7. L. R. Koller, Ultraviolet Radiation (Wiley, New
York, ed. 2, 1965).

8. Because the R-B meter’s response is about 2 to 3 nm
toward the longer UVB wavelengths, the SU was
introduced. A meter count of 440 may produce a
typical sunburn reaction to untanned Caucasian
skin. For an overhead sun this is equivalent to a
minimal erythema dose [D. S. Berger ¢t al., in
Impacts of Climatic Change of the Biosphere (Climatic
Impact Assessment Program Monograph 5, Depart-
ment of Transportation DOT-TST-75-55, National
Technical Information Service, Springfield, VA,
1975), pp. 2-235 to 2-263]. In energy values this
amount of biologically effective radiation (relative to
297 nm) is referred to as the minimal erythema dose
(MED) and is equivalent to approximately 25 to 35
mj/cm? (9). In a recent review of solar radiation
dosimetry (10) the R-B meter was shown to be
sensitive to the erythema action spectrum and dis-
played a high degree of correlation with measure-
ments of solar radiation obtained from other spec-
troradiometric instruments.

9. J. DeLuisi and J. Harris, J. Atmos. Envivon. 17, 751
(1983).

10. B. L. Diffey, Photochem. Photobiol. 46, 55 (1987).

11. This consists of a 75-W short-arc xenon lamp with a
current controlled to within +0.01%. A WG305
filter removes UVC (radiation of shorter wave-
lengths than 290 nm). The output of the xenon arc
lamp is checked two to four times a year against a
standard lamp. Variations in output from the xenon
arc lamp are further monitored by another detector.
The uncertainty of the overall calibration accuracy
appears to be about 3% [D. S. Berger, Photochem.
Photobiol. 24, 587 (1976)].

12. L. Machta, G. Cotton, W. Hass, W. Komhyr, in
Proceedings of the Fourth Conference on the Climatic
Impact Assessment Programs, T. M. Hard and A. J.
Broderick, Eds. (Department of Transportation
Publication TSC-OST-75-38, Springfield, VA,
1975), pp. 405-411.

13. D. S. Berger and F. Urbach, Photochem. Photobiol.
35, 187 (1982).

14. G. C. Tiao, Am. Star. 37,459 (1983); G. C. Reinsel
and G. C. Tiao, J. Am. Stat. Assoc. 82, 20 (1987).

15. D. S. Berger, in Human Exposure to Ultraviolet
Radiation: Risks and Regulations, W. F. Passchier
and B. F. M. Bosnjakovic, Eds. (Elsevier Science,
New York, 1987), pp. 213-221.

16. T. R. Fears, J. Scotto, M. A. Schneiderman, Am. J.
Epidemiol. 105, 420 (1977).

17. A. Houghton, E. W. Munster, M. V. Viola, Lancet
1978-1, 759 (1978).

18. T. R. Fears and J. Scotto, Cancer Invest. 1 (No. 1),
119 (1983).

19. J. G. Titus, in Proceedings of the International Confer-
ence on Health and Envivonmental Effects of Ozone
Modification and Climate Change (U.S. Environ-
mental Protection Agency and the United Nations
Environment Programme, Washington, DC, 1986).

20. R. R. Jones, Lancer 1987-1, 443 (1987).

21. We thank L. Machta of the National Oceanic and
Atmospheric Administration for valuable discus-
sions and the staff of the National Weather Service
for their continued support in monitoring the R-B
network.

24 July 1987; accepted 30 November 1987

Capture of Atmospheric Ammonium by

Grassland Canopies

G. W. He1r, M. J. A. WERGER, W. DE MoL, D. vaN DaMm, B. HEIJNE

Air pollution can cause a decline in species through acidification of the habitat. New
data suggest that the decline may be due to eutrophication rather than acidification. In
Western Europe, eutrophication largely results from atmospheric ammonium deposi-
tion. The amount deposited on vegetation is a function of its canopy structure.
Deposition on grasslands has been underestimated, and a significant amount of the
deposited ammonium appears to be assimilated by the plant canopy. These quantities
are sufficient to initiate changes in the competitive relations among the plant species.

