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The Effects of Throughfall Manipulation on Soil Leaching in a Deciduous Forest
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ABSTRACT imposition of drought through roofs in the forest subca-
nopy to five forest ecosystems in Europe failed to sup-The effects of changing precipitation on soil leaching in a deciduous
port Ulrich’s (1983) hypothesis, but did suggest thatforest were examined by experimentally manipulating throughfall

fluxes in the field. In addition to an ambient treatment (AMB), natural periods of drought could produce such pulses
throughfall fluxes were reduced by 33% (DRY treatment) and in- (Lamersdorf et al., 1995).
creased by 33% (WET treatment) using a system of rain gutters and Watershed-level studies of hydrology in humid forest
sprinklers on Walker Branch Watershed, Tennessee. Soil leaching ecosystems often show that evapotranspiration (ET) re-
was measured with resin lysimeters in the O horizons and with ceramic mains relatively constant despite large variations in pre-
cup lysimeters in the E (25 cm) and Bt (70 cm) horizons. Large and cipitation (Luxmoore and Huff, 1989; Likens et al., 1977).
statistically significant treatment effects on N fluxes were found in

Thus, ET consumes a larger proportion of precipitationthe O horizons (lower N fluxes in the DRY and higher N fluxes in
under dry conditions than under wet conditions, andthe WET treatment). Together with the greater O horizon N content
soil water flux (SWF) is affected disproportionately byobserved in the DRY treatment, this suggested that N was being
changes in precipitation. The magnitude of this effectimmobilized at a greater rate in the DRY treatment than in the AMB

or WET treatments. No statistically significant treatment effects on varies with the amount of precipitation compared with
soil solution were found in the E horizons with the exception of ET in a nominal year. This is illustrated by the results
(Ca2� � Mg2� ) to K� ratio. Statistically significant treatment effects of simulation modeling of the effects of changing precip-
on electrical conductivity (EC), pH, Ca2�, Mg2�, K�, Na�, SO2�

4 , and itation in several forest ecosystems (Johnson et al.,
Cl� were found in the Bt horizons due to differences between the 2001). In a red spruce (Picea rubens Sarg.) forest in the
DRY and other treatments. Despite this, calculated fluxes of Ca2�, Smoky Mountains of North Carolina where ET con-
Mg2�, K�, Na�, SO2�

4 , and Cl� were lowest in the DRY treatment.
sumed only 33% of precipitation, simulated precipita-These results suggest that lower precipitation will cause temporary N
tion changes of �28% and �28% caused �36% toimmobilization in litter and long-term enrichment in soil base cations
�35% changes (respectively) in simulated SWF. In awhereas increased precipitation will cause long-term depletion of soil
slash pine forest in Florida where ET consumed 88%base cations.
of precipitation, �33% and �33% changes in simulated
precipitation caused �85% and �122% (respectively)
changes in simulated SWF. Thus, these simulations sug-Climate change could affect the cycling of nutrients
gested that the effects of changing precipitation on SWFand productivity of forest ecosystems in a number
are greater in sites where ET consumes a greater propor-of ways. To date, most studies have emphasized the
tion of precipitation. On Walker Branch Watershed, theeffects of increased temperature or elevated carbon di-
site of the current study, simulated changes of �33%oxide; but changes in precipitation may have equal or
and �33% in precipitation caused �43% and �47%greater effects (Kirschbaum, 1995). Specifically, changes
(respectively) changes in simulated SWF (Johnson etin precipitation could cause (i) changes in productivity
al., 1998, 2001).due to changes in both water and soil nutrient availabil-

Reduced SWF can cause increased ionic concentra-ity, (ii) changes in water yield, and (iii) changes in water
tions in soil solutions, especially for conservative ionsquality (Johnson et al., 1998, 2001; Ulrich, 1983; Lamer-
such as Cl�, whose concentrations are not significantlysdorf et al., 1995). Changes in soil N availability can
buffered by adsorption reactions (Johnson et al., 2001).have short-term effects on plant productivity because
For anions such as H2PO�

4 and SO2�
4 , adsorption to Feforests are often N limited. Ulrich (1983) noted pulses

and Al hydrous oxides may minimize concentration in-of NO�
3 and Al during warm, dry years in the Solling

creases due to drought. In the case of HCO�
3 , concentra-forest ecosystem in Germany. He hypothesized that

tions are controlled by pH and the partial pressure ofdrought intensifies N mineralization and nitrification
CO2 in soil and pH, and could be affected either posi-during summer, resulting in NO�

3 pulses during rewet-
tively or negatively by drought. The effects of droughtting periods. In acidic soils, the NO�

3 pulse is accompa-
on cations in soil solution should, in theory, be a functionnied by a pulse in soil solution Al concentrations. Re-

sults of a large field research project involving the
Abbreviations: AMB, no treatment, ambient throughfall; DO, dry,
open (location in the DRY treatment between troughs); DRY, treat-
ment where throughfall flux was decreased by 33%; DT, dry, treatedD.W. Johnson, Environmental and Resource Sciences, Fleischmann
(location in the DRY treatment under troughs); EC, electrical conduc-Agriculture Bldg/370, Univ. of Nevada, Reno, NV 89557. P.J. Hanson
tivity; NuCM, Nutrient Cycling Model; ortho-P, ortho-phosphate;and D.E. Todd, Jr., Environmental Sciences Division, Oak Ridge
SWF, soil water flux; TDE, Throughfall Displacement Experiment;National Lab., P.O. Box 2008, Building 1059, Oak Ridge, TN 37831-
WET, treatment where throughfall flux was increased by 33%; WO,6422. Received 19 Feb. 2001. *Corresponding author (dwj@unr.edu).
wet, open (location in the WET treatment removed from drip points);
WT, wet, treated (location in the WET treatment near drip points).Published in J. Environ. Qual. 31:204–216 (2002).
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Table 1. Some chemical and physical properties of the Fullterton soil (after Johnson et al., 1981).

