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Core ldeas

¢ Soils in the northeastern United
States show signs of recovery from
acidification between 2001-2002 and
2014.

e Variation in soil chemistry at the
landscape and plot-scales was similar,
informing study design.

e Soils influenced by shallow
groundwater were more dynamic
than well-drained soils.

Forest, New Hampshire, USA

Soils are subject to a variety of stressors including human land use, air pol-
lution and climate change. A challenge for detecting temporal change is
disentangling heterogeneity at multiple spatial scales. Forty permanent plots
were sampled across the US White Mountain National Forest (WMNF) in 2001
or 2002 and resampled in 2014. Paired t tests detected significant increases in
carbon and base cations concentrations and a decrease in Al in the Oa hori-
zon while base cations decreased and Al increased in some mineral horizons.
A subset of six plots were intensively resampled in 2015. Pooled variances
were calculated using all the six intensively sampled plots from 2014 to 2015.
Within-site variability was comparable to overall variability across the WMNF.
When study sites were stratified into hydrologic groups, we found a strong
signal in the Oa horizon of increasing carbon and base cation concentrations
from 20012002 to 2014, suggesting that soils influenced by shallow ground-
water contributions from upslope may be more responsive to acidification
recovery than soils influenced only by vertical percolation. The initial study
design did not consider the role of hydrologic pathways in susceptibility of
soils to temporal change and did not include enough plots in each hydrologic
group to maximize the power of this stratification approach. However, these
results illustrate the potential for hydrologic stratification to improve change
detection and interpretation in forest soil monitoring programs. The combined
approach to hydrologic stratification and estimating variance components
simultaneously at the landscape and within-plot scales is crucial for calculat-
ing sample size needed to detect temporal change.

oils are the foundation of healthy, productive forests and their associated ter-

restrial and aquatic ecosystems. Long-term productivity of forests depends on

amounts of available nutrients and quantifying change over time is an impor-
tant component to assessing the overall health of forest ecosystems (Federer et al,,
1989). Soil monitoring was developed as a means of evaluating soil condition, assess-
ing susceptibility to environmental stressors, and informing land management prac-
tices (Mangold, 2000; Neary etal., 2010; Lawrence et al., 2013). Chemical properties
of soils are monitored as indicators of essential forest functions to evaluate overall
soil productivity (Cronan and Grigal, 1995; Schoenholtz et al., 2000; Richter and
Markewitz, 2001). However, temporal-change detection is challenging since soil
chemistry is highly variable spatially and typically requires a large number of samples
to achieve statistical significance (Johnson et al.,, 1990; Conant et al., 2003).

Soil monitoring efforts in the northeastern United States were primarily ini-
tiated due to suspected impacts of acid deposition (Driscoll et al., 2001; Likens,
2013). Studies monitoring soil chemistry change spanning ~1967 to 2000, a pe-
riod straddling peak atmospheric acid deposition, typically found significant de-
creases in Ca and significant increases in Al in the organic horizon and upper min-
eral horizons (Bailey et al., 2005; Warby et al., 2009; Bedison and Johnson, 2010).
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However, during approximately the same time frame, Yanai et al.
(1999) reported no significant change in the forest floor due to
high spatial variance of Ca and Mg and a loss of 1.4% per year
would have been detectable. A more recent regional compilation
of resampling efforts at 27 sites across the Northeast, comparing
samples collected in the 1980s and 1990s with samples collected
in the late 2000s, a period of strongly declining atmospheric acid
deposition, reported signs of recovery, with modest decreases of
exchangeable Al in the O and upper B horizon (Lawrence et al.,
2015). However, base saturation continued to decrease in the B
horizon of some sites suggesting ongoing acidification. Overall
soil resampling studies have varied drastically in design and few
studies have investigated sampling size and study design needed
to detect change across a landscape scale; nor have there been
many attempts to stratify sites by properties that could reduce
spatial soil variation.

A primary challenge for soil monitoring is to disentangle
heterogeneity at multiple spatial scales so variation occurring over
space is not confounded with change across time. It is crucial for
a monitoring protocol to account for the high variance of soil
chemistry at multiple spatial scales when calculating sample size
(Muukkonen et al., 2009). Often, the number of samples are de-
termined from a site-specific perspective, which is then used as a
reference for future monitoring. Previous studies have suggested
sample design considerations for site-specific change detection
of forest floor horizons as well as watershed-scale forest floor and
mineral horizon sample size (Johnson et al., 1990; Mikipai et al.,
2008). There are no long-term studies at a landscape-scale that
monitored soil by leveraging a stratified sampling design based on
hillslope position or other local factors driving soil formation pro-
cesses to reduce the influence of horizontal and vertical variability
of soil chemistry for the purposes of change detection.