HE TWO ENVIRONMENTALLY MOST
damaging air pollutants in Western
Europe are sulfur dioxide and am-
monia or ammonium. They are deposited
on surfaces at rates that vary with the struc-
ture of that surface. Forests were often
shown to receive high amounts of air pollu-
tants because of their rough canopy struc-
ture (I). Grasslands and croplands were
thought to have rather smooth canopy struc-
tures and to capture much smaller amounts.
Measurements inside grassland canopies are
rare, however. Our data show that grassland
canopies, depending on their structure, can
capture as much air pollutants as forests.
Environmental acidification as a result of
SO, pollution was shown to lead to declines
in species abundance both in aquatic and
terrestrial ecosystems, particularly in nutri-
ent-poor sites (2—4). The main source for
SO, is industry. Eutrophication largely re-
sults from atmospheric NH, deposition,
originating from the liquid manure used in
great quantities in the intensive farming
systems in Western Europe (4—6). Wind
tunnel experiments have shown that the two
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pollutants are co-deposited (7). Amounts of
bulk deposition (the sum of wet deposition
and dry sedimentation) are relatively unaf-
fected by the characteristics of the surfaces
on which they are deposited, but amounts of
dry deposition resulting from impaction,
phoresis, and diffusion (8) are strongly de-
termined by the roughness length of the
deposition surface (9). Vegetation is the
most widespread deposition surface. Forests
have been shown to possess surface struc-
tures that highly promote deposition (I,
10). Deposition of pollutants on plant cano-
pies is measured by comparing the composi-
tion of throughfall and bulk precipitation.
So far, nearly all field measurements to
correlate throughfall with canopy structure
have been done in forests (10, 11) because it
has proved difficult to measure in herba-
ceous vegetation without disturbing its can-
opy structure. Besides, herbaceous vegeta-
tion was presumed to have a relatively
smooth canopy structure (9). However, for-
ests cover only limited areas in the densely
populated parts of Western Europe. In the
Netherlands forests cover less than 9% of
the country, whereas grasslands and crop-
lands cover 70%. We investigated the effects
of structurally different grassland canopies
on deposition. In grasslands, leaf area index

(LAL the sum of the surface area of all leaves
in a stand of vegetation per unit ground
area) is correlated with other variables de-
scribing vegetation structure (11, 12).

We developed a technique to measure
throughfall in grassland canopies without
disturbing the structure, using a system of
slanting half-open channels (diameter 15
mm, capturing surface 165 cm?) covered by
polythene gauze (mesh size, 0.02 mm) to
prevent contamination with litter and in-
sects (13). Bulk deposition was measured
above the vegetation. Bulk and throughfall
precipitation were gathered in dark bottles
dug in the ground to prevent chemical
changes (14). Measurements were carried
out in five replicates in each of two adjacent,
homogenous grassland plots in a nature
reserve amidst open agricultural land at
Deil, about 30 km south of Utrecht, the
Netherlands, from 15 June to 26 September
1986. During that period the plants grew
up to a maximum of 80 cm. One plot was
mown on 7 July to alter its canopy structure.
The dark bottles were collected fortnightly.
Samples were analyzed for SO~ and NH;
(spectrophotometrically, with a continous
flow Skalar autoanalyzer). To measure cano-
py structure, once a month the vegetation
was clipped at ground level in five replicate
quadrates of 15 by 50 cm in each plot. In
these samples LAI was determined with the
use of a LiCor leaf area meter. Data were
summarized for 28-day periods and statisti-
cally analyzed by analysis of variance (15). In
the undisturbed plot, LAI increased until
August and was lower again in September as
leaves had started to die off (Table 1). The
mown plot showed the same rhythm but
LAI values obviously were much lower here
during the growing season as a result of the
mowing.

As reported previously for the Nether-
lands (4), the amount of SO in bulk
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precipitation was linearly proportional to
the amount of NHJ (slope = 1.024 =
0.149, » = 30, P < 0.0001, 7 test, df = 29).
The amount of SO}~ in the throughfall of
the mown grassland was equal to that in the
bulk precipitation. In the undisturbed grass-
land, it was much higher when the LAI was
high (Table 2). In both plots the amount of
SO%™ in the throughfall expressed as a per-
centage of that in the bulk precipitation was
linearly proportional with LAI (slope =
101.3 £17.9,n = 8, P < 0.005, t test, df =
7).

