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Core ldeas

¢ Soil archive samples were consumed
at15 = 4 g yr! (mean = SD).

¢ Soils from A horizons and intensively
studied sites were consumed fastest.

 Depending on site and horizon, 500 g
archived soil would last at least 12 to
22 yr.

¢ Informal interactions were the most

effective way to raise archive awareness.

Soil archives are widely recognized as important, but there is limited infor-
mation available on the basic elements of archive design, such as how much
material to archive, which sites and horizons to prioritize, and the most
effective way to promote an archive. Here | address these gaps based on 6 yr
of operating the National Ecological Observatory Network’s (NEON) Megapit
Soil Archive, which has provided over 1500 samples to researchers. Active
outreach by NEON staff was the most effective way of raising awareness of
the archive among the user community. On average, 14.6 + 4.3 g soil was
sent to requesters per sample per year, with soils from A horizons and inten-
sively studied sites consumed fastest. Based on these consumption rates and
depending on soil horizon and site type, archiving between 22.3 and 39.9
g soil for each year of a sample’s desired lifespan would be sufficient to
ensure that it is not exhausted earlier than expected with >89% confidence.
Similarly, 500 g of archived soil would be sufficient for the vast majority of
samples to last at least 12 to 22 yr, depending on horizon and site type. A
simple equation is proposed, and parameterized using NEON data, to deter-
mine the quantity of soil necessary to archive if the desired sample lifespan
is known. Setting a desired lifespan can inform archive management deci-
sions, such as the number of requests to approve and whether to increase or
decrease the allocation of resources to raising awareness of the archive.

Abbreviations: NEON, National Ecological Observatory Network; NRCS, Natural
Resource Conservation Service; USDA, US Department of Agriculture.

ollections of physical samples, including archived soils, are widely con-

sidered an important and valuable resource for scientific advancement

(Boone et al,, 1999; Cary and Fierer, 2014; Dolfing and Feng, 2015;
Karssies and Wilson, 2015; Manter et al., 2017; Richter et al., 2007). Archived
soil samples have been used in countless studies, with notable examples including
the identification of declines in environmental lead pollution following regulatory
changes (Friedland et al,, 1992) and the proliferation of antibiotic-resistant bac-
teria in the environment following industrial-scale antibiotic production (Knapp
et al,, 2010). Soil archives take many different forms, from national archives span-
ning wide regions and often consisting of tens of thousands of samples to smaller
archives established by an individual or small group of researchers in relation to a
specific project (e.g., Hubbard Brook Sample Archive, 2019; Karssies and Wilson,
2015; Liebig et al. 2008; National Soil Archive, 2019; Rothamsted Research, 2006;
Russell Ranch Soil Archive, 2019). Some archives focus on soils from a particular lo-
cation exposed to various experimental treatments, whereas others focus on natural
variation in soils over space, and in both cases archives may span samples collected
over years to decades or more. Despite this variety, all soil archives share common-
alities, such as recognition that (i) physical samples can be extremely valuable even

if we don’t know how they will be used in the future; (i) technological progress,
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such as new analytical methods, will allow ever more information
to be generated from samples; (iii) the world is changing, often
making such samples irreplaceable references for conditions at a
specific place and time; and (iv) sample collection is often one
of the most expensive components of projects, particularly ones
encompassing wide geographical areas and deeper soil horizons,
and thus archiving samples can be a cost-effective approach to fa-
cilitate scientific progress.

The National Ecological Observatory Network (NEON) is
a continental-scale network of terrestrial and aquatic research sites
throughout the United States where environmental variables are
monitored using standardized methods and data are made freely
available. In addition to data, large numbers of physical samples,
including beetles, mosquitos, ticks, fish, plants, DNA extracts, and
soils, are archived and made available for research. The Megapit
Soil Archive (hereafter the archive) comprises one component of
this collection and consists of soil collected from a single temporary
soil pit at each of the 47 NEON terrestrial sites. The soil pit was
excavated during site construction to (i) inform soil sensor instal-
lation depths, (ii) characterize soil properties (NEON data prod-
ucts: DP1.10066.001, DP1.00096.001, and DP1.00097.001),
(iii) collect intact samples to generate soil-specific soil moisture
sensor calibrations (Roberti et al., 2018), and (iv) collect soil for
archiving. The archive contains fewer samples (n = 335) than
most soil archives (median, 620; Nave [2015]), but the quantity
of soil stored per sample (1.2-3.6 kg) is greater than most other
archives (median, 0.15 kg; Nave [2015]). The first samples were
added to the archive in 2012, and the first request for samples was
received in 2013. Since then, over 1500 samples have been sent
out from the archive (Fig. 1). Samples can be requested at heeps://
www.neonscience.org/request-megapit-soil-samples.