Identifying site characteristics that may influence susceptibil-
ity of soil chemistry change due to acid rain or other perturbations
may increase the sensitivity of monitoring programs. In the north-
eastern United States where Spodosols are a dominant soil order,
podzolization contributes to the high-variance of soil chemistry,
with eluvial and illuvial processes having greatly different expres-
sion at both the profile and hillslope scale (Bailey et al., 2014). At
the profile scale, podzolization promotes translocation of soluble
organic compounds, complexed with aluminum and iron, from
shallow to deeper portions of soil profiles (De Coninck, 1980).
In addition, the dominant hydrologic pathway through a soil pro-
file can either vertically drive leaching processes via unsaturated
flow at the pedon scale, or laterally influence the leaching process,
particularly in areas where shallow groundwater is flowing within
the solum, connecting pedons at the hillslope scale (Lundstrom et
al., 2000; Sommer et al., 2000; Gannon et al., 2014). Sites that are
developed by vertical hydrologic flow may be more susceptible to
leaching processes as buffering from atmospheric deposition and
mineral weathering is limited to inputs at the pedon scale. On the
other hand, sites that are developed laterally under the influence
of shallow groundwater, have pedons influenced by solute inputs

from upslope, with potential buffering from chemical cycling

processes from a larger arca than the pedon itself (Clarholm and
Skyllberg, 2013). Thus, these sites are potentially less susceptible
to depletion processes and more responsive to recovery processes.
Incorporating site characteristics to estimate the variance compo-
nents simultancously at the landscape scale, and at the profile-scale
is crucial for calculating sample size and quantifying temporal rates
of change when designing monitoring systems.

National forests, covering approximately 190 million acres
in the United States, are mandated to protect the longterm soil
productivity by the National Forest Management Act (NFMA,
1976). The White Mountain National Forest (WMNTF) in New
Hampshire and Maine established a decadal monitoring program
to measure forest soil productivity (US Forest Service, 2005) to
fulfill the NFMA mandate. However, it is not known how sensi-
tive the sampling design is to detect change. The first objective
of this study was to investigate overall change in soil chemistry of
mid-elevation, northern hardwood Spodosols across the White
Mountain National Forest (WMNF) by resampling plots that
were originally sampled in 2001-2002. This included further
investigating temporal-change detection by simultaneously cal-
culating the variance components within-plot using a subset of
plots with more intensive sampling. The second objective was
to stratify sampling sites by dominant hydrologic pathways to
determine if groundwater influenced soils were more responsive
to acidification recovery processes compared to soils developed
vertically via unsaturated flow.

METHODS
Study Site

The White Mountain National Forest (WMNF) cov-
ers approximately 800,000 acres located in north-central New
Hampshire and adjacent western Maine. Dominant vegetation
types include northern hardwood, spruce-fir, and mixed-species
forests. Annual precipitation averages 90 to 180 cm and total
annual snowfall ranges from 250 to 400 cm (McNab and Avers,
1994). The WMNF is a glacially scoured, irregular highland
characterized by clusters of low, rounded and scattered moun-
tains where the soils are typically less than 3 m deep, strongly acid,
and consist of Haplorthods, Haplaquepts, and Dystrochrepts
(McNab and Avers, 1994). Figure 1 depicts the forty perma-
nent plot locations across the White Mountain National Forest
(WMNPF) established in 2001-2002 to monitor soil productiv-
ity (US Forest Service, 2005). Plot locations were selected to be
representative of mid-elevation mature northern hardwoods (be-
tween 60 and 120 yr of age), Spodosols developed in deep gla-
cial till, and varying hillslope position (Supplemental Table S1).
Topographic maps, acrial imagery, and Ecological Land Types
(US Forest Service, 2005) were used to initially to identify lo-
cations and ensure plots were spatially distributed across the
WMNE. The focus was on mid-elevation, mature northern hard-
woods since this is the portion of the WMNF most actively man-
aged for timber products where maintenance of site productivity
directly informs the achievement of goals set out in the WMNF
Forest Management Plan.
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Sample Collection and Analysis

Once the plots were established, aspect was measured with
a handheld compass in degrees relative to true north. Slope was
measured in percent with a clinometer in both up and downslope
directions 5 m from plot center. Soil pits were hand dug, approxi-
mately 0.75 m by 0.5 m wide and 1.2 m deep to sample the entire
solum and the upper portion of the C horizon. In 2001-2002,
soil pits were hand dugat plot center; in 2014 plots were relocated
and 37 plots were resampled. Of the 40 original plots, two plots
could not be relocated in 2014 due to incorrect coordinates and
one plot was resampled but classified as an Inceptisol rather than
a Spodosol which was the focus of the study; these plots were ex-
cluded from the analysis presented here. In 2014 new pits were in-
stalled and sampled along the topographic contour from the plot
center of the 2001-2002 pit (Fig. 1). A subset of six plots were se-
lected for additional intensive sampling by stratifying all the plots
based on exchangeable Al concentration. In each of the Oa, spodic
(Bhs, Bh, Bs), and transitional (BC, CB) horizons, exchangeable
Al concentration was classified as low, medium or high based on
the entire range measured in that horizon. Two plots from each of
the three categories were randomly selected for further sampling
in 2015; additional pits were 2 m on topographic contour in both
directions from the plot center of the 2001-2002 pit and from
the 2014 pit, as well as 2 m upslope and downslope of the 2014
soil pit (Fig. 1, magnified plot inset).