Horizon and Bulk Percent � 2 C to N Extractable Base
depth (cm) density mm C N ratio pH† P CEC‡ Ca2� Mg2� K� saturation

g cm�3 % mg g�1 g g�1 mg kg�1 cmolc kg�1 %
A (0–7) 1.14 17 36.1 0.16 22.6 4.6 7 6.19 3.28 0.27 0.23 61
E (7–38) 1.14 29 0.78 0.04 19.5 4.9 2.3 2.03 0.19 0.03 0.07 14
BA (18–32) 1.57 27 0.21 0.02 10.5 4.6 0.4 5.37 0.22 0.11 0.07 7
Bt (50–80) 1.54 23 0.17 0.02 8.5 4.8 0.2 13.59 0.42 0.66 0.11 9

† In 1 M CaCl2.
‡ Cation exchange capacity; 1 M NH4Cl extraction.

W), a part of the U.S. Department of Energy’s (DOE) Na-of changes in total ionic concentration. As noted by
tional Environmental Research Park near Oak Ridge, Tennes-Reuss (1983), increased total ionic concentrations cause
see (Johnson and Van Hook, 1989). Long-term mean annualtrivalent cations to increase disproportionately to di-
precipitation is 1358 mm and mean temperature is 14.2�C.and monovalent cations (to the 3/2 and third power,
Soils are classified as Fullerton series (fine, kaolinitic, thermicrespectively) and divalent cations to increase as the Typic Paleudult). Some chemical and physical properties are

square of monovalent cations. given in Table 1. Depth to bedrock at this location is approxi-
To investigate the potential effects of changing pre- mately 30 m. The site was chosen because of its uniform slope,

cipitation on forest ecosystems, the Throughfall Dis- consistent soils, and a reasonably uniform distribution of vege-
placement Experiment (TDE) was established on Walker tation. White oak (Quercus alba L.), chestnut oak (Quercus

montana Willd.), and red maple (Acer rubrum L.) dominateBranch Watershed, Tennessee in 1993. Three different
the site, but it contains 16 other tree species (Hanson et al.,throughfall amounts were tested: �33% (DRY), ambi-
1995, 1998, 2001). Stand basal area averages 20 to 25 m2 ha�1.ent (no change, AMB), and �33% (WET). Throughfall
The experimental area was located at the upper divide of theamounts were controlled using a system of rain gutters
watershed so that lateral flow of water into the soils at theand sprinklers. In a previous paper, we described the
top of the plots would not confound attempts to create aresults of 13 months of data on soil solution chemistry reduced soil water treatment. The site was also chosen because

from this site and included projections of longer-term of its southern aspect, which was intended to increase the
trends using the Nutrient Cycling Model (NuCM; John- effects of the reduced moisture.
son et al., 1998). In that paper, we found higher electrical
conductivity (EC) and SO2�

4 , Cl�, K�, Ca2�, Mg2�, and Experimental Design
Na� concentrations in Bt horizon soil solutions (70 cm)

The experimental design and its performance have beenin the DRY than either the AMB or WET treatments.
described in detail by Hanson et al. (1995, 1998). Briefly, theWe found no treatment effects on pH, HCO�

3 , NH�
4 ,

manipulations of throughfall levels reaching the forest floorNO�
3 , or ortho-phosphate (ortho-P) concentrations. As are made with a system designed to passively transfer precipi-

is usually the case in N-limited ecosystems, soil solution tation from one experimental plot to another. There are three
concentrations of NH�

4 , NO�
3 , and ortho-P were at or 80- � 80-m plots in the TDE: one WET, one DRY and one

near trace levels at most times, limiting our ability to ambient (AMB). Each of these plots is divided into 100 eight- by
evaluate treatment effects on these ions. eight-meter subplots that serve as the locations for repetitive,

nondestructive measurements of soil and plant characteristics.In this paper, we update the Bt horizon soil solution
Throughfall precipitation is intercepted in approximately 2000data set and add data on soil solution from surface (E,
subcanopy troughs (0.3 � 5 m) suspended above the forest25 cm) soil horizons and on N and P fluxes measured
floor of the dry plot (approximately 33% of the ground areawith resin lysimeters from O horizons. We use this data
is covered). The intercepted throughfall is then transferredto test our hypotheses, based on the literature review
by gravity flow across an ambient plot and distributed ontoabove and previous research at this site. Our hypotheses the wet treatment plot through paired drip holes spaced ap-

were that changes in throughfall inputs will cause: proximately 1 m apart. The troughs are arranged in 21 rows of
80 to 90 troughs each. Reductions in soil moisture anticipated(i) concomitant changes in N and P fluxes in O ho-
from the experimental removal of 33% of the throughfallrizons;
are comparable with the driest growing season of the 1980s(ii) inverse changes in EC and ion concentrations in
drought (Cook et al., 1988), which resulted in sapling mortalitysoil solutions; and reduced growth of some vegetation (Jones et al., 1993).

(iii) concomitant changes in SO2�
4 to Cl� ratios (be-

cause of greater changes in conservative anions
Soil Solution and Soil Element Flux Measurementssuch as Cl� than adsorbing anions like SO2�

4 );
and O Horizon Nitrogen and Phosphorus Fluxes

(iv) inverse changes in (Ca2� � Mg2�) to K� ratios
Resin lysimeters (as described by Susfalk, 2000, and John-(because of greater changes in divalent than in son et al., 2001) were added in 1998 beneath the O horizons

monovalent cations). of all treatments to collect cumulative soil N and P leaching.
The O horizon was too thin for installation of ceramic cup

SITE AND METHODS lysimeters, and we have had difficulties with plate tension
lysimeters in O horizons at this site in the past because ofSite Description frequent drying episodes during which lysimeters lose tension.
Resin lysimeters are tension free and thus are not subject toThe throughfall displacement system for the experiment is

located on the Walker Branch Watershed (35�58� N, 84�17� problems with wetting and drying. Resin lysimeters are also
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very cost effective in that only one analysis per year per sam-
pling location is required. Resin lysimeters have been used
successfully to obtain indices of leaching in several previous
studies and microbial transformations have generally been
found to be minimal (Kjønass, 1999; Schnabel, 1983; Schnabel
et al., 1993; Sibbesen, 1978; Susfalk, 2000).

