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1 DESCRIPTION 

1.1 Purpose 

NEON design documents are required to define the scientific strategy leading to high-level protocols for 
NEON subsystem components, linking NEON Grand Challenges and science questions to specific 
measurements.  Many NEON in situ measurements can be made in specific ways to enable continental-
scale science rather than in ways that limit their use to more local or ecosystem-specific questions.  
NEON strives to make measurements in ways that enable continental-scale science to address the Grand 
Challenges. Design Documents flow from questions and goals defined in the NEON Science Strategy 
document, and inform the more detailed procedures described in Level 0 (L0; raw data) protocol and 
procedure documents, algorithm specifications, and Calibration/Validation (CalVal) and maintenance 
plans. 

1.2 Scope 

This document defines the rationale and requirements for terrestrial microbial diversity in the NEON 
Science Design. 

1.3 Acknowledgments 

The design of the terrestrial microbial diversity sampling for NEON described herein is the result of 
invaluable input from the Microbial Technical Working Group. The technical working group consists of 
external researchers and scientists who are experts in terrestrial microbiology ecology and have advised 
the NEON Microbial Program over the years.  
Current members: 

• Emma Aronson (University of California, Riverside) 
• Chris Blackwood (Kent State University) 
• Sarah Castle (University of Minnesota) 
• Nicholas Dove (University of California, Merced) 
• Rachel Gallery (University of Arizona) 
• Gary King (Louisiana State University) 
• Linda Kinkel (University of Minnesota) 
• Debjani Sihi (University of Maryland) 
• James M. Tiedje (Michigan State University) 
• Naupaka Zimmerman (University of San Francisco) 

Former members: 
• Michael Allen (University of California, Riverside) 
• Greg Caporaso (Northern Arizona University) 
• Kathryn Docherty (Western Michigan University) 
• Noah Fierer (University of Colorado) 
• Diana Nemergut (Duke University) 
• Eric Triplett (University of Florida) 
• Lydia Zeglin (Kansas State University) 

Many thanks to Tanya Chesney for editorial assistance. 
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2 RELATED DOCUMENTS AND ACRONYMS 

2.1 Applicable Documents 

Applicable documents contain information that shall be applied in the current document. Examples are 
higher level requirements documents, standards, rules and regulations. 

AD[01] NEON.DOC.000001 NEON Observatory Design 
AD[02] NEON.DOC.001282 Introduction to the TOS Science Designs 
AD[03] NEON.DOC.000913 TOS Science Design for Spatial Sampling 
AD[04] NEON.DOC.002652 NEON Level 1, Level 2 and Level 3 Data Products 
AD[05] NEON.DOC.000906 TOS Science Design for Terrestrial Biogeochemistry 
AD[06] NEON.DOC.000914 TOS Science Design for Plant Biomass and Productivity 
AD[07] NEON.DOC.014048 TOS Protocol and Procedure: Soil Physical, Chemical, and Microbial 

Measurements 
AD[08] NEON.DOC.001152         NEON Aquatic Sampling Strategy 

2.2 Reference Documents 

Reference documents contain information complementing, explaining, detailing, or otherwise 
supporting the information included in the current document. 

RD [01] NEON.DOC.000008 NEON Acronym List 
RD [02] NEON.DOC.000243 NEON Glossary of Terms 

2.3 External References 

External references contain information pertinent to this document, but are not NEON configuration-
controlled. Examples include manuals, brochures, technical notes, and external websites. 

ER [01] http://gensc.org/           Genomics Standards Consortium 

2.4 Acronyms 

Acronym Definition 
PLFA Phospholipid Fatty Acid 
DNA Deoxyribonucleic Acid 
mRNA Messenger Ribonucleic Acid 
rRNA Ribosomal Ribonucleic Acid 
PCR Polymerase Chain Reaction 
qPCR Quantitative Polymerase Chain Reaction 
ITS Internal Transcribed Spacer 
bp Base Pair 
CEC Cation Exchange Capacity 
OM Organic Matter 

  

http://gensc.org/
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3 INTRODUCTION 

3.1 Overview of the Observatory 

The National Ecological Observatory Network (NEON) is a continental-scale ecological observation 
platform for understanding and forecasting the impacts of climate change, land use change, and invasive 
species on ecosystems. NEON is designed to enable users, including scientists, planners and policy 
makers, educators, and the general public, to address the major areas in environmental sciences, known 
as the Grand Challenges (Figure 1). NEON infrastructure and data products are strategically aimed at 
those aspects of the Grand Challenges for which a coordinated national program of standardized 
observations and experiments is particularly effective. The open access approach to the Observatory’s 
data and information products will enable users to explore NEON data in order to map, understand, and 
predict the effects of humans on the earth and understand and effectively address critical ecological 
questions and issues. Detailed information on the NEON design can be found in AD[01], AD[02]. 
 

 
Figure 1. The Grand Challenges in Ecology as defined by the National Research Council (2001) and expanded 
by NEON. 

3.2 Components of the Observatory 

There are five components of the Observatory: the Airborne Observation Platform (AOP), Terrestrial 
Instrument System (TIS), Aquatic Observation System (AOS), Aquatic Instrument System (AIS), and 
Terrestrial Observation System (TOS).  Collocation of measurements associated with each of these 
components will allow for linkage and comparison of data products.  For example, remote sensing data 
provided by the Airborne Observation Platform (AOP) will link diversity and productivity data collected 
on individual plants and stands by the Terrestrial Observation System (TOS), and flux data captured by 
instruments on the tower (TIS) can be linked to satellite-based remote sensing.  For additional 
information on these systems, see Schimel et al. (2011), and Keller et al. (2008). 