Genetic horizons were described and sampled by Munsell
color, texture, structure, moist consistence, presence of redoxi-
morphic features, rooting density, and coarse fragment content
(Schoeneberger, 2012). Soil samples, consisting of approximately
2 to 3 L of each horizon, were collected by the full height of the
horizon and width of the pit. Volumetric coarse fragment (2 to
75 mm) content was estimated visually on the pit face. Rooting
density was described semi-quantitatively as few (<1), common
(1to5) or many (>5) fine and very fine roots (<2 mm diameter)
per square centimeter. B horizon subdivisions were designated
based on Munsell color based on criteria shown to distinguish
spodic horizons influenced by shallow groundwater at the near-
by Hubbard Brook Experimental Forest (Bailey et al., 2014). Bhs
horizons had a Munsell hue of 7.5YR or redder and value and
chroma <3. Bs horizons were a 7.5YR or redder hue and a value
or chroma >3 and Bh horizons had a hue of 10YR and a value
and chroma both <3 (Bourgault et al,, 2015).

All samples were air-dried, sieved to remove particles >2
mm, homogenized and split to generate a subsample for chemical
analysis. Samples from 2001-2002, 2014, and 2015 were mea-
sured for pH in 0.01 mol L! CalCl2 (Robarge and Fernandez,
1987). All archived 2001 or 2002 samples, and new 2014 or 2015
samples were analyzed in 2016 for carbon and nitrogen ona CN
clemental analyzer (CE-Elantech Thermo FlashEA 1112 Series
NC Soil Analyzer) using pulverized subsamples. Soil standards
obtained from the North American Proficiency Testing program
were used to standardize the instrument. Exchangeable cations
were also measured in 2016 on all samples from both time peri-

ods in an extract obtained from a mechanical vacuum extractor
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Fig. 1. White Mountain National Forest (WMNF) location within
the northeastern United States and the 40 permanent plot locations
established in 2001 to 2002 across the WMNF. Each general study
area is indicated by a two letter abbreviation; numbers indicate the
number of plots in each general area, which ranged from one to
four. In 2014, plots were sampled at 2-m intervals along topographic
contour (depicted with a triangle in the magnified plot inset). Six
plots, depicted with diamonds on the WMNF map, were randomly
selected for additional intensive sampling in 2015. The additional pits
were sampled 2 m on contour on each side of the 2014 pit and 2 m
upslope and downslope (depicted with pentagons in the plot inset)
for a total of four pits sampled in the intensive plots in 2015.

using 1 M NH,OAc buffered at pH 4.8. Cation concentrations
were measured with an Agilent inductively coupled plasma spec-
trometer (Agilent Technologies 700 Series ICP-OES) at the US
Forest Service laboratory in Durham, NH. Reference samples of
Oaand Bs horizons from Vermont were included in all analytical
streams and yielded values of C, N, pH, and exchangeable cations
comparable to the median values reported in an interlaboratory
study (Ross et al., 2015). All profile descriptions and chemis-
try data will be published on the US Forest Natural Resource
Manager (US Forest Service, 2018).

The 2001-2002 exchangeable cation determinations (Al Ca,
Mg, Mn, Na, and K) were originally measured in 1 M NH,Cl ex-
tracts obtained by mechanical vacuum extraction (Blume, 1990).
Then 30 archived samples from 2001-2002 were randomly se-
lected and re-analyzed in 2017 using 1 M NH,Cl to determine
if changes had occurred due to archiving or method differences.
The re-analysis was completed by the same laboratory that made
the original measurements. Regression showed new analyses of the
2001-2002 archived samples were highly correlated with original
analyses. The Al, Ca, Mg, Mn, and K concentrations were less
than 5% lower in recent measurements, though there was a high
correlation (72 = 0.86 for Al; 0.95 for Ca; 0.87 for Mg; 0.97 for
Mn, 0.94 for K). Na, however, had an intercept of 7.18 and a slope
of 1.05 (7% = 0.10). The high correlation of Al, Ca, Mg, Mn, and
K suggests change was not detectable and change is smaller than
the detection limit in archived samples. The consistently higher
concentrations of Na may have resulted from the differences in the

extracts and analytical noise on the ICP.
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Statistical Analyses

Differences among observers may have led to sampling
more than one subhorizon in the first sampling year compared
to one horizon in another sampling year. Therefore, genetic ho-
rizons were combined into general categories for comparison of
results between sample years. The Oa, spodic, transition, and C
horizon categories were created to include all samples separated
into subhorizons (e.g., Oal and Oa2). A general spodic horizon
category combined all illuvial B horizons, including Bhs, Bh, and
Bs and the transition horizon category included BC and CB ho-
rizons. Temporal change in E horizons was not explored because
E horizons were typically thin and discontinuous, and their low
organic matter content makes them uniformly low in C and N
content and extractable cations.

