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SUMMARY:  83 
Repeated soil sampling has recently been shown to be an effective way to monitor forest soil 84 
change over years and decades. To support its use, a protocol is presented that synthesizes the 85 
latest information on soil resampling methods to aid in the design and implementation of 86 
successful soil monitoring programs.  87 
 88 



ABSTRACT:  89 
Recent soils research has shown that important chemical soil characteristics can change in less 90 
than a decade, often the result of broad environmental changes. Repeated sampling to monitor 91 
these changes in forest soils is a relatively new practice that is not well documented in the 92 
literature and has only recently been broadly embraced by the scientific community. The 93 
objective of this protocol is therefore to synthesize the latest information on methods of soil 94 
resampling in a format that can be used to design and implement a soil monitoring program. 95 
Successful monitoring of forest soils requires that a study unit be defined within an area of 96 
forested land that can be characterized with replicate sampling locations. A resampling interval 97 
of 5 years is recommended, but if monitoring is done to evaluate a specific environmental 98 
driver, the rate of change expected in that driver should be taken into consideration. Here, we 99 
show that the sampling of the profile can be done by horizon where boundaries can be clearly 100 
identified and horizons are sufficiently thick to remove soil without contamination from 101 
horizons above or below. Otherwise, sampling can be done by depth interval. Archiving of 102 
sample for future reanalysis is a key step in avoiding analytical bias and providing the 103 
opportunity for additional analyses as new questions arise.  104 
 105 
INTRODUCTION:  106 
Soil development has traditionally been viewed in terms of processes that take place over 107 
centennial to millennial time scales1. Monitoring of soils that had not been perturbed by 108 
intensive uses such as agriculture was not typically considered important for policy or 109 
management concerns on the time scale of years to decades. However, recent soils research 110 
has shown that important chemical soil characteristics can change in less than a decade, often 111 
the result of broad environmental changes driven by consequences of human activities such as 112 
air pollution and climate change2. In eastern North America, repeated soil sampling is providing 113 
valuable information on the effects of acidic deposition through records of soil change in 114 
forested settings. In an effort to support and coordinate this work, the Northeastern Soil 115 
Monitoring Cooperative (NESMC) was formed in 20073. This paper is part of the continuing 116 
effort of the NESMC to provide information that advances the use of repeated soil sampling of 117 
forest soils as a valuable tool for monitoring our changing environment.  118 
 119 
Repeated sampling has been used to assess changes from experimental manipulations, but 120 
long-term monitoring of forest soils in response to environmental drivers is a relatively new 121 
practice that is not well documented in the literature and has only recently been broadly 122 
embraced by the scientific community. Past skepticism was due in large part to the view that 123 
the rate of soil change was too slow to detect in the presence of the high spatial variability 124 
(horizontal and vertical) typical of forest soils. Because the collection of soil is destructive, 125 
resampling can only be done near the original sampling location. Therefore, spatial variability 126 
within the 3-dimensional space from which samples are collected must be properly quantified 127 
to detect real changes and avoid results that are an artifact of the collection method. 128 
Furthermore, the process of soil sampling and chemical analysis creates potential sources of 129 
measurement instability that can mask changes or bias results4. Measurement instability 130 
cannot be completely removed, but can be sufficiently controlled with the proper protocols to 131 
produce results with minimal uncertainty. 132 



 133 
Designing the Soil Monitoring Study 134 
Soil monitoring requires that soil samples are collected repeatedly over a time interval defined 135 
by the investigator. Shorter time intervals decrease the length of time needed to statistically 136 
detect a change, but longer intervals provide more opportunity for soil changes to occur4. A 137 
resampling interval of 5 years is recommended to balance these two factors, but if monitoring 138 
is being done to evaluate a specific driver, the interval should be set based on the rate of 139 
change expected in that driver2. Successful monitoring of forest soils also requires that a study 140 
unit be defined within an area of forested land that has been selected for soil monitoring. 141 
Repeated sampling at multiple locations within the study unit is used to determine if the soil of 142 
that specific study unit has changed over time. Additional study units can be selected, but each 143 
is statistically analyzed separately to evaluate if soil changes have occurred. Statistical results of 144 
multiple study units can then be grouped for the purpose of regional analysis, as demonstrated 145 
in Lawrence et al.5. The type and size of the study unit will depend on the monitoring questions 146 
being asked and the following study design considerations. Soil sampling within the study unit 147 
can be done at random locations or on a grid to obtain replicate samples as long as the 148 
sampling is done at enough locations to characterize the areal variability of the study unit 149 
without bias4. A study unit located within a single landscape type with regard to features such 150 
as slope, hillslope position, aspect, vegetation, parent material and drainage will tend to have 151 
less areal variability than a study unit that spans more than one landscape type. Avoiding 152 
sampling bias in each collection is needed to enable the values from pits sampled in any one 153 
collection to be statistically compared to the values obtained in prior and future collections. As 154 
the size of the study unit increases, the areal variability within the study unit may also increase 155 
from factors such as vegetation or slope changes. If potential causes of variability such as these 156 
become encompassed within the study unit, additional sampling locations will be needed to 157 
characterize the possible variability in soils that may occur. Therefore, the size of the study unit 158 
needs to be determined by the investigator based on the variability of the area being 159 
considered and the project resources available for sampling and resampling efforts.  160 
 161 
A key criterion to be considered in locating the study unit is the potential for future undesired 162 
site disturbances. There should be some level of assurance that site conditions will remain 163 
suitable for the defined monitoring objectives for several decades or more. For example, a 164 
study unit with the single objective of monitoring climate change effects should be located in 165 
an area where logging will not occur in the foreseeable future.  166 
 167 
The methodology described herein covers the sampling of an individual study unit. Study units 168 
can be replicated within a landscape type or study units can be added to characterize additional 169 
landscape types depending on the objectives and scope of the study, including whether the 170 
study involves an experimental manipulation. An example of a soil monitoring design is 171 
illustrated in Figure 1. Within the area of interest (western Adirondack region), six study units 172 
have been located. In this case, each study unit is gridded into 25 equal-sized plots. Each plot 173 
needs to be large enough to provide a space suitable for pit excavation. In forested upland 174 
terrain of the northeastern U.S. and eastern Canada, a suitable space to excavate a pit to a 175 
depth of 1.2 m can generally be found within a 10 m by 10 m area. Therefore, in our example, 176 