 

 
 

Page 4 of 27 

3.3 The Terrestrial Observation System (TOS) 

The NEON TOS will quantify the impacts of climate change, land use, and biological invasions on 
terrestrial populations and processes by sampling key groups of organisms (sentinel taxa), infectious 
disease, soil biogeochemistry, and nutrient fluxes across system interfaces (air, land, and water) (AD[01], 
AD[02]). The sentinel taxa were selected to include organisms with varying life spans and generation 
times, and wide geographic distributions to allow for standardized comparisons across the continent. 
Many of the biological measurements will enable inference at regional and continental scales using 
statistical or process-based modeling approaches.  The TOS sampling design captures heterogeneity 
representative of each site to facilitate this inference when possible.  Plot and organism-scale 
measurements will also be coordinated with the larger-scale airborne measurements, which provide a 
set of synergistic biological data products at the site scale.  Details of these design elements and 
algorithms can be found in individual design documents available through the NEON website 
(www.neonscience.org). 
 
The standardization of protocols across all sites is key to the success (and novelty) of NEON and must be 
maintained at all sites through time.  Thus, although specific techniques may be required at some sites 
(e.g., due to different vegetation types), protocols have been developed to ensure data comparability.  
These details can also be found in individual design documents available through the NEON website 
(www.neonscience.org). 
 
The TOS Science Designs define the scientific strategies leading to high-level sampling designs for NEON 
sentinel taxa, terrestrial biogeochemistry, and infectious disease, linking NEON Grand Challenges and 
science questions to specific measurements (AD[02]).  The TOS Spatial Sampling Design document 
describes the sampling design that collocates observations of the components of the TOS (AD[03]).  TOS 
Science Design documents were developed following input from the scientific community, including 
discipline-specific Technical Working Groups, and the National Science Foundation (AD[02]).  Science 
Designs are reviewed periodically to ensure that the data collected by NEON are those best suited to 
meet the requirements of the observatory (AD[01]), are (to the extent possible) consistent with 
standards used by the scientific community, and fit within the scope of NEON.  Additional information 
on the development and review process can be found in AD[02]. 
  

http://www.neonscience.org/
http://www.neonscience.org/
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4 INTRODUCTION TO THE TERRESTRIAL MICROBIAL SAMPLING DESIGN 

4.1 Background 

Microorganisms are critical drivers of biogeochemical processes that influence global climate, water 
quality, and atmospheric composition (Vitousek et al. 1997, Canadell et al. 2007, Galloway et al. 2008, 
Conley et al. 2009, Wieder et al. 2013). Environmental changes – such as those occurring from climate 
and land use change - are likely to shift microbial assemblages as well as the biogeochemical cycles they 
mediate (Allison and Martiny 2008, Lammel et al. 2015). Since most biogeochemical cycles are 
interconnected in a complex network of feedback relationships (Bardgett et al. 2008, Falkowski et al. 
2008, Finzi et al. 2011), changes in microbial diversity (Awasthi et al. 2014) and composition (Zhalnina et 
al., 2015) can have profound impacts on ecosystem services. And while biota are often considered to be 
responding to their environment, there is evidence that microbes can actually be drivers of ecosystem 
changes (Van Der Heijden et al. 2008, Harris 2009).  
 
Although microorganisms play a key role in response to global change, most ecosystem models consign 
microbial inputs to ‘black box’ status (Andren and Balandreau 1999) where inputs and outputs are based 
on rate equations with little consideration for spatiotemporal community dynamics and actual function 
(Docherty and Gutknecht 2011, Todd-Brown et al. 2011, Treseder et al. 2011). Current global 
biogeochemical models are generally based on microbial processes that have been measured from 
microorganisms in equilibrium (Schimel 2001), but models that consider seasonal transitions, plant 
invasions, climate change, and land-use management by definition include dynamic microbial 
assemblages. 
 
Environmental changes can modify microbial assemblages in various ways. Well-known ecological 
processes of succession and adaptation can be applied to microbiota (Nemergut et al. 2013), and when 
coupled to ecosystem models, can aid in understanding microbial responses to environmental drivers. 
Shifts in the abundance or structure of microbial assemblages can also correspond to changes in 
microbial function (e.g. Allison and Martiny 2008). These biotic changes in response to the environment 
can be observed through measurements of microbial biodiversity and community structure (Figure 2, 
Raes and Bork 2008).  
 
Microbes can respond rapidly and at microscopic scales to environmental changes (e.g. Bolter and 
Blume 2002, Allen and Kitajima 2013). While data that capture micro-scale microbial structure and 
function are sparse, studies have found that even coarse metrics of microbial structure and function can 
improve ecosystem models (Wieder et al. 2013), enabling us to begin to peer into the ‘black box’ of 
microbial ecology. Localized studies of microbial community dynamics have shed light on the 
physiological mechanics associated with ecosystem services (Nemergut et al. 2005, Latta et al. 2011, 
Yergeau et al. 2009). Meanwhile, regional- and continental-scale studies explored habitat drivers that 
could have impacts at multiple scales (Lozupone and Knight 2007, Dinsdale et al. 2008), but for which 
spatial and temporal resolution are not accounted. Similarly, short-term studies can uncover dynamic 
ecosystem processes such as discrete disturbances (Bardgett et al. 2005, Wittebolle et al. 2009, Smith et 
al. 2008), but cannot monitor the impact of long-term oscillations. On the other hand, long term 
monitoring (Aber & Magill 2004, Ramirez et al. 2010) is generally at a coarse resolution that fails to 
capture episodic, rare events that yield important information about ecosystem stability in response to 
short-term changes. 
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In order to refine the role of microbial community dynamics in ecosystem models, metrics that link 
microbial structure (diversity and taxonomic composition) to function (traits and/or functional genes) 
need to be developed at the appropriate spatial (local to continental) and temporal (seasonal to 
decadal) scales (Bell et al. 2008, Raes and Bork 2008, Bru et al. 2011, Bier et al. 2015).  
 