Although some reports have addressed practical aspects of
establishing a soil archive, including samples preparation (air-
dried or frozen, sieved or ground), storage containers, and label-
ing (Boone etal., 1999; Nave, 2015), there is limited quantitative
information on other basic elements of archive design, such as
how much material to archive, which sites and soil horizons to
prioritize, which methods of promoting archive use are most suc-
cessful, and how to balance requests for samples received today
with the preservation of samples for future research. Boone et al.
(1999) suggested archiving a minimum of a few hundred grams
per sample but noted that the quantity depends on unknowns,
including the expected number of requests and the quantity
needed for the proposed analyses. A summary of responses to a
soil archiving questionnaire found that 77% of respondents (7 =
39) archived <500 g soil per sample, with 54% archiving <200 g
(Nave, 2015), indicating that most archives do not meet Boone
et al’s (1999) suggestion. I am not aware of any recommenda-
tions on whether, and by how much, to vary the quantity of soil
archived for different sites or horizons, nor the most effective ap-
proaches for generating requests for archived soils (e.g., website,
conference presentations, list-serv emails).

Here I provide a case study of the Megapit Soil Archive
with the hope of providing quantitative guidance on the estab-
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Fig. 1. Cumulative number of samples provided to requesters as of
31 Jan. 2019.

lishment and operation of a soil archive. Although the results are
inevitably specific to the NEON Megapit Archive, the findings
are expected to be informative for other archives. Specifically I
(i) evaluate the effectiveness of different outreach efforts in gen-
erating requests, (ii) quantify the amount of soil consumed per
sample per year and evaluate how it varies by site and horizon,
and (iii) evaluate the output of projects requesting soil samples.
The importance of setting a desired sample lifespan to inform

soil archive management decisions is discussed.

MATERIALS AND METHODS

At each NEON terrestrial site, a temporary soil pit was dug
near the meteorological tower in an area representative of the five
instrumented soil plots near the tower. A small excavator was used
to dig the soil pit (approximately 2 x 2 m wide) at each site, except
sites with permafrost, where samples were collected by coring. At
most sites, the soil pit depth was 2 m (3 m at Alaskan sites) or bed-
rock/restrictive feature, whichever was shallower. A detailed pe-
don description was generated by a US Department of Agriculture
(USDA) Natural Resource Conservation Service (NRCS) soil sci-
entist familiar with the local soils, and soil samples were collected
by horizon for archiving (Ayres et al., 2016). Additional samples
were sent for analysis of various soil physical and chemical proper-
ties at the NRCS Kellogg Soil Survey Laboratory (see NEON data
products DP1.00096.001 and DP1.00097.001), root biomass
distribution was determined (see data product DP1.10066.001),
and soil-specific soil moisture sensor calibrations were generated
(Roberti et al., 2018). Pedon descriptions and photos are available
at hteps://data.neonscience.org/megapit-info.

