References and Notes

1. G. Sayers, M. A. Sayers, E. G. Fry, A.
White, C. N. H. Long, Yale J. Biol. Med. 16,
361 (1944); C. N. H. Long, Recent Progr.
Hormone Res. 1, 99 (1947); D. S. Good-
man, Physiol. Rev. 45, 747 (1965).

2. D. Stone and O. Hecter, Arch. Biochem.
Biophys. 54, 121 (1955); G. C. Karaboyas
and S. B. Koritz, Biochemistry 4, 462 (1965);
W. Werbin and 1. L. Chaikoff, Arch. Biochem.
Biophys. 93, 476 (1961); A. A. Krum, M. P.
Morris, L. L. Bennett, Endocrinology 174,
543 (1964). :

3. F. G. Peron, Biochim. Biophys. Acta 82, 125
(1964); S. Ichii and S. Kobayashi, Endocrinol.
Jap. 13, 39 (1966).

4. D. Glick and M. J. Ochs, Endocrinology 56,
285 (1955).

5. G. E, Bergner and H. W. Deane, ibid. 43,
240 (1948).

6. C. T. Ashworth, G. J. Race, H. H.
Mollenhauer, Amer. J. Pathol. 35, 425 (1959);
1. Carr, J. Pathol. Bacteriol. 81, 101 (1961).

7. R. A. Knouff, J. B. Brown, B, M. Schneider,
Anat. Rec. 79, 17 (1951).

8. L. D. Garren, W, W. Davis, G. N. Gill,
H. L. Moses, R. L. Ney, R. M. Crocco,
Excerpta Med. Int. Congr. Sec. Endocrinol.,
in press.

9. J. Avigan, J. Biol. Chem. 234, 187 (1959).

10. W. W. Davis and L. D. Garren, ibid. 243,
5153 (1968).

11. Adrenal cholesterol was extracted, saponified,
and purified by thin-layer chromatography on
silica gel with benzene and ethyl acetate
(5:1) used as developing solution. Cholesterol

- was further purified by the method of E.
Schwenk and N. T. Werthessen [Arch. Bio-
chem. Biophys. 40, 334 (1952)].

12. A. B. Maunsbach, J. Ultrastruct. Res. 15,
242 (1966).

13. J. H. Luft, J. Biophys. Biochem. Cytol. 9,
409 (1961).

14, Tritium was counted in a lipid extract which
was dissolved in 15 ml of toluene contain-
ing Liquifluor with a Packard model 3375
liquid scintillation spectrometer. Radioactivity
in each of the fixative, dehydration, and em-
bedding solutions was measured to deter-
mine extraction. Radioactivity retained in the
tissue was determined by removing the tis-
sue specimen from the embedding mixture
before polymerization and measuring its
radioactivity as a finely ground suspension
in the scintillation fluid. The variable quench-
ing was corrected by automatic external
standardization and by adding a ftritium in-
ternal standard to vials.

15. E. D. Korn and R. A. Weisman, Biochim.
Biophys. Acta 116, 309 (1966).

16. E. D. Korn, J. Cell Biol. 34, 627 (1967).

17. R. E. Dailey, L. Swell, H. Field, Jr., C. R.
Treadwell, Proc. Soc. Exp. Biol. Med. 103,
4 (1960).

18. S. Idelman, J. Microscop. 3, 715 (1964).

19. H. W. Chaulkey, J. Nat. Cancer Inst. 4,
47 (1943).

20. J. T. Dodge, C. Mitchell, D. J. Hanahan,
Arch. Biochem. Biophys. 100, 119 (1963).
21, We thank M. Haugh for assistance. Supported
in part by PHS grants AM 11781-01 (to

W.W.D.) and AM 10947-01 (to L.D.G.).

* Present address: Department of Pathology,
Vanderbilt University Medical Center, Nash-
ville, Tenn. 37203.

¢ Present address: Department of Medicine,
University of California, San Diego, La
Jolla 92037.

20 December 1968 =

Nitrification: Importance to Nutrient Losses
from a Cutover Forested Ecosystem

Abstract. The nitrate concentration (weighted average) in stream water from
an experimentally deforested watershed increased from 0.9 milligram per liter
before removal of the vegetation to 53 milligrams per liter 2 years later. This
nitrate mobilization, presumably due to increased microbial nitrification, was
equivalent to all of the other net cationic increases and anionic decreases 0b-

served in the drainage water.

Loss of nutrients in drainage water
was greatly accelerated after the north-
ern hardwoods vegetation was clear-cut
in November and December 1965 on
watershed 2 (15.6 hectares) of the
Hubbard Brook Experimental Forest in
central New Hampshire (7). Regrowth
of vegetation has been retarded by the
application of two herbicides, Bromacil
(C,H,3BrN,0O,) and an ester of 24,
5-trichlorophenoxyacetic acid.