4.2 NEON’s Contribution 

The National Ecological Observatory Network (NEON) provides a foundation for evaluating the role of 
microorganisms in ecosystem processes that combines standardized, long-term seasonal monitoring at 
dozens of sites dispersed in ecological regions across the continental United States, including Hawaii, 
Alaska, and Puerto Rico. In total, standardized and coordinated measurements will occur at 20 core sites 
that will remain for the duration of the project (30 years), and at approximately 27 additional sites that 
are intended to measure local ecological processes and phenomena over potentially shorter (5-10 year) 
time scales. The goals of NEON are to: 

• Monitor ecological changes with respect to invasive species, changes in land use, and climate 
change; 

• Provide high-quality, open access data 
• Archive organismal specimens to the public for free; and 
• Facilitate research using NEON resources  

 
As part of NEON’s open access policy, physical samples collected over the life of the observatory will be 
archived and made available for additional analyses. Long-term, coordinated ecosystem monitoring will 
allow investigators to understand and forecast patterns of ecological change at local, regional, and 
continental scales (Kao et al. 2012). 
 
The NEON microbial ecology program is designed to provide data that can be used to measure changes 
in microbial properties at particular spatial and temporal scales, to discern the drivers of change, and to 
enable prediction of future changes in microbial processes. While there are myriad methods for 
evaluating microbiota, the vast majority of methodologies can be summarized as measuring either 
microbial diversity and composition, or microbial abundances. These two types of measurements form 
the basis for the microbial sampling and analysis program (Figure 3).  
 
The microbial diversity in a habitat can indicate changes in various environmental factors, such as pH, 
salinity, and soil moisture (Bell et al. 2008, Zhalnina et al. 2015). Microbial composition (based on either 
taxonomy or genome content) further enables tracking of larger scale beta and gamma diversity 
patterns within and across ecosystems. Measurements of changes in microbial taxa and functional 
genes can also enable tracking of well-established microbial processes and discovery of novel organisms 
and processes. Likewise, soil microbial abundance is sensitive to environmental factors such as land use 
(Dequiedt et al. 2011, Lammel et al. 2015, Domeignoz-Horta et al., 2017), and may be used in ecosystem 
models for constraining microbial process rates and biogeochemical fluxes (Sulman et al. 2014). The 
NEON strategy rests on three fundamental design principles:  

1) Robust methods exist for measuring changes in microbial diversity, structure, and 
abundances; 

2) A spatial and temporal sampling design can be applied to discern drivers of change from 
confounding variability (e.g. noise); 

3) Collocation of abiotic and biotic measurements at various scales can help disentangle 
complex microbe-environment feedbacks and relationships.  



 

 
 

Page 7 of 27 

 
Currently, NEON employs a suite of molecular methods for measuring microbial diversity and 
abundances in aquatic and terrestrial ecosystems (Figure 3). Microbial assemblage structure and 
function data will be collected in coordination with soil biogeochemical measurements and in the 
context of vegetation and plant productivity. Other potentially important physical and chemical drivers 
of microbial structure (Fuhrman et al. 2006), such as aboveground biomass and soil moisture, can be 
determined at a larger scale using aerial imaging (Lefsky et al. 2002). Thus, suites of measurements 
describing soil, vegetative, and meteorological properties collected throughout NEON will help to model 
changes in microbial assemblage and function on a continental scale. The collocated measurements 
enable linkages with other biotic and abiotic measurements that are critical for modeling 
biogeochemical cycles and flux rates (Figure 2).   

 
Figure 2. Conceptual framework for incorporating and validating microbial parameters using NEON terrestrial 
observation systems datasets (from Kao et al. 2012). 

Understanding the geographic turnover or variation in microbial assemblages is crucial to understanding 
their ecology and evolution. In many cases, the variation in microbial assemblages is principally driven 
by environmental factors (Bell et al. 2005, Fuhrman et al. 2006). This variation occurs at scales ranging 
from the sub-centimeter (Woyke et al. 2006) and meter (Baker et al. 2009), to kilometers (Whitaker et 
al. 2003, Green and Bohannan 2006, Tringe et al. 2005, DeLong et al 2006, Rusch et al. 2007). In general, 
spatially-derived environmental gradients and dispersal cause a positive, non-linear relationship 
between microbial phylogenetic and taxonomic diversity with distance (Nekola and White 1999), which 
in various soil ecosystems tends to plateau at relatively short distances. Given the large spatial scale of 
the NEON Project, the proposed sampling design aims at reducing the overall influence of small-scale 
processes by randomly arranging sampling locations across sites at meter-to-kilometer scales, with 
replication occurring at the <100m scale. 

As environmental conditions change over time and in response to press (e.g. warmer temperatures, 
changing precipitation regime) and pulse (e.g. wildfires or extreme weather) events, microbial 
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assemblages, process rates, and functions are expected to change as well, and these effects will vary 
across biomes and climate regimes. More resilient ecosystems may rebound after a disturbance event, 
while others may exceed a threshold in which fundamental shifts in ecosystem structure and function 
occur. 

 

 
Figure 3. Potential methodologies used by NEON for measuring the effects of environmental change on microbial 
assemblages. Methods that are currently employed are bolded. 

4.3 Purpose and Scope 

This document discusses the sampling scheme and underlying design strategies and rationale associated 
with NEON’s soil microbial sampling program. This document includes a brief discussion of the 
framework of measurements to be collected followed by a description of sampling strategies and then 
provides detailed information on methodology. 

