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ABSTRACT

Effects of rainfall and soil moisture on availability of native and
applied soil nitrogen to trees are discussed, including effects on loss
of nitrogen through ammonia volatilization, denitrification, leaching
and surface runoff, and mineralization of organic matter and move-
ment of nitrogen to the roots. The important interrelationship of water
and nitrogen in tree physiology is pointed out. On this basis, one
would expect a different tree growth response to nitrogen fertilization,
depending on rainfall and soil moisture conditions, but, this interac-
tion has not been well explored and has been demonsirated in only a
few studies.

INTRODUCTION

Moisture and N are two of the most important factors limit-
ing tree growth in the Pacific Northwest. Though the individ-
ual role of each has received considerable attention, their com-
bined effect has not been clarified. For the purpose of site
selection for fertilizer application and explaining responses in
different years and sites, the forest manager would like to
know whether fertilizer has more effect at one soil moisture
condition than at another; i.e., whether or not an interaction
between the two factors exists.

In agriculture, it is well recognized that soil moisture can be
an important factor in soil nutrition and in crop response to fer-
tilization (Black 1966). Conversely, improvement in soil nutri-
tion often increases the efficiency of water used, i.e., gives a
higher crop production per unit of water used (Viets 1962).

I shall briefly discuss the various ways in which moisture can
influence N availability by affecting N loss through volatiliza-
tion, leaching and surface runoff, mineralization of organic
material, and movement to roots, together with moisture-nitro-
gen interrelationship in tree physiology. This will provide a
background for understanding how an interaction between the
two factors may arise. The few studies in which this interaction
in growth has been examined will be presented, and mention
will be made of possibilities for influencing soil moisture con-
ditions.

While the discussion will be limited to N, since this is the
only fertilizer applied in this region, it should be realized that

water has different effects on the behavior of other nutrient ele-
ments.

'MOISTURE EFFECT ON NITROGEN
AVAILABILITY

NITROGEN LOSSES
Yolatilization

Nitrogen losses by ammonia volatilization are affected by
soil and atmospheric moisture conditions soon after fertiliza-
tion (Crane 1972, Cole et al. 1975). Formation of ammonia 1s
favored by high soil pH. With urea, the soil pH increases as a
result of urea hydrolysis and losses may be substantial, but
with ammonium nitrate soil pH is not elevated and ammonia
losses with this fertilizer are insignificant. Estimation of
amounts of urea-N lost under unfavorable warm and dry
weather vary considerably from 5% (Overrein 1969, Cole et
al. 1975) to as much as one-half of the applied dose (Watkins

et al. 1972, Carrier and Bernier 1971).

Moisture is important in several ways. A dry litter surface at
time of fertilization may be favorable initially by slowing
down the rate of urea hydrolysis for litter layers, which are not
readily infiltrated by urea pellets (Derome 1979). Rainfall
occurring shortly after fertilization can leach urea into deeper
soil horizons, thus reducing losses of ammonia (Crane 1972).
Leaching rain must fall, however, before urea is hydrolyzed to
the less mobile ammonium cation state. The soil moisture con-
tent is also important since this will affect the capacity of the
soil to retain ammonia (Crane 1972). Evaporation of soil mois-
ture provides the diffusion pathway for escape of aqueous
ammonia, and factors affecting rate of evaporation such as air
humidity, temperature, and wind conditions therefore influ-
ence volatilization losses.

Evidence of the importance of rainfall in ammonia vola-
tilization loss has been provided in several imgation experi-
ments. Crane (1972), working with a Douglas-fir soil in Wash-
ington, found that the ammonia loss was reduced from 11.6 to
1.1 kg/N/ha after application of 224 kg/N/ha when irrigation
was increased from a light regime, starting 9 days after fer-
tilization, to a heavy regime, starting immediately after fer-
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tilization. An irrigation of only 12 mm of water applied 4 days
after a 220 kg/N/ha urea fertilization reduced volatilization
Josses drastically from 18% to 9% of the applied N in a Doug-
las-fir site on Vancouver Island (Marshall, Pacific Forest
Research Centre, per. commun. August 1979). Amount, as
well as timing, of irrigation was shown to be important in
ammonia losses in a study on jack pine soil in Quebec (Carrier
and Bernier 1971). The loss was about 30% of the urea-N
applied at a rate of 224 kg/N/ha without irrigation, about 22%
with either 50.8 mm water applied 3 days after fertilization or
3.2 mm applied after 1 day, and about 8% with a 25-mm irTi-
gation applied after 1 day. A warm soil during fertilization in
August accounted for a rapid urea hydrolysis, which was virtu-
ally completed between days 3 and 5, and explained the impor-
tance of irrigation within a day of fertilization.

