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Executive Summary
H2Ohio Wetland Monitoring Program Overview

The Ohio Department of Natural Resources (ODNR) has contracted the Wetlands and Water
Quality group within the Lake Erie and Aquatic Research Network (LEARN) to develop and
implement the H2Ohio Wetland Monitoring Program. The goal of the H2Ohio Wetland
Monitoring Program is to assess nutrient removal of wetland restoration and enhancement
projects implemented by the ODNR as part of Governor Mike DeWine’s statewide H2Ohio
Initiative. Although reductions in phosphorus (P) loads are the primary focus of policies aimed at
mitigating harmful algal blooms in the western basin of Lake Erie, nitrogen (N) loads also
influence the size and toxicity of Harmful Algal Blooms (HABs) in the Lake Eire and other
vulnerable water bodies throughout Ohio. Therefore, the H2Ohio Wetland Monitoring Program
incorporates assessments of both P and N removal function of wetland restoration and
enhancement projects.

ODNR-implemented H2Ohio Wetland Projects are diverse and numerous, including
reconnection of diked coastal wetlands and wetland restoration and construction on agricultural
land and floodplains. Twenty-six distinct Projects were confirmed for Phase I and an additional
31 projects (57 total projects) have been confirmed for the next phases of restoration work. Some
will feature easily monitorable inflows and outflows for direct nutrient removal estimation from
surface water nutrient load monitoring, while many systems feature more complex hydrology
with various kinds of connections to the watershed. Many consist of multiple ecosystem units
funded under the same Project. To create a unified framework that flexibly incorporates the
diversity and quantity of Projects, this general Wetland Monitoring Plan provides scientific
rationale and wetland monitoring programmatic guidance. Project-Specific Monitoring Plans
will be developed for each monitored Wetland Project as construction and design of those
Projects are completed. All monitoring activities will be completed using standardized protocols
that will be documented in an exhaustive Field, Lab, and Computational Operations Manual.

H2Ohio Wetland Monitoring Plan Summary
The intensive data needs for conclusive nutrient removal assessment present a challenge

when combined with limited resources. Thus, this Monitoring Program takes a tiered approach.
A relatively small number (4-5) of representative Focal Projects will be monitored intensively to
estimate all major nutrient budget components and directly calculate nutrient removal amounts.
We will use knowledge gained from Focal Projects to optimize the efficiency, cost effectiveness,
and validity of monitoring other projects. In Focal Projects, sampling will occur at greater
temporal and spatial resolution than in Non-Focal Projects. In addition, more labor-intensive
mechanistic approaches will be deployed at Focal Projects, including intact core incubations to
directly measure denitrification rates and sediment-surface water nutrient exchange (P and N),
stacked resin bag units to directly measure sediment-surface water nutrient exchange in situ, and
intensive ground-truthing of plant community composition detected through drone photography.
Non-Focal Projects will be monitored in a distributed way, with fewer samples collected. Water
and soil samples collected from Non-Focal Projects will be analyzed for indices of nutrient
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removal function that demonstrate directional change in nutrient removal function but do not
directly quantify nutrient removal.

Wetland Monitoring Program Data Collection
The following types of data will be collected in this Monitoring Program, all of which

directly support the assessment of nutrient removal in Wetland Projects:

● Hydrologic features and dynamics, including water level in areas of standing water
and flow at monitorable inflows and outflows. In Focal wetlands, detailed 3D
hydrodynamic models will be developed to support accurate calculations of nutrient
loads.

● Groundwater wells to assess the quantity of groundwater exchange and nutrient
fluxes between wetland surface water and groundwater.

● Bathymetric and elevation surveys.
● Dominant vegetation patch mapping and vegetation tissue nutrient storage.
● Soil characteristics and nutrient status.
● Surface water nutrient concentrations.
● Soil geophysical characteristics which, when paired with discrete soil measurements

of texture, nutrient status, etc., will support mapping wetland soil patches to guide
sampling efforts and scale up point-based measurements to whole ecosystem mass
balance estimations.

● In Focal wetlands, sediment-surface water nutrient exchange will be estimated in situ
using stacked resin bags and intact cores collected from focal wetlands will be
incubated for ex situ measurements of nutrient exchange and denitrification rates.

Technical and Management Advisory Panels
In December 2020-January 2021, our Monitoring Plan was presented to a 26-member

Technical Advisory Panel and a 5-member Management Advisory Panel consisting of diverse
experts in wetland water quality assessment and monitoring. Comments from the 26 technical
advisors were generally positive, affirming that the Plan is well-written, scientifically sound, and
adequately grounded in state-of-the-science techniques and literature. The Advisors made
constructive suggestions to improve the Plan’s structure and readability. Most importantly, the
Advisors identified critical gaps and shared valuable insights into the potential effectiveness of
specific Plan components.

Many of the advisory panelists constructively identified gaps in data synthesis planning. In
response, we articulated our approaches to synthesize diverse data into meaningful measures of
wetland nutrient removal through a mass balance approach. In addition, this version of the Plan
includes a description of approaches for selecting Focal Projects, identifying sample sites, and
planning for sufficient temporal resolution in sampling. We describe how spatial data including
drone photography and soil geophysics will be combined with point measurements of soil
parameters and vegetation species competition to interpret discrete data at whole-ecosystem
scales. The Plan now includes an explanation of how specific data sources will be used to
estimate major components of nutrient budgets and how we will ensure sufficient data collection
to achieve the statistical power needed to draw valid conclusions. This Monitoring Plan will be
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re-evaluated in the winter season after the first year of Monitoring Plan implementation and
adaptively updated annual as is necessary and appropriate.
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Glossary of Terms

Definitions in this Glossary of Terms indicate how terms are being used specifically within the
context of the H2Ohio Monitoring Program and this Monitoring Plan. These definitions are not
meant to replace generally accepted definitions of common terms (e.g., “ecosystem”).

Ecosystem: A wetland system as defined by traditional hydrologic and wetland delineation
boundaries and in a way that facilitates meaningful nutrient budget accounting. (Within the
context of the nested spatial scales used by the H2Ohio Wetland Monitoring Program for the
purposes of sampling site location, sampling frequency determination, and synthesis and
integration of functional data).

Field, Lab, and Computational Operations Manual (Operations Manual): Forthcoming
document containing detailed protocols, instructions, and field worksheets for the purposes of
standardizing personnel training, field sampling, lab analyses, and data management, processing
& analysis.

H2Ohio Wetland Monitoring Program (Program): All the activities and documentation
related to monitoring wetland Projects implemented by the Ohio Department of Natural
Resources (ODNR) as part of H2Ohio for the purpose of assessing the nutrient removal function
of each Project.

H2Ohio Wetland Monitoring Plan: This document, which outlines the general framework and
approaches to be used to monitor H2Ohio Wetland Projects implemented by the ODNR.

HydroBioGeoMorphic Zone (HBGM Zone, or Zone): A relatively large area (>100 m2)
within a wetland site with relatively homogenous hydrogeomorphology, soil characteristics, and
dominant plant community. Used within specific Projects to dictate stratified sampling locations.
Defined by polygonal boundaries.

Nutrient Removal: Refers to any permanent or temporary function that leads to the prevention
of nutrients from moving downstream from the ecosystem including, but not limited to, storage
within the ecosystem (e.g., phosphorus burial) and chemical transformations to forms that
remove the nutrient from the system (e.g., denitrification).

Point: A discrete location marked as single-point coordinates at which water, soil, or other
small-scale samples are taken. The specific spatial area integrated by a measurement taken at a
point will depend on the nature of the measurement (e.g., a surface water sample point will
reflect conditions over a larger spatial area than a soil sample point).

Preliminary Project-Specific Site Characterization and Monitoring Plan: A monitoring plan
developed during the first post-construction year of a Project to guide early monitoring and
sampling, conducted simultaneously with the more involved set of measurements of the used for
Site Characterization (see below) that are completed during a Project’s first year.

Project Characterization: A collection of tasks completed after Wetland Project construction is
complete to support developing a Project-Specific Monitoring Plan including Rapid Site
Characterization, Soil and Water Sampling, Soil Geophysics, and Hydrologic Mapping and
Characterization.
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Project-Specific Monitoring Plan: Guides that will direct Routine Monitoring in specific
Projects depending on features specific to each Project, including Focal or non-Focal status.

Rapid Site Characterization: The set of protocols that combines existing information about a
Project site with a single site visit by 1-2 individuals during the first year after a Project’s
construction to create a Preliminary Project-Specific Site Characterization and Monitoring
Plan.

Routine Monitoring: Longer-term monitoring routines and protocols directed on a
Project-by-Project basis in each Project’s Specific Monitoring Plan. Initiated after Project
Characterization is complete.

Wetland Category: One of four categories delineated by the Monitoring Program based on each
Wetland Project’s dominant hydrology, including:

1. Coastal Wetland: A wetland with at least one direct connection to Lake Erie, which
likely is also connected to the landscape by constrained and unconstrained
unidirectional flows. Coastal Wetland Projects mostly involve enhancing connections
to Lake Erie in historically diked, disconnected, existing Lake Erie coastal wetlands.

2. Depressional Wetland: A wetland without persistent, constrained, easily monitored
hydrologic inflows or outflows. Water sources for depressional wetlands may include
distributed overland flow, direct precipitation, and groundwater, and these wetlands
may also recharge into groundwater. For regulatory purposes, similar wetlands are
often distinguished as “isolated.”

3. Floodplain Wetland: A wetland that is adjacent to a larger flowing body of water,
typically a river, and is laterally and intermittently connected to that flowing water
during flood events.

4. Flow-Through Wetland: A wetland with a limited number of constrained,
unidirectional inflows and outflows.

Wetland Project (Project): The Wetland Projects being implemented by the ODNR for water
quality improvement. Project names and numbers align with ODNR-provided information. Most
Projects consist of a single ecosystem, but in some cases multiple related, and sometimes
connected, ecosystems are geographically co-located and/or classified as a single Project. In
these cases, the unit of ecological analysis may deviate from the Project itself (e.g., separate
nutrient budgets may be developed for a single Project if a single Project encompasses multiple
distinct ecosystem units). Project is the key unit of analysis within the Monitoring Program.

● Focal Projects: Projects that are intensively sampled and monitored with the goal of
obtaining the necessary information for accurate nutrient budget quantification.
Sampling efforts in Focal Projects focus on parameters that directly quantify nutrient
function in wetlands. At least one Project representative of each Wetland Category
(see below) is a Focal Project.

● Non-Focal Projects: Projects sampled to a uniform baseline of measurements that
indicate, if not demonstrate, nutrient removal functions. Implementation and effort
will be determined by remaining budget and resources after data needs for Focal
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Projects have been met. Monitoring of Non-Focal Projects will contribute to the
broader understanding of each type of Project’s effectiveness over a longer time scale
and be used in overall assessment of the Monitoring Program.
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Abbreviations

ACS American Chemical Society

ADCP acoustic doppler current
profiler

Al aluminum

Ar argon 

ArcGIS a common software for
geographic information
system

ArcMap software for viewing and
editing spatial data in two
dimensions and creating
two-dimensional maps

Ca calcium

CaCl2 calcium chloride

CCB continuing calibration blank

CCS continuing calibration
standard

Cd cadmium

cDOM chromophoric or colored
dissolved organic matter,
also see fDOM

CFS cubic feet per second, a
measure of streamflow
discharge

CURA Center for Urban and
Regional Analysis at the
Ohio State University

DAP diammonium phosphate, a
common form of fertilizer

DEM digital elevation model

DNRA dissimilatory nitrate
reduction to ammonium

DOI digital object identifier

DOM dissolved organic matter

DP-SP-16 direct push screen point 16
groundwater sampling
system by geoprobe

DRP dissolved reactive
phosphorus, same as SRP
and MRP

ECa soil apparent electrical
conductivity

EDTA ethylenediamine tetraacetic
acid

EEM excitation emission matrix

Eh redox potential

EMAP Environmental monitoring
and assessment program

EPA Environmental Protection
Agency

ET evapotranspiration

fDOM fluorescent dissolved
organic matter, see also
cDOM

Fe iron

GLCWMP Great Lakes Coastal
Wetlands Monitoring
Program

GIS geographic information
system

GPS global positioning system

H2Ohio Ohio Governor Mike
DeWine’s initiative to ensure
safe and clean water.
H2Ohio focuses specifically
on reducing phosphorus,
creating wetlands,
addressing failing septic
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systems, and preventing lead
contamination.

ha hectare, a measure of area

HABs harmful algal blooms

HDPE high density polyethylene

HUC hydrologic unit code

K subsurface hydraulic
conductivity (m/s)

KCl potassium chloride

KOH potassium hydroxide, a
strong base

kPa kilopascals

LEARN Lake Erie and Aquatic
Research Network

M3Al Mehlich III extractable
aluminum

M3Fe Mehlich III extractable iron

M3N Mehlich III extractable
nitrogen

M3P Mehlich III extractable
phosphorus

MAP monoammonium phosphate,
a common form of fertilizer

MDL minimum detection limit

MIMS membrane-inlet mass
spectrometry

MNDWI modified normalized
difference water index

MRL minimum reporting limit

MRP molybdate reactive
phosphorus

MUP molybdate unreactive
phosphorus

N nitrogen

N2 elemental nitrogen in
gaseous form. 28N2, 29N2, and

30N2 denote different stable
isotopes of N2

N2O nitrous oxide, a form of
nitrogen gas

NAVD North American Vertical
Datum

NCWQR National Center for Water
Quality Research, a research
arm of the science
departments at Heidelberg
University

NDVI normalized difference
vegetation index

NEON National Ecological
Observatory Network

NERRS National Estuarine Research
Reserve System

NH2 amino radical

NH3 ammonia nitrogen, a form of
nitrogen gas; see also NH4

+

NH4
+ ammonium nitrogen, the

ionized form of NH3. While
colorimetric analysis
technically measures NH3,
NH4

+ is the form most
common in water with pH
less than 9.  

NIST National Institute of
Standards and Technology

NLCD National Land Cover
Database

NMR nuclear magnetic resonance
spectroscopy

NO nitric oxide, a form of
nitrogen gas

NO2
- nitrite nitrogen

NO3
- nitrate nitrogen
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NO2+3 the sum of nitrate and nitrite
nitrogen, also see NOX

NOX the sum of nitrate and nitrite
nitrogen, also see NO2+3

NPDES National Pollutant Discharge
Elimination System

NPDWR National Primary Drinking
Water Regulations

NTU nephelometric units

O2 oxygen gas

ODA Ohio Department of
Agriculture

ODNR Ohio Department of Natural
Resources

OEPA Ohio Environmental
Protection Agency

OLEC Ohio Lake Erie Protection
Commission

OP orthophosphate, see also
PO4

3- or Pi

OWC Old Woman Creek (located
near Huron, Ohio)

P phosphorus

Pi inorganic phosphorus
(defined as MRP in the
Optional Analyses section)

Po organic phosphorus (defined
as MUP in the Optional
Analyses section)

PO4
3- orthophosphate, see also OP,

or Pi

PPK post-processed kinematic

PSR phosphorus saturation ratio

PVC polyvinyl chloride

QA/QC quality assurance/quality
control

RTK real-time kinematic

SfM Structure from motion

Sonde Common name for a
multiparameter, deployable
instrument containing
multiple interchangeable
sensors.   

SPAD Soil Plant Analysis
Development

SPSC soil phosphorus storage
capacity

SRM standard reference material

SRP soluble reactive phosphorus,
see also DRP and MRP

TDAI Translational Data Analytics
Institute at the Ohio State
University

TDN total dissolved nitrogen

TDP total dissolved phosphorus

TIP total inorganic phosphorus

TKN total Kjeldahl nitrogen

TLP Tributary Loading Program,
a water quality monitoring
program run by the NCWQR
at Heidelberg University

TN total nitrogen

TOC total organic carbon

TOM total organic matter

TP total phosphorus

TSS total suspended solids

UAV unmanned aerial vehicle

USEPA EPA United States
Environmental Protection
Agency

USGS United States Geological
Survey
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VIS/NIR visible and near-infrared

WEP water extractable
phosphorus

WSP water soluble phosphorus (in
a soil extraction with water)

XANES X-ray absorption near-edge
structure spectroscopy
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I. OVERVIEW & BACKGROUND

1 Wetland Monitoring Program Overview

Ohio is a water-rich state. However, communities throughout Ohio face water quality issues,
including harmful algal blooms (HABs) on Lake Erie, the Ohio River, and numerous inland
lakes. HABs threaten the health of Ohioans and negatively impact tourism, outdoor recreation,
real estate, and businesses that rely on clean water. In response, Governor Mike DeWine
proposed H2Ohio, a water quality initiative that invests in targeted solutions to help ensure safe
and clean water for Ohioans. In July 2019, the Ohio General Assembly agreed to invest $172
million in H2Ohio. Since then, the agencies tasked with implementing H2Ohio have led a
comprehensive, data-driven effort to address Ohio’s water quality challenges. A collaboration
among the Ohio Department of Natural Resources (ODNR), the Ohio Environmental Protection
Agency (OEPA), the Ohio Department of Agriculture (ODA), and the Ohio Lake Erie
Commission (OLEC), H2Ohio is working to address critical water quality needs with innovative
solutions to some of the state’s most pressing water challenges.

The focus of H2Ohio for the ODNR was first the development of 26 Phase I Wetland
Projects representing a $33 million commitment to create, restore or enhance more than 3,500
acres of coastal Lake Erie and inland wetland ecosystems. As of July 2021, approximately 57
Projects (Phase I and II) will be initiated for H2Ohio by the ODNR. Most of these Projects are in
northwest Ohio counties that comprise the Western Lake Erie (WLE) Basin watershed. These
Projects are designed primarily to mitigate nutrient loading that fuels annual HABs in Lake Erie.

Monitoring the nutrient removal function of H2Ohio’s Wetland Projects is needed to
generate empirical feedback for future management decisions and responsible Project
implementation. To fulfill this monitoring need, the ODNR has partnered with the Lake Erie and
Aquatic Research Network (LEARN) to develop a wetland nutrient cycling and hydrology
monitoring program for Project sites.
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I. OVERVIEW & BACKGROUND

The core questions that motivate the H2Ohio Wetland Monitoring Program are:

● Which type(s) of wetland structure and function is associated with enhanced nutrient
reduction and retention;

● Which wetland restoration approaches maximize cost-effectiveness for mitigating
nutrient loads to water bodies; and

● How can wetland restoration be effectively managed in the future?
The ultimate goal of the H2Ohio Wetland Monitoring Program is to assess the nutrient

removal function, either directly or by evidence-based proxy, of each H2Ohio Wetland
Project being implemented by the ODNR.

In addition, data collected for the Monitoring Program may support capacity to determine
how wetland characteristics (i.e., biogeochemical properties, soil characteristics, hydrological
patterns, vegetative communities, location, design features, management, etc.) shape nutrient
removal function over space and time in mechanistic ways. We aim to communicate monitoring
results to inform management decisions specific to ODNR Projects, and potentially improve the
design of future H2Ohio efforts to maximize nutrient retention. These data can also speak to the
general cost-effectiveness of wetland restoration, construction, and management for mitigating
nutrient loads to water bodies.

This document, the H2Ohio Wetland Monitoring Plan, contains a general framework,
structure, rationale, and guiding principles for the H2Ohio Wetland Monitoring Program. The
framework in this document will be used to generate Project-Specific Monitoring Plans for
each individual wetland construction or restoration Project implemented by the ODNR.
Project-Specific Monitoring Plans will direct Routine Monitoring in individual Projects and
will include site maps, soil and water sampling locations, sensor deployment locations, guidance
about where and how frequently to take various kinds of samples, and other directives to support
nutrient function assessment in each unique Project. Specific, detailed protocols and instructions
will be compiled into our Field, Lab, and Computational Operations Manual to ensure
standard field, lab, computational, and data management techniques throughout the Monitoring
Program. Each of these documents will be routinely (at least annually) updated within an
adaptive framework (See 1.1 Adaptive Framework).

The intensive data needs for conclusive and comprehensive nutrient removal assessment
present a challenge when combined with limited resources. Thus, this Monitoring Program takes
a tiered approach. A relatively small number (4-6) of representative Focal Projects will be
monitored intensively to estimate all major nutrient budget components and directly calculate
nutrient removal amounts using a mass balance approach. Focal Projects will be chosen to
represent at least one of each of the four wetland categories delineated by the Program based on
their dominant hydrology, including flow-through, floodplain, coastal, and depressional
wetlands. We will use knowledge gained from Focal Projects to optimize the efficiency, cost
effectiveness, and validity of monitoring Non-Focal Projects, those sampled monitored less
intensively. In addition, more labor-intensive mechanistic approaches will be deployed at Focal
Projects, including: intact core incubations to directly measure denitrification rates and
sediment-surface water nutrient exchange (P and N); stacked resin bag units to directly measure
in situ sediment-surface water nutrient exchange; and intensive ground-truthing of plant
community composition detected through drone photography paired with plant tissue nutrient
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analysis. Non-Focal Projects will be monitored in a distributed way, with fewer samples
collected. Water and soil samples collected from Non-Focal Projects will be analyzed for indices
of nutrient removal function that do not necessarily or directly quantify nutrient removal.

Wetland ecosystems are inherently heterogeneous. Single, wetland ecosystems often contain
diverse soil characteristics, hydrologic regimes, and plant communities with subsequent
heterogeneity in their nutrient functions shaped by these structural features. To ensure that our
sampling adequately integrates this heterogeneity, we will use a combination of spatial data on
wetland topography, soils, and vegetation to delineate characteristic areas within each individual
Project, which we refer to as HydroBioGeoMorphic Zones (HBGM Zones, hereafter Zones).
Each Project will have its own unique map of HBGM Zones defined by data collected within that
Project. We will distribute water, soil, and plant sampling among Zones using a stratified random
sampling approach, and we will use these Zones to scale up discrete measurements to
whole-ecosystem functional estimates.

1.1 Adaptive Framework

The H2Ohio Wetland Monitoring Program requires coupling environmental sampling,
synthetic data analysis, and statistical modeling. The adaptive implementation of the H2Ohio
Wetland Monitoring Plan will rely on a learning-by-doing approach that promotes an iterative
evaluation and application process of the methods described in this Monitoring Plan. By
providing mechanisms to modify data collection, processing, and synthesis procedures, the
adaptive framework accommodates the many layers of uncertainty inherent to long-term
monitoring and field observations. Our adaptive framework is inspired by more formalized
adaptive management approaches as it echoes the “technical learning” or single-loop learning of
an adaptive management cycle (Williams et al. 2018). However, rather than adaptively managing
ecosystems or Projects, we focus on recognizing and addressing uncertainties related to the
sampling strategy outlined here as it pertains to the goals and scope of the H2Ohio Wetland
Monitoring Program (Figure 1).
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Figure 1. Science-based adaptive management offers a systemic process (monitoring-modeling-assessment) that
applies lessons learned towards reducing uncertainty and facilitating ongoing modeling/forecasting improvements.
The intent is to guide planning efforts for the next round of Program execution and to continually refine what we
know about wetland structure and function.

1.1.1 Applying the Adaptive Framework: Annual H2Ohio Wetland Monitoring Program
Evaluation and Plan Revision

In communication with the ODNR and H2Ohio Wetland Project partners, the H2Ohio
Wetland Monitoring Program team will revise this Monitoring Plan and other Program
documents annually. Monitoring Plan revisions will be based on preliminary data and workflow
analyses to ensure that:

1. Sampling locations, temporal frequency and sampling intensity are capturing the
Project site heterogeneity required for defensible estimates of nutrient removal,

2. Protocols and methodologies are consistent across institutions and meet quality
management criteria,

3. Measurements and data types are hierarchically prioritized based on its overall
contribution to estimates of N and P retention and release, and

4. To refine the overall sampling strategy to improve data quality and maximize resource
use.

This iterative approach will help agencies and researchers refine sampling strategies to better
understand the complexity of wetlands (e.g., type, size, location, etc.), which should lead to
improved mechanistic understanding of the wetland functions and characteristics underlying
nutrient mitigation.
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1.2 H2Ohio Wetland Monitoring Program Structure & Personnel

LEARN is a group of field stations, scientific laboratories and researchers examining a
diverse array of topics within Ohio, working together to promote collaborative research,
education and networking to address the challenges and opportunities facing Ohio’s freshwater
resources. This network of leading scientists was approached by the ODNR to develop and lead
the H2Ohio Wetland Monitoring Program. The core team for the development and execution of
this Monitoring Program consists of a Principal Research Lead, two Administrative Leads, and
an ODNR Agency Lead.

The Principal Research Lead is an Assistant Professor and wetland scientist at Kent State
University, Dr. Lauren Kinsman-Costello, who will oversee all aspects of the H2Ohio Wetland
Monitoring Plan development, wetland sampling and data analysis. The Ohio Sea Grant Director,
Dr. Chris Winslow and Assistant Director, Dr. Kristen Fussell are the Executive Director and
Treasurer, respectively, of LEARN and are the Administrative and Outreach Leads on the
H2Ohio Wetland Monitoring Program and primary investigators on the grant awarded to Ohio
Sea Grant to fund this program. Dr. Janice Kerns, Reserve Manager for Old Woman Creek
National Estuarine Research Reserve Station (OWC NERRS), is the Agency Lead for this
program and serves as the liaison between LEARN and the ODNR to ensure lines of
communication are open and that we are meeting the objectives outlined in the proposal.

To assist with the tasks of this core team, we have hired two individuals to assist with
research and administration of the H2Ohio Wetland Monitoring Program. Ohio Sea Grant’s
Aquaculture Extension Educator and LEARN Coordinator, Nicole Wright, serves as the H2Ohio
Wetland Monitoring Program Coordinator and handles day-to-day administrative functions of the
wetland monitoring team on behalf of LEARN. The Research Project Coordinator (currently
Raíssa Mendonça) is supervised and mentor by the Monitoring Program Research Lead
(currently Lauren Kinsman-Costello) and employed by the home institution of the Research Lead
(currently Kent State University) and will oversee all day-to-day research sampling and data
analysis and will serve as the Chief Data Manager for the Monitoring Program.

Administratively, the program is housed at The Ohio State University (OSU). OSU’s Office
of Sponsored Programs handles all subaward agreements to other universities and fiscal
reporting. Ohio Sea Grant’s communications team will handle development of all outreach and
education materials.

The H2Ohio Wetland Monitoring Program requires a diverse set of research expertise (e.g.,
wetland ecology, coastal processes, hydrology, soil science), and therefore we built a team from
universities across Ohio using the current LEARN infrastructure. Our H2Ohio Wetland
Monitoring Plan was developed by researchers from six universities: University of Toledo,
Bowling Green State University, Kent State University, Heidelberg University, Wright State
University and The Ohio State University. Additional oversight and information specific to each
Project was provided by ODNR’s H2Ohio Program Managers, ODNR Wetland Project Leaders,
and various individuals with expertise in areas related to this Monitoring Program. Once
sampling protocols are developed and approved, Monitoring Plan Research Leads will be
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identified at each participating university and will be responsible for managing the data collected
by personnel working at that institution. Research Leads will train personnel in general data
management best practices and Project-specific data management protocols, and they may
delegate data management tasks to members of their research teams. Research Leads will be in
regular contact with the Research Project Coordinator.

In 2020, the H2Ohio Wetland Monitoring Program assembled two panels, the Technical
Advisory Panel and the Management Advisory Panel, for the primary purpose of providing
initial review and oversight of this Monitoring Plan. The Technical Advisory Panel is composed
of individuals from academia, agencies, and non-governmental organizations within and outside
of Ohio with specific scientific expertise or associations with the Monitoring Program. The
Technical Advisory Panel provides guidance on specifics related to the sampling protocols (i.e.,
sampling location and frequency, sample processing, and data collection and analysis). The
Management Advisory Panel is composed of high-level directors and managers from Ohio’s state
agencies, federal agencies, and non-governmental organizations. The role of the Management
Advisory Panel is to make sure this Program is meeting the needs of the State of Ohio, all of our
procedures are sound and justifiable, the information we gather is transferable to other similar
programs as needed, and we are a recognized as an example of a large state-wide monitoring
program.