Soil for archiving was air-dried in large metal trays (stain-
less steel or aluminum) and were covered with parchment pa-
per to minimize the risk of contamination. Mineral soils were
sieved (2 mm mesh), whereas organic horizons were sorted by
hand to remove rocks and undecomposed plant material (Ayres
and Durden, 2017). Each sample was given a unique identifier.
Sample metadata, including latitude, longitude, horizon, depth
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increment, and a wide range of soil properties, are available in
the megapit soil physical properties (DP1.00096.001) and soil
chemical properties (DP1.00097.001) data products available
from NEON. Initially 1.2 kg air dried soil was archived from
each horizon. However, this was increased to 3.6 kg at later sites
due to requests for larger-than-expected quantities of soil. In
cases where insufficient soil was collected to meet this quantity,
all soil that was collected was archived. The soil was split using
a riffle chute splitter and stored in at least four glass jars to mini-
mize the risk of losing all soil from a single horizon (e.g., due
to contamination). The jars were stored in fire-resistant lockable
cabinets at ambient room temperature (~21°C) in Boulder, CO.
A subsample of soil from each archived sample was collected
using the subsampling procedure described below and finely
ground using a ball mill (8000D Mixer/Mill, Spex SamplePrep)
to allow well-mixed representative subsamples to be generated
for requests of <1 g soil per sample. Soil from each horizon at all
47 NEON terrestrial sites had been added to the archive by 2018.

Requests for Megapit Soil Archive samples can be submitted
at https://www.neonscience.org/request-megapit-soil-samples.
The request form requires submission of contact information;
relevant permits to receive regulated soils; a project description,
including justification for the quantity of soil requested; and
consent agreement to (i) report publications, presentations, and
derived products to NEON, (ii) acknowledge the archive in pa-
pers and presentations, and (iii) submit data generated from the
samples to NEON; as well as a response to the question “How
did you hear about NEON’s mega-pit soil archive?” Requests
for <20 g soil per sample are evaluated internally by NEON
staff. Requests for greater quantities of soil are also evaluated by
NEONs Soil Sensor Technical Working Group, which includes
non-NEON researchers with an interest in soils.

Once a request was approved, the relevant jar containing
the sample was identified by its label and weighed. The weight
was compared with the weight recorded after the last subsam-
pling event as an additional quality control check to ensure that
the correct jar was subsampled. The jar was rotated around its
long axis and end-over-end to homogenize the soil, and the sub-
sample was removed using a spatula. Scoop sampling was used
to generate subsamples despite lower representativeness during
individual subsampling events (Mullins and Hutchison, 1982;
Particle Sciences, 2011) because a preliminary test to gener-
ate subsample “3_Ordway_Pitl_28-125_TIS Soil Archive_
Bw2_1_00001" using a chute splitter indicated that 0.21% of
the archived sample mass, primarily comprised of fine particles,
was lost during the subsampling event, versus <0.01% mass loss
comprised of a range of particle sizes with scoop sampling. The
cumulative loss of fine material during repeated subsampling
with the chute splitter was expected to result in lower represen-
tativeness than scoop sampling over the lifespan of the archived
soils. The weight of the jar and the weight of soil removed for
the requester were recorded before and after subsampling, and
the weights were checked to ensure all soil was accounted for be-
fore returning the jar to the archive cabinets (Ayres, 2017). The

weights, unique subsample ID, date the subsample was sent to
the requester, and requester information are all associated with
the unique archive sample ID so that a complete history of each
archived sample was maintained. Boone et al. (1999) noted
that subsampling archived soils is wasteful because people often
request more soil than they require. Instead, they advocate for
sending the entire sample to a requester so that only the quan-
tity required is removed. This approach was not taken at the
Megapit Soil Archive due to the reduction in quality assurance
that can be provided for samples that have changed hands many
times and the risk of sample loss or contamination. Returning
subsamples to the archive after nondestructive analyses is not
permitted for the same reasons. Therefore, every subsampling
event results in the permanent loss of soil from the archive.

Various approaches have been taken to increase awareness of
the archive among the potential user community with the aim of
generating requests for samples. This has included presentations
at targeted conferences (Ayres, 2013; Ayres et al., 2014, 2015;
SanClements, 2019), flyers, periodic emails to relevant commu-
nities (e.g., Soil Science Society of America Divisions and the
International Soil Carbon Network), and an archive website.
The effectiveness of these approaches was evaluated by investigat-
ing the proportion of users that responded to the question “How
did you hear about NEON’s mega-pit soil archive?”, where one
of the following responses can be selected: NEON Presentation,
Colleague, NEON Staff, List-serv email, Soil archive flyer or
postcard, Web search, or Other. Response to this question is
required to submit a request for samples. People who have not
yet submitted a request for samples but have informally inquired
about the archive were also asked this question, and in situations
where they did not respond it was recorded as “Unknown.” It is
likely that some expressions of interest in the archive that did not
result in formal requests went undocumented.