the total area of the study unit equals 1.0 ha. Each time the study unit is sampled, a chosen 177 
number of plots are randomly selected for sampling. If five replicate plots are randomly 178 
selected for sampling on a five-year interval, the study unit could be monitored for 25 years. 179 
The area required to excavate and sample one pit will vary among landscapes and must be 180 
taken into consideration in the sampling design.  181 
 182 
The degree of replication within a study unit and the frequency of repeated sampling will vary 183 
depending on the study unit characteristics, the questions being asked and the nature of 184 
disturbances that are anticipated. Based on soil resampling studies that have detected changes 185 
with measurements commonly used in forest soils, a resampling interval of 5 years and a 186 
minimum of 5 replicate sampling locations within each study unit are recommended. 187 
Decreasing the frequency of resampling and increasing sampling replication will strengthen the 188 
ability to detect changes. 189 
 190 
[Place Figure 1 here] 191 
 192 
Soil Sample Collection – Background Information 193 
The collection of soil samples should be done during the season when soils tend to be dry, 194 
which most often occurs in the latter part of the growing season. By resampling at this time, 195 
consistency is also achieved with regard to plant phenology, a possible influence on soil 196 
chemical conditions. Sampling should be avoided during or immediately after heavy rains or 197 
when the soils are exceedingly wet. At least one location within the study unit should be 198 
described and documented following the USDA Natural Resource Conservation Service (NRCS) 199 
Field Book for Describing Soils6, or other appropriate protocols if following a soil classification 200 
system used outside the U.S. The field protocol provided herein follows the U.S. classification 201 
system and requires a copy of the NRCS Field Book for Describing Soils in the field. The sampler 202 
should have training and experience describing and sampling the soil type being monitored 203 
before implementing the soil monitoring protocols.  204 
 205 
Soil collection can be done in a variety of ways, but the use of a repeatable technique is crucial 206 
to monitoring soil change. The field methodology should be recorded in a standard operating 207 
procedure (SOP). Changes in collection procedures between samplings should be avoided, but 208 
when this is not possible, all details must be documented.  209 
 210 
Tests should also be done to evaluate the potential for bias caused by procedural changes. 211 
Sampling can be done by horizon where (1) boundaries can be clearly identified in the field and 212 
(2) horizons are sufficiently thick to remove soil without contamination from horizons above or 213 
below. Where these criterion are not met, sampling by depth interval can be done. In any 214 
sampling, particular care must be taken to avoid mixing soil from the surface organic-rich 215 
horizon (usually O or A) with the uppermost mineral horizon (usually B or E). In some soils, 216 
changes in texture and color are readily visible across the organic-mineral interface, whereas in 217 
other soils color changes can be minimal so textural changes that reflect differences in organic 218 
carbon (C) concentration must be relied on to identify the location of the interface. 219 
Determining this interface from textural changes can be difficult, even for experienced soil 220 



