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CHAPTER 1: PURPOSE
A Process-based Approach

This guide provides the foundation for a process-based approach to wetland management by
incorporating the historical and current landscape setting into decision making. What is the
landscape setting of a wetland? It is the surrounding area that influences the structures,
processes, and patterns of abiotic and biotic components of a wetland through time. The
landscape setting does not have a fixed boundary in time or space. As such, wetland management
is inherently multi-disciplinary, requiring the integration of available information on formative
processes, climate, hydrologic conditions, soils, geomorphic surfaces, biological processes,
human-induced changes, and life-history requirements of key plants and wildlife. When changes
within the landscape setting pre-date the written record, traditional ecological knowledge and
archeological evidence are essential resources to inform the abiotic and biotic components.

Because process-based management is relatively young (compared to other disciplines),
practitioners often lead the science by observing, documenting, experimenting, and adapting
(Apostol 2006). The process-based approach presented in this guide encourages wetland
managers and biologists to think critically, take a holistic approach to making informed
decisions, implement and document on-the-ground actions, observe, and learn from the habitat
and wildlife responses to those actions. Wetland management often requires creative solutions
and is therefore as much an art as it is a science. This guide is not prescriptive and will not tell
you what to do when. Rather, the intent is the following:
1. Provide a foundation for synthesizing processes, structures, and patterns of abiotic and
biotic components of each wetland,
2. Integrate the concepts of ecological thresholds and disturbance dynamics into wetland
management;
Identify mechanisms of a successful management approach;
4. Describe management strategies that have successfully been applied to wetlands in
Hawai‘i; and
5. Provide examples of wetlands where practitioners have integrated multiple management
strategies enabling native and other beneficial plants to outcompete invasive species.

[98)

Managers must develop an appreciation and curiosity for learning how abiotic and biotic
components interact to determine dynamic wetland processes at multiple spatial and temporal
scales and, in turn, influence waterbird use of wetlands.

Wetland management requires knowledge of ecosystem processes, plant and animal life
histories, abiotic site conditions (past and present), and capabilities (Gray et al. 2013, Heitmeyer
et al. 2013). Although the interest in wetland management in Hawai‘i often stems from recovery
of endemic, endangered waterbirds, it’s the physical processes and abiotic conditions that drive
plant and invertebrate response and hence, use of wetlands by endemic waterbirds.
Understanding both biotic and abiotic components is a required upfront time commitment to
increase effectiveness of management actions.

To achieve functional habitat conditions, managers must link formative processes, abiotic
conditions, and resources required during different life-history stages of target species into their



thinking as a basis for scientifically informed decision making. Examples of poor wetland
management and restoration designs that did not consider abiotic factors can be found across the
U.S. and often resulted in increased long-term costs with reduced ecological benefits. Focusing
management on just one life-history stage (e.g., nesting) of a species does not assure resources
are available to meet the sequential needs of life-history stages necessary for maintaining
sustainable populations of wetland-dependent wildlife. This is especially true for endemic
waterbirds that rely on wetland habitats within Hawai‘i to support all life-history events.

Hawaii’s Unique Wetland Challenges

The Hawaiian Islands are the most remote island chain in the world, contributing to its high level
of species endemism and lack of mammalian predators until settled by humans. The islands are
formed by volcanic activity as the Pacific lithospheric plate drifts west-northwestward
approximately 3.5 in/yr over a convective plume or “hotspot” in the mantle of the earth that has
remained relatively fixed for the past 40 million years (Clague 1998). Plant and animal
distribution patterns in time and space are related to geologic processes that have created about
107 separate shield volcanoes with diverse habitats in the Emperor Seamount Chain and younger
Hawaiian Islands (Clague and Dalrymple 1987). The Hawaiian Archipelago currently includes
15 volcanoes across 8 main islands (Ni‘ihau, Kaua‘i, O‘ahu, Moloka‘i, Kaho‘olawe, Lana‘i,
Maui, and Hawai ‘i), and numerous volcanoes, mostly submerged, older than 7 million years in
the northwestern Hawaiian Islands. Wetlands historically occurred on all eight main islands and
several of the northwestern Hawaiian Islands.

All of Hawaii’s extant, year-round resident waterfowl, rails, and shorebird species are endemic to
the islands and are federally listed as endangered. They are considered conservation reliant
because their threats need to be managed to ensure self-sustaining populations persist (Scott et al.
2010, Goble et al. 2012, Reed et al. 2012). The U.S. Fish and Wildlife Service (USFWS)
identifies wetlands as biologically important (601 FW1) and eessential to the downlisting of
species of endangered waterbirds (USFWS 2011). Many of the wetlands in Hawai‘i, both large
and small, require on-going management to maintain functional wetland habitats beneficial for
endemic waterbirds.

Advances in wetland ecology are largely based on research and management of wetlands on
continents, including Canada and the mainland U.S. in North America, Europe, and Australia.
Although wetlands on islands, including those in Hawai‘i, have many unique characteristics,
they also share similarities with wetland habitats around the world. For all wetlands, biotic and
abiotic processes, particularly hydrologic disturbance dynamics, drive wetland function. Even
though they are not well-studied within the islands, disturbance dynamics, flood pulses and
drought, ecological thresholds, non-linear succession, metapopulation dynamics, and dispersal
patterns are features of wetlands in Hawai‘i. The challenge lies in how to apply current
knowledge to advance management of wetlands in Hawai‘i.

Cultural resources are a significant component of natural resource management in Hawai‘i,
especially on floodplains and coastal plains where kalo lo‘i (taro fields) were constructed.
Irrigated wetland agriculture pre-dates the written record going back about 3,000 years. Many
projects in Hawai‘i aim to restore and manage both cultural and natural resources of wetlands.



Both provide a role in supporting endemic waterbirds; however, the resources they provide vary.
Differences in species composition and vegetative structure contribute to differences in aquatic
invertebrates (USFWS unpublished data). Koloa maoli use kalo lo‘i and managed herbaceous
wetlands for different activities throughout their annual cycle (Malachowski and Dugger 2018).
Both wetland types contribute to the recovery of endangered waterbirds and management of
these systems can inform each other. For example, nutrient cycling in managed herbaceous
wetlands can inform best management practices for fertilizing kalo lo‘i. Likewise, management
actions that “re-set succession” in kalo lo‘i (e.g., wet tilling) can inform management of
disturbance dynamics in seasonal herbaceous wetlands. Management of kalo lo‘i for waterbirds
is outside the scope of this guide; however, other resources are available to enhance management
of kalo lo‘i for endemic waterbirds (e.g., Uyehara 2004, NRCS 20009).

Kalo lo ‘i with emergent wetland vegetation, Hanalei National Wildlife Refuge. Photo by Adonia Henry.
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CHAPTER 2: GETTING STARTED

Disturbance Dynamics

Despite the significance of disturbance dynamics in wetland ecology, it has been adapted rather
slowly by wetland practitioners. This is, in part, due to the historical lack of understanding about
wetland functional dynamics, social and/or cultural misperceptions of natural systems as stable,
and the desire to maximize a populations or reproductive success of a species every year
(Middleton 1999). The same applies to habitat conditions — there is a desire to have consistent
water every year. Managers have often attempted to maintain static water levels in wetlands,
which has had a detrimental effect on wetlands world-wide (Keddy 2010). For example,
wetlands with stabilized hydroperiods are dominated by one or a few species, have reduced
decomposition rates, accumulated detritus, and/or form an anoxic zone (Keddy and Reznicek
1986, Magee 1993, van der Valk et al. 1994, Shay et al. 1999, Cronk and Fennessy 2001).
Stabilized water levels have also contributed to long-term population declines in waterbird
populations. Steen et al. (2006) suggest that North American species closely related to alau ula
and alae keokoe are at high to moderate risk from stabilized water levels. Although mallard,
which is the most closely related duck species to koloa maoli, was classified as low risk, four
other species of dabbling ducks were classified as moderate. Stabilized water levels eliminate the
dynamic patterns that allow a diversity of microhabitats and associated wetland-dependent birds
to thrive (Steen et al 2006). These conditions lead to decreased long-term wetland productivity
(Brinson et al. 1981, Wilcox and Meeker 1991, Wantzen et al. 2008).

Suggested Steps

Understanding key processes and disturbance dynamics that created and sustained natural
wetlands is one of the most important components of developing wetland management strategies
(Middleton 1999, Keddy 2010, Heitmeyer et al. 2013). Thus, the first step to developing a
successful management program entails identifying abiotic components of the landscape setting
for the wetland (Table 1). Abiotic components include geologic setting, soils, climate, hydrologic
inputs, and geomorphic surfaces. These factors interact to determine the landforms that support
wetland types across the islands. Anthropogenic modifications affect the structure, processes,
and patterns of these abiotic components and should also be evaluated as part of this step.

Step 2 requires identifying the structures, processes, and patterns of the biotic components and
associated changes through time. Traditional ecological knowledge, studies from paleoecology
and archeology, and written historical records should be used to describe the historical biotic

components. Life-history requirements of plants and animals should continually be updated as
more information becomes available.

“There is no easy formula for

Mechanisms of physical and process-related change success...beyond the need to develop
through time are determined based on scientific evidence a plan, frequently monitor plant
and interpretation of the observer (e.g., Moss 2007). and wildlife responses, and keep

Combining reductionist and holistic approaches to wetland detailed records of natural

management allows creative and informed decision-making conditions, management actions
when kr}owledge about the compl(?Xle of thg wgtland T ——
system is incomplete. After the abiotic and biotic (Strader and Stinson 2005:3)

11



components have been synthesized, you have the foundation to build a solid management
approach (Step 3) and identify management strategies and actions (Step 4). Lastly, keeping
detailed records of your management actions, evaluating habitat and wildlife responses, and
sharing results from successes, unanticipated outcomes and failures are critical to advancing the
effectiveness of wetland management and endangered waterbird recovery efforts. Wetland
management encompasses a broad range of disciplines from biology to hydrology and soil
science. Therefore, common terms used in the management of herbaceous wetlands are listed in
Table 2.

Table 1. Steps for developing, implementing, and evaluating process-based wetland management.

Steps

1. Identify abiotic components of the landscape setting.
a. Describe structure, processes, and patterns of abiotic components.
b. Identity historical disturbance dynamics.
c. Assess changes in physical structures.
d. Assess changes in physical processes.
2. Identify biotic components of the landscape setting.
a. Identify biotic drivers.
b. Compile life-history requirements of plant and animal species.
c. Assess changes in biota at multiple temporal and spatial scales.
3. Define your management approach.
a. Engage people with different expertise and experiences.
b. Identify available resources
c. Develop habitat-based goals and objectives.
4. Identify management strategies and actions.
a. Link abiotic factors to life-history requirements
b. Restore or manage for disturbance dynamics
c. Increase resiliency to adapt to future change
5. [Evaluate, adapt, learn, and share.
. Identify an approach to gather scientific information and evaluate results of management actions.
b. Keep detailed records of management actions.
c. Assess plant, habitat, and wildlife responses to management actions.
d. Adapt management strategy.
e. Share results.

[}
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Table 2. Terminology commonly used in management of herbaceous wetlands.

Term

Definition

Ecological
Aquatic invertebrates

Beneficial plants
Decadent vegetation
Disturbance

Organic matter

Seed bank
Succession

Hydrological
Drawdown

Flood-up, Reflood

Groundwater discharge
Groundwater recharge
Hydrodynamics
Hydroperiod

Infiltration
Overbank flooding

Sheetflow
Storm surge

Storm tide
Soil
Drying-rewetting cycle
Mineral soil
Organic soil

Pore space
Soil organic matter

For the purposes of this guide, this refers to macroinvertebrates (those big enough
to see without a microscope) that spend at least part of their life in or are
associated with water.

Native and naturalized plant species that are not invasive and provide forage
(nutrients) and/or cover for resident, endemic, and migratory waterbirds. They
also provide forage and substrate for aquatic invertebrates.

Overgrowth of wetland vegetation that alters natural ecological processes.
Abiotic (e.g., flood scour) or biotic (e.g., herbivory) process that re-sets
succession.

Carbon-based compounds from recently living organisms. In wetlands, organic
matter often refers to dead or senesced portions of plants.

Natural storage of seeds, often dormant, in or on the soil.

Change in wetland vegetation over time driven by disturbances and the maturation
of plant species

Decreasing water depth and removal of surface water from a flooded wetland that
exposes the substrate to air. This may occur naturally though evapotranspiration,
flow through a natural swale or outlet, infiltration into the soil, and/or though
active management of water through an outflow structure.

Increasing water in a previously dry wetland. This may occur naturally by rainfall,
groundwater discharge, overbank flooding, on-shore storm surge, and/or by active
management of water though an inflow structure.

Movement of groundwater from the subsurface to surface

Movement of water from the surface to the subsurface

Movement of ground and surface water to, through, and from a given wetland.
Temporal fluctuation in water on a wetland, including depth, duration, extent, and
timing of water present.

The process by which water on the ground surface enters the soil.

Water that spreads into a river’s floodplain when water inputs are higher than
normal.

Flow of water over land.

Change in water level generated by a storm with high winds over and above the
predicted astronomical tide.

Combination of the storm surge and astronomical tide. Total water level rise
during a storm, which is equal to the storm surge and astronomical tide

Alternating presence of air and water in the soil pore space.

Soil with <18% organic carbon and varying amounts of sand, silt, and clay. If a
soil feels gritty or sticky, or resists compression, it is mineral soil.

Soil with >18% carbon. If a soil compresses easily (e.g., has almost no internal
strength, or feels greasy when rubbed it may be an organic soil. Typically they are
very black, porous, and light in weight.

Voids in the soil that contain water and air.

Derived from carbon-based organic materials of plants, animals, and
microorganisms.

Texture The relative proportion of sand, silt and clay (soil particles < 2 mm) that make up
the mineral fraction of soil.
Topsoil The uppermost layer of soil where most of the biological soil processes occur.
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CHAPTER 3: IDENTIFY THE ABIOTIC COMPONENTS

The value of abiotic conditions and the accessibility of long-term datasets and historical maps
has increased substantially since wetland management at state and federal protected areas in
Hawai‘i began during the 1970s. Paleoecological and archeological studies on the main
Hawaiian Islands have provided evidence to characterize biological communities prior to human
settlement that enables development of hypotheses about pre-historical conditions and how
lowland ecosystems transformed through time. Synthesizing diverse historical records identifies
the landscape setting that shaped ecosystem processes and increases our understanding of the
dynamic nature of wetland landscapes (Swetnam et al. 1999). Understanding pre-historical and
historical processes and ecosystem change through time better informs management actions
resulting in a higher resiliency of wetland systems to adapt to future change.

Geologic Processes

Hawaii’s volcanic origin and the porous nature of thin shield building lava flows combined with
vertical dike lava formations along rift zones and calderas influences infiltration, which has
profound effects on surface and subsurface water movements within the islands. Subsidence and
other geologic processes, including slumping and landslides due to slope instability, chemical
weathering, erosion, sedimentary deposition, and eustatic fluctuation of sea level, have shaped
the current landforms on the Hawaiian Islands. The movement of water drives erosion and
determines the distribution and depth of sediments that develop into soils from volcanic parent
materials.

The rate of lava eruption and position of the volcano’s summit relative to sea level determine the
eruptive activity, composition, and morphology of each volcano (Clague 1998). The volcanoes
on the older islands are more weathered with broad coastal plains and developed drainages that
have relatively wide floodplains near the coast. The prominent mountains on Kaua‘i, O‘ahu, and
Maui Nui are remnants of older shield volcanoes ranging in age from 5 million years on Kaua‘i
to about 1 million years on Maui. The oldest exposed lavas on the island of Hawai‘i are 460,000
years old for Kohala and about 250,000 years old for Mauna Kea; Mauna Loa is nearing the end
of its shield stage; whereas, Kilauea is in the explosive phase of shield building (Clague 1998).
Younger post shield and rejuvenated-state lavas are present on all the islands. As shield
volcanoes build, the Pacific plate warps under the weight of the multiple, massive lava flows
causing the shield volcanoes to subside.

Volcanic basalt holds vast quantities of freshwater contributing to perennial stream flows. The
broad coastal plains developed from alternating marine and alluvial deposits during fluctuating
periods of eustatic sea level rise when either marine or terrestrial processes dominated.
Decomposed or partly decomposed basalt beneath coastal plain sediments in some areas suggest
that the basalt was deeply weathered before submergence and formed an effective cap rock
(Stearns and Vaksvik 1935). These sedimentary deposits that form caprock aquifers confine
freshwater basalt aquifers below them. Groundwater discharge from springs in the sedimentary
deposits sustain wetlands on leeward coastal plains despite high evapotranspiration and low
precipitation (see Hydrologic Drivers section).
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Soils

Variable soil characteristics, including surface and subsurface soil texture, influence
hydrodynamics — how water moves into, through, and out of wetlands. Soils on the main
Hawaiian Islands are incredibly diverse given the islands relatively small land mass with soils
described for 11 of the 12 soil orders (the highest soil taxonomic classification) and 232 soil
groups (Gavenda et al. 1998, Lau and Mink 2006). Likewise, soil characteristics of wetlands in
Hawai‘i are highly variable (Bantilan-Smith et al. 2009), which is expected given the variation of
formative processes in Hawaii’s coastal lowlands. Forty wetland sites sampled by Bantilan-
Smith et al. (2009) revealed 4 soil orders (plus lava) and 15 soil series. Soil formation is
influenced by parent material (e.g., volcanic basalt, ash), local climate, slope and drainage
conditions, surface and subsurface movement of water, nature of organic material added to or
removed from the soil, and time the substrate exposed to weathering.