For the purpose of this study, documented expressions of
interest and formal requests received over a 6-yr period between
2013 and 2018 were analyzed, as were the 1554 subsamples that
were prepared for the approved requests received during this pe-
riod. Parameters investigated include the sites and soil horizons
requested, the number of requests per sample per year, the quan-
tity of soil requested, and output of projects requesting samples.
All analyses were performed in the R statistical language, version
3.4.3 (R Foundation for Statistical Computing, 2017). The Im()
function (linear regression) was used to test for a significant re-
lationship between year and number of expressions of interest
and formal requests received to see if the interest in the archive
changed over time. The requests appeared to show a bias toward
soils from A horizons and NEON Core sites (see below); as a re-
sult, the 1554 subsamples were partitioned into A versus non-A
horizons and into Core versus Relocatable sites for analysis. The
primary difference between NEON Core and Relocatable sites
is the expected duration of monitoring: Core sites will be moni-
tored continuously over NEON's expected 30-yr lifespan, where-
as Relocatable sites may move to a different location after several
years (Schimel et al.,, 2009). The data collected from these two

www.soils.org/publications/sssaj
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Fig. 2. Responses (n = 20) to the question: How did you hear about
the archive?

types of sites are almost identical, and the data generated from
the soil pits where the archived soils were collected were identical.
In addition, the Core sites tend to have a long history of ecologi-
cal research, whereas this is less common, albeit not unusual, at
Relocatable sites. Shapiro—Wilk tests showed that the quantity of
soil consumed (i.e., sent to requesters) per sample, the number of
requests per sample per year, and the quantity of soil requested per
sample per request were all non-normally distributed (P < 0.05).
As a result, nonparametric Kruskal-Wallis tests [kruskal.test()
function] were used to test for significant differences in these
variables for all combinations of Core and Relocatable sites and
A and non-A soil horizons for the 1554 subsamples prepared for
requesters. In cases where the test was significant (2 < 0.05), mul-
tiple pairwise-comparisons were performed using the pairwise.
wilcox.test() function with the Benjamini and Hochberg (1995)
correction for multiple comparisons. Anonymized data used in
this study are available at https://data.neonscience.org/proto-
type-search (National Ecological Observatory Network, 2019).

RESULTS

Of the 20 people expressing an interest in the archive be-
tween 2013 and 2018, 60% heard about the archive as a result of
active promotion of the archive by NEON staff (e.g., informal
interactions at conferences, list-serv emails, and conference pre-
sentations), with an additional 15% hearing via word of mouth
from a colleague (Fig. 2). In contrast, passive promotion of the
archive (iec., flyers and a website that can be found via a web
search) was only cited in one instance, highlighting the impor-
tance of directly interacting with the target user community.

Of the 20 expressions of interest, 14 (70%) resulted in for-
mal requests for samples, which equates to a mean + SD of 2.3 +
1.0 formal requests per year for the period 2013 to 2018. There
was a tendency toward larger numbers of expressions of interest

Table 1. Expressions of interest and formal request for samples
received between 2013 and 2018.

Expressions Requests Approved
Year of interest for samples requests
2013 2 1 1
2014 3 3 2
2015 5 3 2
2016 2 1 1
2017 5 3 3
2018 3 3 3

and requests in later years, but the relationship was not signifi-
cant (P > 0.1) (Table 1).

The mean + SD quantity of soil requested was 58 + 129 g
per requested sample (minimum, 1 g; maximum, 500 g), with
half of the requests being for 20 g or less (Table 2). One request
was declined because the quantity of soil requested was con-
sidered too large (500 g per requested sample) relative to the
quantity archived (1200-3600 g per sample) and the scientific
merit of the project, and another request has been awaiting a re-
sponse from the requester for >3 mo and is considered to have
been withdrawn. The remaining 12 requests were approved.
Considering only the 12 requests that were approved (mean +
SD, 2.0 + 0.9 requests per year), 23+19¢g soil was rcquested per
requested sample (minimum, 1 g; maximum, 50 g).

