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Environmental change is monitored in North America through 
repeated measurements of weather, stream and river � ow, air and 
water quality, and most recently, soil properties. Some skepticism 
remains, however, about whether repeated soil sampling can 
e� ectively distinguish between temporal and spatial variability, 
and e� orts to document soil change in forest ecosystems through 
repeated measurements are largely nascent and uncoordinated. 
In eastern North America, repeated soil sampling has begun to 
provide valuable information on environmental problems such as air 
pollution. � is review synthesizes the current state of the science to 
further the development and use of soil resampling as an integral 
method for recording and understanding environmental change in 
forested settings. � e origins of soil resampling reach back to the 19th 
century in England and Russia. � e concepts and methodologies 
involved in forest soil resampling are reviewed and evaluated 
through a discussion of how temporal and spatial variability can be 
addressed with a variety of sampling approaches. Key resampling 
studies demonstrate the type of results that can be obtained through 
di� ering approaches. Ongoing, large-scale issues such as recovery 
from acidi� cation, long-term N deposition, C sequestration, e� ects 
of climate change, impacts from invasive species, and the increasing 
intensi� cation of soil management all warrant the use of soil 
resampling as an essential tool for environmental monitoring and 
assessment. Furthermore, with better awareness of the value of soil 
resampling, studies can be designed with a long-term perspective so 
that information can be e�  ciently obtained well into the future to 
address problems that have not yet surfaced.
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Environmental change is monitored in North 
America through organized networks that make repeated 
measurements of the environment that include weather, 

stream and river � ow, air and water quality, and forest growth. 
� e time-series data generated by these networks represent the 
core of our predictive understanding of how human activities 
a� ect our air, water, and trees (Likens, 1989; Magnuson, 1990). 
Missing from these invaluable records, however, are data from 
soil remeasurement networks, particularly in forested settings. 
Despite the importance of soils as a controlling component of 
terrestrial and aquatic ecosystems, e� orts to document changes 
in forest soils through repeated measurements are largely nascent 
and uncoordinated.

Traditionally, soil development has been viewed as a set 
of processes that takes place across centennial to millennial 
time scales (Walker and Syers, 1976). Important physical and 
chemical characteristics of soils, however, have been shown to 
change across time scales of less than a decade (Varallyay et  and 
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being measured. Errors inherent in these methods also limit 
certainty in inferring soil change. For example, the need to 
estimate mineral weathering � uxes in the watershed mass balance 
approach adds large uncertainty to estimated rates of soil change. 
Computer modeling is also used (Sullivan et al., 2011), but 
soils are complex systems controlled by high-order interactions 
of climate, geomorphology, parent materials, vegetation, and 
humans, which have not been well quanti� ed. � e accuracy of 
the information gained from inferential approaches requires 
veri� cation by direct measurements of soil change, which is best 
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1964 to 2001, thereby demonstrating a shi�  from cation exchange 
to weathering of Al-bearing minerals as the primary mechanism 
of acid neutralization. � ese results were noteworthy because 
they provided direct support for the long-standing theory of soil 
acidi� cation by acidic deposition postulated by Ulrich (1988) 
through his research on German soils.

Concepts and Methodologies 

of Soil Resampling
� e concept of soil resampling to detect changes in soil 

properties has only recently been embraced by the scienti� c 
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other soil properties may persist for decades or longer (such as 
erosion of the mineral soil from high-intensity rainfall). In each 
case, variability may appear random with respect to time, with 
unpredictable recurrence intervals. Properties linked to weather 
can also express year-to-year variability that appears random, 
despite climate forcing that imparts a warming trend for the 
overall data record (Easterling and Wehrner, 2009).

Stochastic or cyclic variability with time can also complicate 
detection of a change induced by an environmental perturbation. 
Cyclic changes in soil properties are usually related to seasonal or 
diurnal � uctuations that are commonly expressed in properties 
such as soil moisture and temperature (Davidson et al., 1998), 
depth to the saturated zone (Lapenis et al., 2008), and C inputs 
from fall leaf drop (Goodale et al., 2009). In contrast, directional 
trends in soil properties are generally viewed across multiple 
years or decades.

Spatial Variability
Detection of changes in soil properties with time can be 

obscured by spatial variability because it is not possible to collect 
soil from the same volume more than once. � e magnitude of 
spatial variability is in� uenced by the size of the study area, 
physiographic or landscape heterogeneity within that study area, 
and the speci�
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Table 2. Selected forest soil resampling studies in North America.