The earliest known soil survey for the main Hawaiian Islands was conducted during 1939 and
published following World War II (Cline 1955). Because it was completed primarily for
agricultural purposes, soils in some areas were described from comprehensive field work based
on soil survey transects between 1/8 and 2 mile apart. Thus, in some areas such as the north
shore of O‘ahu, historical soil survey interpretations were more detailed than later mapping
efforts. This historical data can be used to inform native soil distribution prior to land use
changes that modified soils and generate hypotheses about historical wetland communities
(Henry and Fredrickson 2013). Soils were mapped again during the 1970s based on 1965 field
work and interpretations of aerial photographs using updated soil taxonomy (Foote et al. 1972).
Soil data continue to be updated by Natural Resources Conservation Service and area available
on-line (https://websoilsurvey.sc.egov.usda.gov).

Climatic Drivers

Climatic conditions determine the amount, type, and pattern of seasonal, annual and long-term
water inputs into wetlands. They also influence rates of drying from wind, temperature,
humidity, and evapotranspiration. Hawaii’s subtropical climate has two seasons that are
described by the ancient Hawaiians as kau wela (hot season) and ho‘oilo (causing to sprout).
During summer, trade winds occur over 80% of the days. The warm, dry season is generally
from May through September and the cooler, wet season is from October through April. At any
given elevation near sea level, temperatures have relatively low variability with a 10-15°F
diurnal range and annual variation of only 9°F (Giambelluca and Schroeder 1998). Given the
mild climate, Hawai‘i has a year-long growing season. Although this makes control of invasive
plants challenging, it also provides year-round opportunities for managing native and other
beneficial plants.

In contrast to temperature, precipitation is highly variable. Due to the orographic effects of
mountain ranges and wind patterns in Hawai‘i, rainfall patterns vary greatly over relatively short
distances and short temporal scales. For example, median annual rainfall increases more than
100 inches over 4 miles from the town of Kahuku (40 inches) to the headwaters of the watershed
in the Ko‘olau Mountains (150 inches) on O‘ahu (Liao 2003). Extremes in precipitation are
important drivers in wetland systems. These extremes cause flood pulses and drought, which are
important components of long-term water-level fluctuations and drivers of wetland function and
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structure (Middleton 1999, Wantzen et al. 2008). Annual precipitation can range from about 50%
to more than 200% of the long-term average. Daily extremes in rainfall can range from about 4
inches (occurs every 2 years) to more than 12 inches (every 100 years) on the Kahuku coastal
plain (Liao 2003).

Interannual and interdecadal variation in precipitation results from the El Nifio-Southern
Oscillation (ENSO) cycle and the Pacific decadal oscillation (PDO). During El Nifio events,
rainfall tends to be below average, where drought can last for two seasons during winter and
spring (Chu and Chen 2005, Chu 1995). In Hawai‘i, El Nifio events coincided with the 10 driest
years from 1890-1980 (Schroeder 1993). Low winter rainfall also occurs when the PDO is
positive with approximate 30-year cycles between wet (1946-1977) and dry periods (1974-2001)
(Chu and Chen 2005). Rainfall patterns also reflect the interaction of ENSO and PDO cycles.
The driest winters occur during El Nifio events and a positive PDO phase while the wettest
winters occur during La Nifia and a negative PDO phase (Chu and Chen 2005).

Wetlands on the windward side of the Hawaiian Islands typically receive more precipitation
compared to those on the leeward side. Cold fronts, which are responsible for Hawaii’s trade
winds, pick up a large amount of moisture as they move across the warm Pacific Ocean. As these
air masses move up the mountain slopes, temperatures cool and the air can no longer hold as
much moisture and orographic rainfall occurs. The trade wind-associated temperature inversion
prevents air flow from going over tall mountains such as Haleaka on Maui. As a result, air is
forced to move around Haleakala through the isthmus where the Kealia plain experiences very
high winds. In contrast, air masses go over the lower elevation Mount Wai‘ale‘ale resulting in
lower wind speeds on the Mana coastal plain on the leeward side of Kaua‘i. Kona winds can
bring heavy rainfall to leeward sides of the islands as low pressure areas develop northwest of
the main islands, move eastward, and then bring warm air masses from the south. The number of
Kona storms is highly variable each year; whereas, cold fronts that produce trade winds and
orographic rainfall are much more common.

Hydrologic Drivers

Of the complex processes in wetlands, the pattern of water-level fluctuation is the dominant
physical process that influences primary productivity, decomposition, nutrient cycling, chemistry
(e.g., salinity), species richness, and the distribution of plants and animals (Mitsch and Gosselink
2000, Jackson 2006, Mendelssohn et al. 2014). This pattern of water-level fluctuation, which is
commonly referred to as hydroperiod, includes the depth, duration, extent, and frequency of
flooding. The variability of hydrologic conditions within a wetland and across wetland types
creates disturbances (e.g., flooding, drought) that provide opportunities for regeneration, non-
linear succession, and maintenance of biota (Keough et al. 1999, Middleton 1999). For example,
flood tolerance is the primary constraint on diverse wetland plant communities because plants
must be able to adapt to low oxygen levels in the soil (Keddy 2010). In contrast, drought is a
primary driver of competition among wetland plants (Merlin et al. 2015).

Hydrologic conditions, which are driven by precipitation, surface water flows, and groundwater,

interact soils to create diverse and dynamic wetlands across multiple landforms and geomorphic
surfaces. When precipitation falls on porous volcanic substrates, water infiltrates and moves
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through subsurface strata. On the island of O‘ahu, it is estimated that 16% of precipitation
returns to the ocean as surface runoft, 44% evaporates (or is transpired), and 40% infiltrates to
recharge the basal aquifer at a rate of 1,229 ft¥/s (792 Mgal/d; Nichols et al. 1996, Zeigler 2002).

Surface Water

Surface water, including overland flow, streamflow and ocean water, is responsible for most of
the erosion on Hawaii’s volcanic basalt. Drainage basins that have eroded down to intersect dike-
impounded groundwater and/or receive groundwater from high or low elevation springs
generally have perennial flows to the ocean. Streambeds above the water table can loose water
creating intermittent or ephemeral non-perennial flow conditions. Streamflow in streams is
highly variable due to the spatial and temporal patterns of rainfall across the main Hawaiian
Islands. As erosional surfaces progress, relatively broad floodplains form at the low elevation
depositional zone of perennial streams. Although perennial streams are distributed across most of
the island of Kaua‘i, they are concentrated on windward sides of O‘ahu, Maui, Moloka‘i, and
Hawai‘i islands.

Streamflow through coastal floodplains results in diverse substrates characteristic of fluvial
systems, which are underlain by fluvial and marine deposits from rising and falling sea levels.
For example, fluvial sands, silts, and muds of the Hanalei River bury marine sands in the
backshore and across the coastal plain (Calhoun and Fletcher 1996). Rates of fluvial sediment
deposition across the floodplain vary, generally decreasing from with distance from the river
bank (Calhoun and Fletcher 1999). Meandering streamflow and associated sediment transport
across even small floodplains create crevasse splays, point-bars, back swamps, and abandoned
channels. Varying particle size, soil texture, thickness of deposits, and origin of subsurface
deposits influence water holding capacity of floodplain soils and the types of wetlands they
support.

Where rivers empty into the ocean, sand berms or “sand plugs” may close the river channel
completely forming a bay-mouth bar. River mouths with high wave exposure and small inlet
surface areas are prone to sand plugs. In Hawai‘i, this typically occurs on leeward shorelines
(e.g., Nishimura and Lau 1978), such as on the Kealia coastal plain. If a sand plug is present
during periods of high streamflow, adjacent low-lying coastal areas will likely flood when water
flows exceed the rate at which it flows through the sand plug. Under certain high flows, the
channel will open to the ocean. This is further evidence of wetland potential on leeward sides of
islands where natural flooding and drawdown conditions occurred because of streamflow and the
presence/absence of sand plugs.
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Groundwater

Freshwater basal aquifers are the most abundant groundwater
resource in the main Hawaiian Islands (Mink and Bauer
1998). Due to the density difference between sea water and
freshwater, basal groundwater extends 40 feet below sea level
for every foot of freshwater above sea level. Sedimentary
deposits (alluvium and marine sediments) on the coastal | 7
plains of older islands form caprock aquifers that confine .| &
basal groundwater. Unconfined groundwater in these '
sedimentary deposits tends to be slightly brackish. Fresh,
basal groundwater discharges through springs in overlying
sedimentary caprock or as submarine discharge into the
ocean. Caprock and coral formations on coastal plains
substantially restricts discharge in western Kaua‘i, southern
and northern O‘ahu, and the western half of Maui where basal
heads exceed 10 feet (Mink and Bauer 1998). This
groundwater discharge historically supported vast coastal
wetlands on the otherwise dry, leeward sides of these islands

(e.g., Figure 1). In contrast, most basal groundwater on the N
Kona coast of the igland of Hawai‘i discharges as §patially Figure 1. Wetlands on the Mana
and temporally variable submarine groundwater discharge coastal plain on the leeward side of
(Peterson et al. 2009). Kaua‘i circa 1910 (USGS 1910).

In addition to basal aquifers, groundwater occurs in volcanic dike complexes, lowland
sedimentary deposits/caprock aquifers, perched water tables, and stream alluvium (Lau and Mink
2006). Volcanic dike complexes, which are comprised of dense, poorly permeable, and nearly
vertical sheets of basalt in calderas and volcanic rift zones, impound groundwater at high
elevations. This dike-impounded groundwater discharges through fractures at high-elevation
springs, and/or stream valleys that have eroded through a volcanic dike. Recent geophysical
surveys suggest that volcanic dikes, perched water tables and confining strata of variable
permeability occur over extensive areas outside of calderas and rift zones, where they contribute
to increased groundwater storage not been accounted for in conventional groundwater models
(Izuka and Gingerich 2003, Thomas et al. 2017). This likely has yet undescribed effects on some
lowland wetlands.
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Anthropogenic Modifications of Abiotic Components

Anthropogenic changes to wetlands and other lowland habitats in Hawai‘i date back to the
arrival of Polynesians, expanded and intensified throughout European contact, and culminated
with the draining and filling of many wetlands during the 20" century. The transformation of
Hawaii’s native lowland habitats date back to between 800 and 1200 AD (some estimates as
early as 500 AD) when Polynesians began settling the Hawaiian Islands (Kirch 2011). Land
management practices of Polynesians integrated seasonal patterns of abiotic conditions (e.g.,
rain, wind) and spiritual connections of the land and its inhabitants (e.g., people, animals) in
agricultural and natural settings (Gon 2003). A growing human population was maintained by
large, intensive, and evolving agricultural systems for the next 1,000 years, resulting in various
ecological changes to lowland wetlands throughout the islands (Kirch 1985, Vitousek and
Beamer 2013). Geologic changes throughout the Holocene also influenced the abiotic conditions
and human settlement patterns. For example, a rapid cooling temperature and sea level decline
around 1300 AD influenced Pacific settlement patterns and shifted some coastal communities
inland, changed subsistence patterns, and ended long-distance cross ocean interaction in the
Pacific Basin (Nunn 2007).

Kalo was one of the most important food sources brought to Hawai‘i by Polynesian settlers.
Traditional ecological knowledge suggests that kalo grown in wet lowland valleys was self-
sustaining and it is described as a semi-wild ecosystem (Gon 2003). Fish and vegetation were
incorporated into wetland soils as a natural fertilizer to enhance kalo growth (Handy and Handy
1991). Archeological evidence also attributed soil erosion from intensive agriculture in wet,
windward valleys of the main islands as the cause of sedimentation in valley floors and coastal
lagoons prior to European contact. Sedimentation rates at Ukoa Marsh increased during the
Polynesian period possibly from clearing lands for agriculture and/or natural geologic changes
during the Holocene (Athens and Ward 1993).

As the Native Hawaiian population grew, kalo cultivation expanded across lowland areas and to
dry, leeward habitats. Estimates of kalo lo‘i during peak production range from 25,000 to nearly
300,000 acres (see Muller et al. 2010). Expansion of kalo agriculture likely increased the amount
and/or availability of ‘wet’ habitats, as well as the constancy or predictability of water in these
habitats. But, it also diverted water from streams, which likely modified downstream hydrology
of riverine, palustrine, and estuarine wetlands. Dryland kalo cultivation was more intensive
requiring burning of vegetation to clear and fertilize land, terraces to retain soil, and intricate
irrigation systems to deliver water from streams and overland flow (Handy and Handy 1991).
Burned vegetation (ash) and rotten kukui trees were used as fertilizer land for dryland kalo.
Because slash and burn cultivation methods in drier areas removed native vegetation it’s
hypothesized that it decreased infiltration of water, increased surface runoff, and accelerated
erosion of forest soils (Yen et al. 1972, Beggerly 1990).

Following the arrival of Europeans in 1778, alteration of native habitats drastically increased
with many introductions of non-native species (see next section) and more land-altering
activities. When combined with a for-profit, commodity approach to agriculture and industrial
advancements, the cumulative effects of European modifications to abiotic components were
much greater than Polynesian modifications. Current conservation efforts continue to address
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loss of abiotic processes and structures, as well as the loss of traditional ecological knowledge
and cultural resources.

In contrast to re-routing water within a watershed as often done during Polynesian times,
European settlers diverted water from streams and transported it to agricultural areas far from its
original watershed (Culliney 2006). Vast groundwater resources were exploited after a well
drilled on the Ewa coastal plain during 1878 discovered fresh artesian water. The head of basal
groundwater on the Ewa plain historically was 42 feet, which is now reduced by about one-half
due to extraction of groundwater (Mink and Bauer 1998).

Natural wetlands, kalo lo‘i, and rice fields were filled, ditched and/or drained throughout the
1900s to grow sugarcane and other agricultural crops. Crops were irrigated by stream flow
diverted into reservoirs. From 1922 to 1931, 2,000 to 3,235 acres of wetlands were drained on
the Mana Plain (University of Hawai‘i 2004). This was likely the largest lowland wetland
complex on the main Hawaiian Islands. Pumping stations were eventually installed on the Mana
Plain to prevent flooding and maintain artificially low groundwater levels. Military facilities
expanded during World War II further modifying Hawaii’s coastal plains. During the 1950s,
wetland loss on O‘ahu, including an attempt to drain 210 acres of Kaelepulu Pond, continued to
occur at an accelerated rate (Medeiros 1958). As tourism and the resident population increased,
wetlands were filled for hotels, condominiums, and housing developments. Roads further
changed hydrologic conditions of wetlands by blocking overland sheet flow, modifying outlets to
the ocean by channeling streams through bridges and/or culverts, and reducing or blocking tidal
flows from estuarine wetlands.
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CHAPTER 4: IDENTIFY THE BIOTIC COMPONENTS

Biotic Drivers and Disturbance Dynamics

Biological processes in wetlands are complex, ranging from biochemical processing of elements
and nutrient flux to herbivory, competition, and animals modifying the physical environment.
These biotic drivers influence the abundance and distribution of plants and, in turn, other
wetland-dependent wildlife. Biotic drivers range from birds, mammals, and fish to invertebrates
and plants. The influence of biotic drivers varies temporally depending on natural population
cycles and anthropogenic changes to biological communities. The full impact of biological
drivers in Hawaii’s lowland wetlands will likely never be

known due to the extinction of native, endemic species, such “The assumption that the
as large flightless geese and flightless rails, prior to European historically known biota of a
contact. These and other extinct species likely performed prehistorically inhabited island
critical ecological functions such as pollination, seed contains an intact complement

dispersal and scarification, and herbivory, (e.g., Olson 1990, of species in a natural state of
James 1995, Young et al. 1996). Slikas (2003) describes the
loss of biodiversity and ignorance about the ecology of

equilibrium is invalid for the

LD _ Hawaiian Islands”
oceanic islands as ‘sobering’ because hypotheses about (Olson and James 19824:635)

ecology based on only extant and historically recorded
species are likely wrong.

Wildlife has an important role in wetland nutrient cycling by making nutrients available to
primary producers via excretory processes and translocating nutrients between ecosystems. They
also indirectly affect nutrient cycling by altering prey abundance and/or species composition and
by modifying the physical environment (Vanni 2002). Litter decomposition by invertebrates in a
Hawaiian rainforest released more nitrogen than estimates of nitrogen input from rainfall, dry
deposition, volcanic sources, atmospheric dust, and nitrogen fixation (Meyer et al. 2011); it
likely has similar importance in Hawaiian wetlands. Bioturbation, the physical disturbance of
sediments by invertebrates or other organisms, can significantly affect nutrient exchange
between sediments and the overlying water. Bioturbation by oligochaetes stimulates organic
matter processing and bacterial growth (e.g., Mermillod-Blondin 2020). Burrowing organisms
are one of be the primary agents of soil aeration in wetlands and oxygenated wetland soils
increase aerobic respiration of aquatic plants, which contributes to the development of
redoximorphic features (Craft 2001).

Herbivory is an important biotic driver that shapes the structure, composition, and distribution of
habitats available for use by waterbirds and other wetland-dependent wildlife. Herbivory by
invertebrates and waterbirds, can remove up to 100% of plant biomass, but experimental
evidence suggests 30-60% removal is most common (Lodge 1991). Herbivory by geese creates
short cover habitats, which when combined with seasonally variable hydrology, results in a wide
suite of invertebrates available for shorebirds and other waterbirds (e.g., Gustafson 2006). At
least five species of extinct large flightless waterfowl are hypothesized to have performed a
significant role as herbivores in a wide range of habitats in Hawai‘i (Olson and James 1991,
James and Burney 1997). The large-bodied extinct moa-nalos (vanished fowl) were comparable
in size to large swans, which can consume 10 to 20 pounds (wet weight) of food per day
(Mitchell and Eichholz 2019).
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Ecosystem engineers are commonly viewed as obvious biological drivers of wetlands in North
America and other continents (e.g., beavers, muskrats, spawning salmon, etc). However,
ecosystem engineers occur in virtually all ecosystems and can be any organism that modifies the
physical environment and associated habitats, directly or indirectly influencing the availability of
resources to other organisms (Jones et al. 1997). The effects of ecosystem engineers are a
function of their behavior, size, and population density that are modulated by the abiotic
conditions (Moore 2006).