1.3 H2Ohio Wetland Projects: Diverse Approaches to a Common Goal

The diversity of H2Ohio Wetland Projects being implemented—creation, restoration, and
enhancement—combined with the ODNR’s commitment to science-based assessment, provide a
unique opportunity to better understand what makes a wetland, both structurally and functionally,
most effective at removing nutrients. The portfolio of H2Ohio Wetland Projects
(https://h2.ohio.gov/natural-resources/) represent a broad range of techniques to reconnect,
enhance, restore, and even create wetland ecosystems. Wetland creation can refer to establishing
a new wetland ecosystem at a location where a wetland does not currently exist or where a
wetland never existed in the history of the location, whereas wetland restoration refers to the
re-establishment of some or all features of wetland ecosystem function in a location where a
wetland was historically present. Enhancement can refer to any practice that is intended to
improve wetland ecosystem structure and/or function, including invasive species removal and
implementation of structures to increase habitat heterogeneity.

In practice, there is often considerable overlap and ambiguity as to whether the activities of a
particular wetland project would best be categorized as creation, restoration, or enhancement.
Many H2Ohio Wetland Projects involve restoring wetland hydrology to historically drained
hydric soils through tile drain disruption and earth working to generate elevational heterogeneity
characteristic of natural wetland ecosystems. Several coastal Wetland Projects consist primarily
of re-connecting existing diked and disconnected coastal wetlands to watersheds and Lake Erie.
Others, such as Projects planned for Lake Erie embayments including Sandusky Bay and
Maumee Bay involve constructing island-type wetlands in locations that are currently relatively
deep (particularly with high Lake Erie water levels, as deep as 1-2 m). This Monitoring Program
will take a descriptive approach to understanding the nature of individual wetland Project
creation, restoration, and enhancement activities while also accounting for historical land use and
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features, rather than formally categorizing Projects as being entirely creation, restoration, and/or
enhancement.

2 Wetlands and Water Quality: Background

2.1 Eutrophication, Wetlands, & Water Quality

Eutrophication—the nutrient enrichment of a body of water that generally leads to excessive
plant and algal growth—is a persistent challenge throughout Ohio, the country, and the world
(Smith 2003). Excess nitrogen (N) and phosphorus (P) fuel abundant growth of nuisance and
sometimes toxic algae and cyanobacteria, forming HABs (Anderson et al. 2002, Heisler et al.
2008). In some conditions, this establishes low oxygen “dead zones” in bottom waters which are
inhospitable to aquatic life (Carpenter et al. 1998, Wurtsbaugh et al. 2019). Recurring HABs in
the Western Basin of Lake Erie, Grand Lake St. Marys, and many other water bodies throughout
Ohio threaten public health, harm recreation and tourism, require costly drinking water treatment
infrastructure, and profoundly degrade some of Ohio’s most valuable ecosystems. The economic
effects of HABs can be devastating (USEPA 2015a). A report on the impact of HABs in Lake
Erie (Bingham et al. 2015) determined that $3.45 billion worth of property is threatened by HAB
impacts and up to $305 million in tourism is at risk of being lost due to the annual HABs.

Decades of research have demonstrated the driving role that excess P plays in fueling HABs
in freshwater ecosystems like lakes, ponds, rivers, and wetlands (e.g., Schindler 1977). The
amount of P that enters the Western Basin of Lake Erie every year, particularly inorganic P as
phosphate in spring and early summer, in large part determines the severity of that year’s
summer bloom (Stumpf et al. 2012). Thus, policies and decision making in Ohio focus on
limiting P loads to mitigate HABs (International Joint Commission 2014). However, N
mitigation is equally important given emerging evidence supporting the role N availability plays
in shaping HAB biomass and toxicity (Monchamp et al. 2014, Sandrini et al. 2015, Davis et al.
2015). It is well-known that limiting N loads to marine coastal ecosystems can mitigate
eutrophication (Cloern 2001; Tucker et al., 2014; Walve et al. 2021; Jones et al. 2020) and
diminish blooms and “dead zones” in saltwater environments. Dual nutrient reduction in lakes
around the world has also proven to be highly successful: Lake Müggelsee, Germany (Köhler et
al. 2005), Lake Albufera, Spain (Romo et al., 2005), Lake Søbygård, Denmark (Jensen et al.
1992), Lake Tohopekaliga, FL (James et al. 2004), and Wuli Lake, China (Chen et al. 2013). A
dual nutrient approach aimed at simultaneously diminishing N and P loads to vulnerable
ecosystems, including the Western Basin of Lake Erie, ensures the highest potential for
successful long-term mitigation of eutrophication and HABs (Paerl et al. 2016, 2018). Such a
dual nutrient approach is endorsed by the U.S. Environmental Protection Agency (USEPA
2015b).

To mitigate the widespread historical and continued loss of wetlands, particularly in Ohio,
programs have incentivized the creation, restoration, enhancement, and preservation of wetlands.
Considerable resources have been and are devoted to wetland ecosystems, specifically for the
purpose of improving water quality and removing nutrients (Verhoeven et al. 2006). Constructed
wetlands can be a cost-effective contribution to nutrient mitigation (Irwin et al. 2018) and when
cultivated and fertilized land is converted to wetland habitat, this alone represents mitigation of
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the nutrient inputs associated with agricultural land use. However, the functional capacity of
wetlands to filter polluting nutrients (e.g., remove nutrients) varies broadly with wetland type,
age, and retention time. Constructed wetlands have been shown to remove ~50% of Total
Nitrogen (TN) and Total Phosphorus (TP) from agricultural watersheds across varying
construction methods (Vymazal 2007), even in winter (Gao et al., 2014). Wetland N removal
rates increase with increasing hydraulic loading rate and retention until a maximum threshold is
reached, and then efficiency declines (Lin et al. 2008). Particularly, restored wetlands can exhibit
limited denitrification rates (Ballantine et al. 2014) and can, at times, be a source, rather than a
sink, of P (Ardón et al. 2010, Kinsman-Costello et al. 2014).

2.2 Wetland Hydrology

As a unique hydrologic feature of the landscape, wetlands are transitional between terrestrial
and aquatic ecosystems (USEPA 2008). Hydrology determines establishment and maintenance of
wetland types and processes (Mitsch and Gosselink 2015) and dictates wetland structures,
functions, and rates of ecosystem service supply (e.g., habitat and biodiversity support, carbon
storage, and flood abatement). Water transports energy and nutrients to and from wetlands
through precipitation, surface runoff, streams and rivers, groundwater, and tides (Mitsch and
Gosselink 2015). The nature of a wetland’s hydrologic connection to the landscape shapes its
structure, while the relative proportion of water sources defines a wetland’s chemistry.

Landscape connectivity determines a wetland’s potential to contribute to landscape-scale
nutrient removal (Cohen et al. 2016, Golden et al. 2019). For example, a precipitation-fed bog
that has no significant inflow or outflow of surface water or groundwater likely contributes a
negligible amount to the cycling of N and P within a larger watershed. On the other hand, a
riparian or in-line drainage and treatment wetland that is fed by a stream, ditch, or other surface
water flow, can interact with water that carries nutrients from sources within the watershed, and
thus offers the potential to transform and remove harmful nutrients the water carries. In reality,
the hydrology of many wetlands features complex combinations of time-varying inflows and
outflows that are often controlled directly by human management decisions through the use of
levees, dikes, pumps, and water-level control structures. In addition to the direct biogeochemical
retention and processing of nutrients that occur within wetland systems, adding wetland
ecosystems to watersheds can influence net nutrient loads solely through their impact on
landscape-level hydrology. When appropriately located, wetlands can reduce peak flows,
enhance infiltration, and limit erosion, all of which may indirectly mitigate nutrient loads.

Three critical hydrologic variables can together be used to describe a wetland’s hydrologic
regime: water levels, hydropattern, and residence time (Mitsch and Gosselink 2015). Water level
refers to the general elevation of wetland water levels relative to the soil or land surface;
hydropattern describes the temporal variability (timing, duration) of wetland water levels; and
residence time is a measure of the average time that water remains in a wetland and is calculated
by the ratio of the volume of water within the wetland to the rate of flow through the wetland.
Our Monitoring Program will comprehensively assess the hydrologic structure of each monitored
Wetland Project and will use a combination of field measurements, continuously logging sensors,
spatial data, and modeling to track hydrologic variables over time to both characterize the
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hydrologic regime of Project wetlands, as built or modified, and calculate nutrient mass loads
where possible.

2.3 Nutrient Biogeochemistry

Wetlands are highly dynamic biogeochemical systems (Reddy and DeLaune 2008) and
potentially powerful nutrient removal machines (Kadlec and Wallace 2008). However, there are
important differences in N and P cycling processes that are crucial to understand to optimize
wetland use for nutrient removal (Figure 2). In particular, the inherent chemical properties of N
and P pose biogeochemical trade-offs that challenge wetland design, construction, and
maintenance for effective simultaneous removal of both nutrients. Wetland restoration for
nutrient removal remains inadequately informed because of remaining fundamental scientific
knowledge gaps regarding nutrient biogeochemistry. This critical biogeochemical understanding
is then sometimes poorly communicated to practitioners implementing wetlands for the purpose
of nutrient management. This Monitoring Program is therefore designed to assess specific
nutrient removal mechanisms, which are often distinct for phosphorus and nitrogen.

Figure 2. Conceptual diagram illustrating the dominant nitrogen and phosphorus removal mechanisms in wetlands.
Wetlands can remove P by three major mechanisms: plant uptake and tissue storage, geochemical association of
phosphate with sediment minerals (e.g., sorption to iron oxides), and long-term storage by sedimentation and burial.
None of these processes permanently remove P from an ecosystem, and stored P may be re-released and exported
downstream as plant tissues senesce and mineralize, associated phosphate is released from sediment minerals, and
particulate P is resuspended and transported in surface waters. Nitrogen most commonly enters wetland systems as
nitrate (NO3

–) from surface runoff. In addition to removal via plant uptake and settling and burial, wetland removal
of N via complete denitrification—conversion of NO3

– to the inert nitrogen gas (N2)—is the optimal N removal
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pathway as it exports N to the atmosphere. However, incomplete denitrification and turnover of particulate N can
release readily available forms of N (e.g., urea, NH4

+) that can be exported to downstream systems.

2.3.1 Phosphorus

In the environment, P exists in two major chemical forms: the inorganic phosphate (PO4
3-)

ion and P covalently bonded in organic molecules of living and dead biomass, hereafter referred
to as organic P (Figure 3). In practice, P is often delineated not only by its chemical form but by
size fraction, with “dissolved” P typically referring to the operationally defined P-containing
material that passes through a 0.45 µm filter, and “particulate” P as the larger material that can be
composed of any combination of these chemical forms. Soluble reactive phosphorus (SRP),
which is the fraction of dissolved P that reacts with a colorimetric molybdate reagent (Murphy ad
Riley 1962) is routinely used to indicate PO4

3- concentrations.1

Figure 3. A combination of biological and geochemical processes control phosphate bioavailability and mobility.
Plants and microbes can directly take up phosphate, converting inorganic P to organic P forms. Organic P is
mineralized to phosphate via microbial decomposition. The phosphate ion is geochemically reactive to many soil
minerals and can sorb strongly to iron and aluminum oxides and can co-precipitate with calcium carbonates. The
strength of the sorption-desorption equilibrium with metal oxides depends on metal redox forms, mineral structure,
and soil pH conditions.

Wetlands diminish P load to downstream ecosystems through three main mechanisms:
long-term storage through sedimentation of P-bearing particles, phosphate sorption to soil
minerals, and plant uptake (Figure 2). However, the relative capacity and permanence of each of

1 It is well known that SRP often overestimates PO4
3- concentrations (Rigler 1966) because it includes some

non-PO4
3- forms of P including organic P and polyphosphates (APHA 2017), and in some circumstances is a poor

indicator of biologically available P (Hudson et al. 2000, Dodds 2003). However, this discrepancy is only a concern
at very low phosphate concentrations.
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these mechanisms vary. In some cases, wetlands can become net sources of P, rather than net
sinks (Ardón et al. 2010b, Kinsman-Costello et al. 2014). The majority of net removal and
long-term storage of P by wetlands occurs through the deposition, accretion, and burial of
particulate P (Richardson et al. 1996, Noe et al. 2019). Phosphate sticks readily to mineral
surfaces, especially metal oxides, by geochemical associations including sorption and ion
exchange (Wang et al. 2013) (Figure 3), but the proportion of P removal that can be attributed to
PO4

3- sorption is typically smaller in magnitude than particulate P storage (i.e., sedimentation of
P-bearing particles; Noe et al. 2013). In addition, this relatively small, but highly ecologically
relevant proportion of sorbed inorganic soil P may be released from sediments and soils if
conditions alter the sorption-desorption equilibrium (Noe et al. 2013). Plants and other organisms
assimilate and store P in their biomass, which represents a substantial temporary storage pool
and transforms available inorganic P into less available organic P forms. This organic P may be
buried or may be remineralized to available inorganic forms as tissues senesce and decompose
(Nichols 1983, Reddy et al. 1999). However, plants and other organisms may serve an important
role if they take up and store labile nutrients during the particular times of the year when
nutrients contribute to algal blooms and eutrophication (e.g., Risgaard-Petersen and Ottosen
2000). Further, plants and other organisms may alter physicochemical conditions in ways that
have important effects on nutrient cycling (e.g., plant roots may increase oxygen levels in
sediment; e.g., Hupfer and Dollan 2003).

2.3.2 Nitrogen

Nitrogen cycling in wetlands is dominated by microbially mediated processes that transform
the chemical form of N (Figure 4), which dictates whether the N remains in the system in plant
and animal biomass, is lost as a gas, or moves downstream and contributes to nutrient pollution
(Figure 2) (Reddy and DeLaune 2008). Plant uptake also contributes to both short- and
long-term net N storage (Maltais-Landry et al. 2009, Jeke et al. 2019). Upon entering a wetland,
nitrate (NO3

-) may be taken up by plant roots or leached into groundwater, but under anoxic
conditions, microbes transform NO3

- into the nitrogenous gases nitrous oxide (N2O) and nitrogen
(N2) through the denitrification pathway. This leads to a net permanent removal of available N
from the landscape system to the atmospheric system. Under optimal conditions, the end product
of denitrification is N2, a harmless and inert gas. However, under periods of varying water
saturation and oxygen availability, which cause fluctuating redox conditions, denitrification can
produce the harmful greenhouse gas N2O as a terminal product (Burgin et al. 2013).
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Figure 4. The nitrogen (N) cycle is characterized by numerous microbially mediated redox transformations of N
among its many chemical forms and oxidation states. From the perspective of water quality, complete denitrification,
in which nitrate is converted to inert nitrogen gas (N2) is the optimal N removal mechanism. Yellow arrows indicate
oxidation reactions, red arrows are reduction reactions, and white arrows indicate no redox change.

Alternatively, NO3
- can be recycled back to NH4

+ through dissimilatory nitrate reduction to
ammonium (DNRA), in which case available N remains in the system rather than being
removed, with the potential to further contribute to eutrophication (Burgin and Hamilton 2007).
The balance between these processes is largely controlled by redox conditions, organic carbon
and NO3

- availability, as well as the presence of sulfide. Wetland soils and the microbial
communities that reside in them are powerful transformers of NO3

-. However, the interactions
between pathways are complex, so the ultimate products of their transformations, and thus the
fate of excess N and contribution to downstream eutrophication depend on soil chemical and
physical conditions (Burgin and Hamilton 2007; Figure 4). Loading of NH4

+ or urea can also be
converted to NO3

- through nitrification and subsequently lost through denitrification or recycled
through DNRA. Under some circumstances (e.g., if bottom water anoxia shuts off the coupled
nitrification-denitrification pathway), new N can be added to the system from N-fixation
associated with sulfate reduction or sulfur oxidation, exacerbating the nutrient pollution problem.

We include N monitoring in the H2Ohio Wetland Monitoring Plan, as N plays a major role in
developing the toxic HABs in Lake Erie (Newell et al. 2019). A recent review suggests that
management efforts to reduce P pollution without controlling N have caused nutrient imbalances
in eutrophic systems, which may favor toxic cyanobacterial HABs that cannot fix atmospheric
N2 gas (Gobler et al. 2016). Prior to P load reductions in the 1970s, HABs in Lake Erie were
mostly N2-fixers (e.g., Aphanizomenon and Dolichospermum, formerly Anabaena; Wacklin et al.
2009), but now HABs are primarily non-N2-fixing Microcystis and Planktothrix (Steffen et al.
2014). Non-N2-fixing cyanobacteria are superior competitors for bioavailable N relative to
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eukaryotic taxa (Blomqvist et al. 1994; Hyenstrand et al. 1998; Hutchins et al. 2003; Monchamp
et al. 2014; Glibert et al. 2016). The main toxin produced by Microcystis (and other
cyanobacteria) is microcystins, which is comprised of 10 N atoms per molecule on average.
Concentrations of microcystins are then strongly correlated with available N (Davis et al. 2015).

This bioavailable N is delivered mostly from agricultural runoff (e.g., NH4
+ from fertilizer;

Robertson & Saad 2011). Most farmers in the Maumee River watershed add N fertilizer as
anhydrous ammonia and/or urea to cultivated fields (Millar et al. 2014). The average annual
Total Kjeldahl N (TKN; NH4

+ + dissolved organic and bound N) load from the Maumee River to
western basin of Lake Erie is about 9,000 metric tons, compared to about 400 metric tons of
dissolved reactive P (Richards et al. 2010). And while controlling P has received much policy
focus, farmers have added on average twice the amount of commercial N fertilizer (15.9% urea,
32% urea-ammonium-nitrate, 37.5% ammonia, and 14.7% other) as P fertilizer per acre over the
last few years (Prokup et al. 2017), exacerbating the eutrophication problem.

The speciation of available N strongly influences phytoplankton community structure, with
reduced N (NH4

+ and urea) promoting cyanobacteria (e.g., McCarthy et al. 2009). Dissolved
organic N (DON), especially urea, is also a key driver of HABs (Belisle et al. 2016), as it can be
assimilated directly or after extracellular enzyme hydrolysis to NH4

+ (Glibert et al. 2015). DON
is often abundant in aquatic ecosystems, but little research has focused on its availability and role
in HAB dynamics (Gobler et al. 2016). This lack of understanding of the N cycle due to a greater
focus on P may indicate that human actions meant to help solve the problem (e.g., the US and
Canada committed to a 40% reduction in P loading to Lake Erie; IJC 2016, Annex IV) may have
exacerbated HABs in western basin of Lake Erie by promoting slightly smaller but more toxic
blooms (e.g., Gobler et al. 2016).

2.3.3 Wetland Vegetation and Nutrient Biogeochemistry

Vegetation plays important roles in nutrient cycling. The most direct influence of plants on
nutrients is by uptake and storage in tissues (Peterjohn and Correll 1984, Tyler et al. 2012,
Vymazal and Březinová 2018). This storage can be prolonged in cases of perennial and woody
vegetation. Additionally, plants alter physicochemical conditions that influence nutrient cycling.
For instance, plant roots may add oxygen to otherwise anoxic soils (Reddy et al. 1989, Hupfer
and Dollan 2003) or plants may trap sediment (Vymazal and Březinová 2018). Plants also may
add organic matter, either via senesced tissues or via root exudates, and this can both increase the
nutrient retention capacity of the soil and stimulate the activity of microbes important in nutrient
cycling.

2.4 Nutrient Legacies of Agricultural Land Use

The agricultural land use and drainage that characterizes large areas of Ohio can leave
legacies of ecosystem disturbance and pollution long after cultivation activities cease and
wetland hydrology is restored (Hamilton 2012, Stackpoole et al. 2019). Legacies shape wetland
ecosystem nutrient dynamics even after an ecosystem is restored. For example, fertilizer P is
typically applied in its available form, the phosphate (PO4

3-) ion, which is chemically “sticky”
and sorbs with varying degrees of strength to soil particles. In historically drained and cultivated
land, PO4

3- that was never used by plants, but rather stuck to the soils, can be released into

H2Ohio Wetland Monitoring Program: Monitoring Plan, 2021 14



I. OVERVIEW & BACKGROUND

surface waters when wetland hydrology is restored (Kinsman-Costello et al. 2014). In a given
year, cultivated plants typically only take up and incorporate about 20% of PO4

3- added as
fertilizer (Wolf et al. 1987, Syers et al. 2008), and a portion of the unutilized fertilizer P
accumulates in soils (Sattari et al. 2012), contributing to legacy P. Estimates of the duration of
sediment P release in restored wetlands are poorly constrained, ranging from 10-100 years
(Ardón et al. 2010b, Hamilton 2012).

Similarly, due to its mobility, NO3
- accumulates in groundwater. A study by the U.S.

Geological Survey (USGS) of streams that drain into the Chesapeake Bay estimated that if
agricultural sources of NO3

- were lowered in the watershed, a reduction in stream NO3
-

concentration would not be observed for at least a decade (Lindsey et al. 2003). Thus,
groundwater accumulation of N can limit restoration activities throughout a watershed wherever
restored aquatic ecosystems interact with the water table. Many H2Ohio Wetland Projects
involve restoration of wetland hydrology to formerly drained agricultural land and we expect that
their nutrient retention and removal capacity will be shaped by this prior land use.

2.4.1 Ohio: Legacy of Wetland Loss Meets Modern Wetland Restoration Leadership

Wetland loss is a defining feature of the midwestern United States (Dahl, T.E. 1990),
particularly in Northwest Ohio where the historic Great Black Swamp was drained to create
fertile cultivated farmland (Kaatz 1955). But alongside this history of drainage and loss, Ohio
has been a leader in wetland restoration. The Olentangy River Wetland Research Park at The
Ohio State University was the site of important early work demonstrating the capacity of
wetlands to filter polluting nutrients (Nairn and Mitsch 1999). Thus, it is fitting that Ohio take
the lead in developing an improved approach to assessing the effectiveness of wetlands at
nutrient removal by consistently monitoring multiple diverse wetlands for their nutrient retention
and removal functions using standardized protocols and a unified framework. Not only will
information generated by this Monitoring Program support assessment of the success of state
investments in wetland ecosystem infrastructure, but it will serve as a foundation on which to
build innovative research in wetland science.

2.5 Wetland Ecosystem Services: Trade-offs, Bundles & Synergies

In addition to water quality improvement, wetlands produce a rich suite of valued ecosystem
services, including habitat and biodiversity support, carbon storage, and flood abatement (Zedler
2003, Zedler and Kercher 2005, de Groot et al. 2012, Costanza et al. 2014). However, wetlands,
like all ecosystems, can also produce ecosystem disservices. This includes undesired outcomes
like emission of the greenhouse gases methane and N2O and support of invasive species like
Phragmites, Phalaris, and others. The provisioning of a specific service can be limited by
trade-offs with other services or can be enhanced by synergies (Rodríguez et al. 2006, Jessop et
al. 2015). For example, a wetland that is a monoculture of the invasive Phragmites may not
support biodiversity but is very effective at both carbon storage and nutrient removal (Windham
2001). At times, management decisions that enhance nutrient removal function may constrain a
wetland’s ability to provide other services due to inherent tradeoffs (Jessop et al. 2015).

This Monitoring Program will specifically assess the nutrient removal ecosystem
services provided by ODNR-implemented H2Ohio Wetland Projects through direct
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measures and evidence-based proxies. We hope complementary efforts are developed to assess
the non-nutrient cycling co-benefits of each Project including habitat and biodiversity support.
Ultimately, efforts to mechanistically understand nutrient removal function in diverse Projects in
concert with assessing co-benefits, trade-offs, and other ecosystem services will inform future
wetland design and management to maximize synergistic ecosystem services and minimize
trade-offs and ecosystem disservices.

2.6 Evidence for Wetland Nutrient Removal and Knowledge Gaps

Evidence is strong that wetlands can effectively retain and remove nutrients (Johnston 1991,
Vymazal 2007). However, few, if any, past efforts have used a standardized approach to
assess ecosystem-scale nutrient budgets and within-ecosystem biogeochemical processes in
multiple wetland ecosystem types over ecologically relevant time scales. Many individual
site-based studies demonstrate the potential for wetland ecosystems to remove N and/or P
(Cheng and Basu 2017). Detailed nutrient cycling studies have been completed in single and
small-scale, highly engineered treatment wetland systems (Kovacic et al. 2000), but these results
are published from the framework of individual systems and are often published only in grey
literature rather than peer-reviewed publications. Substantial knowledge has been generated as to
the functioning of restored ecosystems in regionally important, but biogeochemically unique
wetland systems, most notably projects aimed at mitigating excess P loads to the Everglades,
Florida as part of the Comprehensive Everglades Restoration Plan (South Florida Water
Management District 2018). Among single-site studies, few have simultaneously determined net
ecosystem nutrient budgets along with a mechanistic understanding of the within-wetland
processes. Among these comprehensively studied wetlands, examples of un-engineered “natural”
systems are exceedingly rare. The H2Ohio Wetland Monitoring Program fills a gap in
wetland science & policy by directly assessing biogeochemical functions in multiple
wetlands of contrasting structure, history, and management at sub-seasonal temporal
resolution over multiple years using standardized protocols within a unified framework.

Most traditional wetland monitoring programs designed to assess ecosystem status or health
across large numbers of wetlands are not designed to assess the biogeochemistry and/or nutrient
cycling functions of wetland ecosystems directly over relevant (i.e., long-term) time scales. The
techniques used by many federal and state wetland monitoring and assessment programs,
including the Ohio Rapid Assessment Method (Mack 2001), are rooted in the hydrogeomorphic
classification system originally developed by Brinson (1993) and adapted to serve as an
assessment of wetland functional capacity by Smith et al. (1995). The ongoing, nine-year Great
Lakes Coastal Wetlands Monitoring Program (GLCWMP; Uzarski et al. 2017), has monitored
over 1000 Great Lakes coastal wetlands every 5 years since 2011, but the aim of the GLCWMP
is to assess overall ecosystem health through biotic and abiotic structural metrics, and not to
quantify or assess wetland biogeochemical function (e.g., nutrient retention).

Functional assessments that rely on structural measures and observations are built on the
assumption that wetlands with certain biotic quality and hydrogeomorphic features according to
traditional classification systems effectively remove nutrients (Hilderbrand et al. 2005). This has
been referred to as the “Field of Dreams” hypothesis in the ecosystem restoration literature
(Palmer et al. 1997, Hilderbrand et al. 2005). The word “function” can be broadly used to
describe many wetland features, but here we use the word “function” to refer to biogeochemical
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processes and rates affecting water quality; specifically, nutrient retention and/or removal
processes.

While characterizing the hydrology, geomorphology, and dominant plant communities is
crucial for understanding nutrient removal patterns, an ever-increasing body of research
demonstrates that these structural features do not alone demonstrate nutrient removal
effectiveness or magnitude (Sudduth et al. 2011). Only direct measures of nutrient cycling
processes, through measuring soil-scale process rates and/or ecosystem-scale nutrient mass
balance budgets, conclusively demonstrate wetland nutrient removal function. In addition, these
direct measures are necessary to quantitatively assess the current and potential future role that
various wetland types may play towards limiting watershed-scale nutrient loads. Without these
direct measures, efforts to strategically implement wetlands as part of a portfolio of Best
Management Practices to mitigate nutrient loading and subsequent eutrophication will remain
under-informed. Direct assessments of nutrient removal function and associated data and indices
collected across diverse wetlands as part of the H2Ohio Wetland Monitoring Program could be
used to validate and improve regulatory rapid assessment methods that infer function from
structural indices.