Location
Time 

interval
Sampling design Studied variables Results References

yr

Adirondack 
Mountains, New 
York
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to develop a publicly accessible soil database created through 
voluntary data contributions. � e approaches used by these 
programs vary widely with respect to sampling design, collection 
and analysis methods, and sampling frequency. Some programs 
are developed around uniform protocols applied throughout a 
centrally managed program, while others are designed to capture 
data distributed among various programs and research groups to 
enhance data accessibility.

Soil Sampling Techniques

Soil Pit Excavation

Whenever possible, collection of soil samples should be done 
following procedures that will enable resampling in the future 
with consistent methods (Table 4). � is includes selecting a 
sampling area within which slope, drainage, and vegetation are 
as homogeneous as possible and variations in microtopography 
are minimal (Hazlett et al., 2011). � e area of sample collection 

should be generally representative of the ecosystem or landscape 
of interest, however, and large enough to be resampled multiple 
times. Note that there is no standard depth for sampling an 
individual soil because soil depth can be highly variable within 
and across landscapes. Sampling depth is therefore operationally 
de�
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Di� erences in how pro� les are interpreted by investigators 
can introduce a sampling bias that suggests artifactual changes in 
soils (Lawrence et al., 2012). � erefore, in addition to thorough 
documentation of how samples are collected, a full description of 
the pro� le using methods such as those followed by the NRCS 
(Schoeneberger et al., 2002) should be included to help maintain 
consistency between repeated samplings.

Samples can be collected and analyzed from selected horizons 
or depth intervals or a combination of both as prescribed 
by clearly de� ned protocols. � e volume of soil collected is 
determined by that required for the intended physical, chemical, 
or biological analyses, plus additional sample to be archived for 
analysis in the future. Variability that occurs three dimensionally 
within horizons or de� ned depth intervals results in sample 
variability that can be reduced by increasing the volume of soil 
collected and by homogenizing the sample before subsampling 
for analysis. Soil should be collected from the full vertical 
thickness of the horizon or depth interval if possible. If the 
horizon thickness is >20 cm, equal volumes of soil may need to 
be collected at multiple depth intervals within the horizon for 
an overall horizon characterization. Some horizons may be too 
thin to sample without including material from horizons above 
or below. � is is of particular concern when sampling thin E, Bh, 
or Bt horizons where adjacent abrupt boundaries can represent 
transitions to dramatically di� erent soil materials. Sampling can 
be further complicated if di� use horizon boundaries reduce the 
thickness of the layer that can be sampled.

Combining samples from di� erent depth intervals or horizons 
(by equal volume when possible) reduces the number of samples 
to be analyzed but also reduces information on pro� le variability 
and reduces sensitivity to change detection. Nevertheless, in 
vertical sections of the pro� le with highly variable horizonation, 
collection of a depth increment that includes multiple horizons 
is more readily duplicated in a repeated sampling and is therefore 
more likely to detect possible changes with time than a detailed 
sampling approach that is heavily dependent on how the pro� le is 
interpreted by the collector. � is approach was used, for example, 
in resampling of the upper 10 cm of B horizons in northeastern 
red spruce (Picea rubens Sarg.) stands that included varying 
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measurements of exchangeable cations (Levine 
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� e availability of N also progressively 
decreased to levels of acute de� ciency as 
the forest rapidly grew during its � rst three 
decades (Richter et al., 2000). During four 
decades, tree biomass and the forest � oor 
accumulated >800 kg ha−1 of N, nearly 
all of which has been transferred from 
the mineral soil into these aboveground 
components. � is large transfer of N 
caused substantial depth-dependent 
changes in the quality of soil organic 
matter, a pattern re� ected by trends in the 
C/N ratio and δ15N shown in Fig. 1c and 
1d (Billings and Richter, 2006).

� is experiment has been 
groundbreaking in demonstrating both 
the dynamic nature of soils on a decadal 
time scale and the value of soil resampling 
to provide direct information about rates 
of change driven by forest regrowth in an 
era of air pollution. Much of the success 
of this experiment can be attributed to the 
foresight of the original investigators, who 
recognized the importance of a repeatable 
long-term sampling design, well-documented sampling methods 
that could be readily duplicated, and the archiving of samples to 
ensure analytical consistency.

Resampling of the Heimburger Plots
Carl C. Heimburger, as a Ph.D. student at Cornell University, 

conducted some of the � rst research on forest soils in North 
America through his sampling of soils in the Adirondack region 
of New York in the early 1930s. � is work also provided some of 
the few data on forest soil chemistry in North America to predate 
the onset of acidic deposition. He dug soil pits, measured horizons, 
and used the standard analytical methods of his era to measure 
organic matter content (by loss-on-ignition), pH (by quinhydrone 
electrode), and 0.2 mol L−1 HCl extractable Ca (measured using a 
Ca-oxalate titration) in organic and mineral horizons.