The historical and current role of native ecosystem engineers in Hawaii’s lowland wetlands,
historically and currently, is unknown. However, macrophytes, burrowing invertebrates, and
filter feeders are examples organisms that can cause structural change in the physical
environment (Gutiérrez et al. 2011). All of these occur in Hawaii’s lowland coastal wetlands and
likely have important ecological roles. Macrophytes create pores in sediment via root growth;
submerged aquatic vegetation alters water depth, flow rates, and sediment deposition; and
invertebrates dislodge fine sediments or may anchor sediments decreasing the probability of
scour in low flood events (Zanetell and Peckarsky 1996, Champion and Tanner 2000, Schulz et
al. 2003, Cardinale et al. 2004, Moore 2006, Gutiérrez et al. 2011). Some plants have extensive
root systems that anchor sediments and reduce erosion during flood events.

Anthropogenic Modifications to Biotic Components

The Polynesian environmental ethic expected nature to provide to for humans, but required a
reciprocal relationship where humans were responsible for stewardship and conserving resources
for the future (e.g., Kamakau 1964, Pukui et al. 1972, Pogue 1978, and Pukui 1983 as cited in
Gon 2003). This important aspect of Polynesian culture preserved many natural resources even
during periods of relatively high human populations. Unfortunately, this ethic was not practiced
by all Polynesian settlers as the custom of bird catchers was to collect feathers and then eat the
birds, rather than let the birds go to provide for future generations. Large birds were likely also
hunted as a protein source by Polynesians (Moniz 1997, van Riper and Scott 2001). Polynesian
rats (Rattus exulans) caused substantial changes to lowland habitats and reduced reproductive
success of native birds (Kirsch 1985, van Riper and Scott 2001, Athens et al. 2002). Dogs (Canis
familiaris) were another mammalian predator introduced by Polynesians. At least 45 species of
endemic birds, known from fossil evidence, went extinct prior to the historical period (Olson and
James 1982ab, 1984, 1991, James 1991). These include 10 or 11 species of geese, 3 species of
flightless ibis, 8 species of flightless rails, and several species of avian predators. Given the
patterns of avifaunal extinction, Polynesian settlement, land-use modifications for agriculture
these extinctions were human-caused (Olson and James 1984).

On some coastal plains, the decline of lowland dry forest species due to Polynesian rats occurred
prior to human occupation of that site (Athens et al. 2002). Loulu palms (Pritchardia sp.) and
other trees in lowland forests declined following arrival of Polynesians (Allen 1997, Athens
1997). Fossil evidence also suggests that extinct and currently extant species of forest birds
occurred in lowland forests (Olson and James 1984). Fossil remains of geese (Branta sp.) from
lowland habitats on Moloka‘i, Kaua‘i, and O‘ahu suggest this genus was not restricted to the
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high altitudes inhabited by nene (Branta sandvicensis) during the historical period prior to re-
introduction efforts (Olson and James 1982b).

When Europeans arrived in the Hawaiian Islands, accounts from the 1770s refer to abundant
resources on the windward coasts. For example, the Kahuku coastal plain on O‘ahu was
described as “exceedingly fine and fertile...with many large villages and extensive plantations”
(Captain Charles Clerke, H.M.S. Resolution, as quoted in Beaglehole 1967:1:572). By 1883,
many of the kalo loi in the Kahuku area were abandoned due to the rapid population decline
(Hall 1839 as cited in Handy and Handy 1972), likely resulting from introduced contagious
diseases.

Europeans drastically changed the biota of the Hawaiian Islands by more introducing more
mammalian predators, livestock that invaded remaining in-tact forests, and foreign plants. Three
plant species brought to Hawai‘i by Polynesians became invasive: kukui (4/eurites moluccanus),
hau (Talipariti tiliaceum), and ‘awapuhi (shampoo ginger, Zingiber zerumbet; Culliney 2006).
Seventy-six species of invasive plants targeted by the Hawai‘i Invasive Species Council (HISC
2022) were introduced by Europeans. In addition to non-native land mammals, 41 species of
birds have been introduced to Hawai‘i (Pratt 1994).

At least 23 additional species of endemic birds have been extirpated since 1893 (Pratt 1994).
Thirty three of the 44 remaining endemic species are federally listed as endangered or threatened
under the Endangered Species Act. Declines in remaining populations of endemic bird species,
including waterbirds, have been substantial. Relatively large populations of endemic Hawaiian
waterbirds that maintained flight capabilities and predator avoidance strategies persisted despite
introductions of non-native land mammals during Polynesian and early European settlement.
Reductions in endemic waterbird populations appeared to be more drastic following draining and
filling of large coastal wetland complexes from the 1920s to the 1960s. Continental waterfowl
and shorebird migrants have also declined since the 1950s. The number of waterfowl wintering
on O‘ahu, Maui, Moloka‘i, and Hawai‘i islands during the 1950s ranged from about 1,800 to
over 10,000 based on January count data (Medeiros 1958). The maximum number of wintering
waterfowl counted during January survyes from 1986 to 2019 was 1,326 individuals (DOFAW,
unpublished data).

By the 1970s, remnant wetlands in the main Hawaiian Islands were dominated by invasive
species (Shallenberger 1977). Modified hydroperiods, increased nutrients from agricultural
lands, and lack of natural biocontrol contributed to the expansion of invasive plants in Hawaii’s
wetlands. Invasive species such as California grass (Urochloa mutica), are still ubiquitous across
multiple hydrologic conditions and wetland types in Hawai‘i, including isolated, floodplain, and
estuarine, as well as natural and restored wetlands (Bantilan-Smith et al. 2009). Invasive plants
also alter water flow, sediment transport, and other ecosystem processes (Catford 2017), creating
feedback loops where altered hydrology further increases their competitive advantage
(Galatowitsch et al. 1999, Chambers et al. 2003, Gaertner et al. 2014). As a result, most wetlands
have crossed an ecological threshold where intensive management is now required to restore
abiotic and biotic components.
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Extant Wetland-Dependent Waterbirds

It can be a daunting task for a wetland manager to provide the diverse and constantly changing
array of foods and cover necessary to meet all annual life-cycle needs for multiple endemic
waterbird species on relatively small management areas. Several species may use the same
wetland basin keying in on different wetland conditions within the basin ranging from open to
closed vegetation, mudflats to shallow water, and short to long hydroperiods. Seasonal
movements enable waterbirds to take advantage of newly flooded habitats and changing abiotic
conditions. Linking these species-specific needs to abiotic conditions that drive wetland
vegetation and invertebrate responses and overall function provide a foundation for successful
management strategies that address the aforementioned challenges.

Waterbirds have evolved to thrive in constantly changing environments that characterize
wetlands worldwide. This adaptability is likely the main reason flighted waterbird species have
persisted throughout Polynesian and European settlement of the Hawaiian Islands, albeit at low
population levels. This adaptation also makes conservation and management of almost any
wetland habitat in Hawai‘i, regardless of size or location, beneficial for at least one endemic
waterbird species for one life-history event.
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Koloa Maoli (Hawaiian duck)
Life History

Koloa maoli, often referred to as koloa, breed year-round with
nesting (egg-laying and incubation) peaks from January through
April, with a 2" annual peak during September and October
(Swedburg 1967, Malachowski et al. 2018, 2019). Based on a 28-
day incubation period and 65 days to fledge, brood-rearing then
peaks February through July and October through December (Table
3). Nests occur in a variety of habitats on dry ground, including
forests, seasonal wetlands, grasslands, taro loi, reservoir shorelines,
bogs, and along streams, typically within 100 meters of water
(Malachowski et al. 2018). Nests, including those in taro loi, are
typically made from grasses and sedges and are well concealed in
dense vegetation (Engilis et al. 2002, Malachowski et al. 2018).

Waterfowl breeding life history events are nutritionally demanding. High protein is required for
hens to successfully lay eggs and for ducklings to molt from downy to juvenal plumage. Female
koloa also require high energy to successfully lay eggs, likely similar to that reported for other
dabbling ducks (168-212% basal metabolic rate; Alisauskas and Ankney 1992), and incubate
their clutch for 28 days. Female mallards increase consumption of invertebrates up to 72% of
their diet during egg-laying (Swanson et al. 1985); similar trends likely occur in female koloa.
High availability of invertebrates is essential for duckling growth of all dabbling ducks (Sedinger
1992). For example, mallard and other dabbling duck ducklings consume more than 90%

“Duckling growth is
directly related to

the availability of

invertebrates.”

(Sedinger 1992)

Invertebrate Taxa in Koloa Diets
(Engilis et al. 2002)

Ogligochaeta (earthworms)
Physidae (bladder/pouch snails)
Planorbidae (orb/ramshorn snails)
Hydrobiidae (mud snails)
Thiaridae (thiarid/trumpet snails)
Decapoda (crayfish)
Tendipidae (midges, blood worms)
Syphidae (flowerfly larvae)
Coenagrionidae (damselfly larvae)
Large insects

invertebrates during the first 2 weeks after hatch and many species retain
about 50% invertebrates in their diet after 3 weeks, which is necessary to
molt and grow rapidly (Chura 1961, Sugden 1973, Street 1978). No
detailed food habit studies are available for koloa, but over half of the
foods documented by Engilis et al. (2002) are animals, mostly
invertebrates.

Molt is the most understudied life history event of adult
waterfowl, especially island species such as koloa. Although
the seasonality of molt observed in North America dabbling
ducks differs from island waterfowl species (Weller 1980),
molt is a nutritional demanding life history event that
requires abundant energy and protein resources. Without the
constraints of long-distance migration and photoperiod cues
at high latitudes, molt in koloa may be protracted compared
to North American dabbling ducks, but energetics and
nutrient requirements are likely similar. Adult dabbling
ducks go through large compensatory changes in breast and
leg muscles during molt (Hohman et al. 1992), but wing

molt may be delayed, or feathers may be shorter if protein resources are limited (e.g., Pehrsson
1987, Richardson and Kaminski 1992) suggesting that waterfowl use a mixed strategy of protein
reserves and acquisition for feather synthesis.
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Nutrient acquisition of adult dabbling ducks during Plant Taxa in Koloa Diets
molt is related to a complex interaction of factors, (Engilis et al. 2002)
including environmental conditions, availability of Echinochloa crus-galli (barnyard grass seeds)
food resources, timing of molt, body condition, and Paspalum urville (vasey grass seeds)

daptive trade-offs (Hohman et al. 1992, Combs and Filamentous green algac
adap %Ve : 2 Agricultural grains (rice, corn, wheat)
Fredrickson 1996, Fox et al. 2013). Chronology of

molt varies by sex and age; molt intensity tends to be higher during wet than dry periods (e.g.,
Miller 1986, Anderson et al. 2000); these observations are likely similar for koloa. Some studies
show that dabbling ducks consume invertebrates in larger proportion than are available during
molt; other studies show high energy plant foods are consumed in larger amounts than animal
prey suggesting that both are necessary to maintain good body condition and successfully molt.

Evolving with endemic avian predators that were extant at the time of Polynesian settlement
(Olson and James 1982b), koloa likely used wetlands with emergent vegetation cover during
molt. Emergent wetlands also likely provided invertebrates, seeds, and other plant foods for
koloa to maintain good body condition during molt. With the extinction of avian predators,
introduction of mammalian predators, and anthropogenic changes to water resources, koloa
adapted to use reservoirs during molt, likely providing increased protection from mammalian
predators. Reservoir use by molting koloa has declined, likely due to increased human
disturbance (Uyehara 2007).

Distribution and Population Trends

Prior to 1900, koloa were described as widespread and common on all the main Hawaiian Islands
except Lana‘i and Kaho‘olawe, occurring in habitats ranging from freshwater wetlands on the
“hottest” coasts of the islands to streams up to 7,000 ft (Banko 1987). By the early 20 century,
koloa populations had apparently declined quickly on all islands except Kaua‘i. Black (1901) and
Henshaw (1903) stated koloa were becoming scarcer. About a decade later, Bryon (1915)
described them as very rare on all islands but Kaua‘i. This decline coincided with the
introduction (1883) and subsequent expansion of mongoose, extraction of groundwater from the
coastal plains, and development of lands for sugarcane production. Alteration and drainage of
coastal wetlands continued during the early 20" century when the Mana Plain wetlands were
drained beginning in 1923 resulting in a substantial decline of koloa from an estimated 400 to 5
birds per square mile in the remaining wetlands and ditches by the late 1940s (Schwartz and
Schwartz 1953).

Given their secretive nature and use of many inaccessible habitats (e.g., high elevation riparian
wetlands), koloa population status is and has been largely unknown. Winter counts during 2012—
2016 on Kaua‘i ranged from 838 to 1,019 koloa with a 5-year modeled average population
estimate of 947 birds (Paxton et al. in press). Because not all habitats are surveyed, these counts
and population estimate likely represent minimum numbers. However, the recent population
estimate is well below historical estimates of 400 birds per square mile in coastal wetlands on
Kaua‘i (Schwartz and Schwartz 1953).
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Table 3. Seasonal chronology of occurrence in lowland wetlands and life history requirements for koloa maoli
(Hawaiian duck, Anas wyvilliana). Relative abundance based on monthly survey data at Hanalei National
Wildlife from 2010 to 2016 (USFWS unpublished data). Life history information compiled from Munro
(1944), Richardson and Bowles (1964), Swedberg (1967), Engilis et al. (2002), Uyehara (2007), Malachowski
and Dugger (2018), Malachowski et al. (2018, 2019). Molt has not been studied in koloa; thus, it was
hypothesized based on observations of flightless birds by USFWS staff and molt patterns for closely related
North American mallard (4nas platyrhynchos).

High

Relative
Abundance

Low
Life History Event Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec
Courtship
Nest searching (hypothesized)
Egg-laying® (6-12d)

Incubation (28d) — = — ——
Brood-rearing (65d) ——
Pre-basic molt 6\ (all molt patterns hypothesized)

Pre-alternate molt &

Pre-basic molt ° [N
Pre-alternate molt Q

Molt migration 22 22°?2°?2°?272°?272727°?27°?°2°?2°
Juvenal molt

Botulism® . L]

Matrix Pre-breeding Egg-laying Incubation Brood-rearing Molt
Nutritional Protein High protein Energy High protein High protein
Needs High Energy Calcium High energy Energy
Foods -- Detailed food habit studies not available--
Aquatic insects, snails, worms, crustaceans Invertebrates, Likely similar
Wetland plant seeds, duckweed, other vegetation including aquatic  to brood-rearing
Filamentous green algae insects; wetland foods
Mallards consume 70% volume animal foods plant seeds; other
Habitat & Likely same as Temporary and seasonal wetlands; Shoreline and Historically
Flooding nesting & brood shallows of deeper wetlands molted on large
Regime rearing, except Short emergent vegetation; TeServoirs;
not observed in Herbaceous riparian habitat along streams Ephemeral
taro loi Forests and montane bogs lakes in wet
Taro loi years (?); Taro
Water Depth Shallow Nest site usually dry Shallow Likely same as
< 10 inches Close to water <10 inches brood-rearing
(average=26.7 m; range 0.1-100 m)
Cover Interspersion of Variable vegetation types but Accessible Escape and
emergent typically well concealed in dense cover; good thermal cover;
vegetation & open  herbaceous cover or under shrubs; interspersion of Taro loi
water Grasses, ferns, taro habitats; Taro

2 Includes observations of nests (Swedberg 1967, Malachowski et al. 2018) and nest initiation dates back calculated based on age
of ducklings (Malachowski et al. 2019).

b Pre-basic molt of female mallards is disrupted with body molt occurring outside the breeding season and the wing molt
occurring after brood rearing.

¢ Based on number of dead carcasses and sick birds observed (USFWS unpublished data). Number of birds weighted by search
effort does not vary by month (Reynolds et al 2021).
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‘Alae ‘Ula (Hawaiian common gallinule)

Life History

‘Alae ‘ula is one of seven recognized subspecies of the common gallinule (Gallinula galeata),
which was recently split from the Eurasian moorhen (Gallinula chloropus). ‘Alae ‘ula have
shorter wings, larger facial shields, longer tarsi, and slightly greater body mass than their North
American conspecifics (G. g. cachinnans; van Rees et 7
al. 2020). These trends are characteristic of island
waterbird species where reduced predation pressure
and lack of long-distance seasonal migration selects
for shorter wings and longer legs to traverse wetland
and upland vegetation. van Rees et al. (2020) also
proposed that increased inter- and intra-specific
competition for limited wetland resources and
subsequently increased agnostic behaviors are
selection pressures for the larger body size and longer
legs observed in ‘alae ‘ula. ‘Alae ‘ula. Photo by Gary Kramer, USFWS.

In Hawai‘i, ‘alae “ula breed year-round with peak nesting occurring from March or April through
August (Shallenberger 1977, Byrd and Zeillemaker 1981). A second peak has also been observed
during the fall at some locations in some years. Availability of nesting cover and protein for egg-
production may determine when nesting occurs. ‘Alae ‘ula are cooperative breeders where older
young will stay on the natal territories and help feed younger broods. Multiple brood family units
are common in Hawai‘i and among other subspecies. Females and one or more daughters of
other subspecies have been documented to share a nest site.

Male and female ‘alae ‘ula aggressively defend territories and nest sites from conspecifics and
other waterbirds. Aggressive and courtship displays by ‘alae ‘ula are similar to those described
for the American coot (Fulica americana). The size of actively defended nest territories likely
varies based on habitat condition (cover) and resource available but has been documented to be
greater than 25 ft from the nest site in Hawai‘i.