Six of the 12 approved requests asked for soils from all 47
NEON terrestrial sites, with the remaining six requests asking
for soils from between 1 and 20 sites (Table 2). The mean + SD
number of sites per request was 30 £ 19, representing 64 + 40%
of NEON terrestrial sites. Core sites comprised 60% of sites in
requests for a subset of sites despite accounting for only 43% of
NEON terrestrial sites. Four of 12 requests were for soils from
all soil horizons, with one additional request for all mineral soil
horizons. Of the other requests, A horizon soils were by far the
most requested (5 of 12 with an additional request for O and A
horizon soils).

The mean amount of soil consumed perarchived sample (i.e.,
sent to requesters) was lower than the mean amount requested
per requested sample because some requests were only for a sub-
set of soil samples. Across all samples in the archive, the mean +
SD quantity of soil consumed was 14.6 + 4.3 g per sample yr~1.
However, consistent with the requests (Table 2), significantly
more soil was consumed from A horizon samples (P < 0.001),
and soils from A horizons at Core sites were consumed most rap-
idly (18.2+7.2 gyr‘l); (Fig. 3a), which approached rates signifi-
cantly greater than A horizon soils from Relocatable sites (P =
0.08). Of the 10% of samples with the fastest consumption rates
(e, > 17.9 g yr™1), 74% were A horizon soils despite compris-
ing only 20% of archived samples, and 62% were from NEON
Core sites despite comprising only 41% of archived samples. The
higher consumption rate of A horizon soils resulted from 52%
more requests than for non-A horizon soils (P < 0.001) (Fig. 3b),
which outweighed a 19% reduction in the weight requested per
request (P < 0.001) (Fig. 3c). Site type did not significantly af-
fect the number of requests (Fig. 3b), but significantly more soil
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Table 2. Formal requests (n = 14) for samples from the archive received between 2013 and 2018.

Sitest Horizons Quantity requested Request year Request decision
)
All all 30 2013 approved
All all 1 2014 approved
All all 50 2014 approved
All all 35 2014 awaiting information
(>3 mo since last response)
BLAN Oi 50 2015 approved
HARYV, OSBS, ORNL, TALL, CPER, JORN A (shallowest subhorizon) 50 2015 approved
All 0-15 cm 500 2015 declined
HARYV, BLAN, SCBI, OSBS, JERC, DSNY, DELA, all mineral 31 2016 approved
UNDE, KONZ, UKFS, DCFS, WOOD, NOGP,
CPER, STER, RMNP, OAES, NIWO, JORN,
ONAQ
All O and A (all subhorizons) 2 2017 approved
All A (shallowest subhorizon) 3 2017 approved
HARYV, SCBI, OSBS, GUAN, UNDE, KONZ, A (shallowest subhorizon) 15 2017 approved
TALL, WOOD, CLBJ, NIWO, SRER, ONAQ
All All 20 2018 approved
HARYV, SCBI, DSNY, OSBS, GUAN, UNDE, A (shallowest subhorizon) 10 2018 approved
KONZ, GRSM, LENO, WOOD, CPER,
NIWO, SRER, ONAQ, BART, JERC, DCFS,
CLBJ, MOAB, JORN
RMNP, LAJA, UKFS, MLBS, ORNL, TALL, A (shallowest subhorizon; B at 10 2018 approved

ABBY, WREF, SJER, SOAP, TEAK, TOOL,

BONA, HEAL available)

TOOL & BONA as A horizon not

+ NEON site code. Core sites are in bold text.

per request was requested from non-A horizons at Relocatable
sites than from Core sites (Fig. 3c¢).

Given that the first request for samples was received in 2013,
there has been relatively little time for the requesters to com-
plete their measurements, analyze data, generate conclusions,
and disseminate findings, especially for more recent requests.
Nonetheless, two peer-reviewed papers using samples from the
archive have been published (Ghabbour et al., 2015; Kramer
and Chadwick, 2018), and two presentations have been given
at conferences (Abney et al., 2018; Davies and Ghabbour, 2015).
These publications and presentations come from three separate
requests, representing 25% of approved requests.