Besides the aforementioned historical focus on structure rather than direct measure of
function, the general lack of monitoring over sufficient time scales to assess restoration success
is a commonly cited deficiency in wetland restoration programs (National Research Council
2001). Even among scientific ecological research efforts, long term monitoring of wetland
ecosystems is rare. Although coastal wetland ecosystems have been intensively studied in
long-term monitoring programs at places like the National Science Foundation (NSF) funded
Plum Island (MA), Virginia Coastal Reserve, Georgia Coastal Ecosystems, and Florida Coastal
Ecosystems Long-Term Ecological Research (LTER) programs, consistent biogeochemical
monitoring of multiple inland restored wetland ecosystems is not robustly represented in any of
the NSF funded LTER sites or the National Ecological Observatory Network (NEON). Our
Monitoring Plan advocates for multi-year monitoring of H2Ohio Wetland Projects
post-intervention and construction using a tiered approach to comprehensively and directly
assess nutrient removal through mass balance budgeting on select Focal Projects, along
with more extensive assessment of soil and water indices of biogeochemical function.

3 The H2Ohio Wetland Monitoring Program: Guiding Principles

3.1 Focus on Function

Most regulatory compliance monitoring programs for wetlands are aimed entirely at
assessing structural features including size, substrate type, surrounding land use, hydrologic
indicators, and plant community indicators (Mack 2001). While structural measures may indicate
wetland habitat value or impairment status, they infer but do not directly measure nutrient
removal functions. It is much more challenging to assess the “invisible” water quality functions
of a wetland. There is strong evidence, based on fundamental biogeochemistry and empirical
studies, that restoration of wetland structure does not necessarily indicate effective
biogeochemical function (Hossler et al. 2011). Despite the common assumption that wetlands are
generally effective at filtering all contaminants, including sediments, N, and P, these three drivers
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of eutrophication are subject to starkly contrasting chemical processes and biogeochemical
mechanisms. In other words, an environment that is effective at N removal is not necessarily
effective at removing P, and vice versa.

To confidently assess the nutrient function of wetlands, a monitoring program that directly
measures the nutrient status and nutrient removal processes in wetland ecosystems through time
is necessary. No widely agreed-upon criteria exist to define the success or failure of wetlands
from a water quality standpoint, and it is not our intention to establish such criteria. Rather, this
Monitoring Plan aims to produce quantitative, direct measures of nutrient removal in each
Wetland Project (See 4 Monitoring Goals: Nutrient Function Measurements and Indicators).
We will use these direct measures to evaluate the functioning of each Project over time and
compare Projects with one another. These data, along with the hydrologic, biogeochemical, and
biological (vegetation) information collected to calculate and contextualize them, will be broadly
available to stakeholders and researchers (See 12 Data Management). This will allow the
pursuit of more comprehensive mechanistic studies of underlying processes that lead to the
patterns in nutrient removal estimates.

The heterogeneous nature of wetland ecosystems, as well as the specific suite of Wetland
Projects being implemented for H2Ohio, dictates that a single rigid, uniform approach is not
appropriate for wetland monitoring of this scope. Rather, our framework establishes a suite of
standardized protocols nested within a flexible framework that develops individualized
monitoring to each unique Project. Our aim is to create the most meaningful information possible
about each Project, but ultimately make robust comparisons among individual Projects and
wetland Project types.

3.2 Categorizing Wetlands by Hydrologic Structure

The ODNR is using diverse approaches to create a wide range of wetland creation,
restoration, and enhancement Projects for H2Ohio. For the purposes of this Monitoring Plan, we
will categorize wetland ecosystems into Wetland Categories based on their general hydrologic
structure: flow-through, floodplain, depressional, and coastal wetlands (Figure 5). Each Project’s
categorization will guide, but not dictate, the specific monitoring plan at that site. We recognize
that some wetlands may contain features that fit into multiple categories, and a “one-size-fits-all”
and even a “four-sizes-fit-four” approach will not be appropriate. Rather, the hydrologic structure
and unique features of each individual Project will be used to develop Wetland Project-Specific
Monitoring Plans following the framework explained later in this document (See 4 Monitoring
Goals: Nutrient Function Measurements and Indicators and 6 Project-Specific Monitoring
Plans). Within each of the four hydrologic categories, the Wetland Project-Specific Monitoring
Plans will probably share similar features but will not be identical. Some H2Ohio Wetland
Projects contain multiple of these wetland ecosystem types, and some distinct wetland
ecosystems may represent features of more than one of these categories. For example, the
Oakwoods Nature Preserve Wetland Restoration Projects (ODNR Projects 20 and 21) encompass
a floodplain wetland and >40 depressional wetland ponds, which may be intermittently
connected when surrounding land floods as a wet meadow.
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Figure 5.Wetland ecosystems constructed and restored for the H2Ohio Initiative by the ODNR will be categorized
for the purposes of the H2Ohio Wetland Monitoring Program according to their dominant hydrology as
flow-through, coastal, floodplain, or depressional.

Flow-through wetlands have a limited quantity of constrained, unidirectional inflows and
outflows that are relatively straightforward to monitor. These unidirectional flows lend
themselves well to directly measuring hydrologic discharge and nutrient concentrations,
permitting accurate load calculations and thus straightforward estimates of whole-ecosystem
mass balances. In designing Project-Specific Monitoring Plans to assess nutrient removal
function by mass balance in flow-through wetlands, special consideration will be given to the
temporal frequency and resolution of water sample collection for nutrient concentration
measurements to ensure that sufficient data are collected to capture seasonal changes in nutrient
concentrations as well as event-driven fluxes.

The other three wetland types are characterized by hydrology that makes calculations of
input and output loads from surface water concentrations more challenging, if not impossible,
and other techniques will be deployed to estimate nutrient mass balance where feasible in
coastal, floodplain, and depressional wetlands. Coastal wetlands are characterized by a
combination of constrained, unidirectional flows (typically inflow(s) from upstream watersheds)
and bidirectional connections to a larger body of water, in this case, Lake Erie. The hydrology of
Great Lakes coastal wetlands is complex and dynamic. The magnitude and directionality of
hydrologic inputs and outputs to coastal systems are shaped not only by discharge of inflows, but
also by Great Lakes water levels, seiches, and wetland water level management (Kowalski et al.
2014). H2Ohio coastal restoration Projects involve enhancing the connection of diked,
disconnected Lake Erie coastal wetlands with stream and river networks carrying high-nutrient
water. Many involve direct connection to ditches draining agricultural land. Most coastal
Wetland Projects contain multiple diked wetland units that are connected to one another at
discrete locations, most of which have water level control structures and/or pumps, permitting
some human control over re-connected coastal wetland hydrology.
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We define floodplain wetlands as those adjacent to a larger flowing body of water, in most
cases a river. These wetlands are laterally and intermittently connected to a river, stream, ditch,
or other flowing system. The magnitude, timing, and spatial extent of intermittent flooding are
driven by river discharge dynamics, and thus often event-driven and seasonal. Subsurface flows
also play important roles in the hydro-biogeochemistry of floodplain wetlands.

Finally, depressional wetlands are those without persistent, constrained hydrologic inflows or
outflows. These wetlands are often categorized as “isolated” by regulatory frameworks,
including those in the state of Ohio such as the Ohio Environmental Protection Agency.
Although isolated from surface flow stream networks, these wetlands are still hydrologically
connected through the landscape (Cohen et al. 2016) by inflows and outflows that are
challenging to directly measure and sample, including through groundwater discharge and
recharge and through unconstrained overland surface runoff. Although they lack overt surface
connections, so-called “isolated” depressional wetlands may still contribute to landscape nutrient
cycling through subsurface and other cryptic connections, and thus this Monitoring Program will
sample depressional wetland surface waters and characterize sub-surface and other hydrologic
connections where feasible to understand the nutrient removal functions of depressional wetlands
implemented as part of H2Ohio. In coastal, floodplain, and depressional wetlands, we will
employ a combination of surface water monitoring with soil-scale measurements to estimate
nutrient mass balances where feasible.

Assessing wetland nutrient function will be more straightforward in flow-through wetlands
with constrained inflows and outflows but will also include groundwater and atmospheric
connections (e.g., nitrogen denitrification and fixation). Estimating wetland nutrient retention
will be more challenging for depressional, floodplain, and coastal wetlands, where assessing the
nutrient pools of individual components of the ecosystem is warranted to calculate a
whole-system mass balance.

3.3 Assessing Wetland Nutrient Functions: Tools in the Toolbox

To conclusively assess annual wetland nutrient removal function, monitoring must produce a
full accounting of the major nutrient loads entering and leaving the wetland in a year to allow for
estimates of whole-ecosystem nutrient mass balances. When wetland structure, available
monitoring resources (financial support, personnel, etc.), and/or other factors (e.g., extreme
weather events that prevent sampling and/or damaged equipment) preclude a comprehensive
whole-ecosystem mass balance, other indicators of nutrient removal function can be used to
evaluate wetland nutrient removal potential. Some Projects that will be implemented by H2Ohio
present the rare opportunity to conduct simultaneous mass balance and soil-scale analyses that
can be used to validate lower cost and less labor-intensive soil-scale indices as proxies for
whole-wetland influence on nutrient export/storage.

3.3.1 Nutrient Budgets at Whole-Ecosystem Scales

Completing a nutrient budget is costly, data-intensive, and at times not possible, particularly
in wetlands that do not have easily monitorable, constrained, unidirectional inflows and
outflows. In the rare occasions when systems can be adequately sampled, a comprehensive
accounting of whether and when a wetland ecosystem is a source or sink for a specific nutrient
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can directly support policy and management decisions at the ecosystem scale. Catchment-scale
studies can inform both the methodology used to monitor wetlands as well as place wetland
monitoring results in a broader context. The crucial and ongoing work of the Heidelberg
Tributary Loading Program (TLP) run by the National Center for Water Quality Research
(NCWQR) at Heidelberg University employs high-frequency monitoring to quantify the total
loads of major nutrients entering Lake Erie from every major tributary that feeds the Western and
Central Basins (National Center for Water Quality Research 2017, Ohio Lake Erie Commission
2019). One of the most comprehensive whole-ecosystem nutrient mass balances for a relatively
large, non-engineered, non-hydrologically managed wetlands was completed for the OWC
wetland, a rare intact Great Lakes coastal wetland draining into Lake Erie with minimal
groundwater interactions (Krieger 2003). Continued nutrient load monitoring at the OWC
wetland was re-enacted in 2016 by the OWC NERRS, with support from the Heidelberg TLP
Ecosystem Scale Empirical Relationships. Researchers of the H2Ohio Wetland Monitoring
Program Team, including NCWQR Director Dr. Laura Johnson, will use this expert experience
in nutrient load monitoring to inform surface-water concentration based nutrient load monitoring
where possible in H2Ohio Wetland Projects.

Depending on ecosystem structure, monitoring for nutrient budgeting and mass balance
calculations can rely on sensors to measure the volumetric inputs and outputs of water at high
temporal resolution. To fully account for nutrient loads entering and exiting the ecosystem,
nutrient concentrations must be measured at sufficient temporal scales and frequency to capture
“hot moments,” including rain and thaw events, and other temporally distributed seasonal
variability. Adequate water sampling can be labor-intensive but produces a complete accounting
for an accurate mass balance assessment of nutrient fluxes, as well as the opportunity to explore
temporal patterns in nutrient loads, which can inform policy and management decisions. Despite
these challenges, our Monitoring Plan implements whole-ecosystem nutrient mass balance
assessments wherever possible to demonstrate nutrient removal function, particularly for
flow-through wetlands with monitorable, constrained inflows and outflows. When not possible,
we will employ a combination of with-wetland scale measures of soil, water, and vegetation
nutrient status and process rates to estimate individual mass balance components, either through
direct process rate measurements (in Focal Projects) or through evidence-based structural proxies
(in Non-Focal Projects) like phosphate sorption assays (See 3.3.2 Soil Scale Techniques:
Process Rates, Mechanisms, and Indicators and 4 Monitoring Goals: Nutrient Function
Measurements and Indicators).

This Monitoring Program is designed to quantify as many predicted major nutrient budget
components as possible. Nutrient budget components that are not explicitly mentioned in our
Monitoring Plan are presumed to be minor in comparison to major inflow and outflow loads.
Potentially relevant but minor nutrient flows, such as loads from atmospheric deposition and
waterfowl defecation, will be estimated from published literature sources, by difference, or
assumed to be negligible, unless there is strong evidence that warrants use of Monitoring
Program resources to estimate them through direct empirical measurements as is possible. We
will assess the adequacy of our conceptual nutrient budget models in light of empirical data and
emerging knowledge in relevant literature during annual Monitoring Program reviews and adjust
sampling if needed.
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In addition to direct measures or indicators of annual nutrient retention and removal, in
flow-through systems with sufficient monitoring, an empirical relationship between TP input
load and export TP concentration provides a useful tool for assessing whole wetland P retention
capacity. This empirical relationship is based on a conceptual model outlined in Richardson et al.
(1996) and Arend and Qian (2020), which was adapted to a statistical model and applied to the
Everglades (Qian and Richardson 1997), OWC and other Great Lakes area wetlands where
sufficient data existed (Arend and Qian 2020). This statistical model, sometimes called the
“hockey-stick model,” can be used to estimate the TP retention threshold of any wetland for
which sufficient inflowing TP load and outflowing TP concentration data exist (See 4
Monitoring Goals: Nutrient Function Measurements and Indicators). Knowing the TP
retention threshold of a system is a valuable index of its nutrient removal capacity and can
directly inform management decisions after wetlands are restored.

3.3.2 Soil Scale Techniques: Process Rates, Mechanisms, and Indicators

The majority of long-term nutrient retention or removal occurs via soil processes, including
phosphate sorption, total P accumulation and burial, and removal of inorganic N by
transformation to N gases via denitrification (Reddy and DeLaune 2008). Using a variety of
techniques, these soil processes can be either directly measured or indicated by proxy
measurements within wetlands. In many ways, soil characterization and process rate
measurements are more tractable than whole-ecosystem mass balance assessments. In wetlands
with complex hydrologic structures, such as floodplain wetlands, coastal wetlands, and primarily
groundwater-fed wetlands, the only and/or best option for assessing nutrient removal often does
not rely on calculating surface water nutrient fluxes. In these cases, measures of flux and storage
pools in isolated system components, including soils and plants, can then be compared and
synthesized for whole-ecosystem mass balance accounting. We will measure indices of nutrient
process rates at soil scales using intact core incubations, soil P sorption and storage metrics, soil
N processing metrics, and vertical soil stratification sampling.

Soil process rates are typically measured at what we refer to as the “soil scale,” which is the
spatial scale of a typical soil sample, determined by the dimensions of the soil sampling device.
Discrete soil samples are collected by tools with dimensions on the order of centimeters,
typically no larger than about 5 cm diameter. Larger soil and sediment sampling devices do exist
and are used on occasion, and sometimes multiple soil samples may be taken within a defined
area (e.g., a single square meter) and homogenized together to create a single composite soil
sample that reflects the variability within that defined area. Regardless, when placed in the
context of a wetland ecosystem, a “soil scale” measurement reflects a relatively small spatial
scale (e.g., 0.01-1 m2) that is most appropriately represented as a Point within a Zone (Figure 6).
Importantly, what we refer to as soil scale measurements exclude non-soil components of the
wetland ecosystem, specifically plants.

3.3.2.1 Intact Core Incubations

In flooded environments, sediment-surface water nutrient fluxes and in situ denitrification
and other process rates can be measured through carefully designed lab incubation experiments,
where sediment cores are collected and incubated in a flow-through system under
environmentally relevant conditions. These incubations are standard in the field of benthic
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biogeochemistry (McCarthy et al. 2015, Boedecker et al. 2020) and rely on collecting intact
sediment cores that preserve sediment-water interface structure and redox gradients. By creating
replicated flow-through wetland sediment mesocosms, measures of nutrient concentrations and
N-gas concentrations in influent and exported water from each core allow for sediment-scale
mass balances, from which nutrient flux and denitrification rates can be directly calculated.
When these single-point flux rate measurements are appropriately replicated, scaled to represent
biogeochemical dominant ecosystem patches, and placed within the context of other nutrient
removal and retention processes, they can provide an invaluable measure of wetland nutrient
biogeochemical fluxes at ecosystem scales.

Intact core incubation experiments are comparatively more time- and labor-intensive than
soil sample characterization but allow for direct assessment of how soils influence surface water
and/or leachate chemistry. Measurements include the exchange of nutrients from soil storage to
dissolved phases, which are available for biotic uptake and/or export to downstream ecosystems
(Matisoff et al. 2016), as well as N biogeochemical process rates, including denitrification and
other N removal pathways (McCarthy et al. 2015). Intact core experiments also provide the
opportunity to assess soil nutrient processing under manipulated environmental conditions,
including responses to changes in redox condition, temperature, drying and rewetting, and others
(Kinsman-Costello et al. 2016).

3.3.2.2 Soil P Sorption and Storage Metrics

Many useful soil-scale indicators of P sorption capacity, soil P storage potential, and soil P
release vulnerability have been developed to assess PO4

3- sorption-desorption processes that
contribute to wetland P cycling. Many of these indices are based on multi- or single-point
phosphate sorption assays aimed at estimating isotherms to describe soil phosphate sorption
characteristics and then relate these characteristics to independent measures of soil geochemistry
(e.g., pH), especially the content of highly sorptive poorly crystalline iron and aluminum
minerals (Bache and Williams 1971, Nair et al. 2015, Froelich 1988). A large body of research
from agronomy, soil science, and aquatic ecology demonstrates that the capacity of a given soil
to sorb PO4

3- depends both on the amount of PO4
3- in the soil as well as the amount and mineral

structure of sorptive iron and aluminum oxide minerals (Wang et al. 2013), with pH and redox
conditions shaping the strength of geochemical association between PO4

3- and mineral oxides
(Stumm and Morgan 1996). The Mehlich 3 extraction was originally developed as an index of
crop plant-available PO4

3-, adapted to allow for simultaneous measurement of soil components
that influence PO4

3- availability including Fe, Al, and Ca (Pierzynski 2000). A PO4
3- sorption

capacity index based on ratio of Mehlich 3 extractable P to Mehlich 3 extractable Fe and Al,
known as Soil Phosphorus Storage Capacity (SPSC), has been used in the Great Lakes region
and other areas to assess soil capacity to sequester and/or release P for the purposes of
prioritizing sites for wetland restoration (Nair et al. 2015, Berkowitz et al. 2020, VanZomeren
and Berkowitz 2020).

3.3.2.3 Soil N Processing Metrics

Similarly, there are many soil-scale N cycling process indicators that are relatively feasible
and tractable to implement broadly including measures of extractable available N forms and
denitrification enzyme potential assays. Yet, the net effect of an entire ecosystem on N load is
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challenging to predict from soil-scale assays given the spatially and temporally heterogeneous
nature of wetland systems. Directly relating these soil-scale properties and indices to whole
ecosystem function is challenging and will be subject to the structure of the ecosystem, the
hydrologic connectivity, seasonal effects and storms, and environmental conditions (e.g., redox,
pH), which fluctuate considerably in space and time in heterogeneous wetland systems.

3.3.2.4 Vertical Soil Stratification Sampling

The H2Ohio Wetland Monitoring Program will prioritize evaluating the nutrient
characteristics listed above in surface soils and sediments, defined as the top 5 cm of relatively
consolidated material, after living and dead organic detritus and litter is removed (this detritus
will also be collected, and nutrient content will be measured). We target these surface soils
because of their presumed degree of interaction with surface waters and runoff. In select
locations, deeper soils in vertically discrete layers will be assessed to investigate how deeper
soils interact with water masses entering or leaving the wetland (i.e., interactions with
groundwater) and/or estimate vertical sediment P accretion rates. When appropriate, these deeper
cores will routinely target the top 0-50 cm of soil/sediment.

3.4 Temporal & Spatial Scales and Extent

The goal of each ODNR H2Ohio Wetland Project is to enhance the ability of a wetland
ecosystem to limit nutrient loads to downstream ecosystems. The approaches being used across
individual Projects vary widely and include constructing structural features, restoration of
wetland hydrology to formerly drained land, reconnection of diked coastal wetlands to inputs
from the landscape and to Lake Erie, and nearly de novo construction of treatment wetlands.
What all Projects have in common is that they are being implemented at the scale of an
ecosystem and should be monitored as such. Our Monitoring Plan advocates for observations at
temporal and spatial scales that are appropriate for ecosystem-level assessment of nutrient
biogeochemistry.

3.4.1 A Matter of Time: Long-term Monitoring, Seasonal and Event Sampling

Decades of research have repeatedly confirmed that ecological systems change over time,
and that only sufficient long-term data reveal the general function of the system and its trajectory
(Knapp et al. 2012, Wolkovich et al. 2014). To accurately assess any ecological system,
long-term monitoring that both captures variability at sufficient temporal resolution and
continues for a sufficient extent of time to detect long-term patterns is necessary. Some
ecosystem processes, such as development of soil properties that are conducive to water quality
improvement (e.g., organic matter content), take decades to achieve levels similar to undisturbed
reference wetlands (Ballantine and Schneider 2009).

Year-to-year and season-to-season variability and anomalous events can obscure long-term
trends if a system is not monitored at the appropriate frequency and over a sufficient period of
time (Gooseff 2017, White 2019, Cusser et al. 2020). Ecological variability has become even
more pronounced due to climate change (which many refer to as “global weirding” or “weather
weirding”). Many biogeochemical processes occur at higher rates during “hot moments,” in
which relatively short events contribute unduly to the cumulative function of an ecosystem
(McClain et al. 2003, Bernhardt et al. 2017). For example, over the course of an entire year, the
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vast majority of nutrient loads can be delivered to and/or from an ecosystem during relatively
few high discharge events (Zhu et al. 2012). In wetlands, re-flooding events due to increasing
stream discharge in floodplain wetlands after dry periods (Gu et al. 2012) are other such “hot
moments” with long-term implications for the net ecosystem function. The implications of this
for monitoring are that if these “hot moments” are not observed during monitoring, the final
assessment and quantification of the ecosystem’s function may be inadequate or misleading.

The timing of monitoring across seasons and within years is also of particular relevance to
mitigating eutrophication and HABs, as the seasonal timing of nutrient loading into vulnerable
ecosystems has important implications for whether or not nutrients will contribute to algal
growth (Paerl et al. 2011). In particular, spring runoff (i.e., March 1 through July 30) entering
Lake Erie via the Maumee River contributes to the nutrient loading that fuels late summer HABs
(Stumpf et al. 2016). Therefore, the ability of wetlands to sequester nutrients during the critical
spring months may be more important in reducing HABs than their net annual nutrient
sequestration.

Annual net nutrient budgets and other ecosystem-level measures are often the most
policy-relevant metrics of ecosystem function. The H2Ohio Wetland Monitoring Program
advocates for at least ten years of sustained monitoring of annual functional measurements
derived from sufficiently resolved data that incorporate seasonal variability and “hot moments.”
To calculate accurate annual measures, the temporal frequency of fine-scale measurements (e.g.,
surface water nutrient concentrations) will be determined according to the temporal variation of a
given process and/or measure based on existing knowledge from other efforts (e.g., the
NCWQR’s TLP) and expert knowledge of wetland biogeochemical processes. Careful
consideration of sampling temporal frequency and extent will lead to measurements that are both
accurate and reliable so that the implications of shorter-term events and patterns can be
incorporated into the data that will support adaptive management and policy decisions. When
evaluated over time, these annual and sub-annual scale measurements can then be used to predict
the long-term trajectory of each system.

3.4.2 Spaced Out: Soil, Ecosystem, and Watershed Spatial Scales

Our ultimate goal is to assess nutrient removal function at ecosystem scales, but finer
resolution measurements within ecosystems will contribute to estimates of within-ecosystem
nutrient storage and biogeochemical processes (Figure 6). Wetlands are spatially heterogeneous,
with variability defined largely by variation in hydroperiod associated with topographic structure
(Batzer and Sharitz 2006, Mitsch and Gosselink 2015). This leads to the classic zonation of
characteristic wetland plant assemblages that are shaped by hydrology (Casanova and Brock
2000) and relates to soil and sediment variability within wetlands (Batzer and Sharitz 2006). Just
as adequate temporal resolution must be identified and sampling frequency adjusted accordingly
to assess long-term ecosystem trajectories and compute accurate nutrient budgets, smaller-scale
measurements must be taken at sufficient spatial resolution, capturing dominant, representative
areas as well as disproportionally influential locations (“hot spots”) to accurately reflect the
system as a whole (McClain et al. 2003, Bernhardt et al. 2017). Our Monitoring Plan will
combine topographic, hydrologic, soil, and vegetation data mapped throughout each Project to
statistically delineate HBGM Zones within each Project to guide stratified sampling and
ultimately scale up within-ecosystem measures to estimates of whole-system nutrient function.
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Figure 6. H2Ohio Wetland Program ecosystems are nested within watersheds, and will be studied at ecosystem,
HydroBioGeoMorphic (HBGM) Zone, and Point scales. Nutrient budgeting will be completed for ecosystem units
by studying delineated HBGM Zones (>100 m2) within systems, as defined by hydrogeomorphic features, dominant
vegetative communities, and soil characteristics. Soils, water quality, and other HBGM Zone features will be
characterized by sampling at discrete points within each Zone. The size of these nested scale components varies. The
spatial extent (i.e., total area) of current H2Ohio Projects range from 3-779 acres. The size of Zones delineated
within each ecosystem will relate to Project size (in terms of total area), such that larger Projects will inevitably
contain Zones of larger size. The spatial area that discrete sampling points represent will vary depending on the
nature of the measurement. For example, a soil sample taken at a discrete point will represent conditions in a more
constrained spatial area than a water sample taken at a discrete point (although a soil sample integrates information
over a longer time period than a water sample at a given time).

3.5 Watershed Scale Contextualization

Ultimately, the success of the broader H2Ohio wetland initiative will be determined by how
each of these individual wetland Projects in addition to other interventions (e.g., on-field best
management practices) influence nutrient loads at watershed and regional scales. Assessing the
role of H2Ohio Wetland Projects within the broader landscape and from a watershed context is
outside of the scope of the current Monitoring Program, but we aim to produce Project-level
information and data that could be used in future efforts to compare the costs and benefits of
various wetland Project approaches with other intervention strategies, as well as to use
watershed-scale accounting and modeling to assess the current and potential role of restored and
constructed wetlands at watershed scales. Efforts to assess watershed-scale effects of the H2Ohio
wetlands and other activities on water quality and quantity are on-going efforts through a range
of groups, including Heidelberg University, a Project partner.
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3.6 Pre-Construction Sampling

For many ecosystem and restoration ecologists, the scientific ideal for assessing the
effectiveness of a restoration program is the Before-After-Control-Impact (BACI) sampling
design to rigorously determine the impact of environmental interventions. However, in the
management driven H2Ohio Wetland Monitoring Program, opportunities to collect adequate
pre-restoration data are limited. Even a single year does not adequately represent year-to-year
variability in climate that shapes ecosystems and meaningful ecosystem-scale nutrient function
assessment requires at the bare minimum three to five years of monitoring with sufficient
temporal and spatial frequency. In addition, some wetland restoration and construction
techniques so fundamentally alter the ecosystem structure of a location that pre-construction
monitoring may not be relevant to post-construction information. For example, many restoration
Projects entail re-flooding historically drained agricultural land--which results in a
transformation of a more-or-less terrestrial system to an aquatic one, and realistically assessing
the net nutrient function of the agricultural land in comparison to the wetland systems which take
its place may not be possible.