We have measured interactions be-
tween the hydrologic cycle and nutrient
cycle in several undisturbed watershed
ecosystems of the Hubbard Brook Ex-
perimental Forest since 1963 (2). These
watersheds are characterized by a simi-
lar vegetation and geologic substrate.
The latter forms a watertight basement,
which makes it possible to determine
quantitative nutrient budgets for these
ecosystems from measurements of
chemical input and output (3).

The chemical concentration in drain-
age waters from the cutover watershed
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did not increase significantly until June
1966, 5 months after the forest was cut
(1). Therefore, milliequivalent values
for the water year, 1 June 1965 to 31
May 1966, are equivalent to those for
1964-65 (Table 1), and to those ob-
tained from undisturbed watersheds (3).
Cations and anions in the drainage
water greatly increased during 196667
and 1967-68 (I) (Table 1). Average
concentrations (in milligrams per liter)
in stream water increased from 0.9 for
NO;—, 1.8 for Cat++, 0.4 for Mg+ -+,
0.9 for Na+, and 0.2 for K+ in 1965
66 to 38, 6.5, 1.4, 1.5, and 1.9, respec-
tively, during 1966-67, and 53, 7.6, 1.5,
1.5, and 3.0, respectively, during 1967—
68. However, the weighted concentra-
tion of SO,~— in drainage water de-
creased by about 45 percent. Because
of the increased average concentration
(Table 1) and increased streamflow
from the cutover watershed, the net
budgetary losses during 1966-67 for
Cat+, Mg++, Na+, K+, and nitrate

nitrogen were 9, 8, 3, 20, and 100
times greater, respectively, than those
in comparable, undisturbed watersheds
during the same period. The magnitude
of these losses was great in relation to
a comparative lysimeter study in a
small cutover plot in a Douglas fir
plantation in Washington (4). These
changes may be accounted for by an
increase in microbial nitrification.
Many microorganisms convert or-
ganic nitrogen into ammonia. The am-
monia then may be oxidized to nitrite
by bacteria of the genus Nitrosomonas.
Nitrite may be further oxidized to ni-
trate by bacteria of the genus Nitro-
bacter. Our data on nutrient output
from the undisturbed forest provide
nothing definitive on the occurrence of
nitrification (). Others (5, 6) have
questioned the occurrence of significant
amounts of nitrification in climax forest
ecosystems. At any rate, in the absence
of vegetation, the microflora of the
cleared watershed oxidizes ammonia to
nitrate rapidly (I). The important end
products of these reactions—in terms
of nutrient losses from the ecosystem—
are the increased amounts of nitrate
and hydrogen ions. With decreasing pH,
cations such as Ca++, Mg++, Nat,
and K+ are more quickly dissolved and
leached from the system. This may oc-
cur (i) as the hydrogen ions replace
cations on the humic-clay ion exchange
complexes of the soil, or (ii) as organic
or inorganic compounds are decom-
posed. Since nitrification occurs in the
humic layers of the soil, these base ex-
changes probably occur concurrently
with the decay of organic substances.
In this regard, the ionic composition
of the drainage water from the cutover
watershed suggests that the predomi-
nant source for the surplus cations is
the breakdown of humic substances
from the upper layers of the soil. This
is best shown by the changes in the
ratio of Ca to Na in the drainage water
of watershed 2 before and after defor-
estation. Before cutting, the ratio of
Ca to Na in the stream water was
1.6:1.0, which is consistent with that
observed in adjacent undisturbed water-
sheds, and has been attributed to the
steady-state chemical weathering of bed-
rock and till (7). However, after clear-
cutting, the ratio climbed to an average
of 4.8:1.0 for 1966-68. More signifi-
cantly, the ratio for the excess ions of
the stream (that is, the amount added
above those present in the undisturbed
condition) is 7.4:1.0. These ratios show
that the net cheniical effect of the de-
forestation was to differentially produce
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Table 1. Ionic changes in stream water from
watershed 2 of the Hubbard Brook Experi-
mental Forest. The vegetation of the water-
shed was clear-cut during the winter of
1965-66. The water year for these studies
extends from 1 June through 31 May. The
hydrogen ion concentration was estimated
from weekly measurements of pH. Milliequiv-
alent values are based on weighted annual
concentrations.

