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FIGURE 6 Nitrate in Forest Streams (1992-2001). Analysis by the U.S. Geological Survey,

National Water Quality Assessment program.
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FIGURE 7 Average Atmospheric Nitrogen Deposition, 1992-2001.
Analysis by the National Atmospheric Deposition Program.

National Atmospheric Deposition Program/National Trends Network
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A synthesis of 15 years of research at experimental forest
stands in Massachusetts by Magill et al. (2000) showed that
nitrogen concentrations in red pine foliage increased by 100%
and 50% in high N input and low N input plots, respectively,
when compared with control plot foliage. N concentrations
in hardwood stands increased by smaller, but still significant,
amounts (33% and 15% increases in high and low N plots,
respectively). A meta-review of nitrogen excess in North
American ecosystems led Fenn et al. (1998) to conclude that
“increased foliar N and N:nutrient ratios are nearly universal
phenomena in N-saturated forests” (p. 719). Nutrient
addition experiments conducted in Sweden also showed
consistent increases with N inputs in N concentrations and
N:nutrient ratios in needles (Nohrstedt, 2001).

Research in Colorado by Baron et al. (2000) showed that even
low, chronic nitrogen inputs are correlated with significantly
greater foliar N percentage, N:magnesium, N:calcium, and
N:phosphorus ratios. However, research reported by Rueth

et al. (2003) suggests that, as forests approach nitrogen
saturation status, their foliar nitrogen percentage and the
N:magnesium and N:potassium ratios increase more slowly,
with additional N inputs, than in N-limited forests.

Foliar chemistry changes may be useful indicators of nitrogen-
induced changes in terrestrial ecosystems, particularly in
N-limited forests. However, their relatively small geographical
and temporal integrative function can subject them to
significant climatic variation, leading Aber et al. (2003) to
declare that, “synoptic, broad-scale, repeatable sampling,

like that becoming possible for foliage through imaging
spectroscopy ... may be the only method by which foliar
chemistry could be a valuable broad-scale spatial predictor of
forest N status” (p. 387).

Changes in Community Structure

Nitrogen enrichment can have major effects on an ecosystem’s
biota by inducing potential changes in productivity and
competitive interactions. Species that are best able to take
advantage of the increased N supply are likely to out-compete
nitrogen-sensitive species (e.g., nitrogen addition has been
linked to shifts in the balance of N-fixing and non-N-fixing

microbes).

In terrestrial ecosystems, plant species in grasslands have
suffered negative impacts from chronic low level nitrogen
enrichment (Clark & Tilman, 2008; Wedin & Tilman, 1996).
Epiphytic lichens (i.e. lichens that grow on other plants)

have been shown to be particularly sensitive to nitrogen
enrichment. EPA’s (2008) review of the biological effects

of nitrogen deposition revealed that, in parts of Southern
California, “up to 50% of lichen species that occurred

in the region in the early 1900s have disappeared, with a
disproportionate number of locally extinct species being
epiphytic cyanolichens” (p. 4-130). The review also found
well-documented cases of decline of nitrogen-sensitive lichens
in Europe and the Pacific Northwest.

Fenn et al. (2003) summarized eight years’ worth of surveys of
epiphytic lichens in the Pacific Northwest (carried out by the
USDA Forest Service Pacific Northwest Air Resource Program
and the national Forest Inventory and Analysis Program) and
concluded that, in nitrogen-enriched areas, nitrophilous (i.e.
nitrogen-loving) lichens out-competed pollution-sensitive
species. This pattern was particularly pronounced in urban
areas, intensive agricultural regions, and downwind of major
urban and industrial centers. Geiser and Neitlich (2007)
analyzed Forest Inventory and Analysis data collected in
western Oregon and Washington between 1994 and 2001 and
found a positive correlation between nitrogen deposition and
lichen communities dominated by nitrogen-loving species.
Jovan’s and McCune’s (2005) research in California’s Central
Valley also revealed a positive association between nitrogen
deposition (in the form of ammonia) and the abundance and
diversity of nitrophilous lichens. The same researchers used
FIA lichen data to develop a gradient model of ammonia
deposition in the greater Sierra Nevada that attempted to
circumvent the confounding effects of elevation on the
biological impact of air pollution (Jovan & McCune, 2006).
Fenn et al. (2008) developed critical loads from changes in
epiphytic lichen communities, elevated nitrate leaching in
streamwater, and reduced fine root biomass in ponderosa

pine at sites with varying N deposition. It is hoped that such
modeling studies will eventually yield more quantitative
estimates of nitrogen deposition than are currently possible,
but it should be noted that biomonitoring research employing
lichens has been largely concentrated in the West so far.