Significant losses of N can also result from reduction of
nitrate anion to N gases by denitrifying bacteria (Broadbent
. and Clark 1965). This process takes place in the presence of
organic material under an O deficient condition such as in
water-saturated soils, even when this condition exists only for
a few days (Will 1977). Nommik and Thorin (1972) consid-
ered denitrification losses to be of minor importance on acidic
raw humus soils but losses were as much as 70% of the added
nitrate-N when the pH was increased to 6 or 7. Volatilization
of gaseous N compounds other than ammonia appeared to be
high in a study by Marshall and DeBell (Marshall, Pacific For-
est Research Centre, pers. commun. August 1979).

Leaching

Loss of N through leaching has not been considered serious
following urea fertilization (Cole and Gessel 1965, Cole et al.
1975). Although urea in the nonionic form is readily leached in
mass flow with water in well-drained soil, the enzymatic
hydrolysis of urea to the less mobile ammonium cation state 1S
rapid in coniferous forest soils, requiring from 10 to 20 days
(Crane 1972) or less (Roberge and Knowles 1966, Johnson
1979). The subsequent nitrification of ammonium cation to the
mobile nitrate anion has been, at least under some conditions,
too slow to cause appreciable leaching losses (Cole et al.
1975), though there are reports of more significant productions
of nitrate, especially with repeated applications of urea (Heil-
man 1974, Otchere-Boateng and Ballard 1978). Substantial N
losses can be expected, and have been found (Overrein 1971),
when a nifrate source of fertilizer is applied. In cold soils and
with fertilization on snow, urea hydrolysis may be slowed suf-

ficiently to cause urea losses, but this has yet to be demon-
Strated.

Surface Runoff

Other fertilizer losses influenced by water can occur through
surface runoff. This is significant on agricultural lands, but is
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not likely to be serious in most forestry situations, where a
humus layer and a better soil structure facilitate fertilizer infil-
tration (Neary and Leonard 1977). In a study by Moore (1975),
only minor increases of N were recorded in streams adjacent to
urea-fertilized watersheds in western Washington and Oregon
and these increases were attributed more to direct application
to the streams than to leaching and surface runoff.

MINERALIZATION OF ORGANIC MATERIAL

A continuous supply of native soil N in a form available to
trees depends on mineralization of organic material. For some
low-site Douglas-fir soils, the pool of available soil N has been
shown to be so small that it has to turn over many times a year
to meet normal tree requirement (Johnson 1979). The transfor-
mation from organic to inorganic N forms is therefore very
important for tree growth. This biological activity, carried out
by soil microflora and aided by the soil fauna, is highly influ-
enced by soil moisture and temperature (Black 1966, Bollen
1974). At the Canadian Forestry Service Shawnigan site,
populations of soil microflora and soil respiration rates
declined drastically during the dry summer periods (Danger-
field, Pacific Forest Research Centre, pers. commun. August
1979). Johnson (1979) did find a depression in soil ammonium
cation level during the summer, but felt that this was not
caused by moisture limiting the mineralization rate since the
study was done in an unusually wet summer. Since most of the
organic matter is in a soil surface layer, which can dry out
quickly in the summer, deficiency of N may occur sooner than
deficiency of moisture, which can be supplied from deeper soil
horizons.

NITROGEN MOVEMENT TO ROOTS

Following urea fertilization, the rate of N movement is
determined by soil-water flow (rainfall) and by the rate of ure-
olysis, as urea is more mobile than the transformation product
ammonium cation. This was demonstrated in an irrigation
study in which heavy irrigation resulted in a deeper distribution
of urea-N and a faster rate of ureolysis than light irmgation
(Crane 1972). In addition to this initial role of water in down-
ward leaching of N, water serves as the medium for diffusion
and mass flow of nutrients to tree roots. In mass flow, nutrients
move with water as it is being absorbed by the roots. Nutrient
movement may be seriously limited in soils with a low mois-
ture content, since that reduces hydraulic conductivity and
thereby the mass flow, and also the pathways for nutrient diffu-

sion (Ballard and Cole 1974, Viets 1972). Of the annual N

uptake of a Douglas-fir stand, it was estimated that less than
22% was supplied by mass flow and the rest by diffusion or a
mixture of the two processes (Ballard and Cole 1974).