Nest building begins shortly before egg-laying. ‘Alae “ula build nests over water in a wide
variety of relatively dense, marginal emergent vegetation (Berger 1972). Nests have also been
observed in short emergent vegetation or floating-leaved vegetation with little or no cover
provided (ARH personal observation). Interspersion of emergent and submerged aquatic (open
water) habitats with a high amount of edge habitat is considered favorable for breeding (Chang
1990). Nests have been reported in both native and introduced species of emergent vegetation
(Shallenberger 1977). Vegetation used for nest construction is likely dependent on surrounding
vegetation. Only 64% of nests in taro lo‘i contained taro leaves (Byrd and Zeillemaker 1981),
suggesting that ‘alae ‘ula prefer other wetland vegetation for nest construction. Of those nests in
taro loi, taro leaf fragments made up about one half of the nest material. Other vegetation used in
nest construction includes leaves of sedges, millet, climbing dayflower, and California grass
(Byrd and Zeillemaker 1981). Water depths at nests at Hanalei National Wildlife Refuge
averaged 2.5 inches, which is shallower than depths reported from other locations (11-80 inches;
Byrd and Zeillemaker 1981).
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‘Alae ‘ula lay 1 egg per day and have an average clutch size of 5.6 eggs (Relton 1972, Krauth
1972, Byrd and Zeillemaker 1981). The incubation period is 19-22 days with slightly
asynchronous hatching, suggesting that incubation may begin before the last egg is laid. Young
are fed by their parents (and older siblings); they start to feed independently at 21-25 days.
Brood rearing continues for a total of 40—50 days and juveniles disperse from natal territory
around 72 days (range 52 to 99 days).

At higher taxonomic levels (e.g., genus, family), foods of ‘alae ‘ula are generally similar to that
of the North American subspecies (Bannor and Kiviat 2002, DesRochers et al. 2009b). Although
often considered herbivorous, ‘alae ‘ula are omnivorous, consuming predominantly plant foods
with animal prey likely increasing prior to breeding. The proportions of plant and animal foods
in ‘alae ‘ula diets are unknown but plant foods could range from 35 to >80% of their diet as has
been reported for other subspecies, depending on life-history requirements and prey availability.

‘Alae ‘ula are gleaners (pick individual seeds and aquatic invertebrates from vegetation or water)
and grazers (cut leaves and stems of live vegetation). Small, hard food items, such as seeds of
grasses (Poaceae), sedges (Cyperaceae) and smartweeds (Polygonaceae), and pondweeds
(Potamogetonaceae) and snails (Gastropoda) are considered important foods of ‘alae “ula. They
also commonly graze on vegetative material and recent observations suggest leaves and stems
may be more prevalent in their diet than seeds (DesRochers et al. 2009, LHF personal
observation). Aquatic arthropods, including beetles (Coleoptera), true bugs (Hemiptera), ants and
wasps (Hymenoptera), true flies
(Diptera), spiders (Araneida), Plant Taxa in ‘Alae ‘Ula Diets (Hawai‘i-specific)
crustaceans (Crustacea), and Cyperaceae (Sedges & Rushes)

dragonflies and damselflies (Odonata) Bolboschoenus maritimus (kaluha seeds & seed stalks)

are common in gallinule diets (see CGyperus javanicus (ahuawa seed stalks)
g C. polystachyos (manyspike flatsedge seed stalks & shoots)

summaries in Bannor and Kiviat 2002, | gjeocharis geniculata (bent spikerush seed stalks)

Gutscher-Chutz 2011). Schoenoplectus spp. (akaakai seeds)
Poaceae (Grasses)
Cynodon dactylon (Bermuda grass seed stalks)

Invertebrate T ax_‘f."" “Alae “Ula Echinochloa spp. (millet seed stalks)
Diets (Hawai‘i-specific) Urochloa mutica (California grass leaves <4 inches)

Lymnaeidae (pond snail) Eleusine indica (Indian goosegrass)

Physidae (bladder/pouch snail) Setaria pumila (yellow foxtail seed)

Planorbidae (orb/ramshorn snail) Other

Thiaridge (thiqrid/trumpet snail) m spp. (cattail male flowers)

Arachnida (spider) Egeria densa (waterweed stems & leaves)

Orthoptera (grasshopper) Batis maritima (pickleweed leaves; low nutrient value)
Filamentous green algae
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Table 4. Chronology of life history events for ‘alae ‘ula (Hawaiian common gallinule, Gallinula galeata
sandvicensis). Relative abundance based on relatively consistent count numbers between summer and winter
surveys (Paxton et al. in press). Life history information compiled from Shallenberger (1977), Chang (1990),
Bannor and Kiviak (2002), DesRochers et al. (2009ab). Development of young birds, body mass, and breeding
ecology are similar to the North American subspecies (G. g. cachinnans; Bannor & Kiviak 2002, DesRochers
et al. 2010).

High

Relative
Abundance

Low
Life History Event Jan
Courtship
Nest searching
Egg-laying?(6d)
Incubation (19-22d)

Brood-rearing (40-50d) == == == == == = _—— = =
Dispersal from natal territory (52-99d) == == == —

Pre-basic molt (30d)

Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

Complete simultaneous molt

Pre-alternate molt Partial molt Partial
Juvenal molt
Bonlism! E— T—
Matrix Pre-breeding Egg-laying Incubation Brood-rearing Molt
Nutritional Protein High protein Energy High protein High protein
Needs High Energy Calcium High energy Energy
Foods Snails & aquatic insects (true bugs, Plant foods Aquatic invertebrates likely increase
Omnivorous,  beetles, & dragonfly larvae) increase dominate to support feather growth
plant foods prior to incubation
dominant Bulrush, sedge and grass seeds
Other hard seeds and leaves of
wetland vegetation
Habitat & Semi-permanent wetlands
Flooding Seasonal wetlands near semi-permanent and permanent water
Regime High degree of interspersion of emergent vegetation and open water considered favorable
Shallowly flooded taro lo‘i
Grassy uplands adjacent to wetlands
Dense grass and shrubs along ditches

Water Depth Variable Nest site usually over water Variable water depths;

From 3 inches up to 2 feet deep; Forage in adjacent uplands

Reports of nests in water up to 6

feet when vegetation is present

(e.g., waterlily, floating grass mats
along ditches)

Cover Interspersion of emergent Accessible cover Escape and

vegetation & open water; thermal cover
dense emergent edge; bulrush, tall
sedges, grasses, waterlily

taro >4 months old

2 Lay 1 egg/day; average clutch size 5.6 eggs.
b Based on number of dead carcasses and sick birds observed (USFWS unpublished data). Number of birds weighted by search
effort does not vary by month (Reynolds et al 2021).
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‘Alae Ke‘oke‘o (Hawaiian coot)

Life History
‘Alae ke‘oke‘o (Fulica alai), one of the least studied endemic species in the Hawaiian Islands, is
closely related to the American coot. Most morphological measurements between the species
overlap, with the exception of longer bill lengths of ‘alae \\e

ke‘oke‘o. Similar to ‘alae ‘ula, ‘alae ke‘oke‘o breed year
round, with nesting peaking May—July (Morin 1998).
Byrd et al. (1985) and Engilis and Pratt (1993) suggest
nesting may be opportunistic, dependent on rainfall.
Availability of protein resources likely also influences
timing of breeding. Aggressive and courtship displays by
‘alae ke‘oke‘o are similar to those described for the
American coot, but territoriality is not well studied. Non-
breeding ‘alae ke‘oke‘o may form large flocks.

I Ay

[\4-’ V.’ a1 ot 1

‘Alae ke ‘oke ‘o swimming near sparse emergent
vegetation. Photo by John Mosesso, USGS.

Nest platforms are large, either floating or anchored to sparse emergent vegetation (see summary
in Pratt and Brisbin 2002). Nests can be as close as 20 feet but are more typically spaced 80 feet
apart (Byrd et al. 1985). Females lay an average of 5 eggs, which is smaller than that reported for
American coots, and incubate eggs for about 25 days (Shallenberger 1977, Byrd et al. 1985,
Morin 1998). Although nest success is relatively high, chick mortality during the first 2 weeks of
brood-rearing is also high (Byrd et al. 1985). Re-nesting and double-brooding have been
reported, but no information is available on brood-rearing.

In wetlands, ‘alae ke‘oke‘o forage by pecking, dabbling on the water surface, immersing head
and neck, and/or dividing. Feeding method is primarily related to depth of food underwater
(Brisbin and Mowbray 2002). ‘Alae ke‘oke‘o are omnivorous, with plant material likely
dominant, similar to American coots. Leaves, seeds, and stems of aquatic plants and mollusks are
reported as food items by Munro (1960). Otherwise, very little information is available specific
to foods consumed by ‘alae ke‘oke‘o. American coots primarily feed on pondweeds, sedges, and
algae. Aquatic invertebrates, although less common, are likely an important part of their diet
during breeding, particularly for egg-laying and growing young (Jones 1940, Desrochers and
Ankney 1986, Driver 1988). Post-breeding dispersal is widespread (Pratt and Brisbin 2002).

Population Trends

Statewide biannual count data show large annual fluctuations in number of ‘alae ke‘oke‘o. Pratt
and Engilis (1993) attribute this to climatic and associated wetland conditions as high numbers
follow years of high rainfall. Interisland movements, including dispersal to Ni‘ihau and Hawai‘i
islands during the rainy season (Udvardy 1960, Mike Mitchell, USFWS [retired], personal
communication), may also influence counts. Long-term trends in ‘alae ke‘oke‘o count data
suggest the population has increased since the 1986 (Paxton et al. in press). In contrast, data
from 2006 to 2016 show week evidence for population declines on 4 of the 6 main islands;
trends are inconclusive for the statewide estimates (Paxton et al. in press).
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Table S. Chronology of life history events for ‘alae ke‘oke‘o (Hawaiian coot, Fulica alai). Relative abundance
based on count numbers that tend to be higher during summer surveys (Paxton et al. in press). ‘Alae ke‘oke‘o
likely disperse to newly flooded habitat during the rainy season. Life history information compiled from
Shallenberger (1977), Byrd et al. (1985), Morin (1998), and Pratt and Brisbin (2002). Incudes diet items
specific to Hawai‘i (Munro 1960) and for closely-related American coots (Fulica americana; Brisbin and
Mowbray 2002).

High

Relative
Abundance

Low
Life History Event Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec
Courtship
Nest searching
Egg-laying® (5d)
Incubation (25d) = = == = s e - —
Brood-rearing (?d) _— e mm em mm = Em = e
Dispersal from natal territory (2d) == == == == == == == == =

Pre-basic molt 22227
Pre-alternate molt 72222
Juvenal molt

Botulism® [ P

Matrix Pre-breeding Egg-laying Incubation Brood-rearing Molt
Nutritional Protein High protein Energy High protein High protein
Needs High Energy Calcium High energy Energy
Foods Seeds, leaves, & stems of aquatic plants (pondweeds, seagrasses, sedges) and algae (Chara sp.)
Omnivorous, Also feeds on terrestrial plants & ferns
plant foods Molluscs & aquatic insects Plant foods Aquatic Aquatic insects
dominant (Coleoptera, Odonata, Hemiptera, dominate invertebrates ?
Orthoptera, Diptera) likely increase likely increase
to support
feather growth
Habitat & Semi-permanent wetlands, permanent ponds, fishponds, & reservoirs
Flooding Dispersal to seasonal wetlands during rainy season
Regime Sparse emergent vegetation, abundant submerged aquatic vegetation

Fresh, brackish and saline wetlands
Shallowly flooded taro lo‘i
Water Depth Variable Nest site usually over water Variable water depths;
Variable water depths Forage in adjacent uplands
Often 12-15 inches
Up to 2 feet deep or deeper if

vegetation is present
Cover Sparse emergent vegetation Accessible cover Escape and
Nest floating or anchored to thermal cover

emergent vegetation

bulrush, tall sedges

taro >4 months old
2 Assumes 1 egg/day; average clutch size=5 eggs; mode=6.
b Based on number of dead carcasses and sick birds observed (USFWS unpublished data). Number of birds weighted by search
effort does not vary by month (Reynolds et al 2021).
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Ae‘o (Hawaiian stilt)

Ae‘o is one of three recognized subspecies of the black-necked stilt (Himantopus mexicanus) and
is most closely related to the North American subspecies (H. mexicanus mexicanus). Ae‘o use a
variety of upland and wetland habitats with salinities ranging from fresh to hypersaline. Native
plants characteristic of wetlands used by ae‘o include ‘ac‘ae (Bacopa monnieri), ‘akulikuli,
makaloa, and other native sedges.

Ae‘o forage on aquatic invertebrates and fish while wading in water up to 4-5 inches deep
(Telfer 1973, 1976) and commonly use wetlands with water < 9 inches deep (DOFAW 2015).
Three visual feeding methods have been described for black-necked stilts: pecking prey on mud
or the water surface, plunging their head to capture food in the water column, and snatching
flying insects from the air (Hamilton 1975). They also use scythe-like sweeps where they swipe
their head and bill though water or soft mud. Scythe-like sweeps and plunging have been
reported for ae‘o (see summary in Robinson et al. 1999).

Telfer (1975, 1976) reported ae‘o spent 70% of foraging time pursuing fish, sometimes trapping
them in shallow water, and suggested vertebrate prey are an important part of their diet. Ae‘o
also consume water boatmen, beetles, and brine fly larvae. Invertebrates prey consumed by
black-necked stilts in North America, including weevils, other fly larvae, and snails, may also be
present in ae‘o diets. Small quantities of seeds and other vegetative matter (<2% by weight) have
been recorded from stomachs of black-necked stilts (Wetmore 1925).

Ace‘o appear to be paired year-round but frequency of pairs is less during the winter (Coleman
1981). Ae‘o exhibit seasonal breeding patterns with peak nesting following the rainy season.
Egg-laying begins during mid-February with incubation peaks during April-May (Coleman
1981). Ae‘o make a shallow scrape on coastal flats with no or limited low-growing vegetation or
mudflats with very sparse emergent vegetation. They may also nest on high spots, small islands,
or vegetation clumps over water and will build up nests if water rises (Telfer 1975, Coleman
1981). Nests on edges of taro lo‘i and managedwetland impoundments are common if vegetation
is kept short. Nest lining varies with most vegetation added during incubation.

Clutch size averages 4 eggs; nests with more eggs likely have eggs from >1 female. Males and
females share incubation for 23—26 days after which eggs usually hatch within 24 hours
(Coleman 1981). Nest success tends to be relatively high, but the number of eggs that hatch is
significantly lower than the number laid (Christenson et al. 2021). Nest success decreases later in
the breeding season and increases with height of vegetation (Harmon et al. 2020). Chicks can
leave the nest within 1-2 hours of hatching. Adults may brood chicks for up to 2 weeks but
feeding of young has not been observed in the wild (Coleman 1981). Family groups may remain
together for up to a year.

Ae‘o are strongly territorial but territories may be aggregated in suitable habitats with adults
jointly defending the area around nests from conspecifics, other birds, and predators. Adults with
newly hatched young are very aggressive toward unrelated young and have been observed
attacking chicks not their own (Robinson et al. 1999). As adult densities increase, nest success
rate decrease, suggesting the territoriality may influence reproductive success at higher
population levels (van Rees et al. 2020).
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Table 6. Chronology of life history events for ae‘o (Hawaiian stilt, Himantopus mexicanus knuseni). Relative
abundance based on count numbers that tend to be higher during summer surveys (Paxton et al. in press).
Ae‘o likely disperse to newly flooded habitats during the rainy season. Life history information compiled
from Coleman (1981), Chang (1990), and Robinson et al. (1999). Includes diet items specific to Hawai‘i
(Telfer 1975, 1976) and for closely-related North American black-necked stilt (H. mexicanus mexicanus;
Robinson et al. 1999).

High

Relative
Abundance

Low
Life History Event Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec
Courtship
Nest searching
Egg-laying?® (4d)

Incubation (23-26d)
Brood-rearing (2d)

Pre-basic molt 22222

Pre-alternate molt 2222? 2222

Juvenal molt

Botulism® - 1

Matrix Pre-breeding Egg-laying Incubation Brood-rearing Molt
Nutritional Protein High protein Energy High protein High protein
Needs High Energy Calcium High energy Energy
Foods Fish and aquatic invertebrates

Water boatmen, beetles, brine fly larvae, other fly larvae, weevils, molluscs
Also feeds on terrestrial plants & ferns

Habitat & Diversity of upland and wetland habitats
Flooding Sparse, creeping, or short emergent vegetation
Regime Ephemeral, temporary, and seasonal flooding regimes

Fresh, brackish, saline and hypersaline wetlands
Shallowly flooded taro lo‘i
Water Depth 0-9 inches Nest site usually dry 0-9 inches
Shallow scrape
Over-water on vegetation clumps
Cover None to sparse emergent vegetation  Accessible cover Escape and
thermal cover

2 Assumes 1 egg/day; average clutch size=3.6 eggs.
b Based on number of dead carcasses and sick birds observed (USFWS unpublished data). Number of birds weighted by search
effort does not vary by month (Reynolds et al 2021).
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Wetland Invertebrates

Invertebrates found in wetlands provide a critical protein resource for all waterbirds. Even
primarily herbivorous species of waterbirds, consume invertebrates to meet the necessary protein
and amino acid requirements to lay eggs and molt. Although this is most well documented for
dabbling and diving ducks (Alisauskas and Ankney 1992, Krapu and Reinecke 1992), it also
occurs in species of Rallidae (Bannor and Kiviat 2002, Brisbin and Mowbray 2002). Aquatic
invertebrates are recognized as the major link between primary producers and wetland-dependent
wildlife, but there is a paucity of information about the roles functional feeding groups have in
energy flow and nutrient cycling of wetlands (Wissinger 1999).