In aquatic environments, the biovolume, species composition,
and diversity of diatoms (i.e. a group of simple algae that serve
as food for many animals) have been shown to be impacted
by nitrogen enrichment. Baron et al.’s (2000) analysis of

lake sediment records in the Colorado Front Range revealed
that changes in isotopic nitrogen values over the last 100
years were “nearly coincident” with changes in diatom flora,
and neither the algae nor the nitrogen values corresponded
“with other signals of anthropogenic influence recorded

in the lake sediments over this period, such as increases in
atmospherically deposited lead” (p. 358). The researchers also
concluded that the introduction of non-native fish and the
aerial transport of phosphorus to the alpine lakes are unlikely
to explain the “dramatic change” in the diatom communities.
In another project report, Wolfe and colleagues (2001) stated
that, although the rate of reactive nitrogen deposition in the

Tue H. Joun Henz IIT CeNTER For SciENCE, EcONOMICS AND THE ENVIRONMENT



et

e D e
'l-h\ub-*q\_;,'@;_#l -

= "_*:'-ﬁ i,

i
1

e




34

InpicATORS OF ECOLOGICAL EFFECTS OF AIR QUALITY

Front Range “is currently less than half of maximum values
measured in the eastern USA, it is nonetheless sufficient

to induce substantial changes in the structure of algal
communities, and shift sediment nitrogen isotopic signatures
to reflect augmented anthropogenic contributions” (p. 4).

Bioindicators such as lichens and diatoms are useful
integrators of ecological conditions, and changes in nitrogen-
sensitive species can signal the onset of broader pollution-
induced community reorganizations. It is likely that shifts

in diatom and lichen communities occur in many parts of
the U.S., but our knowledge of nitrogen-driven changes in
community structures is still geographically limited (EPA,
2008). There is good evidence that N deposition also impacts
the species richness of grasslands by favoring the growth

of N-demanding species at the expense of less competitive
species (Stevens et al., 2004), but this type of research is also
geographically limited in the U.S.

Nitrogen Enrichment in Coastal Systems

The role anthropogenic nutrient inputs play in aquatic
ecosystems has been widely recognized, and nitrogen
enrichment may be the largest pollution problem facing

coastal waters of the United States (Diaz & Rosenberg, 2008).

Eutrophication can lead to harmful algal blooms (HABs) in
coastal systems,® and cyanobacteria blooms in lakes (Conley
et al., 2009). Increased nutrient loading to coastal waters is
now considered to be one of the major reasons why HABs
are occurring with increasing frequency and duration. The
dynamics of HAB development are complex, as they are
affected by chronic and episodic nutrient delivery. Not all
nutrient rich waters support HABs, and not all HABs occur
in nutrient rich waters (Glibert et al., 2008). There is a
general consensus that further research and characterization is
required (Heisler et al., 2008).

These events, along interannual and interdecadal ocean-
atmosphere oscillations, or regime shifts, can disrupt food
webs, lead to hypoxia, and eventually lead to “dead zones”
(Pew, 2007). There is a synergistic relationship between N
and phosphorus (P) supply and demand, and therefore the
nutrients are in close balance (Davidson & Howarth, 2007).
Opver time, P reduction programs reduced supply of the
nutrient and improved water quality in many lake systems,
but there was not a parallel improvement in estuaries and
coastal systems. This led to recognition of the need to control
N inputs to coastal waters (Conley et al., 2009). Atmospheric
nitrogen deposition resulting from fossil-fuel combustion has
been estimated to contribute up to 30% of the total nitrogen
inputs to coastal marine ecosystems; another 10% of these

6. Note that addition of oxidized, reduced and organic species of nitrogen may
produce different ecological responses (e.g., stimulating particular types of algae).

inputs come from ammonia volatized into the atmosphere
from agricultural sources (Howarth, 2008; Paerl et al., 2007).

Wet and dry deposition of nitrogen to estuaries and coastal
ecosystems can either be direct or indirect. Spatial coverage
of networks measuring wet and dry deposition is inadequate
to produce robust predictions for direct N deposition to
coastal areas, but general estimates are that direct deposition
to surface waters contributes between 1% and 40% of the
total nitrogen inputs to coastal ecosystems, with the direct
deposition being most significant in very large systems or

in coastal systems which have relatively small watersheds in
comparison to the area of their surface waters. The indirect
pathway refers to nitrogen deposited to terrestrial surfaces
that is transported via surface runoff or subsurface flow to
freshwater systems and subsequently released to coastal waters
primarily via river systems. In most coastal systems, this is
the major route by which atmospheric deposition contributes
nitrogen (Howarth, 2008).