The limitations to the BACI approach led to the Monitoring Program Research Team
decision to take an alternative approach. Rather than attempting to assess the effect of wetland
restoration on the nutrient function of a given Project in comparison to the location prior to the
intervention and/or an arbitrarily designated reference condition, the Program takes an
accounting approach. The nutrient budgeting, or mass balance approach, aims to estimate the
empirical net effect of the as-restored Project on nutrient flux. These Project-level,
ecosystem-scale mass balances can be used to compare across Projects of various types and with
estimates of other interventions implemented on the landscape. An empirical Project-level mass
balance approach also aligns with the goals of H2Ohio Wetland Projects, which are intended
specifically to mitigate excess nutrient loads, and not to restore ecosystems to a defined quality
status or pre-disturbance reference condition (although this restoration may be an additional goal
in some Projects, assessing non-nutrient function wetland health or quality is not the goal of this
Monitoring Program). Regardless, this Program aims to provide empirical evidence that can be
used to place the nutrient functions of each Project within the context of broader nutrient load
patterns and management strategies.

During the first year of the Monitoring Program, we will collect pre-construction and
pre-restoration data in specific Projects where relevant and feasible. For example, the Program
has partnered with the U.S. Army Corp of Engineers to analyze the phosphorus status of soils in
a selection of Projects being implemented on historically drained agricultural land, which may
help identify soil features that predispose restored wetlands to release of legacy P. We will also
be mindful of identifying planned Projects with construction timelines that permit adequate
relevant pre-restoration sampling to implement a rigorous before/after comparison, but we will
only invest resources in such sampling where we are reasonably confident that the resulting
information will substantively enrich our understanding of how wetland restoration practices
translate into nutrient removal (or release) in policy- and management-relevant ways. Whenever
possible, we will attempt to understand how nutrient retention has been altered at each Wetland
Project by comparing with existing data on farmland and wetland nutrient fluxes. Overall, our
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current strategy will allow us to track changes in nutrient retention over time and between
wetland categories (See 3.2 Categorizing Wetlands by Hydrologic Structure).

4 Monitoring Goals: Nutrient Function Measurements and
Indicators

The H2Ohio Wetland Monitoring Program will use a combination of direct measures of
nutrient retention, removal, and process rates, indicators of nutrient biogeochemistry, and
contextual data about wetland hydrology, vegetation, and soils to comprehensively assess the
nutrient retention and removal functions of wetland creation, restoration and enhancement
Projects. As researchers, every member of the team is dedicated to advancing scientific
knowledge. That is often addressed by posing hypotheses and designing tests of those to assess
their level of validity. However, the primary goal of this Monitoring Program is to assess the
effectiveness of the wetlands in mitigating nutrient pollution in the associated watersheds.
Where it is possible to also design rigorous and effective tests of relevant hypotheses within the
resource limits of the Program, it will be done. Other sources of funding will also be sought to
enable pursuit of these ancillary goals. But the work in this Program must focus on the primary
goal of evaluating the degree of nutrient mitigation and relating that to wetland structure,
location, and function. The structural variability of Projects precludes the use of a single
approach to measure wetland nutrient removal (See 3.2 Categorizing Wetlands by Hydrologic
Structure). Specifically, estimates of nutrient loads into and out of each wetland for the purposes
of measuring nutrient mass balances and calculating retention efficiencies are not feasible for
every Wetland Project because many Projects will not have unidirectional flow patterns.

There are many ancillary aspects of wetland structure and function that could enhance
understanding of wetland behavior but do not directly contribute to the primary goal of the
Monitoring Program which is to evaluate mitigation of phosphorus and nitrogen contributions to
the associated watershed. Examples of these are redox monitoring, detritus/decomposition,
soil/sediment microbiota, stable isotopes, soil organic C characterization. We encourage pursuit
of these ancillary issues when resources are sufficient to do so, and strongly encourage seeking
additional sources of funding to leverage the achievements of this Program so as to realize
maximum benefit of all of these efforts.

4.1 Tiered Monitoring Approach: Focal Projects

Monitoring resources and capacity limit our ability to comprehensively assess detailed
biogeochemical processes and characteristics in each and every H2Ohio Wetland Project, so this
Monitoring Program will employ a tiered approach. While all Wetland Projects will be assessed
using a suite of efficiently measured indicators of biogeochemical functions, a select few Focal
Projects representing each Wetland Category (as defined by hydrologic structure i.e.,
flow-through, coastal, floodplain and depressional) will be intensively monitored and studied for
direct measures that will allow for full nutrient budget accounting (Table 1). The aim of
intensively monitored Focal Projects is to produce full-scale nutrient budgets, as well as
mechanistic information about the processes occurring within the wetland, which will inform our
general understanding of wetland nutrient biogeochemistry. In some instances, a single Focal
Project may contain multiple hydrologic wetland types. For example, Projects 20 and 21,
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Oakwoods East and West, contain depressional wetlands as well as a floodplain wetland. In
Projects that are not monitored intensively (Non-Focal), final conclusions as to nutrient removal
may be limited to evidence-based indices of nutrient removal capacity, rather than an actual
assessment of nutrient source/sink magnitude.
Table 1. Strategies for assessing nutrient retention in wetlands of different types. This table includes data collection
goals related specifically to assessing wetland Project nutrient removal function. Other sections of this document
describe the statistical methods that will be used to decide the number and types of samples and provide
supplementary data and wetland Project information that will contextualize focal variables & provide insight into
mechanisms underlying observed patterns in nutrient removal functions (e.g., hydrology, vegetation, etc.).

Tiered Approach Hydrologic Structure and Corresponding Measures

Flow-Through
Wetlands

Floodplain
Wetlands

Coastal
Wetlands

Depressional
Wetlands

Focal Projects:
Intensively Monitored
for Nutrient Budget
Measurements

● Surface Water
Nutrient Loads
for Mass Balance
Budgeting

●Long-term Total
P Retention
Capacity

● Sedimentation and Particulate P
Accumulation Rates

● Soil Surface Inorganic Nutrient Flux
(Stacked Resin Bag Approach)

●N2 Loss by Denitrification (Intact Core
Incubation)

● Plant Tissue Nutrient Storage (Content and
Biomass)

All Projects:
Nutrient Process
Indicators

●Routine Surface Water Nutrient Concentration Monitoring
● Soil Extractable Nutrients
● Soil Phosphorus Storage Capacity (SPSC)

Focal Projects will not be randomly selected. Rather, Focal Projects will be selected such that
at least one example of each of the four wetland hydrologic types are represented across the
Projects being intensively monitored. Focal Projects will also be selected with consideration of
monitoring logistics, capacity, visibility, and partner involvement, with the objective of investing
heavily in monitoring Focal Projects with a high potential for feasibly completing nutrient
budgets. The feasibility of complete nutrient budget accounting is influenced by many factors
including the system’s hydrologic structure and size, the geographic location of the Project
relative to researcher institutions, and the degree of partner collaboration in supporting intensive
sample collection and monitoring.
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4.2 Intensive Focal Projects: Nutrient Budget Measurements

4.2.1 Flow-Through Wetlands: Surface Water Nutrient Loads (N & P) for Mass Balance
Budgeting

In intensively monitored Focal Projects with known, constrained inflows and outflows, we
will combine (1) high-resolution, sensor-supported hydrologic monitoring to calculate discharge
with (2) discrete surface water sampling for concentrations of major nutrients (Figure 7: (1)
Hydrologic Processes and (5) Input and Output Loads). These data will be used to calculate
nutrient loading rates for whole-ecosystem mass balance budgeting.

Figure 7. Overview of sample methods used by the H2Ohio Wetlands Monitoring Program to estimate major
nutrient budget components.
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Routine baseflow sampling of adequate temporal resolution, dictated by the nature of the
system, will be supported by manual grab sampling, while event-based sampling will be
supported by automated water samplers (e.g., Teledyne ISCO). TN, TP, total dissolved nitrogen
(TDN), total dissolved phosphorus (TDP), NO3

-, ammonium, and soluble reactive phosphate
(SRP; a.k.a., dissolved reactive phosphorus, or DRP) will be measured in all surface water
samples collected for this purpose. When logistically feasible, other major cations and anions
(including sulfate, bromide, fluoride, chloride, calcium, sodium, magnesium, potassium,
carbonate, and bicarbonate), dissolved reactive silica, as well as total suspended solids (TSS) will
also be measured.

4.2.2 Flow-Through Wetlands: Long-Term Total P Retention Capacity

In many flow-through wetlands, there is a characteristic empirical relationship between the
load of Total P entering the wetland and the concentration of Total P leaving the wetland (Qian
and Richardson 1997). When graphed, the data forms a “hockey stick” pattern: at low inflow TP
loads, outflow TP concentrations are relatively stable and low. Conversely, at higher inflow TP
loads, outflow TP concentrations increase as TP loading increases and are more variable. The
inflection point of this “hockey stick” is interpreted to be the wetland’s total P retention capacity,
and a threshold above which the capacity of the wetland to retain P is exceeded, leading to
greater outflow TP concentrations. A Bayesian hierarchical version of this model has been
applied successfully to data collected at the OWC wetland and others with sufficient data (Arend
and Qian 2020). In intensively monitored Focal flow-through H2Ohio wetlands, we aim to
collect sufficient inflow load and outflow concentration data to use this model to identify
threshold TP retention capacities (Figure 8; See 13.2 Total P Retention Threshold
Assessment: Model Developed for Flow-Through Wetlands). The calculation of the TP
retention capacity requires a considerable amount of data, with observations of events that
exceed the nutrient retention capacity of the wetland. Work by Qian and Arend has shortened the
time needed to collect data by using a Bayesian updating algorithm to leverage data from other
similar wetlands, which can also be used to estimate the time (i.e., sample size) needed to derive
a reasonable estimate after an initial monitoring period.
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Figure 8. (A) Illustration of the “fill-and-spill” or “hockey stick” conceptual model for wetland Total P retention. A
wetland has a specific capacity to retain inflowing TP loads. For inflowing TP loads below the TP retention
threshold, TP concentrations in the wetland outflow are relatively stable and low. When TP loads exceed a given
wetland’s TP retention threshold, then TP export from the wetland increases and becomes more variable. (B)
Changepoint model showing the relationship between wetland inflow TP loading and outflow TP concentration. The
point of inflection (φ) is an estimate of the TP retention threshold. Modified from Qian and Richardson (1997). (C)
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TP loads (x axis), TP outflow concentration (y-axis) in the Old Woman Creek wetland. Results of the Bayesian
Changepoint model indicate that the TP retention threshold for this system is 3,790 lbs. P per year.

4.2.3 Sedimentation and Particulate P Accumulation Rates

In wetlands receiving substantial sediment loads, particularly floodplain wetlands, the
majority of P removal is often due to sedimentation and burial of particulate P. In systems where
monitoring inflowing particulate P loads through surface water sampling is infeasible (e.g.,
floodplain and coastal wetlands), we will use artificial horizon markers (e.g., feldspar clay) to
measure sedimentation rates (Hupp and Bazemore 1993; Figure 7: (4) Horizon Markers).Where
sediment is accrued above feldspar clay markers deployed at known times, we will collect cores
and separate material above feldspar for total nutrient analysis, which will permit direct
measurement of nutrient accumulation rates through sediment deposition (Noe et al. 2019; See
8.4.1 Sedimentation Rate).

4.2.4 Soil Surface Inorganic Nutrient Flux (stacked resin bag approach)

In systems where monitoring inflowing inorganic nutrient loads through surface water
sampling is infeasible (e.g., floodplain, coastal, and depressional wetlands), we will deploy
stacked resin bags placed at the soil surface (Noe et al. 2013, 2019, McMillan and Noe 2017;
Figure 7: (4) Stacked Resin Bag). Each stacked resin bag sampler will be constructed such that
resin bags in contact with the soil will integrate inorganic nutrient fluxes from sediments into
surface waters, and resin bags in the top of the sampler, in contact with surface waters, will
integrate inorganic nutrient fluxes from surface waters into the sediment. When deployed at
sufficient spatial extent (i.e., covering enough wetland area) and resolution (i.e., enough points
distributed within the area), these single-point inorganic flux rates can be scaled up to estimate
whole-ecosystem rates of inorganic nutrient flux into and out of wetland soils and sediments
(Noe et al. 2019). (See 8.4.2 Inorganic Sediment Surface Nutrient Flux (stacked resin bags))

4.2.5 N2 Loss by Denitrification and sediment nutrient fluxes (i.e., Intact Core Flux Rates)

Neither the stacked resin bags nor measures of N content in accumulated sediments described
above can capture gaseous N losses from wetland sediments and soils. To estimate this critical
portion of the N cycling budget in floodplain, coastal, and depressional wetlands we will directly
measure N2 loss via denitrification in intact cores incubated in a flow-through system, along with
additional measurements on nutrient release from sediments (Figure 7: (4) Intact Core
Incubation). Cores will be collected from select HBGM Zones that represent wetland variability
(See 5 Overview of Project Site Characterization and Mapping and 5.7 Compiling Project
Characterization Information). At each Project, up to 12 cores will be sampled, with up to 6
per Zone (and a minimum of three in a more heterogeneous wetland). Net denitrification
measurements will be made from cores collected in each of four major seasonal conditions at
each site. Flux rates of other inorganic nutrients, organic nutrients, and other major ions will also
be calculated by measuring solute concentrations in influent and effluent water passing through
each incubated core (See 8.4.3 Intact Core Flux Rates). Under some circumstances, new N can
be added through net N fixation (more N2 consumption than is balanced by loss through
denitrification), which can be detected in the same incubations.
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4.2.6 Plant Tissue Nutrient Storage

To complete estimates of nutrient fluxes and storage, particularly in non-flow-through
wetlands, we will combine plant tissue nutrient analyses with estimates of plant biomass and
coverage to estimate plant nutrient uptake and storage (See 9.2 Plant Biomass and Nutrient
Content; Figure 7: (1) and (2) Vegetation).

4.3 All Projects: Nutrient Retention and Removal Indicators

The “indicator” techniques that we will employ to assess nutrient retention and removal in all
Wetland Projects do not definitively indicate whether a given Project is a source or sink for
nutrients over any specific time period (See 3.3.1 Nutrient Budgets at Whole-Ecosystem
Scales), but they can indicate nutrient removal and retention potential and capacity. These
indicator measures will be validated and made more informative by pairing them with complete
system budgeting in intensively monitored Focal Projects.

4.3.1 Routine Surface Water Nutrient Monitoring

Routine surface water nutrient monitoring, while not at the temporal resolution adequate for
complete nutrient budgeting, can indicate whether a system is “directionally correct” and/or if
there are “red flags.” For example, measures of relatively high surface water nutrient
concentrations, in comparison to upstream and nearby water bodies and streams, particularly in
ecosystem effluent, can indicate that a Project may be acting as a nutrient source. In this instance,
this “red flag” would be discussed among researchers with stakeholders under the framework of
the adaptive framework described within our Monitoring Plan (See 1.1 Adaptive Framework).
Under this framework, a Project illustrating “red flag” indices of P release in the form of high
surface water SRP and/or TP concentrations may require an update of the Project-Specific
Monitoring Plan to confirm nutrient release and inform future ecosystem management. Within
each Project, relevant surface water locations, including major intermittent and perennial flows
and standing water bodies as well as unique HBGM Zones, will be identified for routine
baseflow condition sampling. Sampling will include measuring concentrations of TN, TP (and
therefore TN:TP), nitrate, soluble reactive phosphorus, ammonium, and, when logistically
feasible, TSS and other major cations and anions. We will aim to collect this suite of surface
water samples monthly at each Project and concurrent with other sampling. At a minimum,
routine surface water sampling will be completed once in each of the 4 major seasons at every
Project where standing water is sampleable (See 7.2 Surface Water Sampling).

4.3.2 Soil Extractable Nutrients (All Projects)

A simple water or dilute salt soil extraction (e.g., KCl or CaCl2) is sufficient to measure an
indication of plant-available, easily mobilizable inorganic nutrients (Reddy et al. 2013). This
relatively simple procedure provides valuable information about highly dynamic and
ecologically relevant soil nutrient pools (See 11 Methods for Chemical Analysis of Water, Soil,
Sediment, and Vegetation). We will sample soils for extractable nutrient measurements at
multiple, seasonally relevant time points and at spatially diverse locations within each Wetland
Project.
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4.3.3 Soil Phosphorus Storage Capacity (SPSC) (All Projects)

Soil Phosphorus Storage Capacity (SPSC) is a soil extraction-based metric that combines (1)
measures of the known geochemical processes by which phosphate ions associate with soil
minerals and (2) measures of extant stored inorganic P in soils to indicate the propensity of a
given soil to sequester or release phosphate (Nair et al. 2015a, Berkowitz et al. 2020,
VanZomeren and Berkowitz n.d.). Specifically, the SPSC calculation incorporates Mehlich III
extractable P (M3P) with Mehlich extractable Fe (M3Fe) and Al (M3Al), providing a soil-scale
metric for the propensity to sequester or release P based on Fe- and Al- conferred sorption
capacity (See 11 Methods for Chemical Analysis of Water, Soil, Sediment, and Vegetation).
When appropriately distributed spatially, these soil-scale measurements can indicate propensity
to sequester or release nutrients at the whole-system level, although not actual phosphate
sequestration and/or release rates.
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5 Overview of Project Characterization and Mapping

Developing a sampling scheme to estimate the effect of a particular wetland Project on
nutrient retention and removal requires an understanding of the basic structure of the wetland and
its landscape context. This includes a description of the type of wetland(s) as defined by its
dominant hydrologic structure (flow-through, coastal, floodplain, or depressional, see 3.2
Categorizing Wetlands by Hydrologic Structure), location in and connectivity to the
watershed, the land cover and land use surrounding the wetland, the key soil types and
properties, and the dominant vegetation. This information is vital to ensure representative
sampling of nutrient pools and fluxes, which allows the translation of estimates from smaller
scale sampling (i.e., Points, Zones) into ecosystem-scale function. Note that, as in all aspects of
this Monitoring Program, Project Characterization will occur at the level of the Project, with
boundaries as delineated by the ODNR and design partners. In some instances, multiple
distinguishable wetland ecosystem units will be present within the boundaries of an individual
Project. Each ecosystem within a Project may have distinct structures and variable forms and
degrees of connectivity. For example, the boundaries of Project 20, Oakwoods West, contain
both a floodplain wetland adjacent to a reach of Aurand Run as well as several vernal pool
depressional wetlands without major surficial inflows or outflows.

The goal of Project Characterization is to generate sufficient information to develop a
defensible, evidence-based Project-Specific Monitoring Plan, which will define the parameters,
sampling locations, and sampling intensity and frequency for a specific Project (given its
categorization as Focal or Non-Focal) to achieve the objective of directly assessing the nutrient
removal function of each Project.

The objectives of Project Characterization are to:
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● Map the dominant hydrologic flow paths and hydrologic features to inform long-term
nutrient monitoring and nutrient budgeting and

● Generate spatially explicit data on soil characteristics, vegetative communities, and
geomorphology for the purposes of formally defining HBGM Zones with which to
stratify spatially discrete sampling efforts and ultimately integrate spatially discrete
point data into whole-ecosystem and Project-level information.

To achieve these objectives, the following data will be collected at an appropriate time during
the first year after Project construction is complete (when feasible):

● Initial Project description, categorization, and landscape context using available
geospatial data and information shared by partners

● Rapid Site Characterization field visit
● Initial soil characterization and mapping with soil geophysics and existing soil data

(e.g., USDA NRCS soil survey maps)
● Soil sampling for site characterization
● Surface water sampling for site characterization
● Aerial imagery by drone photography
● Surveying for elevation and bathymetry (to supplement elevation data from existing

digital elevation models and gained from drone-based data collection when
necessary)

● Drainage characterization and catchment delineation using geographic information
system (GIS) tools

● Vegetative community characterization
The Monitoring Program will communicate with Project partners including the ODNR,

landowners, and design and engineering consulting firms, to obtain any information available.
Where not available, we will gather information as described here.

Project Characterization and mapping will occur over a time period of approximately one
year following completion of wetland creation, enhancement, or restoration construction
activities, as defined by construction contracts, and as possible given sampling conditions.
Information gathered from Project Characterization will inform Project-Specific Monitoring
Plans (See 6 Project-Specific Monitoring Plans), which will be drafted after all Project
Characterization data collection has completed. Early after Project construction is complete, an
initial, Rapid Site Characterization visit along with general site information derived from
existing design plans and aerial images will inform a Preliminary Project-Specific
Characterization and Monitoring Plan to guide characterization and sampling during the
Project’s first year.

Data collection tasks will be scheduled to accommodate the necessary sequencing that some
analyses require. For example, delineating and ground-truthing the vegetative community
patches requires remote imagery to already have been captured. Detailed hydrological modeling
and characterization require existing digital elevation models and/or on-site elevation surveying
and bathymetric mapping. Soil sampling for Project Characterization will be informed by remote
imagery, vegetation patches, existing soil survey data, hydrology, and soil geophysical
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measurements. The seasonal timing of these efforts will vary. All of the information collected on
a Project during this Project Characterization phase will inform a final (but annually updated)
Project-Specific Monitoring Plan.

Figure 9. In the first working field season after construction is completed on a Project, a Preliminary Wetland
Project-Specific Characterization and Monitoring Plan will be developed based on an initial visit for Rapid Site
Characterization and preliminary data and design plans (A). During the first-year post-construction at each Project,
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the hydrology, morphology, and vegetative community of each Project will be comprehensively characterized. Data
from Project Characterization will be used to develop a Wetland Project-Specific Monitoring Plan that will be
updated annually (B).

5.1 Initial Site Description, Categorization, and Landscape Context

Based on existing documentation, distinguishable wetland ecosystem units within each
Project will be categorized according to dominant hydrology as flow-through, coastal,
floodplain, or depressional (See 3.2 Categorizing Wetlands by Hydrologic Structure). These
categories will guide, but not dictate, the specific monitoring approaches and protocols employed
to assess its nutrient removal function. Additionally, we will characterize wetlands to the finest
level of detail possible with available data using criteria of the Federal Geographic Data
Committee (FGDC 2013) to enable further synthesis with data collected for regulatory purposes.

The watershed in which the wetland is located and the nearby drainage features (e.g., streams
and ditches) will be noted. Such information can be obtained from existing watershed maps or
can be determined with the USGS Watershed Boundary Dataset
(https://water.usgs.gov/GIS/huc.html), which contains the most current 8-digit, 10-digit, and
12-digit HUCs (USGS 2020a).

The type of land cover immediately adjacent (i.e., in adjacent and hydrologically connected
parcels) to the wetland will be noted using satellite imagery and/or the National Land Cover
Dataset (NLCD 2016). Efforts will be made to identify the dominant practices employed on
adjacent agricultural lands (crop rotation, manure use, and Best Management Practices
employed). If possible, monitoring teams will meet with on the ground partners implementing
each Project, the site’s current and previous landowners, and owners of adjacent properties to
document historic land use and management for the site itself, adjacent properties, and the
catchment.

Finally, the drainage area contributing to the wetland will be calculated, along with the land
cover within the drainage area. The simplest method for this is to use the USGS StreamStats
(https://streamstats.usgs.gov/ss/) Online basin delineation tool or Model My Watershed
(https://modelmywatershed.org/). This will provide the total drainage area, as well as the area
covered by forest, development, and water bodies. Agriculture and other types of land cover data
of the drainage area can be derived from ArcGIS software based on the latest National Land
Cover Database (https://www.usgs.gov/media/images/nlcd-2016-land-cover; NLCD 2016).

5.2 Rapid Site Characterization Field Visit

Monitoring of a newly constructed or restored Wetland Project will be informed by an early
Rapid Site Characterization site visit. In most cases, the Rapid Site Characterization visit will
initiate post-construction monitoring at a given Project. If sufficient information on the as-built
features of a Project has been collected through field visits while construction activities were
underway and/or information sharing with partners, then a Rapid Site Characterization visit may
not always be necessary to develop a Preliminary Project-Specific Site Characterization and
Monitoring Plan.
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For a Rapid Site Characterization visit, 1-2 field technicians will assess key characteristics
and features of a specific Project by walking and/or paddling the perimeter and interior of the
site. During this visit, technicians will record global positioning system (GPS) locations of
landscape features that suggest key inflow and outflow points including piped flows, hydrologic
management structures (e.g., water level control, pumps), and uncontrolled perennial and
intermittent flows. They then will walk and/or paddle a rough grid or a path defined by
preliminary information (e.g., satellite imagery or Project maps), with the aim of visiting major
geomorphic features and vegetative communities within the interior of the site. During this
survey, they will draw larger (>100 m2) distinctive land patches on existing project maps
(patches determined visually from a combination of vegetation, elevational changes, and visible
differences in hydrology or soils), and may take GPS points from the center or edges of the
patch. They may also take pictures from the center or edges of each patch, and record notes
about the general features of the patch including the relative elevation (low, medium, or high),
water presence (currently deep, currently shallow, dry but evidence of previous inundation, or
dry without evidence of inundation), vegetation amount (none, low, medium, or high density;
short, medium, or tall), and non-specific vegetation types (none, submerged, low-lying emergent,
tall emergent, terrestrial grasses, terrestrial forbs, shrubs, trees). Assessors will also note any
evidence for persistent and intermittent ponded areas.

Existing site plans and other information (e.g., USDA NRCS soil maps) can also be utilized
in these efforts. Rapid Site Characterization should not be used in a quantitative manner but is
rather a qualitative assessment to guide initial sampling and as input into the Preliminary
Project-Specific Site Characterization and Monitoring Plan. This first site visit and Rapid Site
Characterization will determine which combination of sampling approaches (Table 1) will be
needed to assess the wetland relative to its classification (i.e., Figure 5, and Focal vs.
Non-Focal).

5.3 Site Imagery by Drone Aerial Photography

To support mapping and vegetation community characterization, high-resolution unmanned
aerial vehicle (UAV) imagery will be used with multiband imaging in the visible and
near-infrared (VIS/NIR). These data will then be processed for several parameters which will be
used in wetland vegetation classification. Normalized Difference Vegetation Index (NDVI), a
proxy for vegetation health, is generated from red and NIR bands. Modified Normalized
Difference Water Index (MNDWI), a measure of open water area, is generated from green and
mid-IR bands. These two indexes, combined with visible light (Red, Green, Blue; R, G, B)
imagery, can be used to classify wetland characteristics. We will capture site imagery twice per
year at every Focal Wetland Project, in May-June and August-September. This will allow
assessment at two important time points in the growing season for Focal Projects and allow
differences in phenology to be used in classifications. Site imagery will be obtained at the
remaining sites once per year after first round imagery is acquired at Focal Project sites (June
through August). If resources and flight conditions/window allow a second image acquisition at
Non-Focal Projects will be completed.

Images will be acquired with a minimum of B, G, R, and NIR bands, with red-edge and
mid-infrared being valuable additions if they are available (e.g., micasense rededge-mx camera).
To ensure spatial accuracy and repeatability, images will be flown with either real-time kinematic
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(RTK) or post-processed kinematic (PPK) correction for UAV location or a set of approximately
5 ground targets with locations established through PPK GPS or via ground survey (e.g.,
Propeller AeroPoints). Images will be flown at 100-400’ (30-122 m), depending on the desired
ground resolution, camera resolution, and local FAA restrictions. An image acquisition grid will
be established to be sufficient for Structure from Motion processing (ideally 75% overlap front
and sides, flown nadir-looking, on a regular grid). Camera acquisition characteristics will be
fixed for the entire duration (same aperture, shutter speed, etc.). Image acquisition will be from
single, or multiple sequential flights, as needed to cover the Project area, and will be flown
subject to FAA part 107 restrictions. Flights will be conducted with a minimum of 3-mile
visibility, with no precipitation and sustained windspeeds below 25 mph, and will be planned to
minimize illumination variability. Spectral image post-processing will include radiometric
calibration of imagery, and generation of NDVI, and MNDWI products. Structure from motion
(SfM) topography point clouds will be generated from the RGB imagery to establish local
ground elevations (using Agisoft, pix4D or similar). A DEM will be generated from the SfM
point cloud. These products (DEM, NDVI, MNDWI), combined with the R,G,B, and red-edge
imagery will be used for image classification of ground vegetation classes. Processing will be
done using both pixel-based and object-oriented classification. The composition of vegetation
patches will be verified via ground-truthing, and an error assessment of remote sensing
classification will be conducted. (See 5.6 Vegetative Community Characterization).