The resin lysimeters used initially (in 1998) in this study
consisted of a 5.5-cm-long, 4-cm-i.d. PVC pipe within which
a resin bag was sandwiched between layers of washed silica
sand. Ten grams of oven-dried Rexyn I-300 (H-OH) resin
(Fisher Scientific, Lari Lawn, NJ) were placed in a section of
nylon pantyhose, using cable ties to secure each end. This
resin bag was placed on a 20 g layer of moist, washed silica
sand at the bottom of the tube and covered with another 20 g
layer of silica sand. In 1999, nylon resin bags were replaced
by resin trapped between two Nitex nylon sheets (ICN Bio-
medicals, Aurora, OH). Susfalk (2000) found that this change
did not result in a significant difference in the N or P trapped
by the resin lysimeters in a separate study. In order to keep
the sand in the tube until installation, the bottom of each PVC
tube was covered with cheesecloth held in place with a rubber
band. The first set of resin lysimeters were installed in June
1998 by excavating a small hole and tunneling beneath the O
horizons. The resin lysimeters were co-located within 2 m of
the cluster of ceramic cup lysimeters (n � 9 per treatment
and strata). For the DRY and WET treatments, the resin
lysimeters were stratified according to position to account for
the influence of trough collection (DRY) and drip redistribu-
tion (WET) systems. In the DRY treatment, one set of resin
lysimeters was placed directly beneath a trough and one set
between troughs at each location (n � 9 for each, for a total
of 18 replicates). For the WET treatment, one set of resin
lysimeters was placed beneath an area that was receiving water
from a driphole and one that was not (n � 9 for each, for a
total of 18 replicates). The resin lysimeters were removed in
June 1999 and replaced with the modified (1999) design. The

Fig. 1. Plot of total anions against total cations in soil solutions from1999 resin lysimeters were removed and replaced in June 2000.
the E and Bt horizons.After the collection, resins were removed from the lysime-

ters, placed into 250-mL Erlenmeyer flasks, and extracted with
100 mL of 1.0 M KCl with shaking for 1 h. The extract was (64% of all samples), pH values were 5.0 or less and thus
filtered (Whatman [Maidstone, UK] No. 1) and stored at 4�C HCO�

3 concentrations were 0. Of the remaining cases where
until analysis. The extracts were analyzed for NH�

4 , NO�
3 , and pH values were above 5.0, there was insufficient sample for

ortho-P by automated colorimetric analysis at the Water Anal- titrations in 31% of the samples, so these analyses were omit-
ysis Laboratory at the Desert Research Institute, Reno, NV. ted in favor of analyses for other ions (which take much less
Three 10-g replicates of untreated resins were extracted in volume). Thus, HCO�

3 analyses are lacking in 11% of the
the same way and served as blanks. Fluxes were calculated samples overall and it was not possible to include HCO�

3 in
from the amount of NH�

4 , NO�
3 , and ortho-P extracted from all charge balance calculations. Within the data set containing

the resins (minus blanks) divided by the surface area of the HCO�
3 , the charge balance of Ca2� � Mg2� � K� � H� � Na�

lysimeters (12.6 cm2 ). Due to a laboratory error, ortho-P was (major cations, neglecting NH�
4 and Al) against HCO�

3 � Cl� �
not measured in the 1998–1999 collection. SO2�

4 (major anions, neglecting ortho-P and NO�
3 ) indicated an

anion deficit at higher total cation concentrations in the E
horizon soil solutions and a slight cation deficit in the Bt horizonMineral Horizon Soil Solution Collection
solutions (Fig. 1). The anion deficit in the E horizons could be

Soil solutions from the E (25 cm) and Bt (70 cm) horizons due to unmeasured organic anions, and the cation deficit in the
were collected with ceramic cup tension lysimeters (Soil Mois- Bt horizon could be due to Al, which was not measured (pH
ture Equipment Corp., Santa Barbara, CA). The lysimeters values were often low enough for significant amounts of Al to
were installed prior to the initiation of treatment in a three be present in measurable concentrations).
by three array in each plot at a 7.9-m spacing (nine replicates
per treatment and depth). Some pre-treatment collections

Mineral Horizon Ion Flux Calculationswere made in 1992 and reported earlier (Johnson et al., 1998).
Post-treatment sampling was initiated in 1996. Prior to collec- Ion fluxes were calculated from average ion concentrations
tion of samples, each lysimeter was set to a tension of �40 for each water year and simulated soil water fluxes. Daily es-
kPa. Soil solutions were analyzed for electrical conductivity timates of soil water content, water potential, and rates of perco-
(EC), pH and HCO�

3 (by titration to pH 5.0), Ca2�, Mg2�, lation were estimated from a revised version of the TEHM/
K�, and Na� by atomic absorption; NH�

4 , NO�
3 , and ortho-P PROSPER model (Huff et al., 1977; Luxmoore, 1983) coded

by automated colorimetric analysis; and Cl� and SO2�
4 by using Ithink modeling software (High Performance Systems,

2000) for Macintosh computer. A comparison of measured andDionex (Sunnyvale, CA) ion chromatography. In most cases
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Fig. 2. Soil water potential at 0 to 30 cm in the treatment plots from 1 Jan. 1996 through 31 Dec. 2000.