Invertebrates with aquatic, semi-aquatic, and terrestrial life cycles are found in lowland wetlands
throughout Hawai‘i and are probably the least well-studied biotic component of these wetlands.
Of the taxa commonly found in diets of waterbirds, an estimated 12,000 species of annelids,
crustaceans, molluscs, and insects (including near relatives) occur in Hawai‘i (Eldridge and
Miller 1997). More than half of those species have been introduced. Impacts of non-native
invertebrates vary by island, elevation, watershed, and stream reach. Non-native invertebrates
predate and compete with native invertebrates for food. That being said, introduced fish have
likely had the biggest impact on native aquatic invertebrates and they are implicated in the range
constriction and reduced abundance of native damselflies (see summary in Polhemus & Asquith
1996).

When part of wetland ecological studies, invertebrates in wetlands are often identified to family,
so the full complement of species in Hawaii’s wetland is unknown. Even when efforts are made
to identify species, identification of all individuals may not be possible. Invertebrates from about
28 orders and 86 families of annelids, crustaceans, molluscs, and insects (including near
relatives) have been identified from lowland wetland and stream reaches (Appendix B). Species
of insects from aquatic orders in which almost all species have aquatic larvae are included when
reported (Appendix B — Table 23). Invertebrates are often categorized by functional feeding
groups based on the type of food consumed and their feeding mechanism (see summaries in
Wissinger 1999, Voshell 2002).
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Native and Other Beneficial Plants

Endemic waterbirds in Hawai‘i evolved to utilize wetland and uplands habitats with native plants
and aquatic invertebrates. Following Polynesian settlement and European contact, many
introduced species became naturalized and are now part of Hawaii’s wetland flora. Naturalized
species that do not have aggressive growth characteristics that degrade wetland habitats can be
beneficial for waterbirds. Native and naturalized species are used for food, cover, and/or nesting
material (e.g., Engilis et al. 2002, DesRochers et al. 2009b). Thus, beneficial plants include
native and naturalized species that meet life-history requirements of endemic waterbirds and do
not degrade wetland habitats (e.g., form monocultures, alter hydrology).

To assess negative and positive attributes of vegetation in managed wetlands, a rating system
was developed based on observations of plant growth and waterbird use at Hanalei and Hulg‘ia
NWRs (Chadd Smith, USFWS, personal communication). The rating system includes six
positive attributes and three negative attributes (Table 7). Species receives a score of +1 for each
positive attribute they provide and -1 for each negative attribute. Scores are added together for a
maximum of 6 (very beneficial) to -3 points (not beneficial and degrade habitat).

When naturalized species with high scores germinate in managed wetland units at Hanalei and
Hulé‘ia NWRs, they are managed to provide resources for endemic waterbirds. Control and
eradication efforts can then focus on species with low scores that degrade wetland habitats and
limit waterbird use. Ratings can be adjusted based on site specific observations and/or
management objectives at other wetland sites as needed. Attributes can also be expanded to
include other aspects of waterbird use (e.g., leaves as a food resource) or habitat condition. This
rating system provides a semi-quantitative method to evaluate wetland condition and is more
detailed than previous classification efforts (e.g., Erickson and Puttock 2006).
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Table 7. Positive and negative attributes of select native and naturalized wetland plant species in relation to

general life-history requirements of endemic waterbirds and plant growth characteristics. Rating system
developed for habitat management at Hanalei and Hulé‘ia National Wildlife Refuges (Chadd Smith, USWFS,

personal communication).

Species
Scientific name, Hawaiian or English
common name

Attributes (+1)

Positive

Negative
Attributes (-1)

Seed Production

Structure for Nest

Nest Material

Cover

Roost Habitat

Decomposes Easily

Aggressive Growth

Flood tolerant

High Maintenance

Total
Score

Native

Cyperus javanicus, ‘ahu‘awa

Cyperus laevigatus, makaloa

Cyperus odoratus, pu‘uka‘a

Cyperus polystachyos, Manyspike flatsedge
Cyperus trachysanthos, pu‘uka‘a
Eleocharis obtusa, blunt spikerush
Fimbristylis cymosa, mau‘u ‘aki‘aki
Fimbristylis dichotoma, forked fimbry
Schoenoplectus juncoides, kaluha
Schoenoplectus tabernaemontani, ‘aka‘akai
Sporobolus virginicus, ‘aki‘aki

Bacopa monnieri, ‘ac‘ae

Naturalized

Cyperus meyenianus, Meyen’s flatsedge
Cyperus papyrus, papyrus

Cyperus pilosus, fuzzy flatsedge
Eleocharis geniculata, bent spikerush
Eleocharis radicans, rooted spikerush
Fimbristylis aestivalis, Summer fimbry
Fimbristylis ferruginea, West Indian fimbry
Fimbristylis miliacea, grass-like fimbry
Kyllinga nemoralis, shortleaf spikesedge
Rhynchospora caduca, anglestem beakrush
Schoenoplectus californicus,

Cyondon dactylon, Bermuda grass
Echinochloa colona, jungle rice
Echinochloa crus-galli, millet
Leptochloa fusca, sprangletop

Panicum maximum, Guinea grass
Paspalum conjugatum, Hilo grass
Paspalum scrobiculatum, ditch millet ???
Paspalum vaginatum, seashore paspalum
Bracharia mutica, California grass

Ludwigia
Ammannia coccinea, scarlet toothcup
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Invasive Plants

The prolific vegetative reproduction found in Hawaii’s highly invasive wetland plants, combined
with high photosynthetic efficiency and rapid nutrient uptake are typical of invasive wetland
plants worldwide (Cronk and Fennessy 2001). Forty-four species of introduced plants that occur

in Hawaii’s wetlands are considered highly invasive; 86% of those are perennial (Erickson and

Puttock 2006). Of those, 13 species are often the focus of control efforts at state and federally

managed wetland management areas (ARH and
LHF, personal observations) and are frequently
observed in Hawaii’s lowland wetlands
(Bantilan-Smith et al. 2009; see text box).
Other species, such as water hyacinth
(Eichhornia crassipes) and water lettuce (Pistia
stratiotes) are less frequently observed, but
highly invasive. Many wetland plant species
invasive to Hawai‘i are described as having
vigorous growth rates and/or high biomass
production (Table 8, Table 9, and Table 10).

Invasive Plants Common in Hawaii’s
Lowland Wetlands
California grass (Urochloa mutica)
Pickleweed (Batis maritima)
Seashore paspalum (Paspalum vaginatum)
Marsh fleabane (Pluchea indica)
Climbing dayflower (Commelina diffusa)
California bulrush (Schoenoplectus californicus)
Haole koa (Leucaena leucocephala)
Wedelia (Sphagneticola trilobata)
Guinea grass (Panicum maximum)
Cattail (Typha latifolia & T. domingensis)
Red mangrove (Rhizophora mangle)
Hau (Talipariti tiliaceum)
Kiawe (Prosopis pallida)

38



6¢

"suor3ai aperodwia) ur [enuue ($o1dox Sy Ul [RIUUAIR
"(9007) ‘T& 12 Wrwg-uenueg ut “ds snpoajdousoysg se parioday ,
"SISUUIJ0DD " UBY) SPUB[}OM PUB[MO] Ul A[juanbaly a1ow SInd9Q) |

SjuowIgely arel A[aAne[al
QWOZIYJ ‘SAWOZIY] SI uoneuIuISg ysnijnq STONULIOfiIDD
'/U SO Y3ty Aq speaidg ng ‘so X d W BIUIOJIR)D) snjoajdouaoyog
Seale paqImsip
Ul Spaas dJowr
moIs Suryqoueiq Aaeay soonpoid <saroads
oonpar Aewr N J1qeY IMO0I3 ‘Ssyuowigery wals 29 pare[a1 AJosoo JomorjAep
€T U3y Ing ‘so X SNOIOJIA €) | JWNIPS]A | SOPOU WS Je $100Yy | UrIue[d/spass 009°T | d W Swmquu) | vsnffip vurjpuwmuio))
K[IqeIA 1I0YUS 9ABY
AToY1] SPaas ‘peay
ST ororued/siomory [[e-10J-10) SISUIUIJOADD "
11 UMOID JOOI pUR $)00lI 006 ‘s1oonpoxd oueqEo]} URIPU] \po1pul g
MO woij noids-oy passoyrold | d a -dds vayonyg
sisayjuAsojoyd
qmoi3 Y31y sureyurewt Sjew SNOJRWOZIYL
100Us ‘ourresiodAy o3 JUBIS[0} JSUOP SUIIOJ 51001 Spaos
JOOI S9SBAIOUL [SaJJ Ul 3moI3 y3noip SNONIJUSAPE 29 J1qera saonpoxd wnedsed wnpuISDA
L Y pasearou] SNoJoJIA ¥ | osre {YIIyg ‘SUOT03S ‘SOWOZIYY AJo1e1Ing ‘sa X d W a10yseas wndsvg
SUONIPU0d JO d3uel
SUMOID JOOI WIOJJ | 9PIM UT UONBUIuId3
1M01ds-2I SnONUNUOD Y31y ‘parpnys
{SjuowISey WIS %9 -T[oMm jou Inq
6 €D | wnIpay SOpou WS 18 §)00y | ‘Bunedq pass yItH | d a paamappPId DULILDW SDG
S1001 SNONTJUSAPE
d» ‘syuowigey (voynu
N Jo oxyerdn WOIJ 29 SOpOU Wo)s uononpoxd sseid DLDIYODAG "UAS)
4 RIoye A19A | ssewolq Y3y v ysiy 1€ S)001 {SU0[0}S | Pods mof ‘ren3auy | J W BIUIOJI[BD) poynuL DOJYI0.11)
31008 ayeydn Aranonpoag a |&
dUrII0) uononpoxday uononpoadoy o5 2@ duieN
IS JUILONN RN uonpepunuy [enxasy [enxas s m g2 uowruo)) JUIBN YNUIDS
RCIP ySiy apdYIuAsoroyd . =S £ =

(6007 ‘T€ 39 PIuS-ue[pueg) SPULS] URIIEME UIEW I} Ul SPUL[IIM PUB[MO] UI IIUILINIIO0 Jo Adudnbaiy ySiy e yaim peaxdsopim aae jeyy
(9007 Y201NnJ put UOSILIY) SADIAS qNIYS APOOM PUE SNOIILIIY IAISBAUI A[YSIY PUB PIINPOIIUT JO , SSIUIAISBAUL, YIIA PIIRIDOSSE S10)d8,] "8 J[qEL




017

(0007 'Te 3@ @M0T) NONI 22 £q so10ads oAISLAUL 1SI0M ()] Y3 JO SUO SB PAISIT

210B/5q]
000°L< Ssewolq JUBID[0) spnq aseasour S1B9A
‘Juimoss y3noip sjuowidely (sIOUUNI | 7< 9[qerA ‘1eonpoid
T SOA -)se}v) | ose ‘Y3Iyg P23001 29 SUO[0)S Paas oyI[0Id W sse1d epnueg | uojdjovp uopoud?)
saroads aaneu
uey) sajel
onauisojoyd (snurxow wnowp g
winwrxeu J9onpoid "UAS) snuixoul
LT 10UY31Y %46-6€ MO[ AIDA SIS “‘SOWOZIY passogroid | d W sse1d eouInn snsAyn3apy
PAAT[-SUO[ KIIqEIA
pea1ds Jo WSIUBYOAW | 9,08< PUB JUBQ PIIsS
8T SOA ysrtyg | Asewnid are suojolg ur wy/spass 000v< | d W 20NI9] 10JB A\ sajon.AIS DYSIJ
syueld ur sajex
onayuisojoyd (Surpeaads
1s9y31y J10J Opouwl UOWIWOd | SIBdK Q7< I0J S[qRIA ,S2d1SSD.1D
97 SOA | oy} Jo auo seH ysty jsout) Suo[oI§ JOMO[J/SPaas 000°E | d W UIOBAY I)B A\ DIUAOYYILT
(w 08% Jo
q)Sus[ SWOZIYI [8)0)
M Suneuruog
I9)Je sIeak
0M] ,IJ 8€G< Adnodo | s1eak 00T 10F S[qeIA
97 SOX ysSIyg ued) sowoziyy | oxuds/spass 000czz | d W [Tened Jeal-peorq v1jofiin] bydAy
so10ads 1930 Jn0
SJeIIqRY | SOpBYS 79 SJBW 9SUIP
ISIOIN SUIIOJ 1ey) SUIA Jorem £q £K1013
B/U SOA Junipay | Suiquuipo ‘sjuowiSer] | peards oq uedo spaes | 4 a Suruzow YA pqv vaouody
onyedoorre sye)qey
sordon | GIA/sepwu gQJ< | drsewyA1g | SjuswiSesy wals pue Jueq pass 9kax0 DIDQOJLL]
€1 ur JoN peaids ue) JWNIPIJAl | SOpOU WS 1 S100Y ur ,w/spass 000v< | d a Surdoaio ‘erjopop vjod1yaudnydg
103s | eydn AApdNpoaq
S | JUSLIINN JLo11616)116] AdUBII0) uondnpoaday uondnpoadoy
b ICIC | Y31y | Indyuisojoyd | uonepunuy [enxasy enxdsS | I/V | WA JWIEN UOwWwo)) JWEN IYNUING

(6002 'T€ 39 PIuS-ue[uey) SPUL[S] UBITEMEB] UTeW JY) UT SPUEB[IIM PUB[MO] UT PIAIISqO Apuanbaay ssaf aae jnq sadudxIndd0 sgioad
A[red01 daey ued yeyy (9007 201Ing pue uosHILIF) Jue[d SN0IIEQIIY IAISEAUT A[YSIY PUE PIINPOIIUT JO  SSOUIAISEAUL, YIIM PIIRIIOSSE SI10)I8] °6 I[qBL




It

$Sans
J[es Ispun ¥
0} SYIYS < ajel

Anpiqera guop
QAR Jer]) SPISs WO

pmoIs (1573 Swo)s Ayprder sojersuagar vaujndod
6 €-7) 91eIOPOIN MO N0 WOIJ YIMOIINY ‘sdoroymiy o817 | ¢ a 001 enIod ‘oI pisadsay |
sojensqns
Jo Kjorrea apim
ur S9jel UONBUIULIdS
ySry ‘Aupiqera
Suol yyim Jeak Jod
Ieok/Suoseas JUnIWYS 921}/SPa3s (0001
uromorg uo 9oeyns [1os | o3 dn pue Jniy/spess
I9X1J om] YImoI3 MO[2q SpNnq JuewIop | (Op-0] Inq AOUSIOLJ
B/U | USSOMIN 1001 )58 MO woIj PMoIIoY Sunmg moT | ( a aunbsawr ‘omery| vpiyvd sidoso.q
o1 19y 9jeIoudal ‘DjpYydasoona;
IK/0€/SUO) Tt Apider syooys [eseq SPaas WOl AJISed ‘dsqns
RE) ¢t 03 dn £jqrssod ‘s3urno pue sdungs smoi3 ‘1eonpoid ppydadroonaj
12-11 | uoSomiN ‘IA/9€/SU0) /] MOT INO WOIJ SMOIZNY passogrold | d a J[oey BOY| puUavINIY
Sunok (naoviy
uoym Surmoird sayoueIq a1ensoid s1eak SNoSIqIE "UkS)
B/ 1sey Ao wnIpapy 1O JUSq WOJ )00y | 7> J0J 9[qeIA SpadS | d a ney | wnaoviy ylwdyv
os1I
Kyponserd [9A9] BaS
Jooo13op Y31y | /M YImoI3 IeoA | 10J
SUONIPUOd paonpar 9[qeIA puE juepunqge
[EIUSWIUOIIAUS ‘oords speroe] punoi3 | soyn3edoid Surppass
syuQLINU Jo a3uer e 2,05 9AOQE 29 MO[oq ‘(snorediarn)
SIAN 2% opIm Jopun OARY PNW | ULIO} PUR 9JBNISqNS 0} JINJJ UT SQ)BUTULIOT a13uput
€1 d ‘sax ImoIs iseq ur s)ooy Joyoue sj001 [eLdY | ey yng 1ad pass | d a 2A0I3UBW POy vioydoziyy
3103s | eydn AARdNpoaq
S | JUSLIINN JAUAIYJO AdUBII0) uondnpoxday uondnpoaday
qA1d Y31y | dndyuisojoyd | uopepunuy [enxasy enxds | I/V | WA JWIEN UOwwo)) JWEN IYNUING

(9007 ‘T 39 PIuS-ue[uey) SPUL[S] UBTTEME UTEW JY) UI SPUL[IOM PUB[MO] SIIUILINIIO0 dGIjoxd A[[ed0] dAey Ued pue UIDU0d
juIuIgeuEW Jo 3¢ Jey) (9007 0NN PUB UOSHILIT) SIS 39.1) JAISEAUT A[YSIY PUE PIINPOIIUT JO , SSOUIAISBAUL,, YIIM PIJEIIOSSE S10398] 0] d[qEL




CHAPTER 5: DEFINE YOUR MANAGEMENT APPROACH

Engage People with Different Expertise and Experiences

Interest in wetlands stems from different perspectives,
including interest in a specific species of taxonomic
group or exposure to a specific site or location, but
often does not include an interest in abiotic conditions
or hands-on manipulation of soil and water to enhance
wetland habitats. To be successful, wetland managers
need to embrace a suite of skills and intellects
including visual-spatial, naturalistic, logical-
mathematical, linguistic, kinesethetic, interpersonal,
and intrapersonal (see Gardner 2011). Although verbal
(linguistic) math (logical) intellects are embraced in
academic settings, other skillsets are also essential for
effective wetland management. For example,
practitioners with spatial intellects may be very good
at interpreting data or spatial patters of management
results. A practitioner with logical intelligence has
excellent problem-solving abilities. A person with
kinesthetic intelligence is very good at fixing
equipment. By comparison, a manager with good
linguistic and interpersonal abilities may be more

likely to acquire funding for long-term management Interdisciplinary team of biologists, equipment
through well-written grants or persuasive speeches. operators, soil scientists, botanists, planners,
Thus, the most effective wetland management is and ecologists helping to sample soils and

discuss restoration designs and management

often achieved through collaboration with individuals options at Mand Plain Wetland Restoration.

from multiple disciplines who have had different

experiences and demonstrate strengths in different
intellects.