5 SAMPLING FRAMEWORK 

The guiding principles of the NEON microbial sampling and analysis program are: 1) standardization; 2) 
adaptability; and 3) interoperability. Given the rate of technological and scientific advances in the field, 
the specific methods used to assess microbial properties will likely change over time. Regardless, it is 
essential that the methods be standardized and include sufficient metadata to enable valid and 
meaningful analyses now and in the future. NEON data will exceed minimum metadata standards 
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outlined by the Genomics Standards Consortium (Yilmaz et al. 2011) and seeks to set a new standard of 
metadata reporting for NEON data users. Specific lists of information associated with metagenomes and 
marker gene sequencing can be found at http://gensc.org/. When possible, NEON microbial methods 
aim at maximizing utility and interoperability with existing large-scale microbial biodiversity efforts, such 
as the Earth Microbiome Project (Gilbert et al. 2014), Terragenome Project (www.terragenome.org), and 
the Global Ocean Survey (e.g. Nealson and Venter 2007). 
 
Furthermore, the terrestrial microbial sampling program parallels the analyses and data products 
described for the aquatic sampling program (AD[08]). This is based on the understanding that both 
aquatic and terrestrial systems are shaped by the same fundamental ecological processes of drift, 
dispersal, selection, and diversification/speciation (Vellend 2010, Nemergut et al. 2013). The approach 
will also enable simple integration of data sets for diverse types of analyses, such as those that span 
habitat types and for examining terrestrial/aquatic linkages.  
 
To provide greater adaptability of NEON microbial data over time, raw sequence data will be archived 
and made available to data users needing to reprocess sequence data over time. NEON may also re-
process data periodically, particularly for ensuring backwards compatibility of data products when 
methods change.  

5.1 Science Requirements 

This science design is based on Observatory science requirements that reside in NEON’s Dynamic 
Object-Oriented Requirements System (DOORS). Copies of approved science requirements have been 
exported from DOORS and are available in NEON’s document repository, or upon request. 

5.2 Data Products 

Execution of the protocols that stem from this science design produces samples and generates raw data 
satisfying NEON Observatory scientific requirements.  These data and samples are used to create NEON 
data products and are documented in the NEON Scientific Data Products Catalog (AD[04]). 

5.3 Priorities and Challenges for Terrestrial Microbial Diversity  

It is critical to recognize that sequencing technology advances rapidly, and current approaches for 
measuring microbial diversity may become obsolete. For example, the first NEON microbial samples 
from a 2009/10 campaign used 454-pyrosequencing technology, which was considered standard at the 
time. Less than ten years later, this platform has been essentially replaced by the Illumina platform, 
which has a higher throughput and lower error rate (Razali et al. 2017). At the current pace, NEON may 
anticipate changing sequencing platforms eight more times during the life of the Observatory. It is 
therefore essential that NEON regularly evaluates its methodologies against evolving community 
standards with the goals of maintaining consistency in data quality and comparability, and maximizing 
scientific utility. 
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6 SAMPLING DESIGN FOR TERRESTRIAL MICROBIAL SAMPLING 

6.1 Spatial Design 

The NEON microbial sampling design aims to capture the range of variability of microbial diversity, 
abundance and functional potential at relevant spatial and temporal scales, while recognizing that 
sometimes those scales are unknown, unpredictable (e.g. disturbance events), or logistically unfeasible, 
such as sampling at very inaccessible locations, or sub-niveal sampling. 

 
Figure 4. Map of the NEON sites. Blue lines indicate domain boundaries; labels are of the domain number and eco-
climatic region. See legend inset for a key to symbols. 

 
The spatial locations are relatively fixed across the network at established sites (Figure 4) and plots 
(Figure 5), although the sites exhibit variability in spatial coverage (areas range from 5 – 50 km2) and in 
the diversity of vegetation types. The soil microbial sampling aims to capture the full spatial range of a 
site by distributing sampling both within plots (40x40 m squares) and across the entire site. The intent of 
this design is both to account for the well-documented spatial autocorrelation of microbial assemblages 
at various spatial scales (Saetre and Baath 2000, Nunan et al. 2003, Martiny et al. 2011) as well as to 
capture the major environmental variability. As with all terrestrial sampling locations, soil plots are 
spatially allocated according to the NEON Spatial Design (AD[03]). Of potential importance in this spatial 
design is that tower plots (e.g. those located within the tower airshed, Figure 5) conform to a truly 
random distribution, while distributed plots (those spread across the site that do not fall within the 
tower airshed) are distributed across the landscape according to a spatially balanced design that is 
stratified by vegetation class (as defined by the National Land Cover Database); thus, there is a 
hierarchical structuring of the site area prior to plot allocation that assigns plots proportional to the 
areal coverage of a vegetation class. This may influence certain spatial analyses. Using this spatially 
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balanced design, four plots are sampled in the tower airshed and six plots are sampled in distributed 
across the landscape, for a total of 10 plots per site. 

 
Figure 5. Example distribution of soil plots at the OAES site in Oklahoma, Domain 11. A subset of the 30-40 soil 
plots that are initially established at a site are selected for soil microbial sampling. Establishing extra soil plots 
enables switching over time if conditions at a plot become unsuitable for soil sampling. 

 

6.2 Temporal Design 

The NEON temporal design aims at capturing site-specific seasonal periods, when microbial activities 
are at their presumed peaks, as well as when they are rapidly changing. For the majority of sites, the 
period of peak greenness is correlated with peak belowground activity, as warmer temperatures and 
plant chemical inputs can stimulate microbiota (Hogberg et al. 2007, Savage et al. 2010). For capturing 
periods of rapid change, NEON targets seasonal transition periods, in which rapid changes in 
temperature and/or moisture may be driving rapid responses in soil microbes. This design provides a 
relatively robust set of guidelines that can be accomplished on a predictable schedule and in a 
standardized way, and that can be applied across NEON’s diverse eco-climatic regions. While the design 
limits our ability to optimize sampling periods for any particular site - for instance, it does not capture 
sub-niveal “hot-spots” of high respiration rates under snow - it provides consistent and reproducible 
baseline data that can be used by the research community to generate site-specific hypotheses and 
advance understanding at local and regional scales.  
 