scientists. Verification of the organic-mineral interface can be done with laboratory analysis of 221 
the carbon concentration (organic horizon is defined by organic carbon concentration > 20%7). 222 
In some soils, the O horizon can be less than 1 cm thick and may be too thin to sample. 223 
Sampling by both horizon and depth within the same soil profile can be effective in addressing 224 
variations in the distinctness of thicknesses of horizons within that profile. The horizons or 225 
depths to be sampled will also be dependent on the objectives of the monitoring program. Soil 226 
changes in layers closer to the surface have been more commonly identified than in deeper 227 
layers, but including deeper horizons or depth intervals can provide information that is helpful 228 
in reducing uncertainty of results. For example, in an initial sampling, a glaciated soil, heavily 229 
leached by acidic deposition, showed base saturation to be minimum in the upper B horizon 230 
then increase with depth. In a repeated sampling, this pattern should also occur even if 231 
concentrations of individual layers change. If a different pattern is observed in the repeat 232 
sampling, there is a strong possibility that the two samplings were not done in comparable soil. 233 
Ideally, the sample should be collected over the full horizon thickness. However, in excessively 234 
thick horizons vertically integrating sample collection may be difficult over the entire thickness. 235 
In this situation, samples of equal volume can be collected at equally spaced intervals from the 236 
bottom to the top of the horizon. If sampling is not done over the full horizon thickness, record 237 
the sampling depth interval within that horizon. 238 
 239 
Soil Sample Processing and Analysis – Background Information 240 
The process of removing a soil sample from the profile alters that sample by severing roots, and 241 
causing changes in factors such as temperature, moisture, oxygen and other gas 242 
concentrations. Therefore, some measurements must be done quickly without the ability to 243 
preserve the sample, making them difficult to use in long-term monitoring programs. However, 244 
for most common physical and chemical measurements such as texture, bulk density, total C 245 
and nitrogen (N), and concentrations of total and exchangeable metals, air-drying the sample 246 
after collection provides a relatively consistent method for stabilizing the chemistry before 247 
analysis. In almost all cases, soil measurements are operationally defined, reflecting both the 248 
conditions of the soil in situ, and the consequences of the sample collection, preparation, and 249 
analysis employed. Artifacts are minimized by selection of the best methods for the goals of the 250 
program, and consistency in methodology over time. Once dried, further changes in the soil 251 
sample are minimized, and with most of the moisture removed, the sample can be sieved to 252 
break up clods and remove stone and root fragments. These steps enable the sample to be 253 
homogenized prior to subsampling for chemical analysis. Just as the consistency of sample 254 
collection and processing methods must be maintained over time, potential bias from the 255 
chemical analysis must also be controlled. Documentation of the standard operating procedure 256 
(SOP) for the chemical analysis used each time samples are collected and analyzed is essential, 257 
and ideally, the same SOP is used for all sample collections. The success of the chemical analysis 258 
needs to be verified with a quality assurance program that involves the use of internal 259 
reference samples and inter-laboratory exchange samples, as well as standard internal quality 260 
control procedures. For information on comparability of commonly used chemical analysis 261 
methods see Ross et al.8. 262 
 263 
When resampling is done over five to ten-year intervals, some changes are likely to occur in one 264 



or more aspect of the chemical analysis such as the SOP, laboratory instrumentation, laboratory 265 
personnel, or the laboratory doing the analysis. These factors create the possibility of analytical 266 
bias between the collections. To control for analytical bias, unused portions of samples from 267 
each collection should be archived for future use. Samples from the previous collection can be 268 
analyzed with the newly collected samples, and by comparing data, the possibility of analytical 269 
bias can be addressed. This approach is based on the assumption that chemical changes do not 270 
occur in the archived sample during the storage period. Loss-on-ignition and concentrations of 271 
exchangeable bases, exchangeable Al, total C, and total N have been shown to be stable in 272 
various studies that have extended up to 30 years9-11. However, storage of air-dried soils has 273 
been shown to lower soil pH12 and manganese oxides13. The mass of soil collected from each 274 
horizon or depth interval should be sufficient to complete one full set of planned chemical 275 
analyses plus additional mass for at least four sets of analyses in the future. A variety of 276 
methods have been used to archive soil samples. The method described herein follows the 277 
storage procedures used by the New York State Museum. 278 
 279 
PROTOCOL: 280 
 281 
1. Study unit selection and description 282 
 283 
1.1) Locate a forested area with the characteristics desired for monitoring. Establish the 284 
boundaries of the study unit within this area, ensuring that (1) the study unit is representative 285 
of the area to be monitored, and (2) that the area is large enough to accommodate the planned 286 
sampling and resamplings, but not so large that an excessive amount of replicate pits are 287 
needed to represent the variability within the unit.  288 
 289 
1.2) Record the location of the study unit with a global positioning system (GPS) unit. Record 290 
the center and corners if the study unit is rectangular, or center and ends of perpendicular 291 
diameters if the study unit is circular. Record written site coordinates on a field form, in 292 
addition to storing them electronically in the GPS unit. If permissible, mark key locations with 293 
permanent monuments such as an iron rod.  294 
 295 
1.3) Record the slope by hanging flagging or some other marker at eye level at the study unit 296 
center and at the lowest elevation edge of study site. Measure the slope with a clinometer from 297 
(1) the highest elevation edge of the study unit to the study unit center (slope up), and (2) from 298 
the study unit center to the lowest edge (slope down). Record the compass reading along the 299 
predominant downslope direction (slope aspect) from the highest elevation edge of the study 300 
unit. 301 
 302 
1.4) Record the slope position as summit, shoulder, backslope, footslope or toeslope if the 303 
study area is on a hillslope, or flat plain if the study unit is in an area of low relief. See pages 1-7 304 
and 1-10 in Shoeneberger et al.6 to verify identification of the slope position.  305 
 306 
1.5) Identify the dominant vegetation species by vertical strata. For example, record the 307 
dominant herb species in the understory below 1 m, the dominant sapling species taller than 1 308 