Identify Available Resources

The amount of effort required per acre of wetland varies based on species present, equipment
used, staffing capacity, and accessibility. Although no hard and fast rule exists for this
relationship; general observations suggest that the equivalent of one full time land management
position (FTE) is required to successfully manage 30 acres of wetlands in Hawai‘i. Whether the
FTE is one staff person dedicated to wetland management, or a part-time staff person who
organizes monthly volunteer workdays, it is essential to have a plan for treating re-growth of
invasive species after initial removal efforts. Otherwise, invasive species are likely to recolonize,
creating conditions where efforts are constantly focused on invasive species control rather than
providing resources that meet life-history requirements of endemic waterbirds. Management
strategies outlined in Chapter 6 can be implemented using a variety of gear ranging from hand
tools to heavy equipment.
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Develop Habitat-Based Goals and Objectives

Habitat-based goals should describe a desired future condition that contributes to a larger
mission or vision of the organization or partnership (Table 11). Goals should also contain an
action (e.g., enhance), attribute (e.g., area), and target (e.g., quantity). Goals may be lofty and
difficult to achieve taking several years to successfully accomplish them. Objectives, strategies,
and actions are then identified as step downsto attain goals.

Historically, the focus of management objectives was often on wildlife populations, not habitats.
This was, in part, because habitats are complex with constantly changing. In addition, the
emphasis on management of rare species, including endangered Hawaiian waterbirds, is often
linked to meeting population objectives. Historical management objectives were poorly tied to
life-cycle events of wildlife species and were also vague or lofty and were more like goals or
even visions (LHF personal observation). Recovery objectives for Hawaiian waterbirds include
specific, measurable attributes for population numbers (stable or increasing minimum population
of 2,000 birds for each species), but habitat objectives are broad: “establish and protect...both
core and supporting wetlands that are managed as habitat suitable for waterbirds...” (USFWS
2011:121). Habitat objectives are refined by recovery criteria which identify the percentage of
core and supporting wetlands that need to be protected and managed.

All management objectives, whether habitat or population-based, should be quantifiable and are
commonly referred to as ‘SMART’ objectives: Specific, Measurable, Achievable, Results-
oriented, and Time-specific (Elizing et al. 2001, Schroeder 2006, USFWS 2013, Bjerke and
Renger 2017). By clearly articulating a measurable attribute, threshold value, direction of change
(or trend), and time-frame, quantifiable objectives provide a foundation for determining
evaluating the response of plants and wildlife to management strategies (Elzinga et al. 2001).
Examples of quantifiable habitat objectives for actively managed wetlands include the following:
e Shallowly flood 50% of seed-producing wetland vegetation during early October to make
seeds and aquatic invertebrates available to ‘alae ‘ula prior to the peak season.
e Slowly drawdown water levels on 5 acres beginning in March to concentrate seed and
invertebrate resources for koloa ducklings and stimulate germination of beneficial
wetland plants on exposed substrates.

Table 11. Examples of habitat-based goals for wetland habitats in Hawai‘i.

Organization Example of Habitat-based Goal Mission or Vision of Organization

Malama Hulé‘ia Remove 23 acres of red mangrove A free-flowing, healthy and productive Hulg‘ia
within the Hulé‘ia River Watershed. ecosystem perpetuating community pride.

DOFAW Restore native vegetation to 30 acres Responsibly manage and protect watersheds, native
of aquatic, wetland, and upland ecosystems, and cultural resources and provide
habitats at Kawai‘ele Waterbird outdoor recreation and sustainable forest products
Sanctuary. opportunities, while facilitating partnerships,

community involvement and education.

USFWS Protect, maintain, and enhance Work with others to conserve, protect, and enhance
seasonal wetland habitats at Kealia fish, wildlife, plants, and their habitats for the
Pond NWR to meet the life history continuing benefit of the American people.
needs of endangered Hawaiian
waterbirds.
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CHAPTER 6: DEVELOP MANAGEMENT STRATEGIES
Establish Native and Other Beneficial Plants, Naturally!

Creating conditions to promote the germination and growth of native and other beneficial plants
is critical to achieve habitat management objectives that are directly tied to restoration and
management actions. Natural germination is a cost-effective method, particularly over a large
area, to maximize food and cover resources for endemic waterbirds. Planting and seeding of rare
species that incorporates traditional ecological knowledge on growing patterns (e.g., Gon 2003)
can supplement natural germination and increase species diversity.

Managers can create conditions for germination because wetland seed banks are persistent. Seeds
of wetland plants can survive multiple periods of drought and re-wetting conditions; some
species are known to be viable for hundreds of years (Keddy and Reznicek 1982, Leck and
Brock 2000, Leck and Schultz 2005, Brock 2011, Cross et al. 2015). In addition, the density of
wetland seed banks can be extremely high, reaching more than 700,000 seeds/m? for a single
species (Bissels et al. 2005). Seeds typically germinate from the upper 3 cm of soil. Seeds also
persist buried deep in the soil profile until a disturbance, such as a flood, swell, or mechanical
management action, scours the substrate, brings seeds up from deep burial, and provides a niche
for seeds to germinate. Species richness of seed banks is generally higher than that of above-
ground vegetation due to abiotic varying conditions under which different species germinate
(e.g., Keddy and Reznicek 1982, Mulhouse et al. 2005). Seed dispersal by water, animals, and
wind, replenish depleted seed banks and can further increase species richness compared to
richness of the above ground vegetation.

The specific requirements for breaking seed dormancy and, in turn, germination of wetland
plants are poorly documented and understood, especially for native wetland species in Hawai‘i.
However, general principles and knowledge of genera or family-level germination characteristics
can be successfully applied to managed wetlands in Hawai‘i. For seeds from the seed bank to
germinate, they need to break dormancy and be exposed to conditions adequate to complete all
stages of germination (Figure 2). Except for some species of submerged aquatic vegetation, all
seeds of wetland plants need water and oxygen for the embryo to grow. But soil that is too wet
can reduce the amount of oxygen available in the soil pore space and prevent germination.
Dormancy patterns, soil moisture, temperature, and light requirements vary by species (e.g.,
Schiitz 2000, Chauhan and Johnson 2009). Many wetland plants also require light for
germination (Grime 1981) and therefore germinate best on bare topsoil. Scarification appears to
stimulate germination of a wide range of wetland and upland species (e.g., Scowcroft 1978,
Baskin et al. 2004, Leck and Schiitz 2005, Mueller-Dombois 2005). Because many wetland plant
species have seeds with hard and/or thick seed coats, scarification breaks down the hard seed
coat common in wetland plants allowing the seed to absorb water and oxygen from the soil.
Receding water and decreasing soil moisture after flood events likely created optimal soil
moisture and temperature conditions suitable for germination on newly disturbed soil surfaces.

Management strategies that promote germination can be mimicked in managed wetlands
equipment, ranging from tractors with discs to hand tools (Table 12). The disturbance required
for successful germination of beneficial species will depend on existing habitat conditions.
Regardless of wetland type, invasive vegetation needs to be removed before germination of
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beneficial plants is possible. Accumulated organic matter and litter, which are common in
wetlands with a history of dense stands of invasive species, prevent sunlight from reaching the
soil surface, reduce soil temperature, increase soil moisture, and may reduce germination
potential of beneficial wetland plants. Note that plant response to the same management action
implemented during a wet or dry period of the wetland cycle will likely be very different due to
differences in abiotic conditions.

Soil Characteristics
Texture (sand, silt, clay)

Seed Production

3 Caolor
Longevity Organic Matter
Dispersal Topograpiy

Water
Animal
Wind, Soil Moisture and Oxygen
Dry —— Saturated — Fooded

Scarification of Seeds Soil Temperature
Mechanical [ N
Viable Seeds Soil Disturbance — -
in the hemiest Break Dormancy, Drying/Rewetting Cycle wmmp Seed
Seed Bank Avian Gut = S;Tict : Unpredictable -— Seasonal |cermination |
e e oo Temperature Stratification Imbibition
Y=IQIOEICE] IVieCNanisms S Mone — Narrow — High Starch Converted to Sugar

Cells Elongate & Davide
Radical Grows Downward
Shoot Emerges
1 or 2 Leaves Emerge

Seed Loss
Physiological Death
iled Germination

Light Reaching Soil Surface

Disturbance
Deep Gaps/Openings in Vegetation
Burial Organic Matter
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Figure 2. Conceptual model of seed germination from wetland seed banks.
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Table 12. Management strategies, equipment, and actions that stimulate germination of beneficial wetland

plant species.

Management Strategies

Management Equipment and Actions by Wetland Size

and undesirable
vegetation)!'>?

e Mower/Brush Cutter
o Cut vegetation into
smaller pieces to
increase
decomposition rates
¢ Grinder/Masticator
e Break up root crown
to stress plant and
reduce regrowth
e Further breaks down
organic matter

Large Medium Small
Break Down and Backhoe Tracked skid steer (105-110 hp) with attachments
Remove Accumulated Tractor (120-130 hp) with | described for tractors
Organic Matter (dead implements

Small equipment (e.g.,
brush cutter, rototiller)
Hand tools
e Shovels
e Remove above and
below ground
biomass
e Reel lawn mower
e Won'’t be effective on
dense vegetation
® Weed wacker /String
trimmer
e Pull by hand

Disturb/Scarify Soil

Tractor (120-130 hp) with
implements

Tracked skid steer (105-110 hp) with attachments
described for tractors

e Disc (10’ tandem pull
behind with cookie
cutter & smooth discs)

e Incorporate organic
matter into soil

e Break up rhizomes

e Bring buried seeds to
soil surface

o Surface soil clod size

Small equipment (e.g.,
rototiller)
Hand tools
e Garden rake
o Shallow disturbance
e Shovels
e Patchy soil
disturbance when
used to remove

drawdown*
e Drawdown after flood event
e Rainfall
o Scasonal groundwater dynamics
¢ Slow inflow of water to increase soil

dependent on depth .

& disc size vegetation
[ ]
e Rototiller

¢ Smooth soil surface
Increase Soil Moisture All Wetland Sizes
Active Water Management No Water Control

e Shallow flooding followed by e Drawdown after flood event

¢ Rainfall
o Scasonal groundwater dynamics

water content

!'See Table 18 and Table 19 for specific invasive species control methods.

2 The amount and type of accumulated organic matter should be considered when selecting equipment to ensure

efficient removal techniques.
3 Vegetation may need to be removed off-site to a suitable upland area following State and Federal regulations.
4 Drawdown is the gradual removal of surface water that exposes the wetland substrate.
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Produce Aquatic Invertebrates

Producing abundant aquatic invertebrates is essential for functional wetland systems and meeting
important life-history needs of endemic waterbirds (see summaries in Chapter 4). All four
species of endemic waterbirds consume invertebrates during at least one life-history event.
Aquatic invertebrates are incredibly diverse occupying six functional feeding groups: shredders,
scrapers/grazers, collectors, plant piercers, predators, and parasites. As a result, they are major
components of the food web that are responsible for moving energy and nutrients to higher
trophic levels. Although aquatic invertebrates have distinct responses to environmental
conditions, inconsistent patterns and complex interactions make it difficult to predict their
specific response to management actions (Batzer 2013). That said, management actions should
target the biotic and abiotic factors shown to have the greatest influences on aquatic invertebrate
abundance and diversity, including hydroperiod and plants (Batzer 2013, Bischof et al. 2013)
while also considering other environmental factors. Hypotheses for cause-and-effect
relationships among biotic and abiotic factors and aquatic invertebrates in fresh and brackish
water wetlands in Hawai‘i are shown in Figure 3 (modified from Hentges & Stewart 2010).

Figure 3. Hypotheses for
cause and effect

Vertebrate relationships among biotic
Predators  Invertebrate and abiotic factors and
l Predators aquatic invertebrates in
Hructe \ / fresh and brackish water
Invertebrate wetland in Hawai‘i
Hydroperiod — Plants Abundance & <+—— Hydroperiod  (modified from Hentges &
/ Diversity Stewart 2010). Main
Food/ controls on invertebrate
Nutrients populations (Batzer 2013)
are highlighted and in
black.

Invertebrates have evolved to inhabit diverse wetland, streams, and other aquatic habitats. They
have adapted to variable hydroperiods characteristic of wetlands (Figure 4). They survive periods
of drought by aestivating as eggs, larvae, and/or adults. Invertebrate species capable of flight
disperse between seasonal wetlands and permanently flooded water bodies during dry periods.

The highest diversity and abundance of invertebrates in wetlands occurs in habitats with diverse
and abundant structure that provides food (direct or indirectly), attachment sites, and cover from
predators (Voshell 2002). In wetlands and other lentic water bodies, this occurs in vegetated
areas with complex living and dead plant structure. Temporary and seasonal wetlands typically
have more available oxygen and higher nutrient turnover rates than deeper permanently flooded
wetlands, further contributing to abundant invertebrate populations. Vegetation litter on mudflats
also provides important nutrients and habitat for benthic invertebrates (e.g., Wrubleski et al.
1997). Plant species with complex and/or finely divided leaf structure and increased surface area
generally support larger invertebrate assemblages than species with simple leaf structure (Krull
1970, Fredrickson and Reed 1988, Thomaz et al. 2008). Thus, plants with complex leaves or
long narrow leaves will provide more structure compared with broad-leaved plants (Table 13).
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Interspersion of vegetation types, mud flats, and open water also increases invertebrate
abundance and diversity because invertebrate taxa response different to environmental conditions
and plant structure (Voigts 1976, Hornung and Foote 2006, De Szalay and Resh 2008). Complex
living and dead plant communities can be achieved by creating conditions for a diversity of plant
species (see previous section). Management strategies that support abundant and diverse aquatic
invertebrate communities, and associated management actions and wetland characteristics are
summarized in Table 14.

From air or can withstand low O, «

Hydroperiod Characteristics

Water Flow

Stagnant

Permanent +—

Duration of Flooding

Flow-through

» Seasonal/Temporary

Water Depth

Deep <«

Less 0, IIESSS———T1

Drought Tolerance

—» Shallow

More O,

» Aestivate as eggs, larvae, or adults

Flighted adults *

None
Slow « Growth
Limited ability to disperse Dispersal

Fast

Flighted adults

Acquiring Oxygen

" Passive (via birds or floodwater)

Aquatic Invertebrate Strategies

From water column, plants, or air

Figure 4. Aquatic macro-invertebrate strategies in wetlands with different hydroperiod condition.

Table 13. General relationship between plant structure and aquatic invertebrate abundance.

Aquatic
Invertebrate Plant Structure Description Examples
Abundance
High Complex leaf Whorled, dense, finely dissected, or strongly  Ruppia, Stuckenia
branched leaves
Floating leaf Floating leaves, not rooted to a substrate, Lemna
roots suspended in water
Long, narrow leaf Long, thin leaves and stems with little orno  Fimbristylis, Cyperus
branching
Short, broad leaf Short oval or round leaves Bacopa, Ludwigia
Robust, long broad leaf  Robust structure and/or long broad leaves Nymphaea, Typha
v and stems with little or no branching
Low Shrub or tree Shrubs or trees with woody stems and/or Hibiscus

trunks
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Table 14. Management strategies, associated management actions, and wetland characteristics that support
abundant and diverse aquatic invertebrates.

Management
Strategies

Management Actions

Wetland Characteristics

Complex Vegetation
Structure

¢ Reduce or eliminate aggressive
invasive vegetation that form
monocultures and typically has low
structure value (e.g., cattail,
California bulrush).

e Mow < % of beneficial vegetation
prior to re-flooding.

o See actions for diverse vegetation

e Diversity of native and beneficial plants,
including herbaceous monocots and dicots and
shrubs.

¢ Plant material in different stages of
decomposition as food resource for
invertebrates.

Diverse Vegetation

e Seasonal or temporary flooding
regime for emergent vegetation.

¢ Semi-permanent flooding for
submerged aquatic vegetation.

o Tidally influenced emergent and
submerged aquatic vegetation.

o Multiple soil types the support different
vegetation.

¢ Microtopography that results in germination
of different species during drawdown
conditions.

e Variable hydroperiod characteristics that
create dynamic patterns of diverse
microhabitats.

Interspersion of
Habitat Types

¢ Restore or manage multiple wetland
basins or management units with
different habitat types.

e Mow openings in existing
vegetation before re-flooding
occurs.

¢ Diverse vegetation with diverse structure.

¢ Plant material in different stages of
decomposition.

o Interspersion of standing emergent vegetation,
submerged aquatic vegetation, and/or open
water in mowed areas.

Enhance Nutrient

* Mow areas of vegetation prior to re-

e Increase course particulate organic matter

o Increase flow-through conditions to
prevent stagnant water.

e Remove above ground biomass of
invasive vegetation.

Turnover flooding to increase course available as food for aquatic invertebrates
particulate organic matter available | e Organic matter in different stages of
as food for aquatic invertebrates and decomposition.
increase decomposition rates. e Temporary and seasonal wetlands with
dynamic wet/dry cycles
High O2 Availability | e Shallow flooding. e Shallow water depth.

e Reduce large quantities of organic matter
(e.g., decadent vegetation) that can deplete Oz
when wetland is re-flooded.