In situations when UAV data cannot be acquired, Sentinel 2 Satellite imagery will be used to
generate both RGB image, NDVI, and MNDWI products. These will be used to estimate open
water area, vegetation extent, and vegetation health. Because of the low spatial resolution (10
m/pixel), these will not have the same level of detail as UAV data, but they can be used to
evaluate the overall extent. The Sentinel-2 data are available multiple times a year and will be
used to complement UAV data to investigate open water with emergent vegetation areas, and
other phenologically driven discrimination of vegetation types.

5.4 Soil Characterization

Soils are highly heterogeneous: their physical and biogeochemical properties vary both in
space and time. Soils within Ohio show this high variability but have rarely been measured at
sufficiently high resolutions to detect this variation. To maximize wetland nutrient removal, it is
critically important to understand the variability of soil physical and biogeochemical properties
including their water content, bulk density, porosity, redox potential, pH, particle size
distribution, nutrient content, and nutrient retention and removal capacity.

To characterize wetland soils, we will investigate the soil hydrostratigraphic and geochemical
properties, including vertical and lateral variation in soil types, textures, structures, and hydraulic
and geochemical properties. Typical soil sampling for nutrient retention monitoring often relies
on samples from the top 60 cm (Reddy et al. 2013). However, surface soils (0-5 cm) are most
likely to interact with surface waters, and thus may represent the majority of the nutrient
retention processes of interest to the Monitoring Program. Conversely, collecting samples from
greater depths than 60 cm is sometimes necessary to quantify hydrological properties such as
hydraulic conductivity that influence nutrient fluxes within the wetland, particularly where
subsurface groundwater-surface water interactions represent substantial contributions to the
wetland nutrient budget and contribute significantly to biogeochemical function. To balance
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needs for sufficient spatial resolution to incorporate adequate heterogeneity for reliable
whole-ecosystem scale estimates with the more sampling-intensive needs to characterize soils
over deeper vertical gradients, we will prioritize sampling surface soils (0-5 cm) in a
comprehensive, spatially distributed way. After surface soils have been characterized with a
combination of available data (i.e., USDA soil survey maps), soil geophysical measurements,
and discrete soil sampling & analysis, along with hydrologic mapping of each system, we will
identify specific locations within Wetland Projects where deeper soil sampling is necessary to
achieve our goals.

Soil sampling for Project Characterization will be guided by soil survey maps of the USDA
NRCS complemented by integrating shallow multi-geophysical investigations, with guided soil
core sampling, in situ and laboratory measurements of soil properties, and hydraulic testing, to
understand variation in the soils’ hydrostratigraphic and geochemical properties.

5.4.1 Soil geophysical investigations

Soil geophysical applications measure physical properties including electrical conductivity
and dielectric permittivity. These physical properties are then used to delineate soil stratigraphy,
infer properties such as water content, and track groundwater flow and solute transport.
Estimating the soil properties of interest from the geophysical‐property models uses
petrophysical relationships that relate measured geophysical properties to soil physical,
hydrological and biogeochemical properties of interest. Although most of these petrophysical
relationships were developed for consolidated porous rock formations and unconsolidated
aquifer systems, their application has been extended to soils. Recent research has extended the
use of geophysics for mapping soil properties such as porosity, density, and clay content and
state variables such as water content and salinity. An example of soil apparent electrical
conductivity (ECa) distribution at the Forder Bridge Wetland (a part of ongoing studies within
the H2Ohio wetlands) is presented to show variation in the soil properties (Figure 10). Areas
with lower ECa correlate with higher sand content which may be more porous.

For our Monitoring Program, we will use electromagnetic, electrical resistivity and ground
penetrating radar measurements to characterize changes in electrical conductivity and dielectric
permittivity within the wetland soils. These techniques will be used to develop both 2D and 3D
geophysical models at a high spatial resolution. Geophysical property models of wetlands will be
related to soil properties, to discern details of soil stratigraphic and structural heterogeneity,
which will be used to guide additional soil sampling for nutrient analysis and installation of
monitoring wells for hydraulic testing and monitoring. Petrophysical relationships relating
geophysical parameters such as electrical conductivity to soil types and moisture content
(Lesmes and Friedman 2005) will be used to confirm different soil patches as indicated in the
USDA NRCS soil survey maps.
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Figure 10. Variation in soil apparent electrical conductivity at the Forder Bridge Wetland showing differences in the
soil properties. Areas with low ECa (mS/m) correlated with sandy regions.

5.4.2 Soil sampling for geophysics interpretation and soil characterization

Guided by results of geophysical investigations and existing soil survey data (including the
USDA NRCS and USGS Soil Survey), soil core samples will be collected at multiple locations
reflecting the heterogeneities of the geophysical models. Undisturbed soil cores will be collected
using the sampling techniques described in the Soil Sampling protocol (see 10.6 Soil Sampling).
Minimally disturbed soil cores will be collected using an appropriate technique such as a
modified Direct-Push based macro-core
(https://geoprobe.com/tooling/macro-corer-mc5-soil-sampling-system-lwcr) that will allow us to
estimate bulk density, water content, particle size distribution, etc. from the soil samples. Bulk
density will be determined by measuring the mass of measured volumes of dried soil as
described in the Soil Analysis protocol, accounting for compaction by carefully measuring the
depth of cores and comparing to the length of the withdrawn core.

5.4.3 In situ soil hydraulic and biogeochemical characterization

To detect groundwater-surface water interactions and spatial variation in hydraulic properties,
such as unsaturated and saturated permeabilities, water pressure, temperature, and conductivity
gradients, we will sue a variety of in situ techniques including slug tests, hydraulic profiling, and
the installation of appropriate data loggers. Temporary monitoring wells (piezometers) and proxy
geophysical techniques will be used to monitor hydrological variables. Piezometer wells
instrumented with data loggers will measure hydraulic heads (water levels) for estimating flow
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direction, water electrochemical conductivity and temperature. Together, these assessments will
indicate how subsurface flow is distributed within each Project, how likely it is that subsurface
flows and interactions contribute substantially to nutrient budgets, and subsurface flow water
residence times.

5.5 Hydrology Characterization

Soil characterization, topographic, and bathymetric data collected through Project
characterization will help delineate a Project’s catchment area and boundaries, key hydrologic
inflows and outflows and drainage features (e.g., flow-through vs. closed-basin), hydrogeologic
setting (groundwater recharge, flow-though, or discharge wetland, depending on the location of
the wetland in groundwater flow systems) and features (e.g., hydraulic conductivity, porosity,
soil/aquifer thickness, etc.), and its connectivity to adjacent water bodies and systems (floodplain
wetland, coastal or tidal wetland, etc.).

Topographic and bathymetric data will be collected for every Project monitored by this
Program, whether Focal or Non-Focal. Bathymetric and topographic information obtained by
drone flights (See 5.3 Site Imagery by Drone Aerial Photography), will be complemented by
high-resolution data collected using in situ or ground-surveying methods (e.g., GPS and total
station, multi-beam and single-beam surveys, acoustic doppler current profilers (ADCP),
sub-bottom profilers, etc.), which would provide ground-truth data to determine the accuracy of
remotely acquired data (Skinner, 2009). Topographic and hydrological elevation data will be
surveyed to a common benchmark or datum (e.g., meters above the North American Vertical
Datum of 1988, or NAVD 88; or IGLD85 datum for coastal wetland sites, which allows quick
comparison to water-level data from the lake), to ensure internal consistency among all
measurements in the Monitoring Program. Surveying during late autumn or spring is
recommended to reduce constraints and uncertainty caused by vegetation cover (Levy et al.
2018).

Once the necessary elevation data have been collected, surface-water flow directions,
dominant flow paths, and wetland catchment area and boundary will be delineated and identified
using spatial analysis tools in GIS platforms, such as ArcMap. In addition, geospatial data on
artificial drainage systems (locations of subsurface tile drains, ditches, control structures, etc.)
will also be collected (or obtained from existing documentation) and mapped as part of
delineation and Project Characterization activities. All putative major inflows, outflows, and
hydrologic features identified using remotely sensed and/or digitally obtained geographic data
will be verified on the ground during the Rapid Site Characterization visit and subsequent
in-person visits to sites. Hydrologic information collected for Project Characterization will
inform soil and water sample collection locations, selection of logging sensor parameters as well
as the spatial locations of sensors, as well as general data needs to support nutrient budgeting in
Focal Projects and nutrient function proxy measurement selection in Non-Focal sites.

5.5.1 Detailed Wetland Drainage Characterization and Catchment Delineation

While the rapid, widely available and user-friendly USGS StreamStats online basin
delineation tool will be used to rapidly characterize the catchment area and land use drained by
wetlands within each Project, a more detailed and precise wetland drainage characterization will
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be completed by individuals trained in a GIS software/platform, following the general steps and
approaches recommended below:

1. Download 1 arc sec (approx. 30 m) or 1/3 arc sec (~10 m) DEM data from the USGS
Earth Explorer or USGS National Map (Earth Resources Observation And Science
(EROS) Center 2017, USGS 2020b) and, if needed, pre-process the raster DEM files
(e.g., merging and georeferencing). Note that the DEM data downloaded should cover
an extent larger than the target wetland to accommodate the entire catchment area to
be determined. Depending on the scale of the wetland area, higher resolution DEM
data such as 1/9 arc sec may be used.

2. Delineate the drainage basin of a target wetland with GIS tools including fill, flow
direction, flow accumulation, and watershed in sequence (ESRI 2020). A pre-defined
polygon file of the isolated wetland extent (obtained from Site Imagery or Google
Earth) may be used as “input pour point data” while implementing the Watershed
function.

3. Based on the delineation results of Step 2, key drainage features (catchment area,
watershed boundary, stream lines and network) can be derived and visualized in GIS
platform, or converted to file format(s) compatible with other platforms such as
Google Earth.

5.6 Vegetative Community Characterization

To characterize the vegetative community for the purposes of delineating HBGM Zones for
future sample site stratification and data integration, we will roughly characterize the cover of
vegetative communities with different dominant species from a combination of ground-truthed
remote imagery and targeted on-the-ground sampling surveys where drone imagery is
insufficient or not feasible (See 5.3 Site Imagery by Drone Aerial Photography) (Kowalski et
al. 2014, Zweig et al. 2015, Pande-Chhetri et al. 2017). We will focus on dominant taxa and will
not attempt to fully detect and document the diversity of vegetative taxa present at all sites
(although Focal Projects will also receive a limited number of more detailed surveys during
Routine Monitoring). Regions of relatively homogeneous and distinguishable vegetation will
first be delineated from imagery, with guidance from project planting maps where available, and
then these vegetative communities will be ground-truthed following the below procedures.

To ground-truth the dominant taxa composing vegetation patches detected in remote imagery,
we will use the intensively sampled Focal wetlands to develop relationships between
remote-imagery and vegetation taxa, selecting ~10 randomly selected points within each of the
remote-imagery delineated vegetative community types (Kowalski et al. 2014), which might
represent 50-100 points per wetland, varying by wetland size and heterogeneity. Ground-truthing
will occur within 2 weeks of each remote image capture. In all Focal Projects, and in Non-Focal
Projects when logistically feasible, remote image capture followed by ground-truthing will occur
2x per year to detect seasonal variation in vegetation patches. Relationships between imagery
characteristics and vegetative community types developed at focal sites will enable vegetation
patch characterization at non-focal sites with more limited ground-truthing (See 9 Vegetation).

At each sampling point, we will use nested quadrats scaled according to the type of
vegetation. To assess the community of emergent vegetation, we will use a 1-m2 quadrat, and an
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overhead picture of the quadrat will be taken using a monopod with a built-in level (Meier 2013).
In wetlands with substantial coverage of shrubs we will use 5x5 m quadrats, while in forested
wetlands there will be 10x10 m quadrats. Starting with the most abundant species, the percent
cover of each species in a quadrat will be estimated using cover classes. Pictures will be taken of
the diagnostic structures of any abundant morphospecies. We aim to identify 1-5 dominant taxa
per vegetative community patch with identified taxa together comprising >80% of the cover of
the patch. When possible, dominant taxa will be identified in the field, and their percent cover
estimated at that time. Otherwise, taxa will be identified later, from the ground-level pictures,
and/or from voucher specimens, which will be collected whenever field identification is
uncertain for a common morphospecies. In wetlands dominated by immature plants, it may be
necessary to bring samples of individual morphotypes to a greenhouse to allow them to grow
until they can be identified.

5.7 Compiling Project Characterization Information

Spatial project data will be combined in a GIS framework. Data layers from field
measurements and mapping, remote sensing measurements, and derived maps layers may
include but are not limited to remote sensing image spectral bands, derived image products,
digital elevation models, soil types, hydrology and catchment features, vegetation measurements
(transects and quadrats), engineering plans, and developed infrastructure. Mapped layers and
discrete features will be combined in a GIS framework to develop a spatially integrated map that
will be used to delineate HBGM Zones and develop a Project-Specific Monitoring Plan as
detailed below.
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6 Project-Specific Monitoring Plans and Routine Moniotring

Information gathered during the first-year post-construction Project Characterization phase
will be used to develop a full Project-Specific Monitoring Plan (Figure 9) which will direct the
specific nature of Routine Monitoring tasks specifically required for and appropriate to
individual Projects. Within our adaptive framework, each Project-Specific Monitoring Plan will
be updated annually as new information is gathered and as features of the site and its surrounding
landscape change. Specific data collection features within each Project may change over time.
For example, the specific locations and quantity of sampling points within a given Project may
change, as preliminary data improve our understanding of the nature of heterogeneity within the
system and the structure of the ecosystem itself changes in response to human interventions
and/or non-human influences (e.g., physical disturbances from extreme weather events).
Project-Specific Monitoring Plans will be developed with the assumption that long-term
monitoring (i.e., 10 or more years) will be required to full assess the trajectory of nutrient
removal function in H2Ohio Wetland Projects.

Each Project-Specific Monitoring Plan will include:

● Basic information about the Project including its name, coordinates, access
location(s), and contact information for relevant partners, particularly individuals to
refer to if issues with site access arise, and other logistical information about site
visitation and sampling.

● One or more maps of the Project as needed to illustrate access, HBGM Zones,
sampling points, sensor locations, and features to monitor.

● Locations for distributed soil and surface water sampling (e.g., those that are not at
specific features like inflows and outflows), which will be selected based on a
stratified area-weighted random sampling approach using delineated HBGM Zones as
the basis for stratification.
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● Locations at which sensors are to be, or are, deployed. If sensors have been deployed,
a list of the make, model, and serial number will be recorded for each sensor
deployed (for verification upon sensor maintenance and data downloads).

● Locations at which water samples are to be taken, and guidance as to the frequency of
surface water sampling, which will in part be determined by hydrologic variability.

● Locations at which soil samples are to be taken, and guidance as to the frequency of
soil sampling and sampling handling & processing procedures, with reference to the
specific suite of parameters to be measured.

● Locations at which vegetation will be monitored, sampled, and temporal frequency of
vegetation monitoring and sampling.

● A list of observations to be made e.g., “record the height of the boards on the water
level control structure at inflow” with accompanying photographs and illustrations as
needed.

● Clear instructions with respect to roles and responsibilities including field crew(s)
responsible for on-the-ground sampling and lab(s) responsible for sample analysis,
including shipping information if necessary.

6.1 Delineating Within-Wetland HydroBioGeoMorphic (HBGM) Zones

Our Monitoring Program defines a HBGM Zone as a relatively large (>100 m2)
within-wetland spatial area with relatively homogenous and distinctive hydrogeomorphology,
soil characteristics, and dominant plant community (Figure 6, Figure 11). The specific size of
Zones will be determined, in part, by the Project size. Generally, Zones will be larger in larger
wetlands. Team members with statistical expertise will consult with individuals affiliated with
OSU’s Translational Data Analytics Institute (TDAI) and Center for Urban and Regional
Analysis (CURA) to developing appropriate geostatistical procedures for delineating Zones from
spatial data on elevation, bathymetry, soil characteristics, vegetation, and hydrology collected
during the Project Characterization phase using geospatial statistical clustering.

Following geostatistical delineation, Zone boundaries and high-priority features to
monitor may be manually delineated and located based on knowledge of site history and past
land use. Points may be manually added to assess putative “hot spots” in which relatively small
locations may be responsible for a disproportionate amount of a given biogeochemical process in
the ecosystem (McClain et al. 2003, Bernhardt et al. 2017), such as places where distinct flow
paths intersect including discrete locations where nutrient-rich water enters a wetland ecosystem.
Sampling sites will also be distributed along known unidirectional flow paths and gradients. For
example, in a flow-through wetland, a gradient in soil characteristics and nutrient concentrations
is likely to exist along dominant flow paths, such that nutrient concentrations will generally be
highest closest to the input to the wetland and lowest at the wetland’s outlet (Figure 5).

6.2 Locating Sampling Points: Stratified Sampling

Statistical analysis will be used to determine the number and types of samples to achieve the
statistical power needed to adequately meet the Monitoring Program’s objective of assessing the
nutrient removal function of H2Ohio Wetland Projects implemented by the ODNR, either by
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direct measurements of nutrient mass balance accounting at the ecosystem scale or by
evidence-based proxy. Samples that will be collected at discrete sampling points include soil
samples and surface water samples.

After HBGM Zones are delineated, and other key features and putative hot spots are mapped,
an area-weighted stratified random sampling approach will be implemented to select discrete
sampling points, such that the total number of samples taken are distributed appropriately to
represent the full range of conditions and characteristics of the ecosystem (Figure 11). In this
approach, Zones with greater area will be assigned more sampling points, and sampling points
will be randomly distributed within each Zone. Even within this approach, it is appropriate to
manually (rather than randomly) locate samples in suspected hot spots, even if the area of that
given spot is small, as well as to alter randomly assigned sampling locations due to logistical and
access constraints as is necessary. Putative hot spots will be identified with the help of visual
surveys identifying structural features that are likely control points, like locations where flow
paths from contrasting sources meet, as well as through geophysical surveys that permit
detection of discontinuities in underlying soils. A stratified sampling approach is particularly
helpful when the total number of samples that can be taken is constrained by logistics and/or
resources and can inform decision making about how best to expend the effort and resources
available to best represent each given site. In general, there will be some redundancy in sampling
locations and frequency across all measurements. For example, the locations of sensors will also
be locations where water quality samples are collected. In addition, when sampling at a specific
Zone for soils, a surface water sample should also be collected. In the sections that follow, we
provide general recommendations for determining sampling location and frequency by sample
type and more specific instruction on how to conduct each sampling method included.
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Figure 11. Illustration of how soil, water, and other discrete sampling points may be stratified along known
environmental gradients, like flow paths, and among dominant hydrogeomorphic/vegetation Zones within a wetland
ecosystem.

6.2.1 Water Sampling Points and Hydrologic and Water Quality Sensor Locations

In general, water samples will be collected in similar kinds of hydrologic features whether
from Focal or Non-Focal Wetland Projects with samples will being collected from all major
inflows and outflows, the deepest parts of the wetland, and at least three replicates from
shallower parts of the wetland. Where there are a multitude of unique HBGM Zones, one sample
(minimum) should be collected from each representative Zone with sufficient standing water
(i.e., vernal pools, vegetated areas, interconnected smaller pond-like areas, etc.). The delineation
and use of Zones to stratify surface water sampling will generate sample locations along depth,
vegetation, and soil type gradients. If, after stratified sample locations are randomly determined,
it is apparent that other obvious gradients (e.g., along flow paths from inflows to outflow) and/or
putative hot spots (e.g., where to distinct flow paths meet, as in a groundwater seepage location
or a tributary entry point) are not represented, additional sampling points will be identified to
ensure adequate surface water sampling. A majority of sampling will occur from March through
December, with opportunistic sampling for January through February. In Focal Projects, samples
will be collected at a much higher frequency, unless nutrient removal is being estimated by other
means, such as through soil sampling and resin bags. In Non-Focal Projects, samples will be
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collected approximately monthly and/or seasonally (See 7.2.3 Water Sampling Locations and
Frequency).

Water quality sensors will include measures of common physicochemcial parameters
(dissolved oxygen, pH, conductivity, and temperature) as well as turbidity. At Focal Wetland
Projects, water quality sensors will be deployed at concurrent locations as the water quality
sampling locations (See 7.3 Water Quality Sensors). In Focal Projects and in other sites where
resources permit, multiparameter sondes (e.g., YSI EXO2) will be located at persistently flooded
inflows and outflows of the wetlands (when inflows and outflows are present) and if appropriate,
the deepest part of the wetland. At both Focal and Non-Focal Projects, other sensors, such as
turbidity and conductivity sensors, will be deployed within dominant HBGM Zones, ideally
spread throughout the site, to adequately characterize water quality conditions along flow paths
and within wetlands. Sensors for hydrology will likely be deployed at the same locations as
water quality sensors but may also be deployed in other wetland locations to monitor hydrology
(See 7.1 Hydrologic Monitoring).

Groundwater sampling will ideally occur in all Projects (See 7.4 Groundwater Monitoring)
although if resources become limited Focal Projects will be prioritized first, followed by
Non-Focal Projects in which groundwater-surface water interactions are presumed or known to
represent a substantial component of the nutrient budget. In Focal Projects, sampling wells will
be located at hydrologically important areas. These may not necessarily correspond to the
HBGM Zones sampled for soils but will likely correspond with Zones arrayed along a
hydrologic gradient and with locations of surface water sampling. In Non-Focal Projects, at least
one groundwater sampling well will be located where the highest inputs are likely to occur.

6.2.2 Soil Sampling Locations & Frequency

As determined by HBGM Zone stratification, the quantity and location of soil and sediment
sampling points will be determined both by the size and heterogeneity of the site, as well as other
factors such as cost and accessibility. Soil and sediment sampling, in general, will be conducted
at each major HBGM Zone type and along any major hydrologic or elevation gradients. The
depth and manner of collection will be dependent on the site characteristics (See 8.2 Soil
Sampling Objectives and Locations, Table 4). Generally, surface soils (0-5 cm) will be
sampled and characterized consistently throughout and across all Projects. In addition, deeper
cores with variable vertical stratification along visible soil horizons and/or at fixed increments
will be collected in alignment with needs of specific Projects to assess soil nutrient
accumulation, groundwater-surface water interactions, and other soil parameters relevant to
Monitoring Program goals.

Sampling frequency will be higher in Focal Projects as compared to Non-Focal Projects, but
not nearly as frequent as surface water sampling. Changes in soil characteristics are not as
variable temporally as in the water column, and care will be taken to prevent over sampling and
destruction of the soil at sampling locations.

6.2.3 Field Soil Scale Nutrient Flux Measurements

Mechanistic soil scale nutrient flux measurements (i.e., denitrification, sedimentation,
nutrients) will be conducted in a subset of the HBGM Zone stratified soil sampling locations.
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These mechanistic approaches are more costly and labor intensive, and as such will be employed
at lower intensities and frequencies than general soil sampling. High priority will be given to
Focal Projects when planning the locations and extent of soil-scale mechanistic measures.

In general, the intact core denitrification and nutrient flux rates will be determined using up
to 12 cores per focal wetland, with up to 6 per HBGM Zone (and a minimum of three per Zone
in a more heterogeneous wetland). Sedimentation rates measurements will be started at the
beginning of the Monitoring Program and samples will be collected once per season at a
minimum. These measurements will vary by wetland. Nutrient fluxes using resin bags will be
deployed in tandem with soil sampling at select HBGM Zone and collected within 2-4 weeks of
deployment.

6.2.4 Plant Community, Biomass, and Nutrient Content Sampling & Frequency

Relationships developed for Focal Wetland Projects between remotely sensed characteristics
of vegetation patches and ground-truthed community composition, will be used in Routine
Monitoring of vegetation change in Non-Focal Projects. With selective ground-truthing to
calibrate the dominant vegetative taxa making up remotely sensed patches, the vegetation of
many Projects may be adequately characterized from remote imagery alone. As needed, targeted
on-the-ground surveys can be conducted on patches that cannot be clearly characterized from
imagery alone (e.g., groundcover in forested wetland patches), or when uncertainty exists.
Ultimately, data on the makeup of each vegetative community, from quadrats or surveys, can
then be used to scale-up, estimating the area of each vegetative community for the entire
wetland, using the area of each vegetation patch that was delineated from aerial or satellite
imagery.

Project-Specific Monitoring Plans for Focal Projects will provide guidance for sampling
above and belowground plant biomass and vegetation nutrient content from each major HBGM
Zones (See 9.2 Plant Biomass and Nutrient Content). In Focal Projects, samples will be
collected intensively, and some seasonal variation will be explored, but limited sampling will
occur in Non-Focal Projects. Biomass nutrient content sampling in Non-Focal Projects will be
prioritized in non-flow-through Projects, where direct plant sampling will be necessary to
estimate whole-ecosystem nutrient mass balances.

7 Water

7.1 Hydrologic Monitoring

The goal of hydrologic monitoring is to quantify and understand water-budget
components and hydrologic processes of H2Ohio Wetland Projects. To assess the nutrient
removal of wetlands, we need to quantify fluxes into and out of the wetlands, which requires
quantification of the water budget and hydrologic processes that drive nutrient transport and
movement. The water budget in wetlands, i.e., the general balance between water storage and
inflows and outflows, which can be formulated as below (Mitsch and Gosselink 2015).
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III. ROUTINE MONITORING

Equation 1

Where = change in volume of water storage in wetland (V) per unit time (t); Pn = net
precipitation; Si = surface inflows; Gi = groundwater inflows; ET = evapotranspiration; So =
surface outflows; Go = groundwater outflows; and T = tidal inflows (+) or outflows (-), if
applicable.

Different water-budget components in Equation 1 play varying roles and some components,
even small, may still control or affect water quantity and chemistry in wetlands at critical times
of the year (MN BWSR 2013). Thus, this Monitoring Program aims to quantify most, if not all,
of the water balance components through field-based measurements and/or mathematical models
for all our selected Focal Projects. The hydrologic data obtained through the Monitoring Program
will be used to (1) assess the water balance, (2) characterize the three hydrologic descriptors
(water level, hydroperiod, residence time) and (3) support nutrient load calculations in
accounting for mass balance budgeting.

It is worth noting that surface water and groundwater are connected in most types of
landscapes (Winter 1999). Because of the interchange of water between surface water and
groundwater, understanding and quantification of the interactions of wetlands and groundwater
are needed for effective assessment of nutrient retention efficiency. Thus, integrated detailed
information about topography, geology (e.g., permeability of soil and surface-water beds),
groundwater movement (water-table configuration and flow direction with respect to wetland
setting), and climate will be collected and evaluated during the Project Characterization stage in
order to determine the characteristics of the interaction of groundwater and surface water (Winter
1999) and the water flux and nutrient exchange across the two components in wetland systems.
Our Monitoring Program is designed such that specialist teams will collect elevation/bathymetry
data (by drone remote imagery and surveying) and soil geophysical data, data on groundwater
dynamics using a combination of piezometers and monitoring wells, which will be integrated
into hydrologic models that will then support long-term monitoring, data integration, and
predictions.

Key hydrologic variables and processes to be monitored or measured during Routine
Monitoring include water levels (both surface water and groundwater), flow (in- and outflows),
weather (precipitation, air temperature, humidity, wind speed, solar radiation, etc.), and/or
drainage and topographic features (land elevation and bathymetry).The recommended
methodology for monitoring wetland hydrology and weather is described below (Table 2). Note
that there are a variety of instruments that can be used to collect data and monitor hydrology for
wetlands. Not all equipment will be required at all wetlands and the amount or types of
instrumentation at a wetland will be determined by wetland conditions, such as wetland
bathymetry, drainage feature (depressional vs. flow-through), and wetland type (e.g. coastal vs.
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III. ROUTINE MONITORING

non-coastal). Therefore, alternate instruments and techniques may be considered with approval
by the ODNR prior to the commencement of the monitoring period.
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Table 2. Recommended hydrologic monitoring methods and strategies (measuring frequency) for wetlands of different types and settings.