m but not reaching the canopy, and the dominant tree species in the canopy (those that reach 309 
the top of the canopy). How to define the strata will depend on the type of forest being worked 310 
on. Take a digital photo of the understory from the lowest elevation edge of the study unit 311 
looking upslope and from the highest elevation edge looking downslope. 312 
 313 
1.6) Select locations for pits, avoiding land surfaces that are of minor importance within the 314 
selected study unit, and therefore not representative of the study unit. Also avoid land surfaces 315 
where sampling methods are not possible because of perennial wetness, excessive rocks at or 316 
near the surface or excessive density of trees, or of a condition that is counter to the objectives 317 
of the soil monitoring project.  318 
 319 
2. Excavation and profile description 320 
 321 
2.1) Lay out a tarp (approximately 10 ft by 12 ft or 3.1 m by 3.7 m) adjacent to the location 322 
where a pit is to be excavated. Choose one side of the planned pit (upslope side if possible) to 323 
protect from trampling and contamination during pit digging by covering with plastic garbage 324 
bag or something similar (Figure 2). This side will then be used for the profile description and 325 
sampling. 326 
 327 
[Place Figure 2 here] 328 
 329 
2.2) Begin excavating the pit by removing the forest floor (O horizon) with the shovel. If 330 
possible, keep the forest floor intact and place where it will not be mixed with mineral soil 331 
being removed from the pit. Excavate the pit with the smallest footprint possible (usually about 332 
0.5 to 1 m2) until reaching the desired depth determined by the monitoring design.  333 
 334 
2.3) Prepare a vertical pit face for description and sampling by lightly scraping downward 335 
with a hand trowel to remove any loose soil resulting from the excavation. Prune roots with 336 
hand snippers where necessary.  337 
 338 
NOTE: If excessive rocks or roots preclude the clearing of a pit face for description and 339 
sampling, or reaching the desired depth, the pit may need to be expanded somewhat. 340 
 341 
2.4) Record (in a field notebook or electronic recording device) any observations of water 342 
seeping into the pit from a pit face or the bottom of the pit. 343 
 344 
2.5) Visually evaluate the pit face from top to bottom for differences in color, texture and 345 
structure. Remove small amounts of the differing soil and place side by side on a white piece of 346 
paper (such as the back side of the field form) to assist in identifying horizon boundaries, as 347 
shown in Figure 3.  348 
 349 
[Place Figure 3, 4 and 5 here] 350 
 351 
2.6) Record the horizon designations following pages 2-2 to 2-5 of the NRCS Field Book6.  352 



 353 
2.7) Mark horizon boundaries with T shaped pins or similar objects (Figures 2, 4, 5). Take a 354 
digital photo of the profile with horizon markers and a tape in place showing scale. 355 
 356 
2.8) Measure and record the depth of the top and bottom of each horizon with a metric tape 357 
relative to the interface between the air and soil surface.  358 
 359 
2.9) Record the distinctness class and topography code for the boundaries of each horizon 360 
following pages 2-6 to 2-7 of the NRCS Field Book6.  361 
 362 
2.10) Record the color of each horizon using the Munsell Soil Color Book following pages 2-8 363 
to 2-11 of the NRCS Field Book6. 364 
 365 
2.11) For each horizon, record the texture class (pages 2-36 to 2-37), structure type (pages 2-366 
52 to 2-54), and visually inspect the pit face to make a rough estimate of the quantity of rocks 367 
(as percent volume) following the instructions in the NRCS Field Book6. Also for each horizon, 368 
indicate whether fine roots (2 mm diameter) are abundant, common, few or none. 369 
 370 
3. Sample Collection 371 
 372 
3.1) Select the horizons and/or depths to be sampled based on the study design and 373 
requirements.  374 
 375 
NOTE: Collect by horizon if: (1) boundaries can be clearly identified in the field, and 376 
(2) horizons are sufficiently thick to remove soil without contamination from horizons above or 377 
below. Collect by depth interval if: (1) horizon boundaries are too thin to sample, or (2) horizon 378 
boundaries are irregular and or broken.  379 

3.2) Collect the soil from the selected horizons or depth intervals, starting with the deepest 380 
sample and working upward. To remove the sample from the pit face, insert the gardening 381 
trowel near the bottom of the layer that is being sampled. Then insert a flat trowel above the 382 
gardening trowel to loosen the soil so that it can be removed with the bottom trowel (Figure 3).  383 
 384 
NOTE: The mass of soil collected should equal the total mass required by the planned chemical 385 
analyses plus the mass needed for archiving (at least four additional complete analyses).  386 
 387 
3.3) Place samples in sealable plastic bags and double-bag samples if soils are stony. For both 388 
horizon and depth sampling, collect soil across the breadth of the pit face where the horizon 389 
can be sampled (i.e. where the horizon is thick enough to sample and rocks and roots don’t 390 
occur). 391 
 392 
3.4) Label the sample bag with study unit, date, pit identification, horizon or depth interval, 393 
and sampler name. 394 
 395 