In 1984, Andersen (1988) established 48 permanent plots 
in areas that matched the site descriptions of Heimburger, plus 
16 plots in an experimental forest that had been sampled by 
Heimburger (1933). � e set of 48 plots were located in high-
elevation stands dominated by red spruce and balsam � r [Abies 
balsamea (L.) Mill.] and lower elevation stands dominated 
by white pine (Pinus strobus L.) or red pine (Pinus resinosa 
Ait.) or by northern hardwoods, principally sugar maple (Acer 
saccharum Marshall), American beech (Fagus grandifolia Ehrh.), 
and yellow birch (Betula alleghaniensis Britton). � e 16 plots 
near Newcomb, NY, resampled in 1986, were all mixed stands 
containing northern hardwoods, spruce, and eastern hemlock 
[Tsuga canadensis (L.) Carrière].

Organic and mineral horizons were sampled at those sites in 
1984, processed and analyzed following Heimburger’s original 
methods, and archived. Andersen (1988) also showed that the 
results obtained using Heimburger’s analytical methods were the 
same as those obtained using mid-1980s analytical techniques 
(electrometric pH and Ca in dilute HCl extracts measured by 
atomic absorption spectroscopy). Di� erences in methods and a 

lack of archived soil added to the challenge of this analysis, but the 
principal � ndings showed that (i) pH and dilute-acid extractable 
Ca concentrations decreased (P < 0.05) in Oe and Oa horizons, 
(ii) extractable Ca concentrations decreased (P < 0.01) in E 
horizons but not in B horizons, and (iii) extractable Ca loss from 
the Newcomb soils was statistically signi� cant (P < 0.05) and 
approximately equal to the Ca in wood added by the living trees 
between 1932 and 1986 (Andersen, 1988; Johnson et al., 1994).

Additional sampling of the forest � oor and mineral soil from 
2004 to 2006 enabled dilute-acid extractable Ca concentrations 
to be compared on three dates spanning seven decades (1930–
1932, 1984, and 2004–2006) and 1 mol L−1 NH4Cl extractable 
Ca and Al concentrations to be compared for samples collected 
in 1984 and 2004 to 2006 (Bedison and Johnson, 2010; Johnson 
et al., 2008a). Ote
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had the highest estimated Ca loss rate between 1984 and 2004, 
ranging from 7.6 to 9.8 kg ha−1 yr−1.

� is study remains unique in North America because it 
provides the only data on soil change that predates the acid 
deposition era, considered to have begun a� er the economic 
depression of the 1930s. � is was also the � rst study to show 
substantial depletion of soil Ca in a forest setting that had no 
previous history of agricultural manipulation and liming. 
Furthermore, comparisons between 1984 and 2004 indicated 
decreases in NH4Cl-extractable Ca despite decreases in acidic 
deposition in the study region. � e results of this study played 
a key role in identifying the problem of soil Ca depletion that 
resulted from acidic deposition.

Resampling in the Allegheny National Forest 

after 30 Years
In 1967, complete soil pro� les were sampled at a number 

of locations in Warren County in northwestern Pennsylvania 
as a routine part of county soil surveys conducted by the Soil 
Conservation Service (now the NRCS). Western Pennsylvania 
received some of the highest levels of acidic deposition in the 
country during the 1980s and 1990s (Driscoll et al., 2001). 
� ese samples were chemically analyzed and archived in the 
Pennsylvania State University Soil Characterization Laboratory, 
which provided an opportunity for resampling to evaluate soil 
change and storage e� ects. � ese types of county soil surveys by 
the NRCS conducted routinely, nationwide, may provide a large, 
and largely untapped, opportunity for evaluating soil change, 
particularly in cases such as this where subsamples are archived 
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Fig. 3. Depth profi
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explain why increases in the acid-neutralizing capacity of surface 
waters were less than expected in response to the substantial 
declines in acidic deposition that occurred during the 1980s and 
1990s. � e results of Warby et al. (2009) also provided strong 
evidence to support the early identi� cation by Lawrence et al. 

(1995) of a mechanism for Oa-horizon Ca depletion by acidic 
deposition, and the Adirondack results of Johnson et al. (1994, 
2008a) and Bedison et al. (2010) thereby played a signi� cant 
role in establishing the signi�
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Resampling Forested Soils in the Northeast to Detect 

Changes in Heavy Metal Content
Soils of the northeastern United States received considerable 

burdens of pollutant metals during the 20th century. Repeated 
quantitative measurements of soils for metal concentration (parts 
metal per mass soil) and amount (mass metal per area soil) has 
been a very useful approach for characterizing the accumulation, 
storage, and loss of metals from various soil horizons over time in 
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