DISCUSSION

Because the data presented here come from an archive es-
tablished for a continental-scale research network, the results
are likely most relevant to archives established by other large
networks and organizations. NEON'’s large size likely increases
awareness of components of the Observatory, such as the archive,
which may result in a larger number of requests per sample than
experienced by other soil archives. Nonetheless, there are aspects
of the results that are likely relevant to most soil archives, regard-
less of size and focus.

For instance, the results clearly show that active outreach
efforts by NEON staff (e.g., community interactions, presenta-
tions, and list-serv emails) were essential to raise awareness of the
archive and to generate requests. Although presentations and
list-serv emails played a role in generating awareness, contact
with NEON staff (presumably at conferences, workshops, field

sites, and other venues) was the most cited approach for raising
awareness, highlighting the importance of informal community
engagement. Word of mouth from colleagues also played a sig-
nificant role in increasing awareness, but, based on these results,
it seems reasonable to assume that the colleague heard about the
archive via active outreach by NEON. In contrast, only one per-
son (5%) heard about the archive via a web search, suggesting that,
although an archive website is probably essential, it is unlikely to
generate much awareness among the potential user community.
Across all samples in the archive, an average of 14.6 + 43 g
soil was sent to requesters per sample yr~!, which could inform
the quantity of soil that new archives need to store if the expected
number of requests and request size is unknown. For example, to
ensure that almost no samples were exhausted carlier than planned,
one could conservatively choose to archive 3 SD above this weight
(ie., 27.5 g soil per sample) for cach year of the archived sample’s
desired lifespan, assuming a similar consumption rate to NEON’s
Megapit Soil Archive. In this example, 3 SD was used because it
gives a high level of confidence that the archived soil will not be
exhausted earlier than expected. Based on this consumption rate,
500 g archived soil would be sufficient to last at least 18 yr (ie.,
500/27.5) for the vast majority of samples and ~50% of samples
would have been exhausted after 34 yr (500/14.6). Responses to a
survey of soil archives indicated that the median mass archived was
150 g per sample (Nave, 2015), which implies that samples would
start to be exhausted after ~5 yr (i.e., 150/27.5) and around 50%
of samples would be exhausted within ~10 yr (i.e., 150/14.6) if

they experienced the same consumption rate as the Megapit Soil

www.soils.org/publications/sssaj
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Archive. In practice, some of these archives may experience slower
consumption rates, increasing their lifespan.

It is notable that the consumption rate described above ex-
cludes the request for 500 g per sample that was declined due to
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Fig. 3. Mean + 1 SD quantity of soil consumed (a), number of requests
per year (b), and soil weight per sample per request (c) for A horizon
soils at Core sites (Core A; n = 24), A horizons at Relocatable sites
(Relo A; n = 44), non-A horizons at Core sites (Core non-A; n =
112), and non-A horizons at Relocatable sites (Relo non-A; n = 155).
Different uppercase letters denote significant differences (P < 0.05).

the proportion of archived material that would have been con-
sumed, but had this been approved the consumption rate would
have been substantially greater. Given that only 8% of archives
surveyed stored 21000 g soil and none stored >2400 g (Nave,
2015), such large requests are unlikely to be fulfilled by most ar-
chives, including the Megapit Soil Archive.

The single most common approved request (33%) was for
soil from all sites and horizons. The remaining requests were for
soils from a subset of sites and/or horizons, which resulted in
different consumption rates among the archived samples. In par-
ticular, soils from A horizons were consumed more rapidly, and
there was a tendency for soils from Core sites to be consumed
faster as well. This suggests that archiving larger quantities of
soil from A horizons, and perhaps more intensively studied sites,
may be warranted. Using this information, a simple equation can

be created to estimate the quantity of soil required for archiving:
Q=[Cﬂ+(C0XB)]L (1]