modeled soil water potentials for the period from 1993 through in a large Wiley mill to a 20 mesh and a portion of the homoge-
nized ground material was combusted at 500�C to obtain ash2000 is provided in Fig. 2, showing good agreement for a range

of wet and dry years. content. Total dry mass per unit ground area (m2 ) for each
organic horizon was corrected for ash content. Other subsam-Soil water content (v/v) was measured in each subwatershed

with a time domain reflectometer (TDR, Soil Moisture Equip- ples were ground to a fine powder and analyzed for C and N
on a PerkinElmer (Wellesley, MA) 2400 CHNS analyzer atment Corp.) following the procedure of Topp and Davis (1985),

which has been developed for soils with a high coarse fraction the Desert Research Institute, Reno, NV.
(Drungil et al., 1987). Sample locations for TDR measurements
(310) were distributed along an 8- � 8-m grid across the TDE Statistical Analyses
site, resulting in more than 100 soil water monitoring locations

Statistical analyses were performed using the General Lin-per treatment area. At each location, two pairs of TDR wave-
ear Model (GLM) in DataDesk software (Data Description,guides were installed in a vertical orientation (0–0.35 m and
1988; Velleman, 1997). Within GLM, analysis of variance was0–0.7 m). The TDR soil water content measurements were ad-
used for overall treatment effects and Bonferonni post-hocjusted to reflect the coarse fraction of these soils (mean coarse
tests for differences between AMB, DRY, and WET treat-fraction of 14%) and converted to soil water potentials using
ments. Because of high variability, the data for the resin lysim-soil moisture retention curves for the A, A/E, and E/B horizons
eter fluxes was log-transformed for statistical analysis.(Hanson et al., 1998). This data is available on the website data

archive (http://www.esd.ornl.gov/programs/WBW/Datatde.htm)
RESULTS

Forest Floor Sampling Hydrologic Fluxes
Organic (O) horizons were sampled in February 1999. Sam-

Precipitation amounts and simulated soil water fluxesple locations were designated in each treatment plot along
for water years 1996 through 2000 are shown in Table 2.upper, middle, and lower slope transects. In each treatment
Precipitation values for the AMB treatment representarea five locations were designated per transect for a total of
field measurements and those for the DRY and WET15 sampling locations in each treatment area. To minimize any

influence of trough placements on O horizon accumulation or treatments represent 0.67 and 1.33 times those values,
decomposition, post-treatment sampling within the dry treat- respectively. As noted in previous papers (Johnson et
ment plot included twice the area (i.e., one under and one al., 1998, 2001), these simulations suggest that soil water
between troughs) per location. Identical sampling locations flux (SWF) is affected disproportionately by treatments:
were avoided between years. reducing precipitation by �33% in the DRY treatments

O horizons were sampled within 0.25 m2 circular templates. caused decreases in simulated SWF of �46 to �59%,Coarse twigs and large pieces of nonfoliar litter were removed
and increasing precipitation by �33% in the WET treat-first followed by the collection of the foliar component of the
ment increases simulated SWF by �44 to �57% (Ta-Oi horizon. The Oe and Oa horizons were sampled together
ble 2). It is also noteworthy that annual and seasonalbecause Oa horizons were often too thin to sample separately.
precipitation input to the TDE site varied widely duringAll samples were oven-dried for 48 h (100�C) and dry mass

was determined. Complete samples were subsequently ground the four-year sampling period (Table 2).
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Table 2. Measured water year (1 October through 30 September) Table 3. Probability values for repeated measures analysis of vari-
precipitation, and simulated cumulative drought days soil water ance (ANOVA) and Bonferonni post-hoc tests on log-trans-
flux using the PROSPER model. formed values for resin lysimeter N and P fluxes. A � ambient;

DO � DRY, open; DT � DRY, under troughs; WO � WET,Water year Ambient Dry Wet
open; WT � WET, near drip point; ND � not determined.

Precipitation (mm)
Parameter NO�

3 NH�
4 NO�

3 � NH�
4 Ortho-P

1996 1618 1077 2156
1997 1612 1074 2149 Treatment �0.01 �0.01 �0.01 �0.01

Date 0.14 0.87 0.31 ND1998 1205 802 1606
1999 1257 837 1676 Treatment � date 0.65 0.76 0.70 NS

DO–A 0.91 1.00 1.00 1.002000 1187 791 1582
DT–A �0.01 �0.01 �0.01 0.22Soil percolation (cm)
DT–DO 0.01 �0.01 �0.01 0.36

1996 85.3 34.7 134.0 WO–A 1.00 1.00 1.00 1.00
1997 94.7 45.9 142.2 WO–DO 1.00 1.00 1.00 0.97
1998 76.3 39.0 111.3 WO–DT �0.01 �0.01 �0.01 0.04
1999 65.4 30.3 101.7 WT–A �0.01 �0.01 �0.01 0.16
2000 52.9 28.4 81.2 WT–DO �0.01 �0.01 �0.01 0.06

WT–DT �0.01 �0.01 �0.01 �0.01Cumulative drought (Mpa d�1 )
WT–WO �0.01 0.01 �0.01 0.60

1996 �35 �52 �29
1997 �28 �46 �25
1998 �108 �171 �62

(Note that ortho-P values were not measured in the1999 �128 �215 �98
2000 �52 �140 �32 1998–1999 collection.) As expected, results for the resin

lysimeters were sensitive to their placement with regard
to the troughs in the DRY treatment and with regardIn 1996 and 1997, annual precipitation inputs were
to the drip locations on the WET treatment. Betweenabove average, mostly because of higher inputs during
troughs of the DRY treatment (DRY–open, DO) andthe January to July period. Conversely, annual precipi-
between the drip holes of the WET treatment (WET–tation in water years 1998, 1999, and 2000 was below
open, WO) resin-derived fluxes from the O layer wereaverage; and the growing seasons in 1998 and 1999 were
not significantly different from the fluxes in the ambientcharacterized by late-season droughts. A brief early
(A) treatment. Fluxes were, however, strongly affectedspring drought also occurred in June 1999 (Fig. 2).
when resin lysimeters were placed underneath troughs
or near drip holes. Fluxes of NH�

4 , NO�
3 , and NH�

4 �O Horizon Fluxes NO�
3 beneath the troughs (DRY–treatment, DT) were

significantly (p � 0.05) lower than in the lysimeters lo-The fluxes of NH�
4 , NO�

3 , NH�
4 plus NO�

3 , and ortho-
cated in the open (A, DO, and WO). Fluxes of NH�

4 ,P measured by the resin lysimeters are given in Fig. 3
and the statistical analyses are presented in Table 3. NO�

3 , and NH�
4 � NO�

3 near drip holes (WET–treatment,

Fig. 3. Measured fluxes of NH�
4 , NO�

3 , NH�
4 � NO�

3 , and ortho-phosphate in resin lysimeters. Note that ortho-P was not measured in 1998–1999.
Standard errors are shown. See Table 3 for statistical analyses.
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WT) were significantly (p � 0.05) greater than in the in 1999–2000 (Fig. 3). It was not possible to accurately
calculate aerially weighted average fluxes for the WETother treatments. Differences in NH�

4 , NO�
3 , and NH�

4 �
NO�

3 fluxes between the WT and other treatments were treatment because the areas affected by drip holes were
both uncertain and variable over time, depending uponstatistically significant (p � 0.01) in all cases. Fluxes of

NH�
4 , NO�

3 , and NH�
4 � NO�

3 in the DRY, undertrough rainfall intensity and duration.
(DT) treatment were significantly lower than in any
other treatment. Differences in ortho-P fluxes were sig- Soil Solution Concentrationsnificant only in a few cases (WT–DT, WO–DT, and, ac-

There were no statistically significant treatment ef-cepting the 0.06 probability level, WT–DO). There were
fects on E horizon (25 cm) soil solution concentrationsno statistically significant effects of date on NH�

4 , NO�
3 ,

of any measured ion (Fig. 4 and 5; Table 4). There wereand NH�
4 � NO�

3 fluxes. (The effects of date could not
significant effects on EC, where the values for the DRYbe tested on ortho-P fluxes because of the lack of data
treatment were significantly greater than those for thefor 1998–1999).
WET treatment, and for the (Ca2� � Mg2�) to K� ratio,The area-weighted average fluxes of NH�

4 , NO�
3 , and

where the values for the AMB treatment were signifi-NH�
4 � NO�

3 in the DRY treatment (i.e., 0.67 times the
between-trough flux plus 0.33 times the beneath-trough cantly greater than for the WET treatment (Fig. 4 and 5;

Table 4). Date was a significant factor for pH, EC, Mg2�,flux) gave an approximation of the effects of the treat-
ment on the plot as a whole. These fluxes were 45 to Na�, SO2�

4 , Cl�, NO�
3 , and SO2�

4 to Cl� ratio. Treat-
ment � date was a significant factor for pH and EC, in-52% lower than those in the AMB treatment in 1998–

1999, but only 10 to 20% lower than the AMB treatment dicating that treatment differences changed over time.

Fig. 4. Concentrations of Ca2�, K�, Mg2�, Na�, and Cl� in E horizon soil solutions (25 cm). See Table 4 for statistical analyses.
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Fig. 5. Sulfate, pH, electrical conductivity (EC), SO2�
4 to Cl� ratios, and (Ca2� � Mg2� ) to K� ratios in E horizon soil solutions (25 cm). See

Table 4 for statistical analyses.

In the Bt horizon (70 cm) soil solutions, treatment and NO�
3 (Fig. 6 and 7; Table 5). Insufficient data may

have been a factor in the lack of treatment effects foreffects were statistically significant (p � 0.01) for pH,
EC, SO2�

4 to Cl� ratio, (Ca2� � Mg2�) to K� ratio, and HCO�
3 , ortho-P, NH�

4 , and NO�
3 . Ortho-P concentra-

tions were below detection limits (2 mmolc L�1 ) in 87%all measured ions except for HCO�
3 , ortho-P, NH�

4 ,

Table 4. Probability values for repeated measures analysis of variance (ANOVA) and Bonferonni post-hoc tests on the effects of
treatment on soil solution concentrations from the E horizons (25 cm).

Bonferonni post-hoc tests

Ion Treatment Date Treatment � date Ambient–dry Ambient–wet Wet–dry

pH 0.79 �0.01 0.06 1.00 0.90 0.96
Electrical conductivity 0.02 �0.01 �0.01 0.95 0.10 0.06
Ca2� 0.16 0.47 0.51 0.90 0.18 0.74
K� 0.23 0.17 0.54 1.00 0.37 0.54
Mg2� 0.19 0.07 0.98 0.22 0.93 0.32
Na� 0.77 �0.01 0.63 1.00 0.87 0.97
SO2�

4 0.13 0.04 0.21 0.26 1.00 0.14
Cl� 0.57 �0.01 0.31 0.79 1.00 0.66
HCO�

3 0.21 0.36 0.69 0.48 0.28 0.99
NO�

3 0.16 �0.01 0.91 0.17 0.83 0.35
NH�

4 0.99 0.94 0.93 1.00 1.00 1.00
SO2�

4 to Cl� ratio 0.46 �0.01 0.20 0.76 0.99 0.52
(Ca2� � Mg2� ) to K� ratio 0.02 0.24 0.57 0.99 0.04 0.09
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Fig. 6. Concentrations of Ca2�, K�, Mg2�, Na�, and Cl� in Bt horizon soil solutions (70 cm). See Table 5 for statistical analyses.

of the samples, NH�
4 concentrations below detection tor for all measured soil solution properties, but the

interaction term (treatment � date) was significant (p �limits (1 mmolc L�1 ) in 58% of the samples, and NO�
3

concentrations were below detection limits (4 mmolc 0.05) for K� and (Ca2� � Mg2�) to K� ratio, suggesting
that the effects of treatment changed over time in theseL�1 ) in 43% of the samples. Date was a significant fac-

Table 5. Probability values for repeated measures ANOVA and Bonferonni post-hoc tests on the effects of treatment on soil solution
concentrations from the Bt horizons (70 cm).