Wetland
types

Monitoring Method & Strategy

Surface-water level Groundwater level Flow

Flow-through
(focal)

Staff gage (manual readings weekly to
monthly depending on seasons)
Continuous/automatic monitoring at an
hourly time step with data loggers,
coupled with staff gage readings for
calibration/correction

Water-table monitoring wells and
piezometers (measured at the same/close
time as staff gage readings, weekly to
monthly depending on seasons)
Continuous monitoring at an hourly time
step with data loggers

Continuous monitoring of stages (hourly) and
discharges at inlet(s) and outlet(s).
Manual measurements of flow with flow
meters are needed to create stage-discharge
rating curves.

Flow-through
(non-focal)

Staff gage (measure weekly to monthly) Water-table monitoring wells and
piezometers (measured at the same/close
time as staff gage measurements)

Sporadic measurements of discharge at
inlet(s) and outlet(s). Measurements taken
under various flowing conditions (high,
average and low) are recommended.

Floodplain
(focal)

Same as flow-through (focal), if standing
water exists.

Same as flow-through (focal) Same as flow-through (focal), if stream(s)
would flow through the site.

Floodplain
(non-focal)

Same as flow-through (non-focal) Same as flow-through (non-focal) Optional

Coastal (focal) Same as flow-through (focal), if standing
water exists

Same as flow-through (focal) Continuous monitoring of flows and flow
directions is preferred (with ultrasonic
velocity meters, acoustic Doppler current
profilers, etc.)

Coastal
(non-focal)

Same as flow-through (non-focal) Same as flow-through (non-focal) Optional

Depressional
(focal)

Same as flow-through (focal) Same as flow-through (focal) N/A
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Depressional
(non-focal)

Same as flow-through (non-focal) Same as flow-through (non-focal) N/A
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7.1.1 Water Level Monitoring

Our wetland hydrology monitoring will involve a water-level monitoring network consisting
of staff gages, logging water level sensors, water-table monitoring wells, and piezometers to
monitor fluctuating surface and groundwater levels. Water-level measurements of both surface
water and groundwater will generally be collected within as short a time as possible of each other
so that hydraulic heads of aquifer and stage of wetland used to derive interactions between the
wetland and groundwater are measured under the same hydrologic conditions (Taylor and Alley
2001). We will accurately measure the deployment elevation of all water-level instrumentation
for comparisons among water level records at different locations and screened depths throughout
a wetland site (Toronto and Region Conservation Authority (TRCA) 2016).

7.1.1.1 Surface Water Level Monitoring

We will monitor surface water levels (i.e., elevations of wetland water surface relative to the
soil or ground surface) using a combination of manually read staff gages and continuously
logging water level sensors. A staff gage is an inexpensive vertical scale tool that measures water
elevation or stage, with respect to a reference point or elevation (USEPA 2008). Where used, we
will install staff gages in the deepest depression area of wetland Zones such that the base of the
staff gage is always underwater (unless it is a temporary wetland). For wetlands with a wide
open-water surface, multiple staff gages will be placed at different depths to facilitate
measurements during both high-water and drought conditions. In this way, when reading the
deeper staff gage is not feasible, the nearest one is visible from the shoreline (Figure 12, USEPA
2008). Although there are many types of staff gages, they are typically attached to a fencepost or
other stable structure.

Figure 12.Wetland water level monitoring using staff gages. Using multiple staff gages to determine water levels for
wetlands with highly variable stages (credit: USEPA 2008).

In select locations, we will also continuously monitor water levels with automated data
loggers that are programmed to record measurements at a specified frequency. Such continuous
monitoring provides the highest temporal resolution of water-level fluctuations (Taylor and Alley
2001) without the need for frequent site visits and, thus, would be particularly helpful at sites
where water-level changes are highly variable or flashy. Data collected by pressure transducer
type water level loggers will be compensated for changes in barometric pressure, which can be
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measured with a barometric logger deployed above the water level in situ or within ~20 miles
(Minnesota Board of Water and Soil Resources (MN BWSR) 2013). Manual measurements using
staff gages and other tools will calibrate the accuracy of logging water level sensors.

For flow-through wetlands, water-level data loggers and/or flow meters will be deployed at
defined inflow and outflow points to characterize and quantify the water budget of each wetland.
For wetlands subject to waves and turbulence, stilling wells with a pipe or chamber connected by
small openings to the main water surface will be installed to dampen transient fluctuations in
water level and allow measurement of the major fluctuations (MN BWSR 2013).

7.1.1.2 Groundwater Level Monitoring

Depth to groundwater and groundwater-level fluctuations can influence water storage and
physical and chemical conditions, directly affecting nutrient dynamics. Additionally,
groundwater variation can affect plant health and growth (Taylor and Alley 2001) which can, in
turn, influence nutrient cycling. Groundwater levels of the top unconfined aquifer, i.e., water
tables, can be monitored with water-table monitoring wells. We will install these instruments
outside Project boundaries to measure lateral groundwater movements around the wetland. These
1½ inch PVC pipe wells, usually drilled to a depth of 3 feet (or to the confining layer if
shallower; USFWS 1999) in upland areas using machinery, contain a long screen to capture the
full range of water level variation. Confining layers of soil strata that restrict downward water
movement and create a perched water table will be identified in soil profile descriptions.
Examples of such soil strata include fragipans, spodic horizons, argillic horizons, and shallow
bedrock. If shallow confining layers are identified, care will be taken during well installation to
avoid penetration of the layers, which may result in misleading water-level readings (USACE
2005) due to unnatural preferential flow paths. In high priority Focal Projects, we will deploy at
least three triangulated monitoring wells to determine the direction of groundwater flow within
the wetland’s catchment (Toronto and Region Conservation Authority (TRCA) 2016).
Depending on the size and complexity of the wetlands, more monitoring wells may be needed.

Soils will be comprehensively characterized prior to well design and installation. Estimating
the groundwater flow of water into or out of the wetland will also require an estimate of the
hydraulic conductivity. To estimate hydraulic conductivities, we will use a combination of
aquifer tests (a.k.a., slug tests), standard value tables, undisturbed core samples, and/or
geophysical methods as described in the Project Characterization section of this Monitoring Plan.

For wetland sites subject to flooding, we will leave a sufficient length of pipe, with clear
marks (in cm increments) above ground, so that flood height can be determined or read from a
distance with binoculars when necessary. When installing the wells, we will mark the
ground-surface level of the pipe to detect possible frost effects and adjust the monitoring results
(USFWS 1999).

To determine whether a wetland is a recharge (losing water to groundwater) or discharge
(gaining water from groundwater) wetland, we will deploy nests of piezometers at different
depths to derive vertical hydraulic gradients and flows, particularly when complex
hydrostratigraphic conditions (e.g., layering) are present (USEPA 2008). Different from
water-table wells which have long screens, piezometers, also called cased wells, have narrow
perforated windows or screens and measure pressure at a measurement point or depth.
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We will determine water levels in water-table monitoring wells and piezometers manually
and/or using continuously logging sensors. Wherever possible, and in all Focal Projects
groundwater levels in wells will be monitored with continuously logging sensors. In Non-Focal
wetlands where available resources and/or logistics preclude deploying logging sensors, we will
measure groundwater well level manually using water-level meters and/or depth-to-water
detectors. In Projects with manually-measured groundwater well levels, we will aim to measure
water-table levels at least bimonthly from October through February, weekly from March
through May, and once a month from June through September as recommended by the US Fish
& Wildlife Service to characterize wetland hydrologic regime across seasons (USFWS 1999).
Manual readings of water levels in wells will also be made concurrently when collecting water
samples for quality analysis. In Focal Projects, automated water-level recorders or data loggers
will also be deployed to continuously monitor groundwater level at an hourly interval.

7.1.2 Surface Water Flow

The water budget in many wetlands, particularly flow-through wetlands, can be dominated
by surface water exchanges, such as overland flow, river or stream channel flows in, out, and/or
through the wetland, overbank flooding during wet conditions (when the channel is separated
from the wetland by a floodplain or a levee), and flux exchange along the edges of lakes,
estuaries, and the ocean (USEPA 2008).

In accordance with the specific structure and needs of individual Projects, surface-water
flows will be estimated using flow measurement tools and devices (e.g., flumes and weirs),
USGS gaging stations at hydrological connected flows, known pumping rates, and discharge
sensors (e.g., Teledyne, ISCO). Weirs require a pool upstream and are not satisfactory in
locations with elevated sediment loads that may fill upstream pools. Flumes tend to flush
sediments more effectively than weirs. A weir or flume measures surface inflow or outflow water
levels at a point of concentrated flow, which are then converted to discharge based on
pre-calibrated rating curves. In weirs, flumes, and other flow-measuring tools and devices, we
will continuously record water levels with data loggers at hourly resolution (TRCA 2016). To
develop a rating curve, we will use a flow meter measuring concentrated inflow or outflow
velocities and discharges together with stage height measurements and/or continuously logging
water level sensors. For flow-through wetlands, flow/stage monitoring will occur at each major
defined inflow (inlet) and outflow point (outlet). For situations in which control structures are
not present and instream measurements not possible, we will employ Manning’s equation to
indirectly measure water velocity and streamflow or discharge (Equation 2, USEPA 2008). Flow
data will also be obtained from USGS gage stations or known pumping rates, if applicable.
Equation 2

𝑄 = 𝑉𝐴 = 1.49
𝑛 𝐴𝑅2/3𝑆1/2

where Q is discharge (cfs), V is the velocity (ft/s), A is the cross-sectional area of the flow
(ft2), n is the Manning’s roughness coeffi cient, R is the hydraulic radius (i.e., the ratio of the
stream cross-sectional area to the wetted perimeter P, R=A/P), and S is the gra dient in the total
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head or water surface slope. Note that values of Manning’s roughness coefficients for channels
and floodplains can be looked up from USGS’s guide (Arcement and Schneider 1989).

Floodplain wetlands adjacent to rivers can be flooded by overbank flows (spillover from
river channels) during stormflow events. In these cases, water-level instruments to monitor water
levels in wetlands and aquifers adjacent to riverine systems will be installed following the
guidelines mentioned previously.

Bidirectional-flow wetlands occur along coasts and estuaries of Lake Erie and are under the
influence of the lake level. Because these coastal wetlands frequently flood and water table
elevations are controlled mainly by lake surface elevation, they seldom dry for significant
periods. Generally, they gain significant amounts of water from the upstream river(s) and lose
water by water exchange with lake, overland flow to creek channels, and by evapotranspiration
(Noble 2006). Continuous water-level monitoring of wetlands is recommended to characterize
the period and depth of inundation as well as water exchange driven by wind tides and seiches in
the lake. River flow data into the wetlands can be monitored or obtained with the techniques
described above. Water flux along the wetland and lake interface can be monitored and
quantified with the employment of more expensive instruments (ultrasonic velocity meters or
acoustic Doppler current profilers), which will provide time-series data of bidirectional flows.
Many of the coastal Wetland Projects influenced by Lake Erie levels will also be hydrologically
controlled using water level control structures and pumps installed in dikes that constrain
wetland units. Our Monitoring Program will communicate closely with wetland managers to
track water level management decisions and actions such that non-climate influenced changes to
hydrology (e.g., drainage due to board removal at a wetland water level structure) will be
interpreted appropriately in sensor data.

7.1.3 Meteorological Data

Meteorological data, such as precipitation, air temperature and evaporation data, can be very
helpful in the interpretation of water-level changes in wells and wetlands and is necessary to
drive the hydrologic models (see 7.1.4 Hydrologic Models). Weather stations will be installed in
Focal Wetland Projects to collect meteorological data, such as precipitation, evaporation, air
temperature, relative humidity, wind speed/direction, solar radiation, vapor pressure, etc. For
Non-Focal Projects, meteorological data from the nearest weather station will be collected.

Specifically, precipitation will be measured using rain gauges, and evaporation rates will be
measured with evaporation pans, which can be further used to estimate evapotranspiration and
potential evapotranspiration rates. These relatively inexpensive instruments can provide reliable
estimates of daily atmospheric exchanges. A single rain gauge and pan is usually sufficient for
wetlands smaller than 100 ha (U. S. EPA 2008). If pan measurements are not available, then
evaporation will be calculated using automated measurements of solar radiation, temperature,
relative humidity, and wind speed.

In addition, our data on precipitation will be compared with the normal range of precipitation
based on long-term records collected at the nearest appropriate NWS weather station (USACE
2005). We will use the USDA-NRCS Climate Analysis for Wetlands Tables (known as WETS
Tables) for this purpose, which defines and provides a month-by-month summary and probability
analysis of temperature and precipitation and the average length of the growing season.
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7.1.4 Hydrologic Models

Models are not traditionally viewed as part of the wetland monitoring; but models can
provide large volumes of hydrologic data that are helpful in management and decision making,
especially those variables/data that cannot be measured directly such as snowmelt runoff, surface
runoff during large storms, evapotranspiration (ET), groundwater flow and interaction with
surface water. For example, a pothole wetland hydrologic model was developed and applied to
quantify the water budget components/processes (Figure 13) and simulate the hydrologic
dynamics in depressional wetlands (Liu and Schwartz 2011).

In this Monitoring Program, a fully integrated numerical model capable of simulating
surface-subsurface flow and transport processes in a 3-D framework (Liu et al. 2016, Aquanty
2018) will be developed for each focal wetland to assist the assessment of wetland water budget
and nutrient removal efficiency. The 3-D hydrologic models will simulate water movement and
nutrient transport in the interacting wetland-groundwater systems in a physically based manner
that relies on coupled differential equations. The model will be driven by climate data
(precipitation, temperature, evaporation, etc.) and calibrated/validated against directly measured
water levels (groundwater and surface water levels), flows, and/or chemistry (e.g., nutrient
concentration).
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Figure 13. Hydrologic Modeling: Schematic flowchart of key hydrologic processes in a depressional wetland
hydrologic model (modified from Liu and Schwartz 2011).

7.2 Surface Water Sampling

The goal of surface water sampling is to quantify the nutrient concentrations of key
surface water features (i.e., Zones) in H2Ohio Wetland Projects at a frequency that will
represent the variation in concentration as is appropriate for the wetland (i.e., Focal vs
Non-Focal Wetland Project). In general, surface water samples will be collected from each
wetland between March and December coincident with site accessibility and ice formation/thaw.
When possible, opportunistic sampling between December and March will also occur. Guidance
on how many samples to collect and where are included below and will be specified for each
Project in Project-Specific Monitoring Plans. In general, surface water samples will be collected
using either automated samplers (i.e., ISCOs) or manually as a grab sample following standard
best practices and quality control to ensure sample integrity (See 10.1 Water Sample Collection
Procedures). Other sampling technology (e.g., in situ analysis) will be evaluated regularly as
part of the iterative development of sampling strategies. Samples collected, regardless via ISCO
or grab, will be transported back to the laboratory on ice for analysis either within 24 hours or
preserved and analyzed at a later date, ideally within 28 days.
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7.2.1 Water Quality Parameters

Samples will be analyzed for TP, TN/TKN, nitrate and nitrite (NO2+3), ammonium, and
dissolved reactive phosphorus (DRP; a.k.a., SRP). When logistically feasible, TDN, TDP,
dissolved reactive silica, and TSS will also be measured, as well as other major cations and
anions that provide biogeochemical and hydrologic context to nutrient measurements (including
sulfate, bromide, fluoride, chloride, calcium, sodium, magnesium, potassium, carbonate, and
bicarbonate, See 11.1 Soil Chemistry Analytical Methods). Concurrent with surface water
sampling for water chemistry, hand-held sensors will be used to measure physicochemical
parameters including dissolved oxygen, temperature, specific conductance, and pH.

7.2.2 Water Chemistry Quality Control

For each sampling date, regardless of the sampling method, a field duplicate will be collected
from one of the locations within the wetland and will be transported along with the samples. All
laboratories analyzing samples will conduct quality control and certification protocols while
participating in this study as specified in the Water Chemistry Analysis section of this document
(See 11 Methods for Chemical Analysis of Water, Soil, Sediment, and Vegetation). In
addition, we will conduct a laboratory comparison of a set of samples and standards across all
laboratories a minimum of annually to ensure the comparability of all data generated. Bottles
will be labeled, and data will be recorded as described in the data management protocol
elsewhere in this document (See 12 Data Management)

7.2.3 Water Sampling Locations and Frequency

Samples will be collected (1) from each major unique HBGM Zone type, (2) along
established gradients of flow and/or elevation/depth of the wetland (See 5 Overview of Project
Site Characterization and Mapping and 6 Project-Specific Monitoring Plans), (3) at inflows
and outflows, and (4) at putative biogeochemical hot spots. In addition, samples should be
collected from areas identified as important for hydrologic monitoring (e.g., groundwater wells,
other flow paths).

Sampling frequency will vary depending on whether (1) the Project is Focal or Non-Focal,
(2) wetland type and accessibility, and (3) sample location in the wetland. We summarize
guidance for sampling frequency below. This guidance is based on the specific kinds of
hydrologic features that will be monitored intensively in Focal Projects. Similar hydrologic
features in Non-Focal Projects will be sampled as much as possible, most likely during any site
visit for other sampling (i.e., soil) and/or monthly (at a minimum) from March through
December.

Guidance for sampling frequency:

● Inflow/outflow sampling using automated samplers will target 4-6 storms events per
year during hydrologically relevant periods (late fall/early winter [November through
December], late winter/spring [March through May], summer [June through August]).
Autosamplers will collect samples a minimum of three times per day throughout the
rising limb and peak of the hydrograph and once per day during the falling limb. This
sampling frequency will be evaluated annually and adjusted accordingly, as outlined
in the adaptive framework (See 1.1 Adaptive Framework). Ideally, once hydrologic
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sensors are well established, we will either adjust the timing of sampling to better
match the hydrograph, or trigger sampling based on hydrologic conditions (i.e.,
sample with a certain increase in the water depth). During baseflow conditions, grab
samples from these locations will be collected weekly.

● Where automated samplers are not available, inflow/outflow sampling can be
conducted with grab samples. Due to the limitations of sampling manually (e.g.,
travel, personnel time), sampling will target fewer storm events (2-3 per year) and
collect samples a minimum of once per day during the rising limb and peak of the
hydrograph and every 1-3 days during the falling limb. As before, during baseflow
conditions, grab samples from these wetlands should be collected weekly.

● Pond-like sites (less than 2 m deep) will be grab sampled every week if accessibility
allows (can travel by car, easy to access sampling spots), otherwise every 2 weeks.

● Deep-water sites (over 2 m deep) are to be grab sampled every two weeks unless
accessibility allows weekly sampling.

7.3 Water Quality Sensors

While water samples provide the essential information needed for assessing the
effectiveness of wetlands in terms of nutrient retention, the goal of deploying water quality
sensors is to provide a high-frequency and continuous dataset of measurements that
indicate biogeochemical processes (e.g., low dissolved oxygen indicates a high potential for
P release). Water quality sensors will measure turbidity, depth, conductivity and temperature,
dissolved oxygen, and pH. In future years, if resources allow and the data need is determined to
be relevant and critical, sensors measuring chlorophyll a and phycocyanin, fluorescent dissolved
organic matter (fDOM, or cDOM), and nitrate may also be deployed.

The H2Ohio Monitoring Program Research Team will collaboratively develop sensor
systems appropriate to the needs and priorities of each Project as part of Project-Specific
Monitoring Plan development. Research Lead, Tom Bridgeman, will solicit input from relevant
experts on water quantity and quality monitoring, and in consultation with sensor manufacturers
and sensor system implementation experts. Specific site characteristics will help determine
which exact combination of sensors will be most appropriate. For instance, it may make sense to
include algal pigments along with turbidity in depressional or coastal wetlands to differentiate a
storm event vs. an algal bloom but include fDOM in floodplain wetlands to help indicate input of
new water. Generally, single-parameter sensors measuring conductivity, turbidity, dissolved
oxygen, and/or other parameters independently will be deployed in a distributed way throughout
Projects to assess water quality patterns that reflect both hydrologic processes (i.e., through
detection of water sources with distinct conductivity signals) and biogeochemical processes (i.e.,
through detection of turbidity indication particle deposition or resuspension). Multi-parameter
sondes that provide combined measures of dissolved oxygen, pH, temperature, and specific
conductance simultaneously will be deployed in select, deep locations (>2 m) where appropriate.

7.3.1 Deployment Locations, Temporal Extent and Frequency

The specific locations of sensors will be identified on a Project-by-Project basis and specified
in Project-Specific Monitoring Plans. When possible, single-parameter water quality indicator
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sensors will be co-located where water samples are being collected. In flowing water, sensors
will be deployed at mid-depth in the thalweg (deepest and fastest channel). Water quality sensors
will be deployed from March through December concurrent with surface water quality sampling
and opportunistically in January through February depending on ice formation, site accessibility,
and robustness of the sensor to winter conditions. Sensors will to be programmed to collect
measurements every half hour, at a minimum, but the specific frequency of data collection will
be determined for specific parameters in alignment with data needs while being mindful of
sensor constraints (e.g., battery life).

7.4 Groundwater Monitoring

Groundwater is an important biogeochemical component of many wetland systems, yet it is
among the more difficult components to directly observe and monitor. Soil pore water and
shallow groundwater can represent an important nutrient storage pool and a location of dynamic
biogeochemical transformations. Many wetland ecosystems are recharged from and/or discharge
to groundwater on the landscape, and thus accounting for exchanges with groundwater is often
important to fully assessing wetland nutrient budgets (Reddy and DeLaune 2008, Mitsch and
Gosselink 2015). Our objective in groundwater monitoring is to account for the roles of
subsurface water in storing, transforming, and/or transporting nutrients through
groundwater-surface water exchange.

We will conduct groundwater sampling for water quality monitoring in conjunction with
continuous in situ monitoring of groundwater levels and water quality indicators including
temperature, electrical conductivity, and turbidity. Groundwater samples will be collected from
monitoring wells or piezometers installed within the wetlands.

7.4.1 Groundwater Monitoring Locations

Monitoring station locations and sampling depths will be guided by prior knowledge of the
Project site’s stratigraphic and hydrological heterogeneity (including groundwater flow direction)
and specified in Project-Specific Monitoring Plans. Groundwater flow is shaped by the hydraulic
conductivity (K [m/s]) of subsurface soil and material. In areas with higher K, groundwater flow
is stronger, residence time is lower, and thus the potential for nutrient retention and processing is
lower. Hence, groundwater sampling locations will be guided by a priori data on soil
stratigraphy, hydraulic parameter distribution and biogeochemical properties. We will use
existing soil variability maps along with geophysical measurement such as the spatial
distribution of electrical conductivity (Figure 10) to indicate the subsurface heterogeneity
Projects, which will guide decisions regarding the quantity and location of groundwater
monitoring wells. Our objective will be to sample HBGM Zones with contrasting physical
properties. The magnitude of the contrast that may necessitate sampling at a given location
depends on (1) the nature of the site, (2) the level of variability and (3) the maximum number of
samples that can be collected. For example, if a soil conductivity map shows contrasting vertical
and horizontal conductivity patches, it will be useful to distribute monitoring well and
groundwater sampling depth to reflect this structural variation.
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7.4.2 Groundwater Sampling for Water Chemistry

Groundwater samples can either be collected across a fully screened monitoring well or at a
specified depth. The averaging effect of a fully screened well may result in smearing, which may
underestimate solute concentrations. We will sample at specified depths when soil stratigraphy
and or other soil physicochemical properties such as redox potential, pH and electrical
conductivity show strong contrasting signals across vertical strata. To sample at specified depth,
we will use a fully screened wells using a packer system for isolating a discrete sampling interval
(Quinn et al. 2012) or monitoring wells screened only at the desired sampling depth. We may
also use multi-channel tubing (Einarson and Cherry 2002) that can also be used to install a
multi-level well up to 7 different depths at the same location. The use of direct push-based
methods such as the SP16 Groundwater Sampler (SP16 Groundwater Sampler Geoprobe, 2020)
also provides a less destructive approach for groundwater sampling at discrete depth without the
need for installing monitoring wells. The choice of which technique to use will depend on
available equipment, technical competence, site accessibility and monitoring strategy (See 10.5
Groundwater Level Monitoring and Sampling) and will be specified in Project-Specific
Monitoring Plans. Collected groundwater samples will be analyzed for the same suite of solutes
as surface water samples: TP, TN/TKN, nitrate and nitrite (NO2+3), ammonium, and DRP (a.k.a.,
SRP). When logistically feasible, TDN, TDP, dissolved reactive silica, and TSS will also be
measured, as well as other major cations and anions (including sulfate, bromide, fluoride,
chloride, calcium, sodium, magnesium, potassium, carbonate, and bicarbonate; See 11.1 Water
Chemistry Analytical Methods).

8 Soil and Sediment

Soils play a central role in wetland nutrient retention and processing. Across all H2Ohio
Wetland Projects, we aim to extensively sample surface soils (0-5 cm) and selectively sample
deep soils (0-60 cm) along vertical gradients to monitor indices and direct measures of their
nutrient storage and processing status. All surface soil samples collected will be analyzed for the
nutrient function indices of salt-extractable nutrients (as an index of available nutrients) and Soil
Phosphorus Storage Capacity (SPSC, using a Mehlich III extraction) along with a standard set of
parameters to characterize soil geochemistry (Table 6). Where present, detrital layers of dead
and partially decomposed plant material will be sampled simultaneously to the underlying 0-5
cm of consolidated surface soil to assess the nutrient content of dead and decomposing plant
material and inform estimates of plant nutrient mineralization (See 6.2.4 Plant Community,
Biomass, and Nutrient Content Sampling & Frequency).

8.1 Soil and Sediment Parameters

Soil and sediment samples will be analyzed for a standard set of parameters to indicate basic
soil characteristics and nutrient biogeochemistry (Table 6). All samples will be analyzed for
basic soil characteristics including soil moisture, bulk density, pH, loss on ignition, and total
organic carbon and nitrogen. In addition, to assess soil-scale nutrient status, storage, and
retention capacity, we will measure a select suite of extractions on most soil samples. We will
use the Mehlich 3 extraction to assess bio-available P and simultaneously extracted metals. The
P, Al, and Fe results of the Mehlich 3 extract will then be used to calculate Soil Phosphorus
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Storage Capacity (SPSC; Mukherjee et al. 2009, Nair et al. 2011, 2015, Dari et al. 2018,
VanZomeren et al. 2020). As an index of easily mobilizable and bioavailable inorganic nutrients
(PO4

3- , NH4
+, and NO3

-), we will use a dilute salt (KCl) and/or water extraction (Kuo 1996,
Reddy et al. 2013, VanZomeren et al. 2020). Finally, to measure the total amount of nutrient
stored in soils, we will use a hot acid extraction to measure total sediment P (along with
simultaneously extracted elements including Fe, Al, and Ca) and we will measure total organic N
using an elemental analyzer.

8.2 Soil Sampling Objectives and Locations

A major challenge in wetland soil monitoring is the prohibitive cost and field efforts required
to collect a sufficient number of representative soil samples to adequately capture the spatial and
temporal variation in the soil properties and nutrient storage. A high degree of spatial variation
exists in some wetlands at levels as small as mm-scale (Ettema 2002, Bruland and Richardson
2004, 2005). For this Monitoring Program, we will use USDA NRCS soil survey data combined
with geophysical measurements of soil physical properties including electrical conductivity
(Figure 10) and dielectric permittivity characterize soil heterogeneities (Romero-Ruiz et al.
2018) compiled during Project Characterization. These area-extensive indices of soil variability
will contribute to HBGM Zone delineation and will be used to scale measurements of soil status
at discrete points to ecosystem scales. Random soil sampling locations will be stratified by major
Zone to sufficiently capture the soil variability. Manually identified soil sample locations will be
included at putative hotspots.