Analytical results for individual genetic horizons were aggre-
gated into a general horizon category by using a weighted average
to determine overall exchangeable cations, pH, C and N concen-
tration. The weighted average was calculated by multiplying the
thickness, bulk density, and one minus the proportional coarse
fragments to determine a unit area mass for every individual ho-
rizon within a general horizon. The individual horizon mass was
then divided by the sum of all horizon masses in the general ho-
rizon, multiplied by a soil chemistry variable measured, and the
sum of products used for the general horizon value. Bulk density
was estimated by the relationship with organic matter reported
by (Federer et al., 1993) and assuming organic matter is 50% car-
bon. Across all plots, average top and bottom depths (cm) and
color were calculated by general horizon category for both sam-
pling years. Munsell colors were averaged by converting colors to
RGB color coordinates, averaged by general horizon category for
the purposes of comparison, and then converted back to Munsell
color to report averages by general horizon category using the
‘agp’ package in R (Beaudette et al,, 2013).

Pairwise # tests of mean top and bottom depths, color, pH,
C, N, and log-transformed cation concentrations were used to
compare years on a plot by plot basis for the first objective of this
study when the horizon was present during both sample times.
For example, Oa horizons were present in 25 plots during both
sampling years, whereas spodic horizons were present in both
sampling years in all 37 plots. In addition, a Wilcoxon signed-
rank test was also used to compare years on a plot by plot basis
on non-transformed cation concentrations.

Pooled variance was calculated to determine within-plot spa-
tial variability (Eq. [1]). The pooled approach for calculating vari-
ance accounts for the lack of variance present from the first sam-
pling time since variance cannot be calculated using one sample; at
the second sampling time, the number of samples (5) is very small
for obtaining a reliable estimate of the variance. A pooled variance
loses site-specific information about the variability, but provides a
more reliable estimate of the variability that would be encountered
under typical conditions. The pooled variance is calculated as:

52—(&1)_%2(%"“;)2 [1]

where x,; is the ith pit of the jth site and x_] is the sample mean of
the site. The total number of pits sampled from both samplings
isn j’ and » ; represents the total number of subsampled sites. The
magnitude of change that could be accounted for based on sam-
pling variability alone is then determined as the standard error of
the difference between two sets of measurements, one based on a
single pit and one based on multiple pits, with the sampling vari-
ance for a single pit estimated as the pooled variance:

2
sA=, s +;— (2]
12

where s, is the standard error of the estimated change, 7,, is the
number of pits sampled from the second sampling time at the
jthsite. To evaluate the influence of variability on the sample size
needed to detect plot-specific change, we used a power analysis ap-
proach. Required sample sizes were calculated based on the pooled
variances of the subset of six intensively sampled plots, with a pow-
er (i.c., probability of a statistically significant change detection) of
0.8 and significance of 0.05 to detect plot-specific change and the
observed magnitude of change found across all 37 plots.

For the second objective, plots were partitioned into three
groups, vertical, lateral, or bimodal, representing the dominant
hydrologic pathway influencing soil formation. Vertical hydro-
logic development was defined as profiles with morphology in-
dicating a lack of watertable incursion in the solum (Gannon et
al., 2014). Lateral sites had morphology indicating regular water
saturation throughout the solum (Sommer, 2006) while bimodal
sites were intermediate with some evidence of watertable influ-
ence primarily in the lower portion of the solum (Bailey et al.,
2014). Figure 2 depicts representative soil profiles (plots GC2,
GR3, and GC3) of vertical, lateral, and bimodal hydrologic re-
gimes that influence soil horizon sequence.

Topography, horizon sequences, and soil profile characteris-
tics were all used to assign each plot to a hydrologic group (Bailey
et al,, 2014). A multivariate analysis of variance (MANOVA)
was used to evaluate temporal change between 2001-2002 and
2014 in C, N, pH, and exchangeable cation concentrations be-
tween hydrologic groups. To assess the influence of this strati-
fication on change detection, an ANOVA power analysis was
also completed to determine how many sites of each hydrologic
group were necessary for detecting a significant difference (o =
0.05) with a power of 0.8. All analyses were completed using base
packages in R (R Development Core Team, 2018).

RESULTS
Overall Decadal Soil Change

There were no significant differences in sampling depths
or color by general horizon between sampling years except for a
slightly greater bottom depth of sampling of the C horizon in the
original 2001 and 2002 sampling years (Table 1).