NEON soil microbial sampling windows are defined using vegetation greenness data and precipitation 
data as proxies for belowground activity. Mean historical NDVI data are used at sites with clearly defined 
transitions and peaks in vegetation greenness (e.g. Figure 6). Vegetation data are also used to define 
sampling windows for other protocols, including collection of remote sensing data and on-the-ground 
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plant biomass and chemistry sampling. As a result, soil microbial measurements intentionally (and 
sometimes incidentally) co-occur with other measurements, which enables joining of numerous related 
data sets. 
 

 
 The seasonality at some NEON sites is driven more strongly by precipitation patterns (e.g. those with 
wet seasons and dry seasons) than by temperature, and frequently there are not clear peaks and 
troughs in NDVI (Figure 6). For these sites, historic precipitation data are instead relied upon to define 
sampling windows.  
 
This site-specific temporal design was selected as advantageous to a single Observatory-wide temporal 
schedule. For one, the wide range of climate conditions across the sites makes it impossible to identify a 

Figure 6. Example historical Normalized Difference 
Vegetation Index (NDVI) and precipitation data for 
Great Smoky Mountain (Domain 7) and Soaproot 
(Domain 17) sites. Colored lines are for individual 
years, black lines show average values. GRSM has 
well-defined shifts in NVDI. SOAP has indistinct 
NDVI shifts: therefore, precipitation data were 
used to define sampling windows. 
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single, unified time period in which sampling would represent a consistent seasonal state for all sites. 
For example, the wet season in the Pacific Northwest corresponds to the dry season in the desert 
Southwest. Given the tremendous importance of seasonality in the physiological state of soil microbiota, 
confining sampling to a particular date for all sites will create seasonal mismatches when combining 
datasets for cross-site analyses. 
 

6.3 NEON Prototype Studies Inform the Science Design 

During the development of the NEON microbial sampling program, several key questions that were 
critical to its design remained unanswered: What critical environmental parameters should accompany 
each sample? What is the appropriate frequency of sampling microbiota, and does this frequency vary 
by site? Finally, given the numerous methods available for measuring microbial function (qPCR of target 
functional genes, enzyme assays, metagenomics, and metatranscriptomics, to name a few), which are 
most appropriate and cost-effective? In order to supplement existing knowledge for these specific 
questions, the NEON microbial program addressed some of these questions by carrying out prototype 
studies. The objectives and major findings of these studies are summarized in the following sections. 

6.3.1 Evaluation of the temporal and spatial scales of microbial sampling 

The spatial scale and relative frequency of timing were evaluated in a prototype study conducted in 
2009-2010. The goal of the prototype effort was to quantify differences in the seasonal variability in 
genetic and functional composition of soil microbiota across four distinct NEON sites. Details about the 
sampling and analytical methods can be found in Docherty et al. (2015). Briefly, 408 samples were 
collected during 3-6 time points from 4 domains (Domain 3, Domain 15, Domain 19, and Domain 20) 
that represent broad gradients in latitude, soil properties, and climate (Table 1). At each site, a sample 
grid measuring 150 m x 300 m overall containing eight 75 m x 75 m cells was established within the 
expected airshed of the instrument tower. Within each of the resulting eight cells, three sampling sites 
were selected by randomly assigned GPS coordinates. These plots were re-sampled up to six additional 
times during the study. Each soil sample encompassed the 0-10 cm depth interval beneath the litter 
layer. Composite samples were also generated from the 3 core locations within a plot to generate a plot-
level sample.  
 
Processing of soil samples for genetic analysis followed the Earth Microbiome Project standard protocols 
(http://press.igsb.anl.gov/earthmicrobiome/protocols-and-standards/16s/), and DNA sequencing was 
done by 454 pyrosequencing using the titanium platform, with microbial assemblage data generated 
using the QIIME bioinformatics pipeline (http://qiime.org/). 
 
Microbial assemblages were compared with other biotic and abiotic information collected from each 
sample including the GPS location, a description of the environment where the sample was originally 
obtained, soil type, horizon, distance from the NEON tower, pH, water content, cation exchange 
capacity (including calcium magnesium, sodium, and potassium), percent organic matter, total carbon, 
total nitrogen, total biomass determined by phospholipid fatty acid analysis, chloride, nitrite, bromide, 
nitrate, phosphate, and sulfate. 
 
Table 1. Location and general metadata associated with samples collected for the spatiotemporal prototype 

Location Vegetation Type Lat Long Elev. 
(m) MAP (mm) MAT (°C) Soil pH 

http://press.igsb.anl.gov/earthmicrobiome/protocols-and-standards/16s/
http://qiime.org/
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Alaska Boreal Forest/Taiga 65.15 -147.5 290 260 -3 5.1 
Utah Grassland/Shrubland 40.18 -112.4 1676 274 8.9 7.8 

Florida Tropical Dry Forest 29.69 -81.9 46 750 20 5.2 
Hawai’i Tropical Moist Forest 19.93 -155.2 1167 2500 15.5 6.1 

 
The taxonomic assemblage data suggest that within a site (150 m x 300 m spatial scales), total carbon is 
a small, but significant driver of microbial assemblages and correlates significantly with principal 
coordinate axis 1, which captures the most variation (Figure 7). Between sites, however, pH correlates 
with the first principal coordinate axis, and individual sites are closely grouped in principal coordinate 
space.  
 