Our initial measurements (during Project Characterization and early years of Routine
Monitoring) will variation in concentrations of M3P, M3N, M3Fe, M3Al, TP and TN by
collecting samples at the highest resolution affordable given available resources. Variation in soil
type and land cover will be indicated by geophysical mapping and aerial photography,
synthesized as HBGM Zones. To conserve resources, subsequent sampling may composite
multiple samples to determine the average variables values. Samples for compositing will be
collected from points identified as being representative of the Project site’s spatial variation by
statistical analysis of the results of high-resolution sampling. This will substantially reduce the
cost of chemical analysis while still providing the chemical data needed for assessment of site
performance in nutrient mitigation. Surface soil and sediment sampling will be conducted
annually at each monitored Project unless other parameters indicate that more frequent sampling
is needed to detect significant changes.

8.3 Supplemental and Mechanistic Soil Analyses

More detailed soil extraction and characterization procedures may be included on a
Project-by-Project basis if needed to understand nutrient removal mechanisms in Focal Projects
where justified by research questions and where resources allow (Table 3).

● Soil carbon quality, assessed using fluorescence spectra on water-extracted carbon,
may inform understanding of denitrification rates in wetland soils.

● As an alternative to the methods described above, total P and N may be measured
using an autoclave-supported persulfate digestion similar to the aqueous persulfate
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digestion of P and N followed by colorimetric detection of SRP and NO3 (Standard
Method 4500-P J and 4500-N).

● To better understand the chemical nature, mobility, and bioavailability soil P, in
addition to quantifying storage stocks of P forms, a targeted sequential P extraction
procedure may be used.

● Comparative indices of soil phosphate sorption capacity including the Phosphate
Sorption Index (PSI), full phosphate sorption isotherms, and estimations of
equilibrium phosphate concentration (EPC) may be used in soils and compared with
other soil parameters as an additional way to assess phosphate sorption capacity and
mechanisms.

● Finally, understanding the mineral structure of metal oxides in soils and sediments
provides additional information about the nature and strength of phosphate sorption,
as well as how phosphate sorption may be shaped by soil redox and pH regimes.

Table 3. Supplemental Soil Analyses. A selection of potential supplemental methods that may be used to
characterize soil nutrient biogeochemistry in greater detail in select Projects where justified by research needs and
possible given available resources. *Phosphorus fractionation and speciation will only be conducted when it is
determined that it will add significant data that is valuable to achieving Project goals.

Analysis Procedure

Total P & N by Persulfate
Digestion

Extraction with alkaline-acid persulfate under heat and pressure (autoclave)
followed by colorimetric detection (Patton and Kryskalla 2003)

Soil Carbon Quality
Water-extractable carbon characterized by excitation-emission matrix (EEM)
fluorescence spectra (Aqualog instrument) (Franks et al. 2020)

Sequential Phosphorus
Fractionation*

Sequential extraction with solutions that target specific forms of P including
soluble, iron-oxide associated, Al-oxide associated, organic, calcium-carbonate
associated, and residual (Paludan and Jensen 1995, Kinsman-Costello et al.
2016)

Iron oxide extractions

Oxalate or Ascorbic Acid (short-range ordered), and Bicarbonate-Dithionite
extractions (total iron oxides) to distinguish mineral structure of metal oxides
(Kostka and Luther 1994)

Phosphate Sorption Index
(PSI)

A single-point isotherm that indicates relative soil phosphate sorption capacity
(Bache and Williams 1971)

8.4 Field Soil Scale Nutrient Flux Measurements

While soil geochemical characteristics including nutrient storage and sorption assays
extensively indicate static storage pools and functional capacity at relatively high spatial
resolution, they are not direct measures of the functional rates of soil nutrient biogeochemical
processes that contribute to whole-ecosystem nutrient function. To directly measure
biogeochemical process rates at select locations in Focal Projects, we will measure nutrient
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sediment rates, in situ soil-surface water inorganic nutrient exchange rates, and ex situ
sediment-surface water nutrient exchange rates in intact cores.

8.4.1 Sedimentation Rate

A major P retention mechanism in many wetlands is the deposition, accrual, and burial of
P-laden particles through the process of sedimentation. In locations within wetlands receiving
high sediment loads, as indicated by the general wetland structure (e.g., floodplain wetlands)
and/or observed high total suspended solids and/or turbidity in inflows, we will use a variety of
deployed horizon location markers to estimate sedimentation rates. By combining these
empirical measures of sedimentation rates with direct measures of the accumulated sediment P
content, we will estimate net P accumulation and burial rates. We will use standard feldspar
horizon markers (Hupp and Bazemore 1993, Thomas and Ridd 2004), as well as AstroTurf and
ceramic tiles to assess rates of sedimentation and accretion in Focal Project wetlands and other
Projects where feasible, prioritizing sites with suspected high rates of sedimentation like
floodplain and flow-through wetlands. During the first two years of the Monitoring Program, we
will simultaneously deploy feldspar horizon markers, AstroTurf, and ceramic tiles to compare
the efficacy of each method and determine which method is most suited under specific
circumstances. Along with sedimentation markers, we will install marked rods indicating the
location of the sediment surface upon deployment to measure potential erosional loss of
sediment material. In Focal Projects, and in other Projects where sediment accumulation quantity
and logistical capacity permit, we will separate accreted sediments above feldspar marker
horizons from intact cores. We will measure total nutrient content in accreted sediment.
Combined with measured accretion rates, this will result in measures of nutrient retention and
accretion rates by sedimentation.

8.4.2 Inorganic Sediment Surface Nutrient Flux (stacked resin bags)

To directly measure inorganic nutrient flux rates into and out of sediment surfaces over an
integrated period of time (~2-4 weeks), we will construct stacked resin bag units (Noe et al.
2013, McMillan and Noe 2017). These stacked resin bags are limited to assessing inorganic
nutrient flux, and will complement measures of inorganic and organic nutrient flux rates
measured in Intact Core Incubations (See 3.3.2.1 Intact Core Incubations). Each unit will be
constructed using a shallow PVC tube (~5 cm) containing nylon mesh bags filled with
ion-exchange resins that will sequester ammonium, nitrate, and phosphate ions over time. Prior
to use, materials including nylon mesh and resin will be tested to evaluate potential
contamination. Stacked resin bags will be field-deployed at the sediment-water interface and/or
soil surface (depending on inundation status at the time of deployment) such that bottom bags are
in contact with the soil/sediment surface and top resin bags are in contact with air and/or surface
water. After ~2-4 weeks resin bags will be retrieved, nutrient ions will be extracted from resins,
and measured (See 11 Methods for Chemical Analysis of Water, Soil, Sediment, and
Vegetation) to calculate flux rates. Length of deployment will be calibrated to specific site
conditions such that resin beads do not saturate (i.e., bags will be deployed for shorter periods of
time in nutrient-rich locations). In Focal Projects, sufficient resin bag units will be deployed to
capture major HBGM Zone and gradient heterogeneity, permitting scaled-up sediments of
ecosystem-level nutrient fluxes between sediments and surface waters (Noe et al. 2019).
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8.4.3 Intact Core Flux Rates

The strong redox gradient in wetlands can provide textbook conditions for permanent N
removal by denitrification, but conversely can stimulate phosphate release. To evaluate N loss
from sediments as a gas, we will directly measure the balance between sediment denitrification
and N fixation in intact sediment cores. To measure relative N loss (denitrification) and new N
production (N fixation) via N2 flux, along with nutrient fluxes of nitrate, nitrite, ammonium, and
SRP, 6-12 intact sediment cores with overlying water will be collected from each Project using a
coring device designed to keep the sediment in-tact with the overlying water. This level of
replication is standard in this field, due to the intensive nature of the incubations (McCarthy et
al., 2007, Scott et al, 2008, Roley et al. 2018). We use continuous-flow incubations rather than
static cores to maintain redox and microbial community structure (Bernot et al. 2003), and hence,
better capture in situ conditions. Cores will be allowed to equilibrate for 24 hours after collection
and setting up. Following equilibration, concentrations of dissolved gases (N2, O2, and Ar) and
nutrients (orthophosphate (OP), NOx (NO3

- + NO2
-), ammonium (NH4

+), and urea analysis)will
be measured in inflows and outflows to each intact core every 24 hours for three days. Dissolved
gas fluxes will then be calculated by subtracting the inflow concentration of nutrients and
dissolved gases from the outflow concentration, divided by the water flow rate, and multiplied by
the sediment core surface area (Lavrentyev et al. 2000). A negative flux indicates an influx into
the sediments, while a positive flux indicates an efflux out of the sediment.

9 Vegetation

To assess the role of vegetation in nutrient cycling and how plant nutrient uptake,
storage, and re-mineralization contributions to net ecosystem nutrient function change
over time, we will monitor plant community composition, above and below-ground
biomass, and plant tissue nutrient content. The extent and intensity of plant sampling will
differ among Focal and Non-Focal H2Ohio Wetland Projects. High-resolution, detailed data on
dominant plant taxa, biomass, and tissue nutrient storage collected in Focal Projects will be used
to estimate the same parameters from less intensive, indirect measures (i.e., remote imagery) in
Non-Focal Projects.

9.1 Vegetative Community Composition Monitoring

In general, Routine Monitoring of changes in vegetative communities will focus on the
dominant taxa and combine remote sensing with targeted on-the-ground surveys. This will
characterize vegetative community types by identifying dominant taxa. The approach for Routine
Monitoring will follow that described for Project Characterization. Every 1-3 years, the same
procedures used in Characterization will be completed. In Focal Projects, community
characterization will be completed more frequently, particularly during the 2 years immediately
following construction activities while new vegetative communities are being established.

Where resources allow, we will also monitor changes in relative abundance of non-dominant
taxa, including invasive species, using timed meander surveys. We will prioritize these efforts in
Focal Projects and will empower partners to contribute these data when Monitoring Program
resources are limited. At a randomly located start location within a vegetation patch, a technician
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will record all visible species in the 4 cardinal directions and then begin walking or paddling,
spending up to 30 minutes searching, recording GPS location every 5 mins. Photographs and
voucher specimens should be collected when necessary. For detailed procedures see the
“Timed-Meander Sampling Protocol for Wetland Floristic Quality Assessment” from the
Wisconsin Department of Natural Resources (Wisconsin DNR 2017).

9.2 Plant Biomass and Nutrient Content

We will estimate plant biomass and nutrient content to (1) assess the functioning of wetlands
over shorter time periods than what can be observed at the system-scale (e.g., plants might begin
to show differences in storage within a year, whereas we may not see differences in nutrient
balance at the system-level for 5-10 years) and (2) estimate the nutrient storage of perennial
wetland plants, especially within any woody or below-ground biomass. We will intensively
assess ground vegetation nutrient content in Focal Projects, with limited sampling in Non-Focal
Projects. In Focal Projects, we will select 4-6 Points within each HBGM Zone (which are
delineated in part based on vegetation community patches) that comprises >20% of the land area
within a Project (See 6.2.4 Plant Community, Biomass, and Nutrient Content Sampling &
Frequency), which could result in a total of 15-30 sampling points per wetland, varying with
wetland size and heterogeneity. This sampling intensity may be adjusted as we learn more about
variation within a site. Biomass and nutrient content sampling points will not overlap with
vegetative community composition sampling points, because biomass sampling points will be
sampled destructively. We will harvest all plants, including root systems, that occur within a
0.25-m2 quadrat at each sampling point. We will sample both green and senesced vegetation and
will collect detritus. These samples will be partially washed in the field over a 2-mm mesh
screen, and then returned to the lab where live aboveground (stem, leaf, and reproductive) tissues
will be separated from dead vs live belowground rhizome and root tissue, thoroughly cleaned
over screens, dried to a constant mass at 60ºC and weighed. Representative subsamples of each
tissue will be taken, with the amount weighted based on the total biomass of each type of tissue.
The subsamples will then be pulverized and digested with persulfate following the protocol
developed in Metzner (2018) and analyzed following procedures for TN and TP for soils and
water described in our Monitoring Plan.

For intensively monitored Focal Projects, plants will be identified to the finest taxonomic
resolution possible and biomass and nutrient content will be determined for each species
separately. An attempt will be made to link plant nutrients to plant functional traits (e.g., specific
leaf area, root architecture). If relationships are sufficiently strong, it may be possible to develop
a plant nutrient indicator that is based on functional traits. However, developing an indicator of
plant nutrients is not a main goal of this Monitoring Program.

In Non-Focal Projects, plant biomass and nutrients will be analyzed in bulk, ignoring species
(i.e., biomass samples will not be separated according to taxa prior to nutrient content analysis),
from a limited number of quadrats per site (5-10). It may not be possible to measure plant
nutrient storage within trees.

Plant nutrient sampling will occur once each year in Focal Projects (June-August) due to
logistical constraints. To indirectly assess seasonal variation in plant nutrients within above
ground tissues in Focal Projects as resources allow, we will combine use of a hand-held Soil
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Plant Analysis Development (SPAD) chlorophyll meter with limited seasonal sampling to
calibrate SPAD indices of tissue nutrient content (Biber 2007). Measuring nutrient content of
detritus senesced tissues, and importantly, roots, along with aboveground plant tissues, will allow
us to estimate longer-term plant nutrient storage from a single collection per year.
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IV. SAMPLE AND DATA ANALYSIS

10 Standardized Protocols

During its initial year of implementation, the Monitoring Program will compile a Field, Lab,
and Computational Operations Manual to ensure that all data collected by this Program is
accurate, reliable, and consistent. Multiple research groups will contribute to data collection so
clear communication and rigorous protocol standardization are vital. All research groups will
strictly follow these protocols so that the data generated can be compared and composited to
support valid conclusions that accurately reflect the performance and function of H2Ohio
Wetland Projects. The sections below briefly describe the approaches that the Monitoring
Program will use to collect information described above to characterize and routinely monitor
H2Ohio Wetland Projects. These approaches are based on standard, well established practices
and methodology and are intended to represent the state-of-the art for analysis of samples from
the types of wetlands involved in this study. Detailed protocols, procedures, and resources will
be documented and updated as needed in the Field, Lab, and Computational Operations Manual.

10.1 Water Sample Collection Procedures

The overall goal for surface water sampling is to collect a representative sample with as little
contamination from yourself or from the sediment as possible. This can be achieved through a
series of best practices. Ideally, a water sample will be collected without having to enter the
wetland entirely (e.g., bridges and docks), however, that is not realistic in all scenarios. If the
sample is collected in flowing water, we will ensure that the sample is collected looking
upstream so turbidity is flowing away from you. If sampling in standing water, we will be
prepared to bring a sampling apparatus (e.g., bottle on a stick, bucket on a rope, a syringe with an
extended tube) to help collect a sample from an undisturbed location near to you. If on a bridge,
dock, or boat, we will be sure to collect the sample far enough away that you are not sampling
any turbidity or disturbed water. For shallow locations, we will collect the sample from the
middle of the water column making sure to avoid any surface vegetation and contamination with
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IV. SAMPLE & DATA ANALYSIS

sediment from the bottom. For deeper locations (over 1 m deep), we will collect a sample using a
Van Dorn sampler at mid-depth.

Once the sampling location and sample collection method have been determined, there are a
few guidelines to collect a good sample. First, pay attention to your hands. Make sure not to
touch the rim of the bottle or the inside of the cap. We do not recommend wearing disposable
gloves because it is easier to pay attention to bottle handling without gloves. Samples will be
collected using either new or acid-washed bottles. Samples collected for TP and TN/TKN need a
higher volume (250 - 500 mL) and are collected unfiltered. Samples collected for NO2+3 and
DRP require a lower volume (60 - 100 mL) and are filtered in the field using a 0.45 µm
membrane filter. Rinse each bottle and cap three times with either unfiltered or filtered water
depending on the whether the bottle will ultimately hold unfiltered or unfiltered water (I.e., rinse
a bottle containing an unfiltered sample with unfiltered water; rinse a bottle containing a filtered
sample with filtered water). Remember to remove the filter from the syringe before collecting
more water, then replace to rinse or fill the bottle. Fill each bottle only to the shoulder of the
bottle, especially if the sample is going to be frozen prior to analysis.

10.2 Water Sample Processing and Storage

Chemical processing and analysis of water, soil, and sediment samples collected for the
Monitoring Program will be distributed among multiple research labs based on expertise,
capabilities, and capacity. For each Wetland Project, the Project-Specific Monitoring Plan will
include instructions as to which specific chemical analyses will be completed on water samples
and which research lab(s) will be responsible for various analyses. Based on the specific suite of
analyses being completed, quantity of samples, and logistical concerns, the Project-Specific
Monitoring Plan will include specific instructions with respect to sample processing, storage,
labeling, aliquoting, and shipment to analytical labs, in accordance with compliance with the
requirements dictated in each specific analytical protocol. Protocol-specific instructions for
sample volume requirement, processing, and storage will be included in detail in the Field, Lab
and Computational Operations Manual.

10.3 Automated Water Sampler Recommendations

High frequency sampling (sub-daily) using autosamplers will only be used in wetlands with
well-defined inflows and outflows (See 3.2 Categorizing Wetlands by Hydrologic Structure).
Ideally, the sampling will occur where hydrologic sensors are also deployed. As with grab
samples, care should be taken when handling autosampler bottles, especially in removing or
replacing the caps. Once the automated sampler is deployed for a storm event, samples should be
collected within 3 days, possibly daily if temperatures are warm. If air temperature is warm,
refrigerated samplers should be used if possible, or the bases need to be lightly iced to keep them
cool. Because of the large number of samples collected during storm events, it is appropriate to
transport the samples back to the laboratory for filtration. For quality control, a duplicate sample
will be collected upon deployment that is returned to the lab and processed or preserved
immediately, while the other duplicate will remain in the sampler for the duration of the
deployment. This will help quantify the effects of storage. Additionally, and if preferred, a
known standard solution can be stored with the autosampler as a check on the effects of storage.
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10.4 Water Quality Sensor Deployment, Calibration, and Maintenance

Secure deployment of sensors will in part depend on the location where they are deployed. In
shallow environments, two tall fence posts (or T-posts) or earth anchors can be used to secure the
sensor. In deeper environments (over 2 m), a buoy should be deployed. In the unlikely scenario
that the inflow or outflow contains bedrock substrate, sensors can be attached to a cinder block
that is secured to the bank using steel cable and a fence post or tree or using a slide pipe from the
bank. When available, sensors will have wipers and other antifouling accessories when available
(e.g., copper guards). As funding and logistics allows, wireless telemetry will be used to compile
data from multiple sensors within a single Project or group of geographically close Projects and
may transmit data to cloud storage for remote data access.

At the beginning of the season, all sensors will be calibrated together in a centralized location
prior to deployment using the manufacturers’ standardized calibration protocols. Deployed
sensors generally hold calibration for many months, but in the chance the wetlands influence
calibration differently, technicians will check the calibration during site visits and periodically
for remotely accessed data to determine the need for recalibration. The calibration of handheld
sensors will be checked prior to each day of use for turbidity, pH, conductivity, and dissolved
oxygen, and monthly for other parameters. Deployed sensors will be examined during each site
visit (i.e., every 1-2 weeks) or after any major events (storm, high water) to make sure they are
properly deployed, are clean, and are functioning. It is good practice to compare sensors from the
same wetland routinely. Do this by placing all sensors for a given wetland in a bucket or cooler
of water together during transport from the wetland to the lab at the end of the season. This will
allow researchers to see how they compare. Sensors should be deployed only during the ice-free
months, unless manufacturer specifications and/or prior experience demonstrates that the sensor
is robust to winter deployment (e.g., stand-alone water level and conductivity sensors).

10.5 Groundwater Level Monitoring and Sampling

10.5.1 Monitoring wells

Groundwater monitoring wells will be installed using a manual or powered rotary auger,
direct-push based system, or drilling rigs. Depending on the system used, hollow stem rods or
augers will be pushed into the ground to drill holes. Drilled holes will be lined with PVC or
HPDE pipes of (1 - 2”) diameter slotted either through the entire column or specified section of
the saturated patch of interest.

10.5.2 Groundwater level measurement

Prior to purging the monitoring well for groundwater sampling, the static water level should
be measured using a water level meter even if the monitoring well is instrumented with a
pressure transducer (data logger). After purging, water level measurement should be repeated
after a short wait period to allow the system to recover. Low permeability aquifers may have
very low recovery limiting total recovery prior to sampling.
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10.5.3 Groundwater Water Chemistry Measurement and Sample Collection

Before collecting water samples, the monitoring well should be purged by extracting
approximately thrice (~ 3x) the volume of the monitoring well. Water extraction can be done
using surface or submersible pumps or manually using bailers. To measure physicochemical
parameters in groundwater, the well will first be purged. While collecting a water sample (or
prior to), water parameters including temperature, pH, electrical conductivity, and dissolved
oxygen will be measured by passing extracted water through a flow-through cell with measuring
probes (Sonde) installed for measuring the desired parameters (Figure 14) or by using a water
quality meter with suitable probes attached. Sensors will be calibrated prior to each field use.
Groundwater samples will be collected after these parameters stabilize. Should parameters not
stabilize in time, more than 3x the volume of the well can be pumped and if the well dries out,
wait till it recovers before sampling. While this is not always possible in practice, the field team
will use their judgment to ensure water samples provide accurate information about groundwater
chemistry. Groundwater pumped using surface or submersible pumps, manual pumps, bailers is
collected and filtered into containers, stored, preserved, and analyzed in compliance with the
specifications in 11.1 Soil Chemistry Analytical Methods.

Figure 14. A set-up for groundwater sampling with flow through cell and probes for measuring in situ water quality
parameters.

10.6 Soil Sampling

Soil samples will be collected using a range of techniques and equipment based on
appropriateness to Project soil characteristics and data needs (Table 4). Soil samples can be
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collected directly using hand-held sampling spoons (spatulas, scoopers), spades, shovels, augers,
or post hole diggers. Other techniques for collecting samples at greater depths include power
augers, backhoes, vibrocore, drilling rigs, and direct-push based techniques involving pushing
and hammering of the sampling probe into the ground (Table 4).

Prior to any soil sampling campaign, the wetland conditions will be assessed with reference
to water saturation (saturated and unsaturated soils), standing water column (depth of standing
water column), organic matter content, accessibility, etc. The choice of sampling technique will
be based on careful consideration of the wetland characteristics and described in each Project
Specific Monitoring Plan.

10.6.1 Soil Sample Collection

After establishing a sampling objective (i.e., the types of analysis that will be conducted on
the soil samples), plan, and locations, the field collection of samples will generally follow the
following steps:

1. Measure the thickness of organic matter/leaf litters and soil temperature (if possible)

2. Collect a representative sample of leaf litter and other organic detritus before
collecting soil samples and save in appropriate containers such as Whirl-pak bags
from an area that provides a sufficient quantity of material for analysis, over the site
where a soil sample will be collected

3. Measure the standing water column if there is any at the site (in place of a and b
above). To measure water column, use calibrated meter gauge (stick)

4. Collect soil samples at varying depth e.g., top 5, 10, 30, and 50 cm as specified in the
sampling protocol depending on desired resolution and available sampling equipment
using the technique best suited to the system (Table 4). While probing the soil, avoid
compacting and excessive disturbance. For auger-based sampling, a slow twisting is
recommended to minimize disturbance. In cases where undisturbed samples are
required, the direct-push based techniques are recommended.

5. Slowly retrieve soil core ensuring that soil samples do not fall back from the tip of the
coring device. Depending on the sampling technique, using a core catcher helps to
minimize sample loss.
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Table 4. Soil sampling techniques and considerations (adapted from Osborne and DeLaune 2013).

S/N Sampling method General principle Special consideration

Suitable with surface
water level

< 1m > 1m

1 Augers An inexpensive tool sets for soil
sampling consisting of a hollow
sharp end helical borer and
extensional rods for reaching
desired sampling depth. Relies
on twisting the rods by the
handle to penetrate the soil to
desired depth and pull out to
retrieve soils. Can be hand
(manual) or powered by
machine (driller).

Usually limited to 2 – 3 m and occasionally
more. Samples are disturbed. Sampling depth
may be limited by collapsing soil which is
common in saturated sands. Type/size of
auger used depends on soil type. Auger
diameter should vary with sediment size.
Fine to coarse sediments are commonly
sampled by bucket-style auger while low
density soils by containment augers e.g., peat
borer.

Yes No

3 Piston corer This is similar to the corer
above with a sampling tube
adapted for sampling at
relatively deep-water level (up
to 6 m or more). In addition to
having a core tube and
extension pipe, the piston corer
is equipped with stopper or
piston used to create suction
within the corer and helps to
retain the sediments while
sampling.

Adapted system with deep water levels. A
stable platform such as anchored boat is
required for deployment. Keeping the piston
corer vertical is important but very
challenging mostly under high tides

No Yes

4 Tube samplers Similar to corer but does not
have extension rods. Typically
consist of sharpened pushed
into the soil. Pushing can be

Useful for retrieval of undisturbed core and
more suitable for soil sampling under
saturated conditions.

Yes Yes – when
adapted but
not suitable
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manual using sampler’s weight
or mechanical. The Vibrocore
sampling system is an adapted
tube sampler.

for sampling
at depth.

5 Scoops Simple soil retrieval object such
as spoon, garden trowels, spade,
spatula, etc.

Suitable under no or very minimal surface
water level. Sampling of very shallow soil
with depth less than 50 cm. Extensive care
and precision are required by the field team
to ensure accurate and representative samples
are collected. Sampling tools should be
pre-cleaned, and the use of chrome coated
devices should be avoided in this and other
cases. For composite samples, homogenize
grab samples in a stainless steel or glass
mixing container using the appropriate tool
(stainless steel spoon, trowel, or pestle

Yes No

6 Grab sampler This consists of articulating
jaws that are used to grab or
scoop soil samples. This can be
based on a spring tensioned or
catch-activated bar.

They are generally used for collecting benthic
sediments. When deployed in deep water
settings, a suitable floating platform is
needed.

Yes,
although not
the most
optimum
option.

Yes

6a Box corer A spring-tensioned box corer Yes

6b Ponar grab sampler Yes
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10.6.2 Soil Sample Field Documentation and Handling Preparation

Field documentation and preparation: After retrieving samples as described in step 5 above
(See 10.6.1 Soil Sample Collection), a brief sample description will be done in the field before
placing the sample in the provided sample holder following the steps below. It is recommended
to put on nitrile gloves prior to handling soil samples and the nitrile gloves should not be
recycled between samples.

1. Empty soil sample or open liner (using liner cutter). Avoid sample mixing or
cross-contamination.

2. Document observations such as color, odor, etc. using the sample documentation
protocol.

3. Take a photo and provide detailed remarks as much as possible.

4. Place the sample in the provided sample holder: sample bagging, HPDE containers,
glass bottles, etc.

5. Soil samples should be kept at 0-4°C prior to analysis. Samples should be analyzed
within 48 hours of collection.

10.6.3 Soil Sample Handling - Preservation and Storage

Specific sample handling instructions will be developed for each Project Specific Monitoring
Plan in accordance with protocols in the Field, Lab, and Computational Operations Manual, but
the following best practices will generally be employed:

● Chemical preservation of solids is generally not recommended. Cooling is usually the
best approach, supplemented by the appropriate holding time as described above.
This, however, depends on the specific analytes being measured and is specified
elsewhere in this document.

● Wide-mouth glass containers with Teflon-lined caps are utilized for soil samples. The
sample volume is a function of the analytical requirements and will be specified in the
work plan.

● Transfer soil from the sample collection device to an appropriate sample container
using stainless steel or plastic scoop or equivalent. If composite samples are collected,
place the soil sample in a stainless steel, plastic, or other appropriate composition
(e.g., Teflon) bucket, and mix.