where Q is the quantity of soil necessary to archive per sample (g),
C,is the mean consumption rate (18.2,16.3,13.3,and 14.4 gyr!
for A horizons at Core sites, A horizons at Relocatable sites, non-
A horizons at Core sites, and non-A horizons at Relocatable sites,
respectively, in this study), C_ is the consumption rate SD (7.2,
3.2,5.1,and 2.6 g yr~! for A horizons at Core sites, A horizons
at Relocatable sites, non-A horizons at Core sites, and non-A
horizons at Relocatable sites, respectively, in this study), B is
the desired level of confidence that the sample will last L years
(unitless)—3 times SD (i.e., >89% confidence for non-normal
distributions based on Chebyshev’s inequality [Markov, 1884])
in this study, and L is the desired lifespan of the archived sample
(yr) (36 yr in this study [2013-2049] based on the archive’s es-
tablishment and NEON’s expected end date).

Based on Eq. [1] and the parameters specified above, be-
tween 22.3 and 39.9 g soil, depending on site type and horizon
type, would be needed for each year of archiving to have >89%
confidence (i.e., 3 SD for non-normally distributed data based on
Chebyshev’s inequality [Markov, 1884]) that the sample would
not be exhausted prematurely (Fig. 4). With this consumption
rate, 500 g archived soil would last at least 12, 19, 17, and 22 yr
for A horizons at Core sites, A horizons at Relocatable sites, non-
A horizons at Core sites, and non-A horizons at Relocatable sites,
respectively, for the vast majority of samples. Conversely, to ensure
the same proportion of samples reached their desired lifespan re-
gardless of horizon and site type, the amount of soil archived from
A horizons at Core sites, A horizons at Relocatable sites, and non-
A horizons at Core sites would need to be increased by 79, 16, and
28%, respectively, relative to non-A horizons at Relocatable sites.

Using these values in relation to the Megapit Soil Archive,
NEON should have archived 1435, 934, 1026, and 803 g soil per
horizon for A horizons at Core sites, A horizons at Relocatable
sites, non-A horizons at Core sites, and non-A horizons at
Relocatable sites, respectively. These values are less than the
quantity that was archived for most horizons (1200 g for carly
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sites and 3600 g for later sites), which suggests that, assuming
the current consumption rate remains unchanged, it is likely that
soil from most horizons will not be exhausted prior to NEON’s
planned end date (2049), with the possible exception of a few
A horizon soils from the early Core sites. It is unknown if the
current consumption rate will change over time. Although it is
possible that the quantity of soil requested per sample will re-
main relatively unchanged over the lifespan of the archive given
that most soil properties can be measured on 1 to 50 g soil (i.e.,
the range requested to date), it is conceivable that that the num-
ber of requests per year may change. For example, awareness of
the archive among the potential user community may increase
as more studies are published based on data from the samples,
and the samples may become more attractive to researchers as
the amount of information known about each sample increases.

Because soil from all NEON terrestrial sites have already
been added to the archive, the estimated quantities of soil re-
quired for archiving based on Eq. [1] will not be implemented
at this time. However, if new NEON sites are established in
the future, these values will be recalculated based on the latest
consumption rates to maximize resource use efficiency. Such a
change would have little impact on the field collection and labo-
ratory processing of the samples prior to archiving, with the ex-
ception that the volume of field moist soil collected per horizon
could be adjusted. The current field collection protocol specifies
that ~12 L of soil be collected from mineral horizons and ~36
L from organic horizons for archiving (Ayres et al., 2016); how-
ever, based on the values from Eq. [1], this could be reduced to
~5 L from mineral horizons and ~11 L from organic horizons.
These volumes of field moist soil are expected to result in the
specified weight of air-dried soil for archiving, even for soils with
relatively low bulk density or high rock content.

Although the archive is still relatively young, 25% of ap-
proved requests have already produced at least one known pub-
lication or presentation. It is possible that this value is underes-
timated given that not all products resulting from a request may
be reported to the archive (although requesters agree to report
all resulting publications and presentations when submitting a
request). Notably, the two publications come from the first and
third requests that were approved, suggesting that the other re-
questers may not have yet had sufficient time to complete their
analyses and have a publication accepted. Although it is impos-
sible to say whether the findings from these studies would have
been made without the archive, it is difficult to imagine that they
could have been achieved in such a cost-effective manner given
the expense involved in characterizing and collecting soils to 2
m deep at 47 (often remote) sites throughout the United States,
including Alaska, Hawaii, and Puerto Rico.