The clustering of microbial assemblages by site indicates strong spatial structuring, which has been 
observed previously (e.g. O’Donnell et al. 2007). Mantel test results showed a significant spatial effect 
for the Hawaii dataset (Table 2). Across sites, distance-decay analysis also showed a strong spatial effect 
(Table 3). Spatial location was a more important factor in bacterial and fungal assemblages overall than 
seasonal variation, which was only a significant factor in the bacterial assemblages from the Florida 
samples (Table 3). It is important to note that while these results only apply to taxonomic composition 
data, which may not be sensitive to seasonal changes. Other measurements that account for microbial 
activity (e.g. PLFA analysis, metagenomics, metabolomics) may be far more sensitive to seasonality than 
marker gene sequencing data. 
 

 
Figure 7. Principal coordinates (PCOA) analysis of microbial communities and correlations between microbial 
assemblages and percent total carbon (TC) or pH. 
For individual sites: colors represent different sample collection dates over an 8-month period. For all sites 
combined (lower right panel): colors represent individual sites (green = Utah; Black = Florida; Red = Hawai’i). For 
each PCOA plot, the percent of variance explained for each axis is listed. Correlation statistics based on linear 
models of the first (or second, for TC~Cross-continent) PCOA axis ordination component scores versus the best-fit 
environmental parameter. The taxon tables were generated based on 97% sequence similarity.  
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Table 2. Mantel correlation between within-site environmental variation and community diversity 

Site Taxon Environmental 
Variables* 

Taxonomic 
Interaction** 

Spatial 
Distribution 

Temporal 
Distribution 

Florida 16S rRNA .305/.0003 
0.088 

-0.023 .091/.022 
 18S rRNA .113/.004 0.011 -0.05 
Alaska 16S -0.126 

0.31/.05 
-0.082 -0.009 

 18S 0.078 0.025 -0.083 
Utah 16S 0.013 

0.1 
0.01 0.05 

 18S -0.003 -0.025 0.107 
Hawaii 16S .154/.008 

.156/.005 
.096/.004 -0.058 

 18S 0.03 0.041 -0.039 
*Environmental variables include pH, %OM, CEC, soil moisture, Mg, Ca, K, Na, total C, total N, biomass (PLFA), Cl, NO3-N, SO4, 
and PO4. 
**Taxonomic interaction is the correlation of 16S and 18S distance matrices. 
The first number is the correlation coefficient, the second bolded number is the p-value. P-values are only reported for 
significant (p ≤ 0.05) values. 

 
Table 3. Power-law distance-decay models for 16S and 18S assemblage data from the Florida, Alaska, Utah and 
Hawaii sites combined.  

  z-value R2 p-value 
Spatial     
 16S -.105 0.40 <0.001 
 18S -.032 0.24 0.012 
Temporal     
 16S -.0113 0.001 0.41 
 18S -.006 0.003 0.87 

Z-value represents the exponent of the power-law function. 
 
Results from this prototype study informed the microbial science design as follows: 

• To account for the relatively large variation in microbial assemblages within plots, replicate 
sampling is recommended; 

• There are site-specific differences in the potential importance of seasonality on microbial 
community composition; 

• Key locally structuring environmental parameters (such as percent carbon) must be measured in 
concert with soil microbial samples in order to enable eco logically meaningful relationships to 
be elucidated when conducting continental-scale analyses. 
 

6.3.2 Determining site-specific sampling windows 

Another component of the NEON Microbial Science Design includes identifying the relevant time points 
for sampling to occur. Within logistical constraints, NEON targets time periods that represent maximum 
microbial activities (as evinced by NDVI data) and maximum fluctuations in activity levels. To evaluate 
the suitability of NEON sampling windows, NEON carried out monthly sampling in its first year of sample 
collection, which occurred at 5 NEON sites. The initial period of monthly sampling (e.g. Phase 1) aimed 
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at optimizing the timing and frequency of sampling, 
which can be used to inform the operational 
sampling schedule (Phase 2)(Figure 8).  
During Phase 1, samples were collected at five sites 
in every month when the soil remained unfrozen. 
Up to 10 plots were sampled at each site, with plots 
located both in the tower airshed and distributed 
throughout the site (see AD[03]). During Phase 1, 
measurements included 16S rRNA gene and ITS 
sequencing, q-PCR, and metagenomics analyses 
(Figure 3). While the complete data set from this 
early sampling is not yet available, these data will be 
used to verify the validity of using NDVI and 
precipitation data as proxies for key time points in 
which to measure microbial diversity and 
abundances. 

6.3.3 Measuring functional diversity  

As part of its initial sampling strategy, NEON 
evaluated whether measuring the abundances of 
specific functional genes would provide ecologically 
meaningful data that would scale across the 
continent (Wang et al 2013). Nitrogen fixation is a 
crucial process in the nitrogen cycle that is exclusively 
performed by bacteria and archaea. Because genes 

for the process are highly conserved, it is possible to link the genetic diversity of nifH to taxonomic 
diversity for all known nitrogen fixers. The nifH gene codes for a subunit of dinitrogenase reductase, an 
enzyme that provides reductant to dinitrogenase, which catalyzes the reduction of N2 to ammonia. The 
availability of universal DNA sequencing primers for the amplification of nifH permits the culture-
independent analysis of all known organisms capable of fixing nitrogen in soil. Sequencing nifH genes 
could therefore be used to determine functional diversity within microbial communities. 
NEON evaluated the potential use of nifH by conducting high-throughput sequence analysis targeting 
the nifH gene in 201 soil samples collected from Utah, Florida, Hawai’i, and Alaska. The resulting data 
yielded low nifH gene diversity, suggesting that nifH diversity may be too coarse of a metric for detecting 
functional and taxonomic variation across sites and in response to environmental changes. There are 
other limitations to monitoring nifH genetic diversity. First, using a targeted gene approach for 
monitoring microbial function limits NEON to the currently known diversity of nitrogen fixers, which is 
likely to expand over time. Furthermore, nitrogen fixation represents just a tiny fraction of the many 
dozens of ecologically critical functions that occur in soil microbiota, and that fraction likely varies across 
sites. Non-targeted methods such as shotgun metagenomics provide a more holistic view of the 
diversity of potential microbial functions occurring in soils: rather than measuring a single gene, shotgun 
metagenomics can encapsulate entire biochemical pathways, including nitrogen fixation, making it a far 
more powerful tool for evaluating microbial function through space and time. 
 