3.5) Once sampling is completed, backfill the pit with the mineral soil and coarse fragments. 396 
Place forest floor on top of the mineral soil, keeping the organic material as intact as possible. 397 
Record the location of the pit with respect to the study unit monument (distance and aspect). 398 
 399 
3.6) Excavate additional pits within the study unit to provide the replication called for in the 400 
sampling design. At each pit, follow steps 2.1 through 2.8, and if profile descriptions are 401 
required at all pits, also follow steps 2-9 through 2-11. Then collect the samples following steps 402 
3.1 through 3.5.  403 
 404 
4. Sample processing 405 
 406 
4.1) Within 24 h of collection, pour samples out of the plastic bags into pans that will 407 
facilitate air drying of the samples. Air-dry at approximately room temperature in a secure 408 
location that is protected from air-borne contaminants such as dust. Mix the samples in the 409 
pans every few days, depending on wetness. Inspect each sample for visual and tactile evidence 410 
of dryness to determine if air-drying is near completion. 411 
 412 
4.2) Verify the completion of air-drying, by weighing subsamples (approximately 5 grams) 413 
from several samples (a minimum of 3). Then oven-dry these subsamples for 24 h (organic soil 414 
at 60 °C; mineral soil at 105 °C) and reweigh. Calculate the mass of moisture lost through drying 415 
as a percent of the total mass (soil plus moisture) before drying. 416 
 417 
4.3) After 2 days, repeat step 4.2 and compare the moisture lost from the first oven drying, 418 
to that lost in the second oven drying. If the moisture lost in each oven drying is within 2 419 
percent, the soil can be considered air-dried. Once air drying is complete, place samples in 420 
plastic bags that can be sealed after expelling as much air as possible.  421 
 422 
4.4)  To remove coarse fragments and roots, sieve all collected soil. Pass the organic samples 423 
through a sieve with an opening of approximately 4-6 mm; pass mineral soil samples through a 424 
sieve with an opening of 2 mm. Additional sieving through smaller openings may be required 425 
for specific chemical analyses. For resampling, make sure that the sieving procedure matches 426 
that of the previous sampling.  427 
 428 
Caution: People doing the sieving should be protected from inhaling dust either by sieving in an 429 
exhaust hood or wearing a National Institute for Occupational Safety and Health (NIOSH) 430 
approved N95 Particulate Filtering Facepiece Respirator. 431 
 432 
5. Chemical analyses 433 
 434 
5.1) Choose chemical analysis methods that are consistent with those being used in similar 435 
forest soils, such as those in Ross et al.8. The U.S. Environmental Protection Agency Soil 436 
Methods Manual 14 also provides a compendium of methods that continue to be commonly 437 
used for analysis of forest soils. If deviations are necessary, the data comparability must be 438 
verified. Ensure that the SOP is fully documented for each analysis.  439 



 440 
5.2) Include reference soil samples with similar properties to soil samples collected in the 441 
monitoring program in all analysis batches to maintain quality control. Also include samples 442 
from inter laboratory exchanges 8 to determine data comparability with other laboratories.  443 
 444 
6. Archiving soil samples  445 
 446 
6.1) Archive the soil that remains after chemical analyses for future use. Select the mass of 447 
soil to be saved on the basis of (1) how much soil was used for the full suite of measurements, 448 
(2) the anticipated number of times samples will be reanalyzed in the future, and (3) available 449 
long-term storage space. 450 
 451 
6.2) With a permanent marker, write the following information on an appropriately-sized tin 452 
tie (twistable wire attached to the bag for sealing) poly lined paper bag: (1) sample 453 
identification information including horizon or depth increment, (2) sieve size, (3) date 454 
collected, and (4) any necessary laboratory information such as sample serial number.  455 
 456 
6.3) Weigh and record the mass of the soil that is being archived for each sample, and place 457 
in the tin tie bag. Place the tin tie bag in an appropriately-sized plastic bag (Figure 6). 458 
 459 
[Place Figure 6 here] 460 
 461 
6.4) Store the bags in cardboard storage containers configured to the available shelving 462 
(such as the method shown in Figure 7). Label the box with information on the samples 463 
contained within to enable samples to be located efficiently. Keep the archive room at a stable 464 
temperature. 465 
 466 
[Place 7 here] 467 
 468 
6.5) Store information on each archived sample in a digital database that is routinely backed 469 
up. Include (1) sample identification, (2) each date that the sample was analyzed, (3) the 470 
laboratory in which the sample was analyzed, (4) the analyses done on each date, (5) the mass 471 
of sample remaining (update this each time that a portion of the sample is removed for 472 
analysis), and (6) the name of the institution with custodial responsibility for the archived 473 
samples. 474 
 475 
7. Verifying consistency of chemical analyses over time 476 
 477 
7.1) Reanalyze a minimum of twelve archived samples from each horizon or depth increment 478 
along with the analyses of the newly collected samples.  479 
 480 
7.2) Run a two tailed t-test (or Mann-Whitney rank sum test if data normality is disproven) 481 
to determine if chemical analysis results differed significantly (P < 0.10) between the previous 482 
analysis and the current reanalysis.  483 