TREE PHYSIOLOGY

NITROGEN UPTAKE AND
TRANSLOCATION IN TREES

A continuous supply to the trees of moisture and soil
nutrients depends not only on their movement in the soil but
also on root extension, 1.€., root interception (Barber 1966),
and that in turn is highly dependent on soil moisture conditions
(Zahner 1968). Excessive soil moisture, which creates poor
soil acration, can be as detrimental as a deficiency. Actively
growing, unsuberized roots are also needed for efficient
nutrient uptake. The direct role of water in nutrient uptake has
been the subject of much controversy in which uptake by mass
fAow with water is considered monexistent by some (Crafts
1968) but of importance by others (Kramer 1969), though
active uptake and diffusion along an electrochemical gradient
are regarded as the principal mechanisms. Translocation from
roots to foliage, however, takes place by mass flow in the tran-
spiration stream in the xylem, but it is doubtful tthat the flow
-ate becomes critical for nutrient supply. Tree moisture stress
has been shown to decrease nutrient translocation in the
phloem (Crafts 1963).

METABOLISM

Moisture deficiency affects N metabolism of trees directly
and indirectly in many complex ways, as reviewed by Naylor
(1972), and suffice it to say that this could conceivably result
in a moisture-N interaction in growth.

Rate of photosynthesis was studied over a wide range of
shoot moisture deficits for branches from N-fertilized and
unfertilized Douglas-fir trees (Brix 1972). Moisture stress
reduced the rate of photosynthesis similarly for these two
groups of trees.

NITROGEN SUPPLY AND DEMAND

An interaction of moisture and nutrients in tree growth
depends on whether moisture changes affect the relation of
nutrient supply and demand by the trees. Though there is much
evidence to show that soil moisture affects soil nutrient availa-
bility, we know little as to what extent growth is limited by low
nutrient availability during periods of soil moisture deficiency,
since demand for nutrients also changes. It is conceivable that
demand is reduced more than availability, thus improving the
mineral nutrient status of plants (Viets 1972). Also, nutrient
storage within trees may overcome brief periods of limitations
in nutrient uptake. This, then, could provide a clear case of a
fertilizer-moisture interaction in which fertilization would
affect growth under favorable soil moisture but not when mois-
ture becomes deficient.

Experiments at Shawnigan Lake and elsewhere have not
shown this distinct difference, since Douglas-fir stem growth
benefited from N fertilization even during periods of prolonged
summer drought (Brix 1972). Production of xylem cells was
also increased throughout the growing season by fertilization
even though the soil moisture potential in some periods was
.70 bars and lower (Brix and Mitchell, unpubl. data). The
demand for N apparently still exceeded the supply during
drought as was the case under moist conditions. Less drastic
moisture effect on nutrient supply-demand relationship must
therefore be investigated.

TREE GROWTH

Only one study was found in which tree growth response (o
N fertilization had been related to the natural site moisture con-
ditions (Fiedler et al. 1978). In this study in Germany, good
volume growth response of Norway spruce was obtained over
a 10-yr period where the climate was favorable, but no
response was detected on sites where the May-August precipi-
tation was below 300 mm. Fertilizer studies in the Pacific
Northwest have related growth response only to overall natural
site productivity, and with contrasting results. Steinbrenner
(1968) found the best actual and relative response of Douglas-
fir on Weyerhaeuser Company land on high sites, whereas
such response generally occurred on low sites in the trials of
the Regional Forest Nutrition Research Project (RFNRP) in
Oregon and Washington (Univ. Washington 1977). There is an
obvious need to relate growth response to important site pro-
ductivity factors including moisture, and studies are underway
in RENRP (Univ. Washington 1977). As stated by Hermann et
al. (1974), it is tempting to hypothesize that the best response
would be obtained on sites low in available N and high in
available moisture, but supporting experimental evidence is
needed. :