Figure 8. Approach to optimizing the temporal 
sampling design. Phase 1 consisted of monthly 
sampling at the first NEON sites. These data may be 
used to optimize the timing of seasonal sampling 
for a number of microbial data products. 
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6.3.4 Sampling Size 

Previous studies have shown that sample size can influence microbial community composition (Ellingsøe 
and Johnson 2002, Ranjard et al. 2003), with larger sample sizes producing more robust results with less 
variability, and smaller sample sizes allowing for detection of less abundant taxa. We examined the 
effect of sample size on 16S taxon diversity by comparing differences in taxon detection from samples 
representing individual soil cores and from a composite sample of three cores collected within the same 
plot. Our data show a good correspondence between mean taxon abundance in single samples and 
taxon abundance in composite samples for higher abundance taxa (>10 reads), while for rarer taxa the 
correlation breaks down (Figure 9). These results suggest that individual soil cores will provide a more 
comprehensive assessment of microbial diversity and composition at the plot scale. 
 

 
Figure 9. Correlation between taxon abundances in composite core samples versus mean taxon abundances from 
single core samples collected within the same plot. Solid line shows the correlation in taxon abundances; dashed 
line is a 1:1 reference line. Data were derived from the 2009-2010 prototype data set, in which 29 individual and 
composited samples from the Florida, Hawaii, and Utah sites were compared. 

 

6.3.5 Influence of Vegetation 

As part of a larger, multi-scale sampling effort, a second prototype study was undertaken in order to 
evaluate the importance of horizon type and vegetation types, as both are fundamental to the soil 
sampling design. The study was carried out at the Harvard Forest site, which has well defined mineral 
and organic horizons.  Microbial sampling took place in 2012 in conjunction with vegetation 
characterization and soil chemical sampling, providing a comprehensive suite of biological and 
biogeochemical measurements. 

 
In addition to 16S bacterial sequencing, Harvard Forest sample soil mRNA profiles were generated using 
metatranscriptomics analysis on an Illumina HiSeq 2000 platform. For metatranscriptomics analysis, only 
organic horizon (defined as a layer consisting of decaying plant material and relatively low percentage of 
mineral particles) samples were analyzed. The vegetation cover differed across plots, with one plot 
being disturbed and primarily covered herbaceous vegetation, a successional shrubland plot, and four 
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plots with mature forest of varying plant diversity. The number of functional gene reads sequenced 
varied from 40,000 to 484,000 across samples. Clustering of bacterial assemblages by horizon type was 
evident along the first principal component axis (Figure 10). Furthermore, principal component analysis 
of the metatranscriptomics data showed that over 80% of the variation is accounted for in the first 
component axis (>90% in two components, Figure 11). Cluster analysis revealed that the expressed 
functional genes clustered by vegetation type, suggesting that vegetation structure influences microbial 
gene expression patterns (Figure 11). 
 

 
Figure 10. Principal component analysis of bacterial assemblages determined from 16S rRNA gene sequences of 
Harvard Forest microbial communities. Colors represent different vegetation cover types. Ellipses encapsulate 
samples from the same horizon type. 

 
Results from the Harvard Forest prototype study therefore support adopting a spatially balanced design 
that is stratified by vegetation type and that samples discrete soil horizons (to the extent logistically 
possible, e.g. organic and mineral). 
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Figure 11. Functional diversity of Harvard Forest soil microbial communities using soil metatranscriptomics. Cluster 
analysis of microbial community gene expression (left) shows grouping by high-level vegetation type. Principal 
component analysis (right) suggests that over 80% of the variation is described by the leading variable. 

6.4 Implementation of Sampling Design 

NEON aims to facilitate understanding ecological change at large spatial and temporal scales. As such, a 
realistic sampling and analysis program must work within logistical and budgetary constraints while 
achieving its high-level mission. The methods in this section describe how NEON is currently 
implementing the microbial design given various logistical and budgetary constraints. 
 
Soil microbial sampling occurs following the Soil Biogeochemical and Microbial Sampling Protocol 
(AD[07]), which ensures consistency and comparability across soil physical, chemical and biological 
measurements. The field protocol(s) used by NEON follows the protocols presented in the Soil Science 
Society of America Methods of Soil Analysis texts (Sparks et al. 1996, Dane and Topp 2002). Soils are 
inherently spatially heterogeneous. Thus, three samples are collected per plot at 10, 40x40 m plots 
(Figure 12) across a site in order to capture variability at multiple scales (e.g., sub-plot, plot, airshed, 
site).  Plots are located both within the instrumented tower airshed AD[02] and are distributed 
throughout each site (Figure 5). Soil plot locations vary for each NEON site and are based on vegetation 
type and the size of the tower airshed, according to the NEON TOS Spatial Design. Each plot is divided 
into four subplots to provide spatial balance across the plot, three of which are randomly selected for 
sampling during each collection event.  
 