 484 
NOTE: If a significant difference (or a clear bias that is not statistically significant) is observed, 485 
then the relationship between the original data and the reanalysis data should be evaluated. If 486 
most of the variability (R2 > 0.9) can be explained by this relationship, then it can be used to 487 
adjust the data to remove bias. However, if the R2 < 0.9, the remainder of the archived samples 488 
should be rerun to ensure that there is no analytical bias when comparing data from the 489 
previous sampling results and results obtained from the newly collected samples. 490 
 491 
REPRESENTATIVE RESULTS:  492 
Data collected in the study of Lawrence et al.9 can be used to demonstrate the effect of 493 
sampling replication on statistical power for detecting change in Oa horizon samples from 12 494 
pits in a red spruce (Picea rubens) forest in eastern ME. More information on this study site 495 
(referred to as Kossuth) is available in Lawrence et al.9. The soil (classified as a Spodosol) had a 496 
relatively thin Oa horizon (average thickness equaled 2.5 cm and 3.7 cm in 1992-93 and 2004, 497 
respectively) that overlaid an E horizon with an abrupt boundary. With a sample size of 12, 498 
significant changes (P < 0.05) between samples collected in 1992-93 and 2004 were detected in 499 
measurements of pH, organic C, and exchangeable calcium (Ca), sodium (Na) and aluminum 500 
(Al), whereas no change was observed for exchangeable magnesium (Mg) (Table 1). When 8 of 501 
the 12 samples were randomly selected for statistical analysis, significant differences (P < 502 
0.001) were observed for exchangeable Na and Al, and at the P < 0.10 level for organic C. With 503 
4 of 12 samples randomly selected, significant differences were only observed for exchangeable 504 
Al and Na at the P < 0.05 level.  505 
 506 
[Place Table 1 here] 507 
 508 
Data from Oa horizons and the upper 10 cm of B horizons collected in the North and South 509 
Tributary watersheds of Buck Creek (western Adirondack region of New York) provide examples 510 
of the value of archived soil in reducing uncertainly when comparing data from different time 511 
periods. Of the 55 samples collected, analyzed, and archived in 1997-2000, 15 were randomly 512 
selected for reanalysis in 2013-14. Analyses in both time periods were done in the laboratory of 513 
the U.S. Geological Survey New York Water Science Center, Troy, NY, following the same SOP. 514 
Values for exchangeable Ca in the original and reanalysis of 15 Oa horizon samples showed no 515 
difference (P > 0.10) for exchangeable Ca concentrations (Figure 8a). Plotting against the 1:1 516 
line also showed little or no bias and the R2 value indicated little unexplained variation. The lack 517 
of a difference between original data and data from reanalysis after storage indicates that 518 
neither analytical bias nor storage effects during 14-16 years caused erroneous differences in 519 
the Ca data. On this basis, reanalysis of the additional 40 Oa samples collected in 1997-98 for 520 
exchangeable Ca concentrations was determined to be unnecessary.  521 
 522 
[Place Figure 8 here] 523 
 524 
A different result was obtained when archived soils were reanalyzed for exchangeable Ca in B 525 
horizons (Figure 8b), also using the same SOP. A significant difference (P < 0.10) was obtained 526 
between the original analysis (mean = 0.40 cmolc/kg) and reanalysis (mean = 0.33 cmolc/kg), 527 



although linear regression showed a highly significant linear relationship between the two data 528 
sets (P < 0.001; R2=0.99). With this strong relationship, the regression model was used to adjust 529 
the original values of the 40 samples not reanalyzed to remove bias with respect to the newly 530 
collected and analyzed samples. 531 
 532 
A change in the SOP for determining exchangeable Al concentrations resulted in differing 533 
results between the original analysis in which Al was measured by titration15 and the reanalysis 534 
in which Al was measured by inductively coupled plasma (ICP) following Blume et al.14. 535 
Comparison of exchangeable Al measurements of 15 Oa horizon samples (Figure 9a) between 536 
original values (mean = 11.5 cmolc/kg) and reanalysis (mean = 7.8 cmolc/kg) revealed a strong 537 
linear relationship (P < 0.001; R2=0.96) and significant bias (P < 0.05). As was done for B horizon 538 
Ca concentrations, the regression model was used to adjust the original values of the 40 539 
samples not reanalyzed to remove analytical bias. 540 
 541 
[Place Figure 9 here] 542 
 543 
Original and reanalyzed data for exchangeable Al in the B horizon were also significantly 544 
different (P < 0.001) and linear regression indicated a significant relationship between the two 545 
data sets (P < 0.10). In contrast to the Oa horizon Al data, the relationship was weak (Figure 9b) 546 
and the regression model could only account for a small fraction of the variability (R2=0.23). 547 
Because the model could not be used to remove the bias, all of the samples collected and 548 
analyzed in 1997-2000 needed to be reanalyzed with the recently collected samples.  549 
 550 
A change in analysis method may result in a bias in the data so testing must be done to verify 551 
that the data is unbiased. For example, results of archived mineral soils collected at the Turkey 552 
Lake Watershed, Ontario, Canada, in 1986 and reanalyzed in 200510 are presented in Figure 10. 553 
The analysis showed that the two methods produced unbiased data with little unexplained 554 
variability (Figure 10). The original analysis was done using the Walkley-Black wet digestion 555 
method and the archived samples were analyzed by combustion analyzer. In this case, the 556 
comparison between results of the original analysis and analysis of archived samples 557 
demonstrated that the data produced by the two methods were directly comparable.  558 
 559 
The examples shown in Figures 8-10 demonstrate that the use of consistent analysis methods 560 
does not eliminate the possibility of unbiased data, but also shows that a method change does 561 
not necessary result in bias. These conclusions emphasize the importance of archived samples 562 
to reduce the uncertainty of results by controlling for analytical bias. 563 
 564 
[Place figure 10 here] 565 
 566 
Studies that have demonstrated the value of soil monitoring to detect soil changes at individual 567 
sites or watersheds are growing, and recently, soil monitoring has been applied to assess 568 
effects of acidic deposition decreases in a large regional study14. At all of these sites, acidic 569 
deposition had decreased over the past three decades, although the acidic deposition levels 570 
and rate of decrease varied among sites. A large number of changes were identified in that 571 