Allow Invertebrate
Response to
Changing Conditions

e Gradual drawdown of water and re-
flooding in managed units

o Gradual slope increases edge habitat that
concentrates seeds and invertebrates.

o Invertebrates prepare to aestivate during dry
periods.
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Make Resources Available

After beneficial plants and invertebrates colonize, grow, and, in the case of plants, produce
seeds, management actions should then focus on making those resources available. Food and
cover resources required by waterbirds vary depending on life cycle needs (Appendix C).
Breeding is the most energetically demanding period for waterfowl and other waterbirds
requiring protein, lipids, and minerals in high abundance to successfully reproduce. Breeding
encompasses seven life-history events: courtship, pair formation, nest-searching, pre-laying, egg-
laying, incubation, and brood rearing. Each requires nutrients in different proportions to
successfully complete. If food resources (especially protein) are limited during breeding,
waterbirds may delay breeding, fail to breed, or have reduced clutch size and/or egg mass (Krapu
and Reinecke 1992). Although endemic waterbirds can breed year-round in Hawai‘i, each
species has a peak breeding season. Very little is known about molt in Hawaiian waterbirds, but
it can likely occur year-round as well.

The primary management strategy for ensuring food resources are available for waterbirds is
manipulating water levels to provide optimum water depths for foraging (Table 15). Water
depths <12 inches provide foraging conditions for all species of endemic waterbirds as well as
most migratory waterfowl and shorebirds. Although water depths 12 to 24 inches can increase
diversity of available wetland habitats, deeper water is more likely to hinder management of
dynamic flooding; thus, encouraging growth of undesirable invasive plants adapted to anoxic
conditions (e.g., cattail, bulrush, etc). In addition, aquatic habitats >12 inches are not limited in
the main Hawaiian Islands because they are readily found as reservoirs, stock ponds, golf course
ponds, and canals with vegetated edges.

Along with water depth, duration and timing of wetland inundation are other hydroperiod
characteristics important to consider when making resources available (Table 16). Waterbirds are
adept at exploiting spatially and temporally variable food resources, where they respond
opportunistically to weather-related changes in food availability. Therefore, managed
hydroperiods (depth, duration, and timing of flooding) should be variable from year to year to
maintain long-term wetland function and prevent a monoculture of species adapted to static
conditions. Wetland basins without active management are subject to natural seasonal flooding
conditions based on groundwater, surface water, and precipitation inputs. Water flow from
groundwater discharge or surface water sources should be managed to prevent stagnant, anoxic
conditions and reduce the probability of a botulism outbreak.
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Table 15. Water depths used by endemic waterbirds and migratory waterfowl and shorebirds for foraging
(shaded) and nesting (--N--). U=upland; M=mudflat.

Water Depth (inches)
U M1 2 3 4 5 6 7 8 9 10 11
Koloa maoli N
Aeo
Alae keokeo
Alae ula

Species

12 | 13-24 25-36  37-48+

Northern shoveler
Northern pintail
Gadwall

American widgeon
Canvasback
Ring-necked duck
Lesser scaup
Bufflehead

Pacific golden plover
Ruddy turnstone
Wandering tattler
Sanderling
Bristle-thighed curlew
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Table 16. Management strategies that maximize resources available for endangered waterbirds and promote

long-term wetland function.

Management Strategy

Management Actions

Shallow water

o Target water levels <12 inches to provide foraging habitat for endemic
waterbirds.

o Target water levels 12-24 inches to provide additional habitats only where it
does not compromise long-term management of dynamic seasonal flooding.

o Install low-water crossings to allow high water from heavy rains or floods to
spread out across landscape.

e DO NOT excavate deep, steep-sided basins.

o Incorporate gradual slopes and broad contours into restoration designs.

Seasonal flooding

* Monitor ground and surface water inputs to determine elevation of restored
wetland basin that maximizes seasonal flooding given naturally occurring
variation in ground and surface water inputs.

¢ For actively managed basins, install water control structures at appropriate
elevations to ensure all surface water can be effectively removed.

¢ Flood wetland basins for only part of the year.

Variable duration of flooding

e Mimic variability in wet and dry season conditions while providing
predictable resources for waterbirds.

¢ Vary duration of flooding among years from 2 to 8 months.

¢ Rotate flooding among basins with water management capabilities.

¢ Restore wetland basins with variable hydroperiods

Variable timing of flooding

o Initiate flood-up on different dates during the year.

o Incorporate carly, average, and late flood-up dates into management plans and
allow for flexibility given changing weather condition.

o Initiate drawdown on different dates during the year.

e Incorporate early, average, and late drawdown dates into management plans
and allow for flexibility given changing weather condition (e.g., do not try to
have a drawdown during a 50-year rainfall event).

e These conditions occur naturally in areas where hydroperiod is driven by rain
or overbank flooding.

Prevent stagnant water

¢ Protect groundwater springs and areas of groundwater discharge.
e Remove barriers to surface water flow.
o Create flow-through conditions across a wetland basin.

Provide resources for different
species and life-history events
that occur year-round.

e Manage wetland basins in different successional stages, water depths, timing
and duration of flooding.

¢ Coordinate among federal, state, and privately managed wetland areas within
watersheds, ahupuaa, moku, and island-wide to provide adequate resources
across multiple spatial scales.
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Control Invasive Plants

Similar to establishing native plants, controlling invasive plant species requires an understanding
of life-history strategies. The most effective control strategies target one or more life-history
stages that reduces the viability of the invasive species. Wetlands dominated by invasive species
have crossed ecological thresholds where intensive management is required to restore and
manage the abiotic processes and structures that maintain wetland function. Intensive
management enables a site to cross back to the dynamic reference condition where native and
other beneficial species outcompete invasive species. This can be achieved by 1) selecting an
area that can be effectively treated (and re-treated) given available staff, volunteers, and funding;
2) implementing management actions that target above and below-ground biomass; 3) managing
for or restoring hydrological disturbance dynamics; 4) monitoring for re-growth; 5) re-treating
the area, as needed; and 6) creating conditions for germination and growth of native and other
beneficial species that can eventually out-compete the invasive specie(s).

Emergent angiosperms account for most of the invasive species in Hawaii’s wetlands (Erickson
and Puttock 2006) and are the focus of this section. Management of these invasive plants should
consider growth points (types of meristematic tissue), growth form (annual or perennial), above
and below-ground biomass, and seed structure (monocot or dicot) because resource allocation
(e.g., energy, nutrients) and growth strategy vary among different vegetation types (Table 17).

Table 17. Characteristics of emergent wetland monocot and dicot species.

. Emergent Monocots Emergent Dicots

Characteristic . :
Annual Perennial Annual Perennial

Meristematic tissue Apical Apical Apical Apical
(growth point) Basal Basal
Vegetative spread + - + -+
Below-ground biomass + - + -+
Seed Production - Varies - Varies
Dominant energy allocation Seeds Roots/rhizomes/ Seeds Roots/rhizomes/
after growth re-sprouting re-sprouting
Anoxia tolerance Low High Low Varies

Because most of the highly invasive plants in Hawaii’s wetlands are perennial, management
strategies must target both above (Table 18) and below-ground biomass (Table 19). Removing
only above-ground biomass is not sufficient for control because nutrients and energy stored in
the roots and rhizomes enables fast and prolific re-growth.

Above-ground biomass of monocots and dicots have different growth points or meristems.
Meristems are comprised of cells capable of continued cell division responsible for plant growth.
Thus, management actions implemented will vary based on the presence of invasive monocots or
dicots. Basal meristems are found only in monocots at the base of nodes and leaf blades,
allowing rapid regrowth after leaves are damaged (e.g., from herbivory or mowing). Apical
meristems occur in both monocots and dicots at the tips of stems and roots. Hence, mowing will
effectively remove most apical growth points in herbaceous dicots but will not removal basal
growth points of monocots. Although the invasive dicots lack basal meristems, many species
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exhibit prolific re-sprouting by root apical meristems from the root crown (e.g., pickleweed),
which will limit effectiveness of mowing.

Annual and perennial species have different resource allocation strategies related to meristem
growth. At some point, as determined by environmental conditions and genetics, the shoot apical
meristem of dicots and monocots transforms to produce flowers or flowering shoots. In annual
plants this process is irreversible, which, in simplified terms, results in resource allocation first to
growth, followed by all meristems becoming reproductive. In contrast, most perennial plants
utilize varying strategies of resource allocation to repeatedly go from vegetative to sexual
reproductive development throughout the year (Albani and Coupland 2010). Perennial plants
also allocate more resources to below-ground biomass than annual plants. Thus, for perennial
species, managers need to implement control techniques that target: 1) vegetative and sexual
reproduction occurring year-round after plants are established; 2) apical and basal (in monocots)
meristems; and 3) below-ground biomass (Table 18 and Table 19).

Invasive species can re-establish from very low densities if control efforts are not maintained
(e.g., Reinhardt Adams and Galatowitsch 2008). The likelihood of invasion, growth, and re-
invasion of invasive species in wetlands increases in areas with hydrologic modifications (Cronk
and Fenessey 2001). Managing for or restoring historical disturbance dynamics reduces
competitiveness of many invasive species and can limit growth and re-invasion following control
efforts.
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Control Non-native Vertebrates

Introduced vertebrates kill adult and young waterbirds, predate nests, and degrade wetland
habitats thereby negatively impacting recovery of endemic waterbirds, re-establishment of
migratory bird pathways, and wetland habitat condition. Non-native predators, particularly

mammals, reduce reproductive success of endemic waterbirds (Underwood et al. 2014,

Christensen et al. 2021). However, the relative impacts of overall and species-specific predation,
habitat loss, wetland condition, and other threats on population-level dynamics of endemic

waterbirds are unknown. Relatively large populations of endemic Hawaiian waterbirds that

maintained flight capabilities persisted through Polynesian and early European introductions of
non-native mammals. Habitat loss, fragmentation, and other anthropogenic modifications likely

had biggest direct impact on endemic waterbird populations. These factors are also known to

increase predation rates on waterbirds. Thus, non-native vertebrate control is an integral aspect

of managing wetland habitats and increasing reproductive success of waterbirds in Hawai‘i.

Non-native vertebrate control efforts are summarized for Federal and State management areas
(Table 20). Resources on species-specific control methods are available in the digital Hawai‘i
Wetlands Library maintained by the Pacific Birds Habitat Joint Venture
(https://pacificbirds.org/hawaii_wetlands/predators/).

Table 20. Control efforts for non-native vertebrates at Federal and State management areas on the main

Hawaiian Islands.

Management Area

Exclusion

Fence

Control/Removal Efforts

Predator Proof

Hog or Deer

Ungulates

Feral cat

Mongoose

Rodent

Cattle egret

Barn owl

Bull frog

Non-native fish

Kaua‘i
Hanalei National Wildlife Refuge
Hulé‘ia National Wildlife Refuge
Kawai‘ele, Mana Plains Forest Reserve
O‘ahu
Ki‘i Unit, James Campbell NWR
Punamand Unit, James Campbell NWR
Honouliuli Unit, Pear]l Harbor NWR
Waiawa Unit, Pearl Harbor NWR
Pouhala Marsh Wildlife Sanctuary
Kawainui Marsh Wildlife Sanctuary
Hamakua Marsh Wildlife Sanctuary
Maui
Kealia National Wildlife Refuge
Kanaha Pond Wildlife Sanctuary
Moloka‘i
Kakahai‘a National Wildlife Refuge
Hawai‘i
Kaloko Fishpond, KHNHP
‘Aimakapa Fishpond, KHNHP
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Reduce Probably of Avian Botulism

Life-history of Clostridium botulinum

Avian botulism is caused by the bacterium Clostridium botulinum, which produces seven
different types of botulinum neurotoxins when infected by a virus (bacteriophage). The type C
botulinum neurotoxin affects more than 100 species of waterbirds, including endemic waterbirds
in Hawai‘i. C. botulinum are commonly found in wetland sediments as part of a zone of high
biological activity at the sediment-water interface where large concentrations of bacteria and
other microorganisms are major components of the food web. Bacteria and other microorganisms
break down organic matter and, in turn, provide forage for protozoa and benthic
macroinvertebrates.

For a botulism outbreak to negatively affect waterbird health, the following processes need to
occur: germination of bacterial spores; infection by a virus that carries the gene to encode for the
neurotoxin; vegetative growth and replication (cell division) on a high protein substrate;
autolysis (cell destruction) which releases the neurotoxin; and a pathway for neurotoxin transfer
to birds (Rocke and Bollinger 2007). Increased bacterial growth and production of botulinum
neurotoxins are typically produced under low oxygen conditions on a high protein substrate
(Mitchell and Rosendahl 1987, Barres and Kadlec 2000). Decaying carcasses are optimal growth
medium for C. botulinum. Other factors influencing bacterial growth and toxin production are
temperature, pH, redox potential, and water vapor pressure (Rocke and Bollinger 2007).
Interactions among abiotic factors and competition among benthic bacteria also influence if a
botulism outbreak occurs. C. botulinum persists under extreme environmental conditions by
producing dormant spores and can remain viable for years until conditions for bacterial growth
and toxin production are suitable. Once ingested by birds, the toxin binds to nerve endings,
where it interferes with muscle movement causing eventual paralysis.

Dabbling ducks, such as koloa, which sift through sediments to feed, and filter feeders, including
northern shovelers, are especially likely to encounter and consume dead or live invertebrates that
contain sufficient levels of toxin to cause botulism. Once large enough quantities of toxin are
ingested by birds to cause death, the ‘carcass-maggot cycle’ creates a positive feedback loop.
Decomposing carcasses in wetlands provide an anaerobic environment with a rich protein source
and may also generate high internal temperatures, further aiding growth of C. botulinum and
toxin development. Fly larvae (maggots) which forage on decaying carcasses effectively
concentrate the toxin (Rocke and Bollinger 2007). Waterbirds can easily ingest invertebrate
larvae that fall off carcasses and continue the cycle of toxin infection.

Management Strategies

Outbreaks of avian botulism are unpredictable due to the complex factors regulating bacterial
growth, presence of the virus, and transfer to birds. Except for carcass removal, management
recommendations made prior to the mid 1970s have not been effective in reducing botulism
(Reed and Rocke 1992). Due to a lack of understanding of general wetland ecology and
conditions that promoted outbreaks, some recommendations, such as stabilizing water levels and
creating steep banks, were detrimental and further contributed to compromised wetland function
(LHF personal observation).
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The most important management strategy to reduce the probability of an avian botulism outbreak
is to maintain, create, and/or restore water flow through conditions to reduce anaerobic
conditions associated with stagnant water (Figure 5). Design and placement of water inflows and
outflows should allow water circulation throughout the entire unit. For wetlands without active
water management, mangers should consider the relationship of basin topography to
groundwater levels, tidal inputs, and/or stream flows.

Table 21. Management strategies and actions that reduce the probability of occurrence of avian botulism.

Management Strategy Management Action

Reduce stagnant water and o Increase water in-flows and out-flows.

anaerobic conditions e Grade wetland basin to remove depressions that hold water following
managed and natural drawdowns.

Limit organic matter in newly * Mow < 2 of beneficial vegetation unit prior to flooding.

flooded habitats e Remove or reduce above ground biomass of invasive vegetation prior
to flooding.

Limit protein substrates ¢ Remove and rehabilitate sick birds.

o Remove dead and decaying carcasses of fish and birds.
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Figure 5. Wetland designs that increase surface water flow (A and B) and seasonal water fluctuations in
depressional basins (C and D) to reduce stagnant water and anoxic conditions that can contribute to botulism

outbreaks.
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CHAPTER 7: EVALUATE, ADAPT, AND SHARE

Management decisions are often made with incomplete information due to lack of data and/or
incomplete understanding of the biotic and abiotic components of wetland habitats. Multiple
types of information are used to inform wetland management, including inventories of biotic and
abiotic conditions, implementation tracking (what was done, where, and when), habitat and
wildlife responses to management actions, and effectiveness of management actions. The latter
require monitoring to make observations, collect data, and analyze key attributes. Dratch et al.
(2017) summarizes the USFWS framework for inventory and monitoring designed to link to
management issues on a refuge or the broader landscape (USFWS policy 701 FW2).

Inevitably management actions may result in unexpected responses of plants and/or wildlife due
to the variability inherent in natural systems. When that happens, we should have the necessary
information to determine why those responses occurred or to at least develop plausible
hypotheses. We also need to adapt management actions. How do we embrace unexpected but
beneficial outcomes? And vice versa — how to we adapt management strategies to prevent future
undesirable outcomes?

Allocation of resources to monitoring is challenging due to limited staff and funding.

Efforts to prioritize information needs can reduce the competing needs of on-the-ground actions
and monitoring. Salzar and Salafsky (2006) illustrate a decision tree where resources are
allocated among on-the-ground-actions and different types of monitoring for conservation areas
with substantial threats. Nichols and Williams (2006) suggest that the effectiveness of
conservation actions can be increased by focusing monitoring on crucial information needs,
including observational monitoring based on management-oriented hypotheses.

Reynolds et al. (2016) state that successful monitoring programs have explicit objectives and a
conceptual ecological model that includes ecological processes, drivers, stressors, and system
responses. Monitoring based on conceptual ecological models is more likely to identify key
processes and indicators and therefore contribute significantly to management (Gross 2003,
Ogden et al. 2005).
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habitats. Modified from Gross (2003), Ogden et al. (2005), NEAT (2006), and CMP 2020.
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CHAPTER 8: INTEGRATING MANAGEMENT STRATEGIES
Moist-soil Management in a Highly Modified Floodplain

Rational and Infrastructure Improvements

Moist-soil management techniques, originally developed on the continental U.S., were adapted
to Hawai‘i-specific conditions and refined based on observations of plant and waterbird
responses at Hanalei National Wildlife Refuge. Moist-soil management techniques are beneficial
in highly modified systems where natural processes are unable to be restored (Fredrickson and
Taylor 1982). In addition, these techniques can increase the availability, abundance, and
nutritional quality of plants and aquatic invertebrates consumed by waterbirds (Fredrickson
1996, Brasher et al. 2007, Kross et al. 2008, Farley et al. 2022). This case history encompasses
more than 15 years of adaptively managing wetland habitats to provide foraging, pre-breeding,
nesting, brood-rearing, and loafing/roosting habitats for endangered waterbirds at Hanalei
National Wildlife Refuge.