Bonferonni post-hoc tests

Ion Treatment Date Treatment � date Ambient–dry Ambient–wet Wet–dry

pH �0.01 �0.01 0.99 0.05 0.99 0.07
Electrical conductivity �0.01 �0.01 0.19 �0.01 0.15 �0.01
Ca2� �0.01 �0.01 0.99 �0.01 0.95 �0.01
K� �0.01 �0.01 �0.01 �0.01 0.76 �0.01
Mg2� �0.01 �0.01 0.92 �0.01 0.67 �0.01
Na� �0.01 �0.01 0.62 �0.01 0.91 �0.01
SO2�

4 �0.01 �0.01 0.97 �0.01 0.57 �0.01
Cl� �0.01 �0.01 0.20 �0.01 0.94 �0.01
HCO�

3 0.73 �0.01 0.05 0.00 0.88 0.88
NO�

3 0.34 �0.01 0.93 0.43 0.93 0.47
NH�

4 0.43 �0.01 0.22 0.99 0.48 0.99
SO2�

4 to Cl� ratio �0.01 �0.01 0.14 �0.01 0.15 �0.01
(Ca2� � Mg2� ) to K� ratio 0.02 �0.01 �0.01 0.63 0.02 0.50
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cases. It appeared that the differences in K� between during the sampling period. The Bt horizon Na� concen-
trations increased threefold in the spring of 1999 andthe DRY and other treatments decreased over time,

while the differences in (Ca2� � Mg2�) to K� ratio in remained elevated through the spring of 2000 (Fig. 6).
the WET and the other treatments increased over time Concentrations of Cl� and EC also increased signifi-
(Fig. 6 and 7). cantly (r 2 � 0.28, p � 0.0001 and r 2 � 0.21, p � 0.0001;

As noted in a previous paper (Johnson et al., 1998), respectively) in the spring of 1999 but to a lesser degree
observed treatment effects in the Bt horizon were most than for Na� (Fig. 6). Other statistically significant trends
often due to differences between the DRY treatment included a very slight decrease in Ca2� (r 2 � 0.01, p �
and the other treatments; differences between the WET 0.0128) and pH (r 2 � 0.01, p � 0.0185). There were no
and AMB treatments were significant only in the case significant trends in the concentrations of other ions,
of (Ca2� � Mg2�) to K� ratio (where WET was lower although seasonal variations were often substantial and
than AMB) (Fig. 7 and Table 5). The Bt horizon soil the effects of date were significant in all cases.
solutions in the DRY treatment had consistently higher
pH, EC, and all measured ions except HCO�

3 , ortho-P, Calculated Ion Fluxes in Mineral SoilNH�
4 , and NO�

3 throughout the four-year sampling pe-
Calculated fluxes of Ca2�, K�, Mg2�, Na�, Cl�, andriod. Soil solution Na� concentrations in the Bt horizon

increased significantly over time (r 2 � 0.67, p � 0.0001) SO2�
4 for the Bt horizon are shown in Fig. 8. Error bars

Fig. 7. Sulfate, pH, electrical conductivity (EC), SO2�
4 to Cl� ratios, and (Ca2� � Mg2� ) to K� ratios in Bt horizon soil solutions (70 cm). See

Table 5 for statistical analyses.
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are not shown because the flux values are calculated Calculated Cl� flux also increased over the sampling pe-
riod as a result of the increase in Cl� concentration.from modeled soil water flux data, and thus it is not

possible to conduct statistical analyses of the flux data.
Litter Mass and Nitrogen ContentThe drought of 1998–2000 caused reductions in calcu-

lated Ca2�, K�, Mg2�, and SO2�
4 fluxes over the sampling The mass and N content of standing litter in February

period. This was mostly because of the reduction in 1999 is presented in Table 6. There were no statistically
soil water flux; only Ca2� concentration showed a slight significant differences in mass or N content in Oi hori-
downward trend over time (Fig. 6 and 7). Calculated zons, but significant differences in mass and N content
fluxes of Na� increased sharply in 1999 and 2000, caused in the Oe � Oa, nonleaf component, and in total O

horizon were noted (Table 6). The differences wereby the increase in soil solution Na� concentration (Fig. 6).

Table 6. Mass and N content of litter sampled in February 1999 (five years after treatment). Treatment P values for analysis of variance
(ANOVA) given and letters denote significant differences (p � 0.05) using Bonferonni post-hoc tests on log-transformed values.
Standard errors are given.