Mean carbon (C) and nitrogen (N) concentration (g kg™1),
pH, and exchangeable cation concentration (cmol, kg1 for each

general horizon category (Oa, spodic, transition, and C) by sam-
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Fig. 2. Representative soil profiles (plots GC2, GR3, and GC3) from
20012002 depicting the common horizon sequence associated
with the dominant hydrologic pathway influencing a soil developed
vertically, laterally, or bimodally. Plots were partitioned into three
hydrologic groups based on topography, horizon sequences, and soil
profile characteristics (Bailey et al., 2014). Laterally influenced profiles
generally lacked an E horizon and a Bh horizon was the dominant
illuvial horizon type. Bimodal profiles may have a thin E horizon
and had a Bh horizon underneath a lighter colored Bhs and or Bs
horizon. Brackets parallel to each soil profile indicate the subhorizons
aggregated within spodic and transition categories for comparison.

pling year are listed in Table 2. Significant differences between
sample years are in indicated in bold. The results from the paired
# tests found significant increases in C and N of the Oa horizons
with approximately 30% higher C concentrations in 2014 than in
2001-2002. A smaller but significant decrease in C concentration
also occurred in the transition horizons. There were no significant

differences in pH at any depth, although the 37 soil profiles were

Table 1. Average top and bottom depths and color by sample
year listed for each general horizon category (Oa, spodic,
transition, and C). The bottom depth of the C horizon is the
depth observed, not necessarily the bottom of the horizon.
Average colors were calculated by converting Munsell colors
to RGB color coordinates, calculating the mean, and convert-
ing back to Munsell color.

General Average
horizon nt Year Top Bottom color
cm cm

Oa 25 2001-2002 3.9 9.9 T0YR 2/1
2014 3.6 9.2 7.5YR 2/1

Spodic 37 2001-2002 13.4 48.2 7.5YR 3/3
2014 14.9 54.6 7.5YR 3/3

Transition 32 2001-2002 47.8 84.0 T10YR 4/5
2014 51.5 87.1 T10YR 4/4

C 37 2001-2002 80.2 115.7 2.5Y5/3
2014 82.7 102.1 2.5Y 4/3

t n, number of plots with each general horizon category present in
both sampling years.

consistent with chemical indicators of Spodosols by exhibiting in-
creasing pH by depth (Table 2; Supplemental Fig. S1).

Paired # tests on log-transformed cation concentrations
found significant decreases in Al in Oa horizons and mean ex-
changeable Al was 1.5-fold higher in 2001-2002 than in 2014
within Oa horizons. Conversely, significant increases of Ca, K,
and Mg occurred in the Oa horizon. Significant increases in
Al occurred in spodic horizons and mean exchangeable Al was
approximately 35% lower in 2001-2002 than in 2014 within
spodic horizons. Significant increases in Al below the Oa ho-
rizons were not coupled with any detectable change in pH
(Supplemental Fig. S2). Significant decreases in Ca, Mg, and Na
concentrations were also detected in the spodic horizons. A sig-
nificant increase of 27% in Al concentration was found in the
transition horizons. Mean exchangeable Ca was approximately
1.6-fold higher in 2001-2002 than 2014 in the transition hori-
zons. Finally, a significant increase in Al concentrations occurred
in the C horizons. The non-parametric analyses yielded similar
results and no difference in interpretation as the paired # tests.

Table 2. Average carbon (C) and nitrogen (N) concentration (g kg -, pH, and exchangeable cation concentration (cmol, kg")
for each general horizon category (Oa, spodic, transition, and C) by sampling year. Paired ¢ tests were performed to determine
differences between sample years. Significance testing was conducted on log-transformed cation concentrations when residuals

did not meet normality.

General horizon  n Year C N pH Al Ca K Mg Mn Na
g kg cmol kg

Oa 25 2001-2002 33.4at 1.6a 3.12 5.00a 9.69a 0.75a 1.77a 0.47 0.09
2014 42.6b*** 2.0b*** 3.21 3.47b*  13.61b* 1.07b* 2.27b* 0.46 0.08

Spodic 37 2001-2002 5.4 270 3.67 13.21a 0.45a 0.08 0.09a 0.03 0.03a
2014 5.3 290 3.77 17.89b***  0.40b** 0.07 0.08b** 0.02 0.02b***

Transition 32 2001-2002  1.2a 70 4.14 6.92a 0.20a 0.04 0.03 0.01 0.02
2014 1.0b** 60 4.22 8.79b** 0.12b** 0.03 0.02 0.00 0.02

C 37 2001-2002 0.6 30 4.30 3.22a 0.14 0.03 0.03 0.01 0.02
2014 0.6 30 4.34 6.67b*** (.21 0.03 0.07 0.01 0.02

* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
**#* Significant at the 0.01 probability level.

t Significant differences between sample years are indicated in bold and different lowercase letters.
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Table 3. Standard deviation of the concentrations of carbon (C), and exchangeable cations (Ca, K, Mg, Mn, and Na) from a single
soil pit at each of the 37 plots sampled in 2014 (“All 2014”). Standard deviation calculated from the pooled variances of C, Ca, K,
Mg, Mn, and Na from five soils pits at each of the six intensively sampled plots sampled in 2014 to 2015 (“Subset 2014-2015").