The amount of NHJ, on the other hand,
was lower in the throughfall of both grass-
lands than in the bulk precipitation (P <
0.001) (Table 3). This is explained by the
canopy exchange of NHJ for other cations,
such as K* and H* (4, 16).

The effect of the structure of a grassland

Table 1. Leaf area index (LAI) of grasslands.
Values are means of five measurements. Numbers
in parentheses are standard deviations.

LAI (m%m?)
“Vonth Undisturbed Mown
grassland grassland
June 32 (x0.7) 32 (x0.7)
July 4.6 (£ 1.6) 1.8 (= 0.6)
August 5.7 (£ 1.0) 32 (x0.7)
September 2.0 (x0.7) 1.9 (+ 0.5)

canopy (here LAI) on the amounts of air
pollutants deposited is clearly demonstrated:
depending on structural development the
amounts can differ by a factor 5.5. The total
deposition of SOi~ on our undisturbed
grassland during a summer season (3.5
months) amounted to 17.8 kg ha™'. This
value is similar to those predicted from
atmospheric deposition models (17). It is as
high as measured in the densely forested
areas of the Netherlands (4). In the mown
plot the total deposition of SO3™ is 7.6 kg
ha™!. Since NH, proved to be co-deposited,
we calculate the total deposition of NH,
during this period in the undisturbed grass-
land at 5.9 kg ha™'. This value is similar to
the most recent estimate based on density
data for domestic animals (6). In the mown
plot the calculated value is 2.5 kg ha™".
Laboratory experiments have shown that
while SO3~ is not assimilated by plant cano-
pies, NHZ is (I8). The difference between
the calculated and measured throughfall val-
ues for NHZ must have been assimilated by
the canopy. This difference in the mown
grassland canopy is 1.2 kg ha™! during the
3.5-month growing season; in the undis-
turbed grassland canopy, it is 4.7 kg ha™".
Heil (19) showed that smaller increases in
NHi availability were already sufficient to
change the competitive relations between
species: in a competition experiment on
nutrient-poor soil, fast-growing species

Table 2. Sulfate deposition in bulk and throughfall precipitation. Values are means of five measure-
ments. Numbers in parentheses are standard deviations.

Throughfall
Month & :Llﬂak_ y Undisturbed grassland Mown grassland
Kilogram/ Percentage Kilogram/ Percentage
hectare of bulk hectare of bulk
June* 0.67 (= 0.16) 1.30 (£ 0.14) 194 1.22 (= 0.25) 182
July 3.07 (= 0.69) 7.98 (= 0.83) 260 3.31 (£ 0.12) 108
August 1.22 (£ 0.78) 6.73 (+ 2.08) 552 1.55 (+ 0.26) 128
September 1.67 (£ 0.82) 1.76 (* 1.36) 105 1.53 (* 0.18) 92
Total 6.63 17.77 268 7.61 115

*June data are measured over a 14-day period.

Table 3. Ammonium deposition in bulk and throughfall precipitation. Values are means of five
measurements. Numbers in parentheses are standard deviations.

Throughfall
Month " gBEik_ y Undisturbed grassland Mown grassland
Kilogram/ Percentage Kilogram/ Percentage
hectare of bulk hectare of bulk
June* 0.16 (+ 0.03)  0.14 (£ 0.03) 86 0.12 (+ 0.03) 75
July 094 (+0.31) 079 (+ 0.65) 84 0.73 (* 0.09) 78
August 0.58 (+ 0.28)  0.11 (* 0.06) 19 0.22 (* 0.02) 38
September 0.53 (+0.18)  0.21 (+0.05) 40 0.33 (* 0.05) 63
Total 221 1.25 54 1.40 63

*June data are measured over a 14-day period.
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(Molinia caerulea and Festuca ovina) benefit-
ed more from slightly raised ammonia levels
and gradually outcompeted the slow-grow-
ing species (Calluna vulgaris). Earlier a sta-
tistically significant correlation was observed
between the amount of SO, pollution in the
air and the decline in abundance of a num-
ber of slow-growing plant species of nutri-
ent-poor sites in the Netherlands (3). It was
stated that the decline was caused by acidifi-
cation of the environment. Our measure-
ments and experiments suggest that the de-
cline was caused by eutrophication and the
subsequent competitive exclusion of those
slow-growing species.
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