Treatment

Horizon Ambient Dry Wet P

Mass (kg ha�1 )

Oi 4 144 	 241a 4 056 	 215a 4 035 	 344a 0.96
Oe � Oa 5 086 	 587a 8 425 	 582b 5 603 	 555a �0.01
Nonleaf 1 591 	 247a 2 829 	 302b 1 630 	 131a �0.01
Total 10 821 	 746a 15 310 	 820a,b 11 628 	 817a,c �0.01

N concentration (mg g�1 )

Oi 11.2 	 0.4a 10.6 	 0.2b 10.1 	 0.3a,b 0.05
Oe � Oa 11.1 	 0.5a 13.3 	 0.3b 14.0 	 0.7b �0.01
Nonleaf 5.1 	 0.6a 4.9 	 0.6a 5.2 	 0.2a 0.87

N content (kg ha�1 )

Oi 55 	 5a 47 	 2a 44 	 4a 0.13
Oe � Oa 102 	 10a 181 	 11b 117 	 12a �0.01
Nonleaf 8 	 1a 14 	 2b 8 	 1a �0.01
Total 165 	 10a 242 	 13b 169 	 14a �0.01

Fig. 8. Calculated fluxes of Ca2�, K�, Na�, Mg2�, Cl�, and SO2�
4 in the Bt horizons. Values are based on average concentrations and modeled

soil water flux. Errors bars represent standard errors associated with averge concentrations only. AMB � ambient, no treatment; WO �
WET treatment, placed in the open away from drip points; DO � DRY treatment, placed between troughs; WT � WET treatment, placed
near drip points; DT � DRY treatment, placed beneath troughs; DRY-Avg � area-weighted average fluxes in the DRY treatment.
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due primarily to greater Oe � Oa mass in the DRY equaled 30 to 100% of those calculated for soil solution
fluxes in this study (Table 7 and Fig. 6). In the casetreatment; greater nonleaf mass in the DRY treatment

also contributed to the overall difference. The DRY and of Na�, however, throughfall fluxes were considerably
lower than those calculated for soil solution, especiallyWET treatments had lower Oi horizon N concentrations

and greater Oe � Oa horizon N concentrations than in water years 1999 and 2000.
Differences in throughfall fluxes alone could not ac-the AMB treatments. Differences in standing litter layer

mass were not attributable to differences in litter inputs, count for all the observed differences in soil solution
concentration; indeed, if throughfall fluxes were thewhich were not significantly different among treatment

plots from 1994 through 1998 (Joslin et al., 2000). only factor involved, there would be no differences in
soil solution concentration (i.e., both ion and water
fluxes would change by 	33% and concentrationsDISCUSSION would stay the same). It is clear from the treatment
effects on soil solution concentration that soil water fluxPotential Effects of Changes in Ion Inputs
must have changed disproportionately in response toin Throughfall
changes in throughfall in the DRY treatment, at least.The treatment effects in the O and Bt horizons could It is not clear why soil solution concentrations in thehave been affected by differences in ion inputs in through- WET treatment were not more substantially affectedfall. Unfortunately, throughfall fluxes were not rou- than they were. The lack of response in soil solutiontinely measured. Based on previous studies at a nearby concentrations in the WET treatment caused soil leach-chestnut oak site on Walker Branch (Johnson et al., 1985; ing flux estimates to increase substantially above thoseJohnson and Todd, 1990), the fluxes of NH�

4 , NO�
3 , total in the AMB treatment. As noted above, some of thisN, and ortho-P in throughfall among the treatments was certainly due to increased throughfall fluxes. Re-would have been approximately 0.06, 0.08, 0.12, and gardless of the contributions of throughfall fluxes to soil0.07 kmol ha�1, respectively Table 7). These values are leaching fluxes, however, any change in soil leachingwithin the range of the differences observed in the resin flux represents a net loss from the system, whereaslysimeters between the AMB and DRY weighted aver- throughfall fluxes include a proportion of atmosphericage values (0.05 to 0.12 kmol for NH�

4 , 0.01 to 0.12 kmol dry deposition and ions that have been recycled by vege-for NO�
3 , 0.06 to 0.31 kmol for NH�

4 � NO�
3 , and 0.15 kmol tation (especially in the case of K�). Thus, changes infor ortho-P) (Fig. 3). The differences in resin fluxes be- soil leaching fluxes can be expected to have long-termtween the AMB– and DRY–under trough (DT) loca- consequences for soil change.tions (2.4 to 5.6 kmol for NH�

4 , 2.5 to 3.0 kmol for
NO�

3 , and 5.0 to 8.6 kmol for NH�
4 � NO�

3 , and 0.5 kmol
Evaluation of Hypothesesfor ortho-P) were far larger than could be accounted for

by throughfall inputs. Similarly, the differences in resin The first hypothesis (i.e., changes in throughfall input
fluxes of NH�

4 , NO�
3 , total N, and ortho-P between the will cause concomitant changes in N and P fluxes in O

AMB and WET treatments were substantially greater horizons) was supported for N but not P. Nitrogen fluxes
than could be accounted for by throughfall inputs. As were significantly greater in the WET treatment and
noted above, the resin lysimeters in the WET treatment lower in the DRY treatment than in the AMB treat-were located near drip points and therefore measure- ment. This effect was exclusively due to those lysimetersments may have been elevated by larger than average placed either under troughs (DRY) or near drip pointswater flux and also by inputs of N in irrigation water.

(WET); the lack of difference between those lysimetersThe changes in throughfall fluxes of K� could have
placed in the open (AMB, WO, DO) is reassuring thathad a major effect on calculated K� fluxes in Bt soil
the plots were comparable in other ways.solution. Values for throughfall K� from the previous

The second hypothesis (i.e., changes in throughfallstudies were greater than those calculated for soil solu-
input will cause inverse changes in EC and ion concen-tion flux in this study (Table 7 and Fig. 8). Changes in
trations in soil solutions) was supported only in part.throughfall fluxes of Cl�, and to a lesser extent Ca2�,
The DRY treatment did continue to cause increases inMg2�, and SO2�

4 , could also have caused changes in soil
ion concentrations in Bt horizon soil solutions, but theresolution flux: previously measured throughfall fluxes
were no statistically significant differences in E horizon
solutions nor any differences between the WET andTable 7. Ion fluxes in throughfall in a chestnut oak forest on
AMB treatments in the Bt horizons. The reasons forWalker Branch Watershed (data from Johnson et al., 1985 and