There is an inherent tension between promoting the use
of archived samples, especially when many analyses are destruc-
tive, and retaining samples for future use. Archived samples that
are never used are a waste of resources, but samples that are ex-
hausted too quickly have an opportunity cost due to the loss of
information that may come from future analytical advances or
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Fig. 4. Minimum quantity of soil required for each year of archiving
to ensure with >89% confidence (i.e., mean consumption rate plus
3 SD for non-normal distributions) that samples are not prematurely
exhausted for A horizon soils at Core sites (Core A), A horizons at
Relocatable sites (Relo A), non-A horizons at Core sites (Core non-A),
and non-A horizons at Relocatable sites (Relo non-A).

novel research ideas. Without a clear framework, archive man-
agement decisions, such as the level of effort devoted to raising
awareness of the archive or how many requests to fulfill, may be
prone to arbitrariness and be difficult to justify. However, this
can be mitigated by setting a desired lifespan for each archived
sample, as demonstrated below.

NEON is expected to operate until 2049, which provides
a clear longevity goal for the archive and indicates that ideally
all samples should be exhausted by, but no sooner than, 2049 to
maximize the benefits generated by the archive. Based on current
consumption rates, 334 of 335 samples in the archive are expected
to contain some remaining material by 2049 (Fig. 5), indicating
that the archive is being underutilized and should aim to increase
consumption rates (i.e., send out more soil to requesters). Given
thatall feasible formal requests for samples have been approved to
date (Table 2), there is currently no justification for loosening the
request evaluation criteria to increase sample consumption rates.
As a result, the only option to increase consumption rates is to
increase the amount of soil requested each year, suggesting that
any available resources should be directed to raising awareness of
the archive among the potential user community, which can be
best achieved by active outreach by NEON (Fig. 2). As demon-
strated by this example, specifying a desired lifespan for archived
samples, in conjunction with other archive data, simplifies the de-
cision-making process and results in a clear justification that can
be articulated to archive funders, project managers, community
stakeholders, and others. If the archived samples were being de-
pleted too rapidly, this decision-making process would have sug-
gested tightening the request evaluation criteria and/or reducing
outreach activities aimed at generating requests. This decision-
making process is dynamic and can be changed at any time based
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Fig. 5. Proportion of soil remaining for each sample in the archive.
Each line represents soil from an individual archived sample (n =
335). The dashed line represents a constant consumption rate that
results in sample exhaustion in 2049 (NEON’s expected end date).

on new data (i.e., changes in consumption rates or €ven a new
desired lifespan) and can be tailored to individual samples (e.g.,
tightening the evaluation criteria for the one sample that is cur-
rently being depleted too fast to survive until 2049). Last, in this
example sample consumption rates were compared with a mod-
eled constant consumption rate that results in sample exhaustion
by its desired lifespan. However, if near-term research findings
were more highly valued than findings generated in the more dis-
tant future (i.c., temporal discounting), the modeled consump-
tion rate could be relatively high initially and gradually decrease
over time. Conversely, if there was a desire to save archived soil
for future researchers, the modeled consumption rate could be
relatively low initially and gradually increase over time.

Although most soil archives already track sample consumption
rates (at least informally), I believe that most do not specify a desired
lifespan for their samples; as a result, it may be difficult for archive
managers to maximize the benefits of these archives and provide a
justification for their decisions. Although everybody would agree
that specifying a lifespan for an archived soil sample is neither trivial
nor even has one “correct” value, it allows for a quantitative and con-
sistent approach to inform management decisions and optimize re-
source use (e.g,, money, time, effort, and space), which is preferable
to making these decisions based on judgement alone.

The results from this study provide a quantitative basis to in-
form the establishment and operation of soil archives. Although
these finding are expected to be broadly applicable, they are to
some extent specific to the NEON Megapit Soil Archive. As a
result, other soil archives are encouraged to publish similar data
based on their usage and operation to provide a diverse suite of
quantitative information that can be used to maximize the bene-

fits provided by valuable, often irreplaceable, archived soil samples.
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