in Wisconsin pure speckled alder stands (Alnus incana ssp. rugosa) were 4.69 kg ha-yr and 0.84 kg ha yr in a mixed quaking aspen (Populus tremuloides)/speckled alder stand (Younger and Kapustka 1983)
(2) Population Effect: Compare observed loading rates with the reported kg/ha/yr population effects (people/ha * 4 kg/person/yr).  Is the enrichment above atmospheric loading rate on this scale?
(3) Conclusions about population/DMF effects:  Both DMF and population density in this case are spectral signatures associated with disturbance.  

(a) Difficult to use regression models to estimate percentage of loads from DMF/population density.  Positive residuals in concentration are associated with large rivers.  Alternatively, regression of DMF and population density versus loading rate (kg DIN/ha/yr) shows a population density DIN load of 214 (77 – 351) tonnes. This is 43% (16 – 71%) of the measured DIN load, and 23% (38 – 84%) of TN load.
b) Watershed Physical Characteristics Effects

i) Slope is a significant term in several of the N models.  Slope and highly correlated variables appear in C models as well.  
(1) Steep, mountainous watersheds in this dataset have more precipitation as snow, and, presumably, shorter water residence times.  
(2) The mountainous watersheds also differ from the others geologically.  The Kitsap/Lowland watersheds have glacial landforms, weakly developed channel networks, and annual hydrographs shaped by groundwater recharge/discharge.
ii) Silicate – Weathering intensity is important.  The Si concentrations are higher in the Kitsap/Lowland, and elevation, slope, and other mountain-related characteristics have negative coefficients in regressions against concentration.  Area – normalized loading rates show the inverse pattern, with highest Si loading rates in the mountainous watersheds, particularly the Skokomish River (due to high specific runoff and rain dominated hydrograph).
c) Hydrology: 
i) Total TDN load to the estuary was almost identical (0.2% change) between a dry and wet year where flows differed by 25%.  DIN load was only 5% higher in a wet year.  PN was 57% higher, possibly because of greater entrainment of particulates with more precipitation.
ii) There was a high area-normalized TDN loading rate from a watershed (Skokomish River) with a high specific runoff.  This is consistent with model results of Seitzinger et al which show that, possibly because of flushing intensity, the tropics have highest proportion of anthropogenic and atmospheric N loads discharged as streamwater N loads.
iii) DON / PN spring peak in the Olympic Mountain rivers coinciding with snowmelt in March and April, especially in spring 2006 when peak snow water equivalent was 71% greater than in spring 2005.  Mineralization under snowpack,etc……..