There are several possible indicators that might be used to
measure the ecological effects of nitrogen enrichment in
coastal systems. Federal agencies and numerous researchers,
using a variety of quantitative approaches, have developed
estimates of the relative contribution of atmospheric nitrogen
to coastal eutrophication (confounding factors include non-
atmospheric nitrogen sources, watershed properties, climate,
land use, etc.) In order to propose a nationally-relevant
indicator metric for this ecological effect of atmospheric
nitrogen deposition (e.g., change in nitrogen levels in coastal
waters, change in dissolved oxygen, change in chlorophyll

a) further progress in synthesizing and/or scaling up existing
watershed-level work may be needed. It may be possible

to develop an indicator that is more sensitive to changes in
pollutant exposure by focusing on smaller, ‘reference’ estuaries
that are not substantially influenced by other factors such as
major agricultural and point sources.

TecunicaL NOTES

USGS National Water Quality Assessment (NAWQA), U.S.
Geological Survey (USGS). The NAWQA program provides
nationally consistent monitoring of the physical, chemical
and biological condition of streams (water, sediment, fish)
and groundwater in 51 major hydrologic systems (referred
to as study units) in the conterminous U.S., Alaska, and
Hawaii, as well as the High Plains Regional Ground Water
Study. In each study unit, land use and human activities were
characterized so that water quality could be compared across
different land use and land cover types. Between 2001 and
2012, NAWQA monitoring will continue in 42 of the 51
study units completed in the first decade.
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All water samples were collected and analyzed by USGS
according to the overall NAWQA design. Typically,
streamwater samples were collected using depth and width
integrating techniques so that the sample is representative of
the water flowing past the sampling point. Basic sampling
frequency at stream and river sites was monthly with several
additional high-flow samples collected during high-intensity
sampling years and during time periods when concentrations
of certain constituents were expected to be high. To

compute flow-weighted means, mean-annual loads were
estimated by relating individual sample concentrations to the
corresponding stream flow for the date and time each sample
was collected for each site where samples could be fit into a
regression model. The flow-weighted mean concentration was
then calculated by dividing the total load by the total flow.

Data Availability: See http://water.usgs.gov/nawqa for data
access information and program contacts.

Streamwater Nitrogen

The data sources highlighted in this indicator include:
National Atmospheric Deposition Program (NADP). The
National Atmospheric Deposition Program/National
Trends Network (NADP/NTN) is a nationwide network of
precipitation monitoring sites. The network is a cooperative
effort between many different groups, including the State
Agricultural Experiment Stations, U.S. Geological Survey,
U.S. Department of Agriculture, and numerous other
governmental and private entities. The NADP/NTN has
grown from 22 stations at the end of 1978 to over 250 sites
spanning the continental United States, Alaska, and Puerto
Rico, and the Virgin Islands.

For the map presented in the indicator description, an
inverse weighted distance method was utilized for the spatial
interpolation. Sites within 500 kilometers of each grid point
were used in the computations. Color contours were drawn

on this array of grid-point values. Each contour represents the

class of deposition indicated in the legend.

Data Availability: See http://nadp.sws.uiuc.edu/ for data

access information and program contacts.

Organic Soil Carbon to Nitrogen Ratio

The data sources highlighted in this indicator include:
National Soil Survey Characterization Database, National Soil
Survey Center, USDA Natural Resources Conservation Service
Soil Survey Laboratory. Pedons were sampled and analyzed
by horizons. Pedons represent either the central concept of a
soil series, the central concept of a map unit, or unspecified

InpicATORS OF ECOLOGICAL EFFECTS OF AIR QUALITY

sites on a project specific basis. These data include both sites
that are contaminated and non-contaminated. The database
contains more than 30,000 pedons, 80 percent with profile
descriptions, and more than 200,000 samples; the query

for this analysis yielded a sampling size of 2136 sites. These
data are displayed in four geographic layers: Site Info, Major
Elements, Trace Elements, and Selected Characterization Data
(which includes base saturation). The samples were analyzed
using standardized procedures (found at ftp://ftp-fc.sc.egov.
usda.gov/NSSC/Lab_Methods_Manual/SSIR42_2004_view.
pdf).

The land use or cover type was derived by extracting the raster
data from the Enhanced Historical Land-Use and Land-Cover
Data Sets of the U.S. Geological Survey. See http://pubs.usgs.
gov/ds/2006/240/ for more detail. The land use was derived
by extracting the raster data from the National Land Cover
Database (NLCD 2001). See http://www.mrlc.gov/about.php

for more detail.

Note that the C:N ratio was computed from two procedures
for measuring the level of carbon. Organic carbon was
measured using the Walkley-Black method and total carbon
using combustion. Inorganic carbon in the form of CaCO,
was subtracted from the total carbon before computation.

Note: This data source is also proposed for the base saturation
indicator.

Data Availability: See the National Resource Conservation
Service web site at http://ssldata.nres.usda.gov/default.htm for
data access information and program contacts.
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