Soil sampling locations are randomly generated within each plot, and are provided as randomized X, Y-
coordinates. All potential soil sampling location have been generated and will last throughout the 
duration of the Observatory in order to minimize accidental re-sampling of any particular location. Three 
sets of coordinates will be provided for each plot for sample collection at each time point. Within each 
subplot, a randomly pre-assigned point surrounded by a 1 m buffer area is selected for sampling. Up to 
three cores are collected within a 0.5 m radius of the coordinate location and combined in order to 
obtain sufficient material for the entire sample suite. If a sample location is obstructed or appears to 
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have been recently disturbed, field technicians can move the sample location to the next random 
location provided. 
 
A soil sample consists of a single soil horizon, which NEON broadly defines as either organic or mineral. If 
both an organic and mineral horizon are encountered at a sampling location, they are collected 
separately to the depth of the horizon or to 30 cm, whichever is reached first. This general definition for 
soil horizon is used because, in the absence of trained soil scientists to lead soil collection at each site, 
using these broad definitions to delineate soil types will improve consistency in horizon identifications 
across sites while still accounting for the significant effect that horizon type exerts on microbiota. 
 
To the extent possible, the tools and methods used for soil collection are constrained to ensure 
consistency (e.g. coring devices with a similar borehole diameter are used): however, the wide variation 
in soil types, climate, and vegetation at each site requires allowance for some site-specific variations. As 
much as possible the methods and equipment used at a particular site are standardized to minimize 
within-site variation, and the sampling equipment used at each site is documented in the Protocol 
(AD[07]). After the soil sample is collected, it is homogenized in the field and subsampled for microbial 
analyses. The remaining soil material is further subsampled in the domain laboratory and pH and soil 
moisture are measured. Depending on the season and the year, various other microbial and 
biogeochemical subsamples may be generated for additional, less frequent analyses, such as microbial 
biomass, soil nitrogen transformation rate measurements and soil carbon and nitrogen stable isotopes. 
 

 
Figure 12. General layout for distributed plots. Sampling locations are randomly assigned within the soil plot, with 
the exception of the central subplot, which is reserved for vegetation sampling only. Various other sampling may 
occur at a soil plot, including plant below-ground biomass sampling and plant diversity. 
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Soil depth is known to influence soil physical and chemical properties as well as microbiota (Blume et al. 
2002, Eilers et al. 2012). As such, NEON sampling is standardized to occur to a target depth of 30 cm or 
saprolite/bedrock (whichever comes first). While flexibility in sampling depth is needed in order to 
accommodate the diversity of soil types and geology at each site, having a target depth will impose 
standardization of sample volume and help to account for differences in microbiota with depth.  
 
To the extent possible, sampling both O and M horizons provides the most comprehensive information 
on the surface soil conditions. Most sampling events only collect the top horizon (organic or mineral), 
which is primarily due to budgetary realities. However, every 5 years a series of coordinated above- and 
below-ground measurements will be made with microbial sampling, including analyses of soil carbon, 
nitrogen and isotopic composition. During a coordinated sampling event, both organic and mineral 
horizons will be sampled concurrently to a maximum depth of 30 cm, if both horizons are present. Due 
to the temporal component of the soil microbe analyses, soil core collection from one site should be 
done as close in time as possible. Preferably, all cores will be collected within 2 days of each other, 
although NEON allows a sampling event to be spread over a two-week period to allow for weather and 
logistical delays.  
 
All microbial molecular samples are shipped on dry ice to external laboratories where analyses and 
sample archiving take place. Quality assurance and control of samples and data from external 
laboratories is tracked and enforced by NEON through periodic audits and regular collection of QA/QC 
data by the NEON calibration and validation department and by staff scientists.  

6.4.1 Sampling Design Summary  

The NEON prototype studies, in combination with previous published research, have informed the 
development of a robust, logistically feasible microbial sampling program following these guidelines: 
 
• In accordance with the NEON Spatial Design, samples will be collected from plots distributed in the dominant 

2-3 vegetation types throughout each site. A consistent number of plots (ideally a minimum of 10 per site) will 
be sampled at all sites. 

• To account for strong spatial heterogeneity in soils, spatially explicit replicate samples will be taken within 
different subplots of each plot and analyzed using marker gene sequencing and qPCR. This design will also 
enable quantification of spatial structuring of microbial communities over short spatial scales.  

• Generally, sampling will consist of 1-3 cores collected within 1 m of each other. The number of individual core 
samples will depend on the amount of material recovered from each core and will vary by soil conditions at a 
given site. 

• Sampling will be done by horizon type, broadly defined as organic or mineral, and will extend the depth of the 
entire soil horizon or up to 30 cm depth, whichever is reached first. 

• Subsampling for molecular analyses will provide enough material for nucleic acid extraction so as to minimize 
undersampling and underrepresentation of microbial diversity within a sample. 

• Coordinating soil microbial measurements to coincide with other physical, chemical, and biological 
measurements will enhance the scientific value of the NEON soil microbial samples for understanding and 
predicting the microbial feedbacks and responses to environmental changes. 
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6.5 Logistics and Adaptability 

The approaches outlined here for measuring microbial processes reflect the best practices currently 
employed by the broad community of microbial ecologists. It is important to recognize, however, that 
the field of microbial ecology is evolving, and NEON anticipates that the best practices will change over 
the course of the Observatory’s period of operation. This recognition also underscores the critical 
importance of a NEON soil microbial archive. This frozen archive can be accessed by the public for 
various scientific purposes, such as conducting novel analyses, for years to come.  
 
NEON intends to remain on the forefront of the methods and analyses employed for measuring the 
various aspects of microbial community structure and function. This will be accomplished by 
consultation with community experts in developing and adopting standardized protocols.  
Substantial changes in methodology over time could warrant future re-analysis of previous data sets in 
order to ensure interoperability and cross-compatibility of methods and data sets over time. 
Additionally, variability due to evolving sequencing methods or due to changing sequencing facilities 
highlights the need for robust methods to track methodological influences on data through the use of, 
for example, internal standards or control samples. 
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