General horizon Topt Bottomt C Al Ca K Mg Mn Na
cm g kg! cmol_ kg
Oa (All 2014) 3.6 9.2 0.06 1.54 0.90 0.59 0.59 1.26 0.30
Oa (Subset 2014-2015) 4.1 9.8 0.06 1.48 0.99 0.48 0.65 1.12 0.42
Spodic (All 2014) 14.9 54.6 0.03 0.39 1.20 0.67 0.93 0.97 0.45
Spodic (Subset 2014-2015) 15.8 53.1 0.03 0.45 1.05 0.76 0.97 1.17 0.53
Transition (All 2014) 51.5 87.1 0.01 0.40 1.14 0.77 1.14 0.75 0.60
Transition (Subset 2014-2015)  50.6 81.2 0.01 0.41 1.05 1.13 1.31 1.19 0.64

t Average top and bottom depths.
Within-Site Pooled Variance

We found that within-site variability was comparable to
overall regional variability across the WMNFE. Table 3 provides
the standard deviation of concentrations of carbon (C), and ex-
changeable cations (Al, Ca, K, Mg, Mn, and Na) from 1 soil pit
at each of the thirty-seven plots sampled in 2014 (“All 2014”) as
well as standard deviation calculated from the pooled variances
from 5 soils pits at each of the 6 intensively sampled plots sam-
pled in 2014 and 2015 (“Subset 2014-2015”).

Overall, exchangeable Al concentrations exhibited the
highest variance both at the within-plot scale and landscape-
scale across general horizons compared to the other analytes.
Figure 3 depicts the exchangeable Al concentrations in each gen-
eral horizon category from all 2001-2002 and 2014 pits as well
as from the six subset intensively sampled plots with one soil pit
from 2001-2002 compared to five soil pits sampled in 2014 to
2015. Higher variance in Al was found across all 2014 plots in
the Oa horizon then in the pooled variance from the subset of six
intensively sampled plots. Conversely, higher variance in Ca was
found in the six-subset plots intensively sampled in 2014-2015
then all 2014 plots in the Oa horizon. Lower variance in Al was

found across all 2014 plots in the spodic and transition horizons
then in the pooled variance from the six-subset plots intensively
sampled in 2014-2015. However, higher variance in Ca was
found across all 2014 plots in the spodic and transition horizons
then in the pooled variance from the six-subset plots intensively
sampled in 2014-2015.

The number of plots needed to detect significant change
(0w = 0.05) and equal magnitude of observed change for overall
significant differences was calculated using a power analysis. For
example, 7 within-plot soil pits were required from both sam-
pling periods to detect the same magnitude of significant change
in C of the Oa horizons as was found across all 37 plots. The
power analysis also showed 20 within-plot soil pits were required
from both sampling years to detect both significant change and
the observed magnitude of overall change found from all plots
of Al in the spodic horizons. The results from this pooled vari-
ance approach showed that at least 27 plot-specific samples from
both sampling years across all horizons are necessary to detect
significant change of the same magnitude as the overall change
in Al observed at the WMNPF scale. Similarly, at least 28 soil pits
at one plot are needed from both sampling years across all hori-

zons to detect significant temporal change in Ca.

Oa o | Spodic Transition However, for analytes with higher variances, in-
el = ° 1 lsA ¢ cluding K, Mg, and Mn, more pits at both a site-
R : . . specific and landscape scale would be required in
o | e ° o | L4 |
~ o a I e o subsequent sampling years to detect change.
o0 ° -+ ° —i i hif 4
2 el __— - 1
E -~ | TR P o] | ' Stratification by Hydrologic Groups
Q [ ] —
3 =7 I Q E The 2001-2002 and 2014 element concen-
. I : o | LT ro tration differences between sampling years for
Q é T o | R~ the 3 dominant hydrologic groups influencing
o+ 7 T = = - 77 - - soil development, including vertical, lateral, or bi-
S & X B S & > O S & &> O modal were calculated using MANOVA. There
NS RO NS RO NSRRI . .
X D RN P R P RN were 22 plots designated as developed vertically,
\\'\/ ‘Z,‘OI A ‘Z.p/ \\'\' z.)\'\/ had Q.)O» \\'\/ @O' had 63’ )
ag %§% %(\?% L ad %60% %\3& L ad %6"% %$°% 9 developed laterally, and 6 developed bimodally.

Fig. 3. Extractable Al concentrations (cmol_ kg") in each general horizon category from
all 2001 to 2002 (“All 2001-02) and from 2014 (“All 2014”) plots. In addition, Al from the
six subset plots with one soil pit from 2001 to 2002 (“Subset 2001-02") at each location
and five soil pits sampled in 2014 to 2015 at each location (“Subset 2014-15"). The Subset
2001-2002 values represents one soil pit at each of the six sites and Subset 2014-2015
values represent five total soil pits from each of the six sites. The box represents the 25th
and 75th quantiles, the whiskers represent the 5th and 95th quantiles, the median is

marked by a straight line, and outliers are indicated by a solid dot.