Some studies in the Pacific Northwest have investigated N |
fertilization effect on Douglas-fir growth with and without sup- :
plementary irrigation. In a study with two Douglas-fir stands in
Oregon, 20 and 30 yr old,

growth increased 20% with fertilization, 45% with irrigation, P
and 60% with the two treatments combined. |

An experiment at Pack Forest, Washington, showed no evi-
dence of an irrigation-fertilization interaction in basal area and

volume growth over a period of 8 yr, but data interpretation =

was made difficult by a large within-treatment plot variation 'Ef
(Gessel et al. 1969). A study in a 23-yr-old Douglas-fir stand
near Victoria, B.C., provided evidence of an interaction with

an increase in diameter growth of 15% with irrigation, 16%
with N fertilization, and 59% when treatments were combined -

(Brix 1972). This, therefore, indicated that N fertilization
would have most effect on stem diameter growth in years and
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Strand (1964) found only an addi-
tive effect and no interaction of irrigation and N fertilization in =~
stem radial growth over a 3-yr period. In one of the stands,



on sites with favorable soil moisture conditions.

An explanation for the above interaction was sought by
studying rates of phﬂmﬁymhesis, shoot moisture stress, and
foliage nutrient (N, P, K) concentrations for untreated trees
and for trees that had been irrigated, fertilized, or both (Brix
1972). The rate of photosynthesis was reduced similarly by
shoot moisture stress whether or not the trees had been fertil-
ized, so that did not provide an explanation. Trees that had
been fertilized and irrigated had the lowest shoot moisture
stress throughout the growing season and this may have con-
tributed to the interaction. The most likely explanation, how-
ever, was the irrigation influenced N availability for fertilized
irees since foliage N concentration was highest with irmigation
plus fertilization and irrigation alone had no effect on foliage N

status.

REGULATION OF SOIL MOISTURE

If a moisture-nutrient interaction in tree growth can be docu-
mented, it will provide an additional incentive for further stud-
ies on improvement of moisture conditions of forest soils by
means such as irrigation, thinning, and better soil management
practices. Irrigation is the obvious way of improving soil mois-
rure and has been investigated and discussed in several reports
(Kraus and Bengtson 1959, Hermann et al. 1974, Woodman
1971, 1972), but there are many problems of technical, legal,
economic, and long-term ecological natures to be considered
and it will probably become feasible only on limited areas.

Thinning has greatly improved soil moisture during summer
drought periods in our Shawnigan experiment and thus bene-
fited the remaining trees, but it is not a practice that will
increase site productivity. Better soil management practices
should be emphasized and further explored. For instance, prac-
tices employed in site preparation and logging are likely to
have a profound effect, temporary or permanent, by removal,
redistribution, or compaction of organic matter and mineral
soil. This can lead to changes in water infiltration, water path-
ways in the soil, and in their water-holding capacity. Critical
soil disturbances can also result from methods of slash disposal
during piling and burning, and low fire temperatures can lead
to production of gases that condense in the soil and cause water
repellency for many years (DeBano and Rice 1973).

CONCLUSIONS

Moisture influences the behavior of N in soil and trees in
many complex ways that may give rise to an interaction
between them in tree growth. Following N fertilization, mois-
ture conditions affect losses of N by volatilization of ammonia
and of other nitrogenous gases arising from denitrification, and
by leaching below the rooting zone. Timing and amount of
rainfall after fertilization are critical for losses, as are soil type

51

and source and rate of fertilizer application. Season of applica-
tion is therefore important, as discussed elsewhere by Heilman
(this volume). Though losses have been considered minor and
unimportant in some studies, they have been considerable in
others. Technical difficulties in their measurement have con-
tributed to the variation. Moisture effect on N loss provides a
distinct cause for a moisture-fertilizer interaction in free
growth.

Moisture and N interrelate in other aspects of N availability,
i.e.. mineralization of organic matter and N movement to
roots, as well as in tree physiology. Whether or not these fac-
tors also lead to an interaction in growth has not been shown
and has been the subject of only a few studies. Further studies
of this aspect and field trials relating fertilizer response to natu-
ral and induced moisture conditions are warranted to clarify
this important question.
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