Wetland units at Hanalei National Wildlife Refuge not in active taro cultivation were dominated
by invasive grasses when the refuge was established. Initial efforts to provide habitat for
endangered waterbirds in these areas entailed mowing and flooding the invasive grasses
(USFWS 2021). As a result, wetlands were characterized by uniform structure, limited seed
production, and low species diversity. In addition, California grass, paspalum, and other highly
invasive species grew quickly forming dense mats of vegetation that make the units unsuitable
habitat for waterbirds.

Existing floodplain modifications, including water delivery infrastructure and impoundments,
made wetland units at Hanalei National Wildlife Refuge well-suited to begin implementing
moist-soil management techniques in the Hawaiian Islands. Beginning around 2004, moist-soil
management techniques were applied wetland units to mimic natural dynamics of seasonally
flooded wetlands by actively manipulating soils, hydrologic conditions, and vegetation
(Fredrickson and Taylor 1982). The goal of using moist-soil management techniques was to
reduce invasive species and create conditions for the germination, growth, and seed production
of beneficial plants. Initially, it was challenging to accomplish this goal because 1) equipment
and staffing resources were not adequate to manage all of the wetland areas, 2) landscape
position and soils were not considered when impoundments were constructed, and 3) limited
information or observations were available on the life history of native and other beneficial
plants.

Two of the 3 limitations were addressed over a 5 to 10-year period: equipment was upgraded as
funding resources allowed and soil sampling identified abiotic factors that limited efficacy of
water management. Soil sampling identified 1) buried beach ridges below floodplain deposits
and 2) gradually increasing soil texture toward the Hanalei River (University of Missouri,
unpublished data; Figure 7). Buried beach ridges are consistent variable sea levels throughout the
Holocene; coarser textured soils are often found closer to rivers as a result of more frequent
flooding and faster water velocities compared to areas of the floodplain farther from the river.
Thus, wetland units were re-designed to reduce water loss through infiltration to buried beach
ridges and/or courser textured soils (Figure 8).
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Staffing for on-the-ground habitat management was limited to one equipment operator for
Hulé‘ia and Hanalei NWRs from 2004 until 2018. Two additional habitat management staff were
hired during 2018. Although duties also increased at that time, additional staff enabled more
wetland units to be managed for endangered waterbirds (e.g., Kuna units). Information on the life
history of beneficial wetlands plants in Hawai‘i is still limited, but observations of vegetation
response and waterbird use at managed wetland units linked endangered waterbird life-history
requirements to vegetation conditions.

Management strategies that focused on removing above and below-ground biomass of invasive
plants were implemented first. The area treated was initially limited to the ABC units to ensure
staff had time to follow-up as needed to ensure that re-growth of invasive vegetation was treated
before plants spread and set seed. The number and duration of management actions varied
depending on specific unit conditions (e.g., soil type), observed vegetation response, and weather
(e.g., rainfall, flooding, etc.). The intensity and frequency of management actions were highest
during initial efforts to remove invasive vegetation (Figure 9). Once cover of invasive vegetation
was substantially reduced such that spot spraying effectively kept cover at less than about 10%,
an ecological threshold was crossed where native and other beneficial plants outcompeted
aggressive invasive species (Figure 9). With less management efforts needed to control invasive
plants, options for management actions that target waterbird life history requirements increase.
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Figure 7. Soil characteristics of ABC managed wetland units Hanalei National Wildlife Refuge, Kaua‘i, in
relation to the current Hanalei River and beach. Base image from Google Earth, © 2021 Maxar Technologies,
dated April 2003. Soil data collected by the University of Missouri-Columbia.
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Figure 8. ABC managed wetland units at Hanalei National Wildlife Refuge, Kaua‘i, during 2003 (left)
compared to subsequent years (2009, 2013, and 2017) after impoundment boundaries were re-designed to
reduce water loss through infiltration to buried beach ridges and/or courser textured soils. Images from
Google Earth © 2021 Maxar Technologies.
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Figure 9. Observed responses of vegetation to moist-soil management actions following removal of California
grass in managed wetland units at Hanalei National Wildlife Refuge. An ecological threshold is crossed
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Moist-soil Management Techniques at Hanalei NWR

Drawdown.— One of the most important steps in moist-soil management is to slowly drawdown
or remove water from a wetland unit. The benefits of a drawdown are multi-faceted, including
the following:

e Mimic natural seasonal drying that followed the wet or “”” season.
Reduce anoxic and hypoxic conditions.
Increase oxygen in soil pore space, which increases oxidation.
Increase nutrient turnover rates.
Create conditions for germination of a wide variety of native and other beneficial plant
species.
Increase plant competition, which reduces monocultures of flood-tolerant species.
Concentrate aquatic invertebrates.
Allow access to the area to manipulate vegetation and soils.
Provide suitable substrate for germination.

Soil Manipulations that Mimic Ecological Disturbance. —
Discing wetland soils mimics soil disturbance that occurs after
a large flood or on-shore storm surge. It also scarifies the soil,
breaks up root systems, incorporates organic matter into
wetland soils, and brings up seeds from deep burial to within 1
inch of soil surface where germination takes places. The goal
of discing as a moist-soil management tool is to re-set a
wetland unit to an early succession phase dominated by seed-
producing plants. Discing can also be beneficial to control
invasive species that have colonized a wetland unit (see Table
18 and Table 19).

Large discs needed to break up well-established invasive
vegetation create large clumps of soil, making the soil surface
uneven. Finish discs and tillers create a finer, smoother soil
surface that mimics sedimentation of receding flood waters
after high velocity scouring. Wet tilling is a common practice
in taro cultivation and can be done as part of moist-soil
management. Prior to tilling, flood the unit with water 3 to 6
inches deep. Wet tilling accomplishes a finer break up of soil
and root systems while saturating the soil compared to discing.
The resulting fine, smooth soil surface germination of native
flatsedges, which outcompete California grass and aggressive
species of Paspalum.

A mulcher or masticator is another tool used to scarify the soil.
A mulcher is very effective at grinding meristematic tissue in
the root crown of invasive plants, and therefore is effective at
controlling invasive plants.
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Increase Soil Moisture.— Once a suitable substrate for germination is present, rainfall or a slow
drawdown of shallow water provides soil moisture to stimulate growth of native wetland plants.

Germination.— Natural germination of wetland plants
in Hawai‘i has been observed during the spring when
water levels recede following the wet season and
during the fall when precipitation saturates exposed
wetland soils (Chadd Smith, personal
communication). Due to the year-round growing
season, germination conditions can be managed for
any time of the year if a unit has water management
capabilities. However, a managed drawdown during
the wet season may be impacted by flooding or
rainfall that prevents removal of all surface water
from a wetland unit or basin. A gradual drawdown
saturates the soil surface and exposes wetland soils
to sunlight. Surface soil characteristics (e.g., lumpy
vs smooth), moisture, temperature and other abiotic
factors determine which species germinate from the
seed bank (see Figure 2).

The exact vegetation response will depend on timing
of the management action, weather, and associated
abiotic conditions. The unit should be observed daily
once germination begins to identify the species that
are germinating. Nutsedges, fimbry, millet are beneficial species that germinate at Hanalei NWR.
Following a discing/tilling disturbance, these species will be able outcompete the highly invasive
monocots. If California grass or other aggressive invasive species germinate, it is easier to
control them when they are young compared to mature plants with well-established root systems
and seeds. Undesirable species may also grow from vegetation fragments. Those should be spot
sprayed, mowed, and/or grubbed depending on amount of regrowth

Growth and Seed Production.— Following germination, growth of native and other beneficial
plants takes 1 to 3 months before seed production starts to occur. Shallow reflooding from
rainfall or managed water inputs can increase growth of some species, including *INSERT
FLATSEDGE NAMES and millet. Other food-producing plant species such as ‘aki‘aki are less
tolerant to flooding while growing. When moist-soil management techniques are initiated on a
wetland unit, it is likely that California grass and other invasive species will regrow from
vegetative fragments. These areas should be spot sprayed with approved herbicides. This reduces
their chance of spreading and forming monocultures while giving a competitive advantage to
native plants.

Plant Breakdown for Aquatic Invertebrates.— Dense areas of plant growth can be mowed to

physically break down stems and leaves, which in turn provides course particulate organic for
aquatic invertebrates. This habitat mosaic maximizes invertebrate response because mowed
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wetlands have higher abundance and biomass of invertebrates, whereas non-mowed areas are
colonized by a higher diversity of invertebrates (De Szalay and Resh 2000). A high abundance
and diversity of aquatic invertebrates increases the range of proteins and essential amino acids
available to waterbirds. Mowing also increases the interspersion of “open water” and emergent
vegetation within a wetland unit and creates openings for waterbirds to land and forage when the
wetland is flooded.

Shallow Flooding to Make Resources Available.— Once food and cover resources are produced,
water levels between 3 and 12 inches will provide resources for 4 species of endangered
waterbirds. Aquatic invertebrates, including water boatmen and diptera are observed within 3
days of flooding (Chadd Smith, USFWS, personal communication).

Get the Birds to Work for You!— Wetlands with
abundant plant and invertebrate food resources will
attract large numbers of endemic and, during the
winter, migrant waterfowl. Movement and foraging
by waterbirds in flooded wetlands further breaks up
and knocks down emergent vegetation creating more
openings and increasing decomposition and nutrients
available for aquatic invertebrates. This breakdown
will reduce the management effort required in
subsequent years. For example, mowing, grinding,
and/or discing may not be needed a frequently when
natural openings occur and provide suitable
germinate substrate during subsequent drawdowns.
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Linking Management to Waterbird Life Histories

This section summaries information about habitat condition, invertebrate response, and
waterbirds based on observations in managed wetlands at Hanalei and Huléia NWRs.

Early Succession Wetlands for Pre-breeding

Waterbirds have high nutrient demands prior to breeding. Food Habitat Characteristics for
resources available to pre-breeding and breeding waterfowl (and Pre-breeding Waterbirds

likely other waterbirds) influence reproductive success in several e Abundant protein and
ways. Limited food resources can reduce breeding attempts when
birds are not in good condition (Krapu and Reinecke 1992). In
addition, body condition is often correlated with increased survival.
Visual isolation from conspecifics and other breeding pairs is
another habitat characteristic that influences pair formation and
signal behaviors.

high energy food resources.

e Visual isolation from
conspecifics for courtship
and pair formation.

Recent, shallowly flooded (3 to 9 inches) wetlands with
50% emergent vegetation and 50% open water or
submerged aquatic vegetation provide abundant aquatic
invertebrates and seeds, visual isolation, open areas for
stilt foraging. Benthic and water column aquatic
invertebrates that colonize newly flooded habitats within
24 hours. Herbivores, detritivores, and gathers are some
of the earliest colonizers of newly flooded habitats
(Wiggins et al. 1980, Mackay 1992, Bischof et al. 2013).
Koloa, alae keokeo, alae ulu, and aeo all utilize shallowly
flooded, early succession wetlands for foraging.

Mid-succession Wetlands for Nesting

Mid-succession wetland units with 50 to 70% emergent
vegetation cover that are shallowly flooded for 2 to 3
months provide structure for nest sites of alae ula and ale
keokeo. These wetlands also provide abundant invertebrates
and seeds for adult birds during incubation breaks, including
koloa, which nest in adjacent uplands or along the edge of
managed wetland units. Temporal shifts in aquatic
invertebrate populations likely parallel patterns found in
other seasonal wetlands where grazers increase as
periphyton develops and predators, scavengers, and
shredders tend to increase as time since flooding increases
(Wiggins et al. 1980, Mackay 1992, Bischof et al. 2013).

Mid succession wetlands are typically utilized by koloa, alae ula, and alae keokeo. To
successfully lay and incubate eggs all waterbirds need high protein resources (e.g., Alisauskas
and Ankney 1992, Colwell 2010). Clutch size, synthesis of egg protein, and occurrence of re-
nesting may be reduced if protein is limited (see Krapu and Reinecke 1992). Incubation is an
energetically demanding life-history stage for female waterbirds.

70



Late Succession Wetlands for Nesting and Brood-rearing

Brood rearing is another energetically demanding life history event, where dabbling ducks (and
likely other waterbirds) have high protein requirements immediately after hatching for feather
development. As hatchlings grow, diets shift to a more omnivorous or herbaceous diet where
increased energy resources are required for body growth.

Late-succession wetland units have had >6 months of
vegetative growth, resulting in high cover (50-70%)
of emergent vegetation >2 feet tall. This continues to
provide adequate structure for nesting, as well as
foraging habitat for recently hatched broods. Tall
emergent vegetation provides thermal cover,
protection from inclement weather and escape cover
from predators. Water depths from 6 to 12 inches
provide a diversity of foraging habitat for all 4 species
of endemic waterbirds, although high vegetative cover
limits use by aeo to more open areas of the wetland
unit. Aquatic invertebrate communities are diverse
with taxa occupying a broad range of functional feeding groups.

Rotational Management to provide Year-round
Resources

Wetland units are managed on a staggered rotational basis
that matches wetland condition with life-history needs of
endangered waterbirds (Figure 10). By staggering the
phase or stage of wetland units, all successional phases are
available year-round. This provides annually consistent
habitats and resources will incorporating the necessary
variability in wetland.

Figure 10. Example of rotational
management in ABC units at Hanalei
National Wildlife Refuge. Varying flood-
up dates, water levels, and vegetation
structure and annually provides resources
for endangered waterbirds. From Chadd
Smith, USFWS.
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Managing Emergent and Submerged Aquatic Vegetation in a Created Wetland

Rational

Kawai‘ele Waterbird Sanctuary was created after sand was mined on the Mana Plain during the
1980s. Flooded by brackish groundwater, aquatic habitats were historically dominated by
wigeongrass (Ruppia maritima; Thomas Kaiakapu, DOFAW, personal communication).
Wigeongrass is a submerged aquatic seagrass with worldwide distribution that can grow in
estuarine, palustrine, and lacustrine wetlands ranging from fresh to hypersaline and temporary to
permanently flooded water 0 to 12 feet deep (Kantrud 1991). It has physiological adaptions that
enable plants to adjust to changing salinity (Murphy et al. 2003). Perennial and annual growth
forms produce seeds (also referred to as drupelets) capable of surviving drought and year-round
growth occurs in wetlands at subtropical and tropical latitudes. Although highly adaptable to
varying abiotic conditions, wigeongrass is limited by high turbidity, wave action, and wind fetch.

Wigeongrass supports abundant and diverse aquatic invertebrate assemblages. Both vegetation
and associated invertebrates are an important food source for waterfowl, coots and rails
(Rallidae), and shorebirds (see review in Kantrud 1991). Although native fish use widgeongrass
habitats extensively for cover and foraging on invertebrate prey, they seldom consume large
amounts of wigeongrass itself. In contrast, introduced fish species substantially reduce and can
eliminate entire stands of wigeongrass and other submerged aquatic vegetation by direct
herbivory and increasing turbidity (Sidorkewicj et al. 1998, Peyton 2009).

Following the introduction of tilapia (Oreochromis spp.) at Kawai‘ele, wigeongrass stands were
quickly eliminated resulting in open water with no submerged aquatic vegetation (Thomas
Kaiakapu, DOFAW, personal communication). Although turbidity likely increased, bottom
substrates were still visible in up to 6 feet of water. Therefore, direct consumption of
widgeongrass by tilapia was hypothesized to be the factor that resulted in its complete removal
from aquatic habitats at Kawai‘ele. This hypothesis was confirmed with field cage experiments
during 2007. Wigeongrass only grew in cages where wigeongrass was transplanted and large
tilapia were excluded and reached 100% aerial cover in 2 cages after four months (Peyton 2009).
Tilapia were observed grazing on wigeongrass <24 hours after it was transplanted in cages with
fish present. Muskgrass (Chara sp.), a plant-like green alga, was observed growing with
wigeongrass in one cage.

The emergent wetland vegetation zone at Kawai‘ele was extremely narrow due to steep slopes
between uplands and permanently flooded aquatic habitats following sand removal. The uplands
were dominated by invasive shrubs, primarily marsh fleabane and koa haole, and invasive
grasses. Wetland enhancement efforts at Kawai‘ele have the following goals:
e Restore native vegetation to 30 acres of aquatic, wetland, and upland habitats.
e Increase the area of seasonally-flooded wetland habitats (including mudflats) that support
emergent vegetation.
e Eradicate tilapia and other non-native fish to restore wigeongrass and other submerged
aquatic vegetation to aquatic habitats.
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Increasing Emergent Wetland Habitats

Water levels were monitored for 3 years to estimate short-term temporal variability in water
depths in existing aquatic habitats. This monitoring identified the elevation range of wetlands
that would have temporary to seasonal flooding regimes. Heavy equipment was used to remove
invasive vegetation on upland berms and re-contour
existing habitats. Steep slopes greater than 3:1
(horizontal:vertical distance) were reduced to 5:1
and 10:1 where possible. This increased the
transition zone between uplands and aquatic habitats.
These gradual slopes now support emergent wetland
vegetation. Water levels fluctuate based on
precipitation (e.g., rain during kona storms) and
evapotranspiration creating shallowly flooded
habitats for foraging waterbirds and varying soil
moisture conditions for germination of native plants.

Photo courtesy of Jason Vercelli, DOFAW.

For the next phases of sand removal, ArcGIS 3D Analyst was used to design shallowly flooded
wetland basins with target elevations that create natural wetting and drying conditions to support
seasonally flooded wetlands surrounded by upland habitats (Figure 11). Following creation of
one wetland basin in Parcel 4, water levels fluctuate naturally creating shallowly flooded areas
where ae‘o, ‘alae ‘ula, ‘alae ke‘oke‘o, and koloa regularly forage. Aquatic invertebrates were
observed within a week of natural flooding and wigeongrass colonized the wetland within the
first year.
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Figure 11. Proposed contours and target elevations