The MANOVA results within the Oa horizon
were significantly different (p < 0.002) between
groups with an F-value of 3.290 (Pillai-Bartlett
test statistic). Only 25 sites had an Oa present
from both sampling years in 2001 to 2002 and
2014; within those sites that had an Oa pres-
ent, 18 of those sites were developed vertically,
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4 sites were developed laterally, and 3 sites were

identified as bimodal. Significant differences be- a
tween groups in the Oa horizon were found in C
(gkg), Ca (cmol_ kg1), and Na with F-values of I
4.15, 2.70, and 15.6 respectively (Fig. 4). There o
were no significant differences in the Oa horizon
of N, pH, Al, K, Mg, and Mn (F-value < 2.00).
Oa horizons at sites that developed laterally

showed significant increases in exchangeable Ca |
by 3.5-fold from 2001-2002 to 2014. Oa hori-
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Fig. 4. Significant differences between 2001-2002 and 2014 for the Oa horizon in

no significant differences of element concentra- ¢ (g kg'!) and Ca, and Na concentrations (cmol_ kg") by hydrologic group. Groups
tions in the other horizons (spodic, transition, represent the dominant hydrologic flowpaths influencing soil development, including

and C) between hydrologic groups. Insignificant
changes included increasing in Al and decreases
in Cain the spodic horizons at sites developed vertically, whereas
Al in the spodic horizons decreased at sites developed laterally
and Ca increased.

An ANOVA power analysis was completed to determine
how many sites per hydrologic group were necessary for significant
(v =0.05) difference detection. For example, 14 was the smallest
sample size per hydrologic group at the landscape-scale needed to
detect significant change of C, Al, Ca, and Na in the Oa horizon.
However, 20 was the smallest sample size per hydrologic group at
the landscape-scale needed to detect a significant change of C, Al,
Ca, and Na in the spodic and transition horizons. Sample sizes per
dominant hydrologic group in the Oa horizon ranged from 14 to
36, with the fewest for Al, Ca, and Mg, and the most pH, Mn, and
Na. Selecting the element with the largest sample size will enable
detection of differences for the other elements.

DISCUSSION
Study Design Options for Maximizing Temporal-
Change Detection

Differences between observers resampling a site as well as
spatial variation in soils are common obstacles in detecting tempo-
ral change in soil chemistry (Lawrence et al., 2013). For example,
sampling the Oa horizon deeper into the mineral horizon one
sampling year than another sampling period can result in lower
concentrations of C, as observed in 2001-2002 from this study. In
addition, differences in the presence and thickness of genetic hori-
zons, caused by small scale spatial variation, can inhibit detection
of soil change over time. Therefore, ensuring sampling consistency,
particularly depth, as well as methods for comparing differing hori-
zon sequences are essential for comparing measurements between
time periods. Previous soil resampling studies have implemented
various protocols to ensure consistency. For example, Bailey et al.
(2005) used a combined Oa/A and the horizon sample straddling-
specific depths, for example, the 50- and 100-cm depths for com-
paring two sampling periods. Bedison and Johnson (2010) pooled
previous sampling measures into appropriate depth intervals based

vertical, lateral, or bimodal.

on the most recent sampling intervals. Our study also leveraged a
pooled horizon approach by aggregating subhorizons into a gen-
eral genetic horizon category. Any differences in horizon depths or
colors that might have occurred between sampling years were not
great enough to be detected with the study methods. Spatial vari-
ability in these measures can be much greater than expected from
temporal changes over a decade, results suggested that sampling
was done consistently to minimize those effects and that spatial
variability was well addressed with these methods.

Another challenge in this study arose from the paired re-
sampling design, which could not account for within-plot vari-
ability from one soil pit per site over two sampling time periods.
It is often anticipated that magnitude of soil variability increases
with the size of the study area. However, we found that within-site
variability was comparable to overall regional variability across the
WMNE The pooled variance approach to estimate the magnitude
of change necessary to detect plot-specific change equal to overall
significant change loses site-specific information about within site
variability, but provides a more reliable estimate of the change over
time at the WMNF scale. Therefore, our study suggests the mag-
nitude of change across the WMNF was greater than potential
differences between observers, sampling depth, and within-plot
spatial variability. Confining the boundaries of this study based
on physiographic characteristics was important for limiting spatial
variability and likely more difficult to address beyond the White
Mountain region.

Temporal Change on the WMNF Compared with
Other Studies

Declines in acidic deposition across Europe and North
America (Lehmann et al., 2005; Greaver et al., 2012) have led to
signs of chemical recovery of soils from acidification (Lawrence
et al.,, 2015; Berger et al., 2016). Lawrence et al. (2012) also re-
ported significant Al decreases in the Oa horizon at two sites on
the WMNF where red spruce was a major species in the canopy,
and a significant Ca decrease in upper B horizon at one of the

two sites. In addition, Lawrence et al. (2015) reported overall

S102

Soil Science Society of America Journal



decreases of exchangeable Al in the O horizon as early indica-
tions of recovery while decreases in base saturation of mineral
horizons continued at some sites. Changes in Al and Ca within
the deeper parts of the profile (transition and C horizon) have
not been previously reported since past research commonly fo-
cused on O and upper B horizons. The overall decrease in Al and
increase in Ca within the Oa horizons across the WMNF are
consistent with indications of recovery, but were coupled with
continued acidification in the spodic and transition horizons
as indicated by increases in exchangeable Al concentrations in
deeper portions of the soil profile.