Concentration (meq/liter) during:

Ton 1964~ 1965- 1966- 1967-
65 66 67 68
H* 0.010% 0.008 0056 0.051
K+ 005 005 050 .077
Na* 037 037 065 066
NH,* 003 008 004  .003
Ca+ 069 .091 323 378
Mg+ 030 031 112 125
Al 02 026 167 222
NO,- 020 015 614 846
cr 014t 014F 025 022
HCO,- 010 013 002 .000
SO, 134 143 080 078

Total (+) .176 206 711 922
Total (—) .178 185 121 946

* Estimated. + Estimated from data for water-
sheds 4 and 6 of the Hubbard Brook Experimental
Forest [Juang and Johnson (3)].

soluble calcium within the ecosystem.
The fact that hardwood forest litter is
rich in calcium relative to sodium (ratio
of Ca to Na is greater than 20:1), in
contrast to average bedrock in this sys-
tem (ratio of Ca to Na is 0.9:1.0), sug-
gests that the excess ions produced after
deforestation, are derived mainly from
bulk decomposition of humic materials
rather than from accelerated decompo-
sition of bedrock (7, 8). If the only
source of excess ions were the chem-
ical weathering of bedrock, roughly
equal amounts of Cat+t and Nat

Table 2. Changes in milliequivalent values in
stream water from watershed 2 after the
vegetation was clear-cut.

Net change in concentration
(meq/liter) during:

Ton 1965-66 1965-66
to to
1966—67 1967-68
(1 year) (2 years)
More negative®
NO;- "0.599 0.831
Cl- .011 .008
NH,* .004 .005
Total 614 .844
More positivet
Catt 0.232 0.287
Al 141 196
Mg+ .081 .094
H+ .048 .043
Kr .045 072
Na* .028 .029
SO, .063 .065
HCO;" .011 .013
Total 649 799

* Increase in anion concentration or decrease in
cation concentration. f Increase in cation con-
centration or decrease in anion concentration.
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would be expected in the stream water
7).

Increased biological nitrification seems
to be the principal factor in producing
this flush of ions from the system. The
increase in the milliequivalent value for
NO;~ in the water years subsequent
to cutting balances (within 10 to 15
percent error limits for the system) all
of the net cationic increases and the net
anionic decreases (Table 2). This rela-
tionship is improved in 1966-67 be-
cause the decrease in bicarbonate is
accounted for by the decrease in pH
and is offset by an increase in chloride
(Table 2). The pH of the stream wa-
ter from watershed 2 decreased from
a weighted average of 5.1 during 1965—
66 to 4.3 during 1966-67 and 1967-
68 (Table 1).

Alexander (9) indicates that nitrifi-
cation usually decreases greatly below
pH 6.0 and becomes negligible at pH
5.0. This is not true of the cutover
watershed, since the concentration of
nitrate increased during 1966-68 (Table
1). Also, Nitrosomonas and Nitrobacter
increased 18-fold and 34-fold, respec-
tively, in the soil of watershed 2 (10).
Others have shown nitrification at sim-
ilarly low pH (11).

The explanation for the decrease in
the sulfate concentration is more com-
plicated. Precipitation is by far the
major source of sulfate for the undis-
turbed watersheds (3). Since transpira-
tion was eliminated in the cutover wa-
tershed, the runoff increased by some
40 percent in 1966-67 over that pre-
dicted (/). However, the amount of
sulfate added by precipitation to the
watershed did not change relative to
previous years. Such indirect dilution
nearly accounts for the 45 percent de-
crease in stream water concentration of
sulfate. Thus the average weighted con-
centration of SO,—— in drainage water
from the cutover watershed during
1967-68 coincides with the concentra-
tion in precipitation after correction
for evaporation.

Also, the normal release of SO,——
by chemical weathering and microbial
activity (3) became negligible subse-
quent to deforestation. This may be ex-
plained by two possible processes, op-
erating simultaneously or separately:
(i) There may be decreased oxidation
of various sulfur compounds to SO, .
High concentrations of nitrate may be
very toxic to sulfur oxidizing bacteria,
such as Thiobacillus thiooxidans (12).
This species is probably important in
the cutover watershed since it can grow
at low pH (9). Moreover, in the un-

disturbed watersheds and at nitrate con-
centrations less than 1 mg/liter, we
have observed an inverse relationship
between the concentration of nitrate
and sulfate. Therefore, an intricate feed-
back mechanism between the toxicity of
the nitrate concentrations and the mi-
crobial oxidation of sulfur compounds
may exist. Alternatively the number of
sulfur oxidizing bacteria may have been
selectively reduced by the herbicides in
the cutover watershed. (ii) There may
be additional sulfate reduction induced
by more widespread anaerobic condi-
tions (see, for example, 12), particu-
larly in the lower water-saturated hori-
zons of the soil of the cutover water-
shed.

The importance of anion mobiliza-
tion in leaching nutrients from forest
soils has been suggested previously (4,
5), but had not been demonstrated on
a quantitative basis for an ecosystem.
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