Johnson and Todd, 1990). the greater treatment effect on the Bt than on E horizon
solutions are not clear, but may relate to increased dif-Ion Amount
ferences in soil water flux with increasing depth. Al-

Ca2� 0.33 	 0.02
though most roots and therefore most evapotranspira-K� 0.36 	 0.04

Mg2� 0.13 	 0.02 tion effects are concentrated in the surface horizons,
Na� 0.05 	 0.01 water removal by roots does occur at depths greaterCl� 0.19 	 0.01

than 25 cm, and, as discussed above, this could magnifySO2�
4 0.64 	 0.04

Ortho-P 0.02 	 0.002 treatment effects on soil water flux with depth. This
Total P 0.03 	 0.01 hypothesis remains to be tested, however. The reasonsNH�

4 0.18 	 0.01
NO�

3 0.23 	 0.01 for the lack of soil solution responses to the WET treat-
Total N 0.36 	 0.07 ment are not known and merit further investigation.
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The third hypothesis (i.e., changes in throughfall input in the DRY treatment was about 70 kg N ha�1 greater
than the AMB treatment (Table 6), suggesting a meanwill cause concomitant changes in SO2�

4 to Cl� ratios)
was supported for Bt horizons: SO2�

4 to Cl� ratios were annual rate of N immobilization in the dry plot organic
horizons of 12 Kg N ha�1 yr�1. This rate of immobiliza-lower in the DRY treatment, suggesting that there was

some buffering of soil solution SO2�
4 concentrations by tion is equal to about three times the difference in aeri-

ally weighted mineral N flux between the AMB andadsorption. The Bt horizon solution SO2�
4 to Cl� ratios

declined and converged by water year 2000 when soil DRY plots in 1998–1999 (4.3 kg ha�1 yr�1; Fig. 3). In
the 1999–2000 resin lysimeter collection, the aeriallysolution concentrations of Cl� (and Na�) increased in

an apparent response to drought (Fig. 6). The Bt hori- weighted fluxes in the DRY and AMB treatments were
virtually identical (7.4 and 6.7 kg ha�1 yr�1, respectively),zon SO2�

4 concentrations showed no change during wa-
ter year 2000, however, again suggesting buffering and even though the fluxes beneath the troughs remained

substantially and significantly lower in the DRY treat-supporting the third hypothesis. Soil solution SO2�
4 con-

centrations were not completely controlled by buffering, ment. These differences could reflect error in estimation
or they could reflect a leveling off of forest floor masshowever: SO2�

4 concentrations were consistently greater
in the DRY than in the other treatments. and N in the DRY treatment. Both the forest floor

sampling in 1999 and the resin lysimeter data suggestThe fourth hypothesis (i.e., changes in throughfall
input will cause inverse changes in [Ca2� � Mg2�] to greater sequestration of N in the forest floor in the

DRY treatment.K� ratios) was supported in part: (Ca2� � Mg2�) to K�

ratios were significantly lower in WET than in the DRY
Implications for Long-Term Soil Changetreatments in the E horizons and significantly lower in

the WET than in the AMB treatment in both horizons. and Plant Productivity
In a previous paper (Johnson et al., 1998), we noted In a previous paper, we explored the implications
no significant treatment effects on (Ca2� � Mg2�) to of the treatments for long-term soil change using the
K� ratio. Nutrient Cycling Model (NuCM; Johnson et al., 1998).

The model predictions at that time indicated that, com-
General Observations pared with the AMB treatment, soils in the DRY treat-

ment would become enriched in base cations over a 30-The resin lysimeters allowed us to measure treatment
year period, whereas those in the WET treatment wouldeffects on N fluxes for the first time. Treatment effects
become depleted. The magnitudes of these changes didon N fluxes could not previously be measured because
not suggest any measurable effect on plant productivity.soil solution NH�

4 and NO�
3 concentrations were at or

These predictions remain to be tested. The NuCM alsonear trace levels at all times. Measurement of forest
predicted that, because of slightly higher litter produc-floor fluxes with tension lysimeters is difficult because
tion in the WET treatment, forest floor mass and nutri-the forest floor is thin and subject to extreme wetting
ent contents would increase relative to the AMB treat-and drying cycles. Also, resin lysimeters avoid the prob-
ment, and the reverse would occur in the DRY treatmentlems of exchange or adsorption that may be associated
(lower forest floor mass and nutrient contents). Thiswith ceramic lysimeters (Lajtha et al., 1999). Susfalk
prediction was clearly not supported by the results of(2000) noted that resin lysimeters collected substantially
this study, where a significant increase in mass and Ngreater amounts of NH�

4 , NO�
3 , and ortho-P than ce-

content in the DRY treatment and no effects in theramic cup lysimeters in a comparative study in the Sierra
WET treatment were found.Nevada mountains of Nevada. The differences were

Perhaps the most significant effects relative to plantthought to be due to adsorption by the ceramic and
productivity noted in this study were the changes in Operhaps also because of spoilage of water samples be-
horizon leaching rates and the corresponding increasestween collections. in forest floor N content in the DRY treatment. TheseWith the resin lysimeters, we were able to detect large effects are statistically significant, and excessive immo-and statistically significant treatment effects on N fluxes bilization (or reduced mineralization) of N in the forestfrom the forest floor (O horizons). The magnitudes of floor might reduce N availability for growth if sustainedthe N fluxes measured were within values that would over long time periods. However, the rates of N immobi-be expected in this ecosystem. Nitrogen fluxes via lit- lization observed here were relatively small and we hy-terfall and crownwash in this forest type are 34 and 3 pothesize that they will eventually decline as a new

kg N ha�1 yr�1, respectively (Johnson and Van Hook, steady state in the forest floor mass is reached.
1989); thus, the resin lysimeter values suggested that
there was a net uptake of N (by soil organisms, tree ACKNOWLEDGMENTS
roots, or both) from the forest floor in the AMB and
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