The results from this study indicate vertical mobilization
of exchangeable Al from the upper forest floor into the rooting
zone of trees which has long-term implications on forest health.
Recovery from acid deposition in soil chemistry would be ex-
pected to result in decreases in Al and increases in Ca of the min-
eral horizons. Subsequent sampling periods, as this study contin-
ues at an approximately decadal resampling scale into the future,
may reveal a longer term temporal trajectory of increased Al and
mobilization deeper into the soil profile and perhaps an even-
tual decrease as excess Al accumulated over the acid deposition
period is flushed from the soil system. It is unlikely the observed
decadal change is caused by natural soil development since pod-
zolization occurs over a much larger time-scale. The significant
results in the Oa horizon from soil resampling are more consis-

tent with reports suggesting indications of recovery.

Hydrologic Gradients for Stratifying Soil Monitoring

Partitioning sample sites by the dominant hydrologic path-
way influencing soil formation may help reduce landscape-scale
soil chemistry heterogeneity and potentially increase sensitiv-
ity of change detection associated with specific horizons. Sites
developed by vertical hydrologic flow were more susceptible to
leaching processes as buffering from atmospheric deposition and
mineral weathering is more limited. Sites developed by lateral hy-
drologic regimes were less susceptible to depletion processes and
potentially more responsive to recovery processes from the in-
fluence of shallow groundwater and solute inputs from upslope.
Significant differences by dominant hydrologic pathways in the
Oa horizons suggests high turnover may contribute to faster
rates of detectable change whereas the rates of detectable change
in deeper portions of soil profiles may be slower. Hazlett et al.
(2011) also discussed the effect of topographic position on de-
tectable soil chemical changes and found increases in base cation
concentrations in upper mineral soil horizons for plots in poorly
drained convergent topographic locations.

In addition, our ability to identify the areal extent and
topographic features commonly associated with different hy-
drologic influences on soil formation has greatly improved and
was not considered when the sites in this study were originally
established. However, the uneven number of sites for this study
within each hydrologic group could influence detection between
groups in the spodic, transition, or C horizons. Most of the plots
in this study were developed vertically which could contribute to

the overall regional detection of significant Al change in the Oa
horizons. Whereas the 9 plots developed laterally are contribut-
ing to the overall Al distribution within the spodic and transi-
tion horizons. An even number of sites within each hydrologic
group could be selected in future studies by delineating the areal
extent of the dominant hydrologic patterns influencing soil for-
mation for initial design stratification. In regions where hydro-
logic gradients occur across the landscape, we recommend this
method of stratification to help identify sites more susceptible to
change. For example, in this study, the WMNF could continue
resampling the 37 permanent plots, intensively sample the 6 sub-
set plots, and consider intensively sampling more plots that were
developed laterally or bimodally.

CONCLUSION
A rapidly changing environment has highlighted the need

for more effective and site-specific soil monitoring over short
time scales. This regional soil monitoring approach investigated
a paired-resampling design by general genetic horizon groups to
detect significant decadal change in soil chemistry within the
same general soil and forest type. The monitoring design was
created for the WMNF to establish a long-term understand-
ing of how soil chemistry is changing at a landscape scale and to
inform soil quality standards. The results from this study high-
light how within-site variability is equal to the landscape-scale of
Spodosols in northern hardwood forests. Finally, it is important
to incorporate landscape—soil-water dynamics when character-
izing change by the dominant processes of soil formation and
horizonation because groundwater influenced soils were more
responsive to recovery processes in the Oa horizons compared to
soils developed vertically via unsaturated flow.

From a forest management perspective, an ecosystem’s re-
sponse to changes in soil properties provides the context to deter-
mine how potential soil property changes may affect ecosystem
composition, processes and function. This serves as the basis for
national forests and other forest land managers to determine
whether a response to a management activity is moving the eco-
system toward or away from a desired condition. This approach
to estimate the variance components simultaneously at the land-
scape scale, and at the within-plot or micro-scale is crucial for
calculating sample size and increases our technical understand-
ing of how management or external forcings such as air pollution

or climate change may alter soil over time.

SUPPLEMENTAL MATERIAL

Supplemental material is available with the online version of this
article. The supplement contains Table S1, Plot location names, ID,
elevation, aspect, plan curvature, slope, dominant hydrological pathway
influencing soil formation, slope position, and landform element;
Fig. S1, pH vertical distributions by depth for 39 sites; and Fig. S2,
Exchangeable Al vertical distributions by depth for 39 sites.
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