study, which were generally consistent across the large study region, over differing time 572 
periods, using varying resampling designs (Table 2). By linking multiple resampling studies, 573 
responses of forest soils to changes in a major environmental driver were identified over an 574 
extensive region (Figure 11). The study of Lawrence et al.5 demonstrated that results of soil 575 
resampling studies with differing designs can be aggregated to address broad regional 576 
problems. 577 
 578 
[Place Table 2 here] 579 
 580 
[Place figure 11 here] 581 
 582 
Figure 1: Example study design.  583 
A generalized resampling study design. Note that the study unit is located to avoid the riparian 584 
areas of two stream channels. 585 
 586 
Figure 2: Completed pit excavation.  587 
Soil pit excavation showing the removed mineral soil and intact forest floor on a tarp to 588 
minimize site disturbance, along with pins marking horizons on the pit face.  589 
 590 
Figure 3: Sample removal technique.  591 
Technique used to remove soil from the pit face. Also shown are samples of differing colors 592 
removed from the pit face, aligned in order, to help identify horizon boundaries. 593 
 594 
Figure 4: Example of horizon expression.  595 
A soil profile with horizon boundaries that have distinctness classes of abrupt or clear and 596 
topography that is smooth or wavy. 597 
 598 
Figure 5: Example of horizon expression.  599 
A soil profile with horizon boundaries that have distinctness classes of clear or gradual and 600 
topography that is wavy or irregular. 601 
 602 
Figure 6: Soil samples packaged for archiving.  603 
Internal packaging of archived soil samples. 604 
 605 
Figure 7: Exampling or archived shelving.  606 
Space-efficient shelving of archived soil samples. 607 
 608 
Figure 8: Reanalysis results for Ca.  609 
The relationship between exchangeable Ca measurements in the Oa horizon (a), and the upper 610 
10 cm of the B horizon (b), made in 1997-2000 (original analysis) and measurements of the 611 
archived samples reanalyzed in 2013-2014 (reanalysis). The 1:1 line is shown on the plot. The 612 
equation represents the best-fit line determined by linear regression. 613 
 614 
Figure 9: Reanalysis results for Al.  615 



The relationship between exchangeable Al measurements in the Oa horizon (a), and the upper 616 
10 cm of the B horizon (b), made in 1997-2000 (original analysis) and measurements of the 617 
archived samples reanalyzed in 2013-2014 (reanalysis). The 1:1 line is shown on the plot. The 618 
equation represents the best-fit line determined by linear regression. 619 
 620 
Figure 10: Reanalysis results for C.  621 
The relationship between organic C measurements of mineral soils made in 1986 (original 622 
analysis) and measurements of archived samples analyzed in 2005. The dotted line is the 1:1 623 
line; the solid line is the linear regression describing the relationship between initial and 624 
archived analysis.  625 
 626 
Figure 11: Map of resampling sites.  627 
Locations of soil resampling investigations in eastern Canada and the northeastern United 628 
States presented in Table 2.  629 
 630 
Figure 12: Spodosol profile.  631 
A Spodosol horizon from the Adirondack region of New York showing the distinctive E horizon 632 
that separates the forest floor (Oa and Oe horizon) from the B horizon. 633 
 634 
Table 1: Sample size effects.  635 
Statistical results of using sample sizes of 12, 8 and 4 to detect significant differences in 636 
chemical measurements of soil samples collected 10 to 11 years apart. P values considered 637 
statistically significant are shown in red italics. 638 
 639 
Table 2: Examples of resampling results.  640 
Mean values (initial – final) and results of tests (T-tests or Mann-Whitney tests) for differences 641 
between initial and final measurements for O, and upper B horizons for soil investigations in the 642 
northeastern US and Eastern Canada (locations shown in Figure 11). P values > 0.10 are 643 
indicated as ns (not significant). Analyses with P < 0.1 are shown in yellow to indicate significant 644 
differences observed in these measurements for sites located across the northeastern U.S. and 645 
eastern Canada. Boxes with dashed lines indicate no data. BB stands for Bear Brook, ME; TMT 646 
stands for BB sites that received experimental additions of (NH4)2SO4 annually. REF refers to 647 
untreated sites at BB. Some sites had different study units based on forest type. CF stands for 648 
northern conifer stands; HW northern hardwood stands; MF stands for mixed conifer-649 
hardwood stands. 650 
 651 
DISCUSSION:  652 
Selection of which horizons or depth increments to sample is guided by the objectives of the 653 
monitoring, but is ultimately dependent upon the characteristics of the soil. The decision of 654 
where and how to sample the profile is therefore a critical step in soil monitoring. For example, 655 
the Spodosol shown in Figure 12 has a forest floor with a boundary between the Oe 656 
(moderately decomposed organic matter) and Oa (black humified organic matter) that is abrupt 657 
and the two horizons are sufficiently thick to enable them to be sampled separately. This profile 658 
also has a well-defined E horizon with an abrupt boundary separating the organic Oa horizon 659 