● Air drying samples can alter the amounts of various species of phosphorus
(Pierzynski 2000) Air drying and freezing can both alter the amount of water-soluble
organic carbon (Sun et al. 2015) Thus, air drying, and freezing soil samples will not
be used for storage unless there is validation that the storage method will not
significantly alter the parameter(s) being measured for those samples.
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10.7 Plant Sampling

10.7.1 Plant Sample Collection

Following procedures described in Section 6, we will sample plants from 4-6 Points within
each HBGM Zone that comprises >20% of the land area within a Project (See 6.2.4 Plant
Community, Biomass, and Nutrient Content Sampling & Frequency). We will harvest all
plants, including root systems, that occur within a 0.25-m2 quadrat at each sampling point. We
will sample both green and senesced vegetation and will collect detritus. At Focal Projects, we
will separate aboveground plant biomass according to morphospecies, with voucher specimens
collected, as needed, for later identification. At Non-Focal Projects, aboveground samples within
a quadrat will not be separated. Belowground tissues will not be separated at any site but will be
cleaned as much as possible in the field with portable equipment.

10.7.2 Plant Tissue Sample Handling and Storage

Samples will be returned to the lab, cleaned if necessary, dried, and weighed. Samples can be
safely stored for months to years after drying. Representative subsamples of each tissue will be
taken, with the amount weighted based on the total biomass of each type of tissue to enable back
calculation of total nutrient storage from the subsample nutrient estimates and total biomass
estimates. The subsamples will then be pulverized and digested with persulfate following the
protocol developed in Metzner (2018) and analyzed following procedures for TN and TP for
soils and water described in our Monitoring Plan. Voucher specimens may be deposited in the
BGSU herbarium collection, when warranted.

10.8 Intact Core Incubation Methods

Intact sediment cores for flow-through incubation will be collected from a Zodiac inflatable
boat, canoe, or wading as needed. Six, 20 L Cubitainers will be filled with bottom water to be
used for continuous-flow incubations. For each treatment, the incubations will consist of a 20 L
cubitainer filled with site water (inflow), polyetheretherketone (PEEK) tubing, pump tubing, 2
peristaltic pumps, and the 9-12 intact sediment cores for triplicate treatments (outflow). For the
inflow of the incubation, one end of the PEEK tubing will be submerged in the cubitainer and the
other will be connected to the pump tubing in the peristaltic pump. The other end of the pump
tubing will be connected to the PEEK tubing inserted into the plunger of the sediment core, with
the inflow PEEK tubing within the plunger approximately 1 cm above the sediment surface. For
the outflow, another PEEK tube will be inserted into the plunger of the sediment core, where the
water will be pumped out after going through the sediment core. The flow rate of the site water
through the incubations will be set to 16.67 L h-1 m-2. The incubations will be allowed to
equilibrate for 24 hours after setting up and dissolved gas content (O2, 28N2, 29N2, 30N2) will be
measured every 24 hours for three days. Dissolved gas content will be quantified using the
membrane-inlet mass spectrometer (MIMS) at Wright State University (Kana et al. 1994). The
dissolved gas content of the inflows and outflows from the continuous flow incubations for the
sediment cores will be analyzed the next morning and then 24 hours later. Exetainers will be
filled with sample water from the inflow and outflows, then immediately run in consecutive
order three times each.
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Dissolved gas concentrations using temperature-controlled water bath standards set at 20°C
and 30°C. The values of the dissolved gases from the standard baths will be compared with
saturation tables of the gases at those temperatures and the measured signals will be corrected for
machine drift accordingly. The calculated drift will be used to adjust the N2/Ar and O2/Ar
measurements by multiplying those ratios by the saturation concentration of the Ar at 20°C, the
temperature of the water that the MIMS inlet is submerged in. These calculations will determine
the concentrations of N2 and O2. The water samples will also be collected for nutrient
orthophosphate (OP), NOx (NO3

- + NO2
-), ammonium (NH4

+), and urea analysis and OX-MIMS
analysis every 24 hours for three days. These samples will be collected directly from each inflow
and outflow sediment core after allowing the water to overflow a 100 mL beaker. A designated
(control, NH4

+, or NO3
-) 60 mL syringe will be used to collect water from the bottom of each

beaker and used to fill the corresponding four 15 mL falcon tubes for nutrient analysis with a 0.2
µm nylon filter after rinsing both the syringe and filter with 5 mL of site water. The nutrient
samples will be stored frozen until analysis on the Lachat QuikChem© 8500 Flow Injection
Analysis System at Wright State University.

11 Methods for Chemical Analysis of Water, Soil, Sediment, and
Vegetation

11.1 Water Chemistry Analytical Methods

Water samples will be analyzed for a suite of biogeochemically relevant species including
nutrients and major cations and anions following standard chemical procedures (Table 5). Most
surface and ground water samples will be analyzed for TP, TN/TKN, nitrate and nitrite (NO2+3),
ammonium, and DRP (a.k.a., SRP). When logistically feasible, total TDN, TDP, dissolved
reactive silica, and TSS will also be measured, as well as other major cations and anions
(including sulfate, bromide, fluoride, chloride, calcium, sodium, magnesium, potassium,
carbonate, and bicarbonate). Based on logistics and capacity, some labs may use different
specific protocols or analytical equipment (e.g., nutrient flow analyzers from different
manufacturers) to measure the same analyte. In any case, for any analyte for which multiple
research labs are contributing data, an annual “round robin” sample analysis QA/QC event will
ensure reproducibility and agreement across research labs. In addition, each lab will follow
standard QA/QC procedures and document these outcomes of QA/QC assessments following
instructions described in the Field, Lab, and Computation Operations Manual. “Dissolved”
species will be defined as those that pass through a 0.45 µm nylon membrane filter. All samples
for biologically reactive species, particularly inorganic nutrients, will be kept at 0-4°C after
collection and, if preserved (by acidification or freezing), analyzed within 28 days. If not
preserved, the analysis will be done as soon as possible after sample collection but no later than
48 hours.
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Table 5. Overview of analytes and detection methods for analysis of water samples collected by the H2Ohio
Wetland Monitoring Program. Unless stated otherwise, these analyses will be completed on water samples that have
been filtered through 0.45 µm nylon membrane filters. *Protocols are included for measuring cations and anions so
that is specified in this plan, however, that will only be measured when it has been determined that such
measurements add significant value to achieving Project goals.

Analyte Detection Method Method(s)

Nitrate + Nitrite (Nox) Nitrate reduction by cadmium to nitrite, followed by
colorimetric detection of nitrite

USEPA Method
353.2

Soluble Reactive Phosphorus Molybdate blue colorimetric USEPA Method
365.1

Ammonium Indophenol blue colorimetric USEPA Method
350.1 Rev 2.0
(1993)

Total Dissolved Phosphorus and
Total Dissolved Nitrogen

Hot persulfate digestion followed by colorimetric
determination of SRP and NO3+NO2

APHA 4500-P J.

Total Phosphorus and Total
Nitrogen (unfiltered)

Hot persulfate digestion followed by colorimetric
determination of SRP and NO3+NO2

APHA 4500-P J.

Total Kjeldahl Nitrogen Hot sulfuric acid hydrolysis of organic N compounds to
ammonium followed by colorimetric detection

USEPA Method
351.2, Rev 2.0

Major anions (fluoride,
bromide, nitrate, chloride,
sulfate, and phosphate)*

Ion chromatography APHA 4110,
USEPA Method
300.0

Cations (calcium, magnesium,
potassium, and sodium)*

Inductively Couple Plasma-Optical Emission
Spectroscopy

USEPA Method
6010D

Total Suspended Solids Gravimetric measurement of particulate matter
accumulated on 47 mm glass fiber filter (~1 um pore size,
Pall A/E or Whatman GF/F)

USEPA Method
160.2

Turbidity (unfiltered) Hach 2100Q turbidimeter USEPA Method
180.1

11.1.1 Soil Chemistry Analytical Methods

Soil and sediment samples will be analyzed for a standard set of parameters according to
standard protocols (Table 6) to indicate basic soil characteristics and nutrient biogeochemistry.
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Table 6. Basic Soil Analytical Methods. The basic set of analytical methods that will be completed in soil and
sediment samples from all wetland Projects monitored by the H2Ohio Wetland Monitoring Program.

Analysis Procedure

Bulk Density Standard procedures for volumetric soil sampling

Soil Moisture Gravimetric change after drying at 60 degrees C

Loss on Ignition Gravimetric change following combustion at 550 deg C

Soil pH pH electrode in a soil-0.01 M CaCl2 suspension 1:1 w/v (g/mL)

Total Organic C:N Elemental Analyzer (Costech) or analysis with a Shimadzu TOC-LCPH which
determines TOC by the difference of total carbon and total inorganic carbon. TN will be
determined by alkaline persulfate digestion followed by cadmium catalyzed reduction of
nitrate and determination of nitrate using U.S. EPA Method 353.2

Mehlich
3-Extractable
Nutrients and Metals

Extraction with Mehlich 3 solution (0.2 M Ch3COOH + 0.25 M NH4NO3 + 0.015 M
NH4F + 0.013 M HNO3 + 0.001 M EDTA) followed by detection of P, Fe, and Al with
ICP-OES

Water/Salt-Extractab
le Nutrients

Extraction with water or dilute salt followed by colorimetric detection of SRP, NH4, and
NO3

Total Extractable P,
Fe, Al, and Ca

Hot acid extraction (supported by hot block or microwave digestor) followed by
ICP-OES detection

11.1.2 Plant Tissue Nutrient Analysis

TP and TN content of vegetation will be determined using the same protocol used to
determine TP and TN for soils, i.e., alkaline persulfate digestion followed by determination of
ortho-phosphate and nitrate.

12 Data Management

The H2Ohio Wetland Monitoring Program includes components that will be implemented by
many individuals at multiple institutions. Ultimately, adherence to rigorous data management
procedures will not only ensure data quality and integrity but will facilitate comprehensive
synthesis of information among and across all Projects implemented for H2Ohio by the ODNR.
All data collected for the H2Ohio ONDR Wetland Monitoring Program will be managed
according to best practices for modern, open data workflow to ensure data integrity and
accessibility (Borer et al. 2009, Lowndes et al. 2017, Wilson et al. 2017, Broman and Woo
2018). After raw data has been collected, processed, appropriately documented and assessed for
quality assurance and quality control following measurement-specific protocols, derived data
products and their associated metadata and protocols will be made broadly available for use and
analysis by other researchers, agencies, stakeholders, and the public. Data Management Plan
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sections of Project-Specific Monitoring Plans will clearly lay out the roles and responsibilities of
Monitoring Program personnel to ensure data integrity while permitting the flexibility necessary
in a multi-institution, multi-disciplinary program of this scope.

12.1 Roles & Responsibilities

Each institution will designate one or more Research Leads (i.e., PIs) responsible for
managing the data collected by personnel working at that institution. Research Leads will train
personnel in general data management best practices and Project-specific data management
protocols, and they may delegate data management tasks to members of their research teams.
Each Research Lead is ultimately responsible for the proper management and quality assurance
of data collected within their group up to and including the level of processing at which data and
associated information (including metadata and relevant notes) are transferred to a central data
management professional. At the initiation of the Monitoring Program, the Research Project
Coordinator will serve the role as Chief Data Manager (See 1.2 H2Ohio Wetland Monitoring
Program Structure & Personnel). The Research Project Coordinator will implement data
tracking, synthesis, and program-wide management, with oversight by the Principal Research
Lead. Data management policies and procedures will be annually updated and adapted per the
adaptive framework (see 1.1 Adaptive Framework) of the Monitoring Program.

12.2 Field, Lab, and Computational Protocols

An upcoming Field, Lab and Computational Operations Manual will accompany this
Monitoring Plan including specific, detailed instructions and protocols for field sampling, lab
analysis, and standard computational data analysis steps. Each specific protocol will include a
subsection with guidance and instructions for data management and analysis. In each subsection,
we will clearly discuss the intended goal and the role of modeling for achieving the goal.

12.3 Physical Sample Collection, Processing, and Storage

Physical samples collected for this Monitoring Program will include water samples, soil and
sediment samples, and plant material samples. All samples collected will be assigned unique
identifiers and will be labeled in accordance with the naming conventions outlined here (and
described in detail in the upcoming Field, Lab, and Computational Operations Manual). Samples
will be processed and stored according to measurement-specific protocols. Each Research Lead
is responsible for properly storing and archiving collected material until all data generated by
that material has passed necessary QA/QC procedures to ensure data quality. A centralized
inventory and sample tracking system will be established to track the processing, transport, and
storage location of “parent” and “child” samples when material is split among multiple labs for
simultaneous analysis of different analytes. Specific details with respect to long term storage and
archiving of samples are to be determined.

12.4 Within-Project Sampling: Location and Feature Naming

Repeatedly sampled and monitored locations and features within each Project will be given
names following a unified naming system that will be used in all relevant data sets and files. Full
site names will align with Wetland Project names and numbers assigned by the ODNR H2Ohio
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Project Managers. Each site will also be assigned a unique 3 letter code for abbreviated labeling
and sample coding. All Monitoring Program personnel will be provided with guides including
site locations, names, and codes for easy reference to facilitate consistent and accurate sample
labeling and tracking. Data will be associated with geo-referenced Project, Zone, and Point
location names or codes.

12.5 Sample Coding, Labeling, and Tracking

Each sample will be assigned a unique code that documents: (1) the field crew responsible
for sample collection; (2) the Wetland Project (as determined by the ODNR H2Ohio Project
Managers); (3) the sample type; and (4) a numerical sequence identifier (e.g., 00001) written
with special characters to facilitate human- and machine-readability. All remaining information
not captured by the unique code (e.g., date, field blanks, replicate number, sampling method,
preservation, collector name, and contact information) will be recorded as metadata for the
respective sample in prescribed field datasheets. In addition, each sample will bear a unique QR
code identifier associated to the respective metadata gathered during sample collection. The QR
codes will also be used to assist with tracking sample aliquots, archives, and inventory and store
additional information that may be used to improve ease and accuracy of access. Best practices
used by well-established long-term monitoring programs (e.g., NEON) will be used to ensure the
longevity and consistency of the data. All details regarding sample unique codes and tracking
will be described in detail in the Field, Lab, and Computational Operations Manual.

12.6 Adjustments to Sampling Strategy

During the first year of data collection, sampling locations, quantity, and frequency will be
provisional to accommodate unforeseen challenges at each Wetland Project during the
implementation of the Preliminary Project-Specific Site Characterization and Monitoring Plan.
After the Project-Specific Monitoring Plan is finalized, sampling locations will be evaluated
annually, and will only be changed when a substantial event prevents accurate and frequent
sampling (e.g., unexpected but permanent water level changes). The unique identifiers for each
sampling location will be retired if that location is no longer accessible or used and will become
obsolete. The tentative frequency and number of samples to be collected during the first year will
be informed by statistical analyses and educated predictions based on the Rapid Site
Characterization and Preliminary Project-Specific Site Characterization and Monitoring Plan.
The quantity and frequency of data collection of all sample types will be iteratively adjusted to
reflect the level of resolution (i.e., temporal, uncertainty) required for the modeling exercises
within the scope of the Monitoring Program. In the event that a protocol does not meet the data
requisites of the Monitoring Program (e.g., repeatability or quality management issues), the
protocol will be revised or redirected to a method that results in a defensible improvement in data
quality.

All adjustments in sampling strategy, including protocol revisions, will be diligently
documented such that all modifications are clearly identified and justified in a dedicated section
within the annual revisions of our Monitoring Plan. Associated changes to labeling systems and
metadata will direct data files to specific versions of the Preliminary Project-Specific Site
Characterization and Monitoring Plan and/or Field, Lab, and Computational Operations Manual
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to ensure data are processed and used in accordance with the sampling strategy. The adjustment
in sample frequency, number and location should not preclude robust analysis of the data.
However, protocol changes can lead to more complex issues with data comparability and thus
will only happen if critically warranted. Additional data management measures that encompass
other scenarios within the adaptive framework (see 1.1 Adaptive Framework) will be adopted
from the NEON Data Management
(https://www.neonscience.org/data-samples/data-management) system and will be reported in
detail in the Field, Lab, and Computational Operations Manual.

12.7 Types of Data Collected

A wide variety of raw and derived data types will be collected as part of this comprehensive
Monitoring Program (Table 7). All raw data, metadata, protocols, analytical scripts used for data
processing and derivation, and data products created for the Monitoring Program will be stored
both in secure cloud folders (supported by Microsoft Teams and Google Drive) and in GitHub
repositories during active data collection, analysis, quality assurance, and processing.

Field notes will be digitized on the day of collection (by photographing and/or scanning) and
digital copies will be stored in shared cloud folders following standardized naming and file
structure conventions. Hard copies will be stored at the institution where sample processing and
data entry occurs for associated samples, until they are transported to a central location (at the
OWC NERRS) for long-term archival storage.

When possible, all raw data (e.g., raw sensor downloads, analytical machine outputs, etc.)
and derived data products will be stored as original data in non-proprietary, machine-readable
file formats (.csv) and metadata following disciplinary best practices and standards will be
associated with all files. Shared data and code used for processing and analyzing data will be
stored in shared cloud storage (e.g., Google Drive, Microsoft Teams) accessible to all relevant
personnel. Raw data will also be stored on the professional computers of the Research Lead(s)
responsible for that data set.

Finalized data sets will include clearly written information in an abstract, as well as
keywords, authorship, and funding information. All finalized data sets and derived data products
will be accompanied by metadata following a standardized format, including all relevant
information including: the main data collection objective, data description and file format(s),
important dates (i.e., collection start and end dates, large data gaps), references to relevant
protocols, links to protocols for “downstream” subsequent analysis and derivation of the data,
method detection limits and how values below detection limits are entered, field code names,
descriptions, and units, expected ranges and formats for individual variables, and contact
information of personnel responsible for collection and management of that data set. Metadata
for sensor collected data will include standard information about sensor manufacturing and
design, sensor calibration, and sensor deployment and retrieval events, and flagging to denote
instances when data should be screened like out-of-water events.
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Table 7. This table includes a selection of the kinds of data to be collected. Detailed protocols to be included in the
H2Ohio Field, Lab, and Computational Operations Manual will include measurement-specific data management
guidance in accordance with the framework and Management Plan outlined here.

Data Product Select Parameters Formats

Images Photographs, digitized handwritten field and lab notes Image formats
(e.g., .jpg, .pdf)

Aerial and Drone
Photography and Remote
Imagery and GIS Products

Multiband (VIS/NIR/mid-IR/red-edge) images, Normalized
Difference Vegetation Index (NDVI), Modified Normalized
Difference Water Index (MNDWI), Digital Elevation Model
(DEM)

Raster files

Spatial Data Spatially explicit data including Elevational Surveys,
Vegetative Pathes, Hydrological Models, Geo-referenced
sample points and HBGM Zone boundaries

GIS files, Raster
Files, Tabular

Photography Images taken by field personnel and participatory scientists .jpeg

Sensor Data Water level, flow rate, specific conductance, temperature,
pH, dissolved oxygen

Tabular, Text

Water Quality Major ion and nutrient concentrations Tabular, Text

Soil Geophysical
Measurements

Electrical and ground-penetrating radar, soil conductivity
and resistivity, soil chargeability, radar travel times

Raster files

Soil Characteristics and
Chemistry

Soil nutrients, texture, organic matter, Mehlich extractions,
Soil Phosphorus Storage Capacity

Tabular, Text

Plant Community Species composition, biomass, tissue chemistry Tabular, Text

Biogeochemical flux rates Stacked resin bag inorganic nutrient flux rates;
sedimentation rates; Intact core denitrification and
sediment-surface water exchange rates; nutrient budget
mass balance calculations

Tabular, Text

Processing Code (written in
R, etc.)

Calculation of derived products including flux rates;
Processing raw sensor data, etc.

text,
Rmarkdown

Statistical Output Tables Tabular, Text

Protocols Protocols developed for within-Project consistency Text with
images (.docx,
.pdf)
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12.8 Sensor-Collected Data

Continuously logging sensors will be deployed where appropriate to monitor water quantity
and quality parameters including flow rates, water level, soil moisture, dissolved oxygen
concentrations, pH, temperature, specific conductivity, and turbidity. Throughout the Monitoring
Program, specific sensors will be selected to meet these needs based on the accuracy of the
sensor technology as well as cost-effectiveness. Rather than select a single make and model of a
specific sensor to collect a particular kind of data throughout this multi-year, multi-site program,
we will use a variety of sensors that best meet our needs, while ensuring data quality and
accuracy through standardized calibration and quality control protocols, including regular testing
and inter-lab and inter-sensor comparisons. Sensors will record data at appropriate time scales
ranging from 15 minutes to daily. When and where feasible, the Program will opt for sensor
systems that facilitate near real-time data availability via LoRaWan gateways. For example,
networks of low-cost water level and specific conductance samplers at Projects where a large
number of distributed sensors will support system monitoring.

12.9 Database

Following appropriate internal quality management, all data derived from the Monitoring
Program (e.g., transcribed field notes, metadata, raw data, processed data, numerical model
outputs, master datasets, drone imagery) will be permanently stored in a database developed in
collaboration with OSU’s TDAI and Department of Computer Science and Engineering. The
objective of this database is to properly archive datasets and attributes of each site, collection and
sample while simplifying the retrieval and sharing of specific data by researchers and
stakeholders. Additionally, the database will store continuous real-time data from deployed
sensors connected to telemetry gateways. All datasets will be associated based on user- and
database-defined unique IDs for samples, collection dates, sensor type, sampling Zones, and
Wetland Projects, which will ensure all information is co-located and easily identifiable.

12.10 Dissemination Methods

Raw data, derived data products, and code will be maintained during raw data processing,
quality assurance validation, and computation in shared cloud folders and a private shared
GitHub repository, accessible to relevant Monitoring Program personnel. When resulting
Monitoring Program components are publishable, all raw data, metadata, and code used to drive
data and create figures will be saved in machine readable files (i.e., .csv) following best practices
and will be open and digitally accessible in a GitHub repository that will be assigned a DOI
using Zenodo, following modern best practice workflows for continuously updated files (e.g.,
Yenni et al. 2019).

12.10.1 Data Sharing, Public Access, and Re-use Policies

After data has passed requisite quality assurance protocols, it will be made broadly available
to researchers, agency personnel, stakeholders, and the public. Specific mechanisms and policies
for data sharing and re-use will be developed in coordination with the ODNR and specified in the
Field, Lab, and Computational Operations Manual.
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12.10.2 Ongoing and Adaptive Data Collection and Management

As we accumulate more data, we will improve conceptual and statistical models based on our
improved understanding of the underlying mechanisms, which may require us to adjust
monitoring design, e.g., changing monitored parameters and/or monitoring frequency. Metadata
will include documentation of changed data collection approaches and rationale for these
changes when necessary.

13 Data Synthesis, Computation, and Statistical Analysis

This Monitoring Program is designed with the specific objective of assessing wetland
nutrient removal function. Data analysis plans will be iteratively developed in partnership with
ODNR agency partners and other stakeholders to ensure that the Program generates meaningful
information. This information will be used to assess the success of ODNR Wetland Projects as
implemented and supports predicting future Project performance and decision making.

Specific methods for data synthesis, analysis, and interpretation will be developed by
Research Team Leads in collaboration with expert technical advisors and team members
affiliated with OSU’s TDAI and CURA. As specific data management, processing, and analysis
protocols are developed, they will be documented and explained in a Field, Lab, and
Computational Operations Manual. Because of the novel nature and scope of this Monitoring
Program, many new statistical analysis methods will be iteratively developed over the course of
the Program to enhance standard approaches like traditional mass balance nutrient budgeting
approaches.

13.1 Mass Balance Nutrient Budgeting (In Development)

Our primary objective is to assess Project-level nutrient removal using an empirical mass
balance approach. We will empirically measure and estimate all major nutrient inputs, outputs,
and storage pools based on our conceptual model of wetland P and N cycling (Figure 7). The
specific pools and fluxes that we will estimate through direct measures in Focal Projects and
through evidence-based proxies in Non-Focal Projects are listed in the Wetlands and Water
Quality: Background and The H2Ohio Wetland Monitoring Program: Guiding Principles
sections of this Monitoring Plan. Our stratified sampling approach will support the development
of synthetic and statistical computations to scale-up measures taken at sub-ecosystem and
sub-annual scales to estimate appropriate central tendencies, variability, and uncertainties in
nutrient flux and storage measures. Specific approaches will be developed during the Monitoring
Program’s first year and documented in the Field, Lab, and Computational Operations Manual
and described briefly in future versions of this annually updated Monitoring Plan.

13.2 Total P Retention Threshold Assessment: Model Developed for
Flow-Through Wetlands

Research Team Member Song Qian has developed a statistical model that will support a very
specific aspect of wetland nutrient retention within a specific scope: the total P retention
threshold of flow-through wetlands with high temporal resolution and extent (i.e., sampling at
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sufficient temporal frequency for many years) data on inflow TP loads and outflow TP
concentrations. In collaboration with the OWC NERRS, Qian further developed the so-called
“hockey stick” model to demonstrate its applicability in flow-through wetlands with sufficient
data collected from long-term monitoring. Although OWC’s Routine Monitoring program was
not designed for quantifying the long-term TP retention capacity, data from OWC of input and
output nutrient concentrations meet the requirements of the hockey stick model (long-term
regularly monitored TP concentrations and daily inflow to the wetland).

Based on ecological studies of major mechanisms of P retention in wetlands, e.g., Richardson
(1985), and the available data (long-term regular monitoring of inflow and outflow
concentrations), it was deemed that the empirical model developed based on an Everglades
wetland (Qian and Richardson 1997) would apply to flow-through wetlands in the Great Lakes
region. The model assumes that effluent P concentrations of a flow-through wetland are low and
stable when the loading rate is below the retention capacity of the wetland. The model predicts
no or little changes in outflow TP concentrations as input TP loading increases initially.
However, the input TP load exceeds the wetland's threshold retention capacity, the effluent P
concentration increases and becomes more variable as the loading increases, forming a
characteristic “hockey stick” shape when outflow TP concentrations are graphed with TP loads
(Figure 8).

The hockey stick model thus has four parameters (Qian and Richardson 1997). To properly
estimate hockey stick parameters, regularly monitored data of P loading (calculated using TP
concentration and input flow) and effluent P concentrations are necessary. Furthermore, to
quantify the retention capacity, the loading data must be widely distributed to include the
retention capacity inside the range of loading data. Accordingly, Qian et al. proposed a
monitoring protocol that includes regularly sampled input flow and P concentration, and outflow
P concentration with sampling evenly distributed across different loading scenarios. High
loading and high concentration events are equally important as low loading and low
concentration events.

When resources and wetland structure permits, the H2Ohio Wetland Monitoring Program
aims to monitor flow-through wetlands to generate data that could be used along with the hockey
stick model to identify TP retention thresholds. Because the hockey stick model is proposed for
estimating the long-term retention capacity, long-term monitoring is necessary to obtain a wide
range of input loading rates. As in most statistical problems, a general answer to questions such
as how long is long enough and how large a sample size is large enough does not exist. They
depend on the nature of the data, specifically, the variability of the data. Using the OWC
monitoring data, Qian et al. developed a Bayesian hierarchical modeling framework to pool data
from multiple wetlands in order to reduce the need for extensive sampling at a given wetland.
Based on the hierarchical model developed using data from several wetlands in Ohio, they
estimated the probability distributions of hockey-stick model parameters. These distributions can
be used as priors when developing a wetland-specific model. They also developed an algorithm
for estimating the necessary sample size to achieve a pre-decided level of accuracy in the
estimated retention capacity. The hierarchical model derived from prior distributions and the
sample-size estimation algorithm can be readily applied to data from H2Ohio wetlands. With the
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estimated retention capacity and the monitored input loading rate, we can derive reasonable
estimates of TP retention in a wetland.
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