from the mineral E horizon. These colorful horizons with abrupt boundaries enable collection of 660 
the same horizon material to be consistently repeated, making these horizons excellent 661 
candidates for soil monitoring. If the boundary between the mineral and organic layers is not 662 
clearly seen or is gradual relative to the horizon thickness, repeated sampling of layers directly 663 
above and below this interface will likely include varying amounts of soil from the adjacent 664 
layers. This characteristic adds uncontrolled variation and would therefore make these horizons 665 
less desirable for repeated sampling.  666 
 667 
In some instances, sampling by depth interval can provide a consistent sampling approach in 668 
soils where certain horizons are mixed or intermingled, if this mixing is a consistent feature of 669 
the soils being monitored. In Figure 12, the upper 10 cm of the B horizon has an abrupt 670 
boundary with the E horizon, but color variation suggests the presence of Bh and Bhs horizons 671 
that are intermixed. In this situation, sampling the upper 10 cm of the B horizon would be the 672 
most repeatable collection method. This approach has proven successful in Spodosols such as 673 
shown in Figure 127.  674 
 675 
[Place Figure 12 here] 676 
 677 
Full profile descriptions are extremely useful in reducing the chance of sampling bias and 678 
interpreting the data, but collecting this information is time consuming and could limit the time 679 
available for available sampling replication, depending upon project resources and available 680 
field time. An alternative to full profile descriptions of each pit would be to make a full 681 
description of a primary pit (with photo), then limit descriptions for replicate pits to 682 
measurements of horizon thickness along with profile photographs. This information would be 683 
sufficient to verify that resampling was done in the same soil in a manner consistent with the 684 
prior sampling. High quality images are extremely valuable for maintaining sampling 685 
consistency when resampling profiles to determine chemical changes over time. 686 
 687 
Assessment of potential bias from sampling inconsistencies can be evaluated through 688 
comparisons of measurements among horizons. For example, lower concentrations of organic 689 
carbon were observed in the Oa horizon in a second sampling than in the initial sampling 690 
conducted 10-12 years earlier9. This might have resulted from a sampling bias—more of the 691 
underlying mineral E horizon may have been collected in the second sampling than in the first 692 
sampling. This would lower the organic carbon concentration, and likely lower the 693 
exchangeable Ca concentration because E horizon Ca concentrations in the soil being studied 694 
were at least an order of magnitude lower in than in the Oa horizon. The lack of a decrease in 695 
the E-horizon Ca concentrations observed in this study provides evidence to support the 696 
interpretation that lower organic C concentrations in the second sampling were not a result of 697 
sampling bias. This type of comparison among horizons provides valuable information for 698 
evaluating sampling consistency. Therefore sampling additional horizons not specifically needed 699 
for project objectives is warranted to help reduce uncertainly in results.  700 
 701 
Reanalysis of archived soil samples is a key practice in reducing uncertainty. However, archiving 702 
of soils requires resources to manage the archive and storage space that can be difficult to 703 



acquire on a permanent basis. Therefore, the mass of archived soil must be used judiciously. 704 
Reanalyzing all archived soil samples for a particular resampling study is generally the most 705 
effective approach for reducing chemical analysis uncertainty, but selective reanalysis of 706 
archived samples, where possible, will help to conserve the irreplaceable soil for future uses. 707 
Reanalysis of all archived samples should not be done unless necessary. A variety of methods 708 
for archiving soil are currently in use and have been shown to be effective. The method and 709 
materials recommended in this article are based on the experience of curators of the New York 710 
State Museum, who have found that this highly space-efficient packaging design protects the 711 
sample in unbreakable, water resistant, easily labeled materials, which are stable for many 712 
decades.  713 
 714 
Protecting archived soil samples is a key step in soil monitoring because it not only enables 715 
analytical consistency between samplings, it also provides the opportunity for future analysis 716 
with methods that have not yet been developed. Furthermore, the archived samples can 717 
provide information to address new questions as they will undoubtedly arise in the future. Had 718 
archived soil samples predating acid rain been available, effects of this disturbance on soils 719 
would have been identified within years rather than decades after its discovery. Instead, pre-720 
acid rain soil chemistry remains uncertain as we now monitor the recovery of soils from 721 
declining acid rain levels.  722 
 723 
Soil monitoring is somewhat limited by the time-frame over which change can be detected 724 
(generally 5 years or more), and with a reliance on destructive sampling, the sampling area 725 
needed for monitoring increases over time. Nevertheless, without soil monitoring, soil changes 726 
must be inferred from indirect approaches, such as chronosequences (space for time 727 
substitution), watershed mass balances, dendrochemistry, short-term manipulations and 728 
modeling. These approaches provide coarse estimates of soil change, and all require 729 
assumptions that increase uncertainty that can be best reduced through direct measurements 730 
of soil through time. The procedures of repeated soil sampling can also be applied to long-term 731 
controlled manipulation experiments, such as the watershed Ca-addition experiment at the 732 
Hubbard Brook Experimental Forest, NH, lasting more than 12 years16 and the Calhoun, SC, 733 
long-term soil experiment lasting more than 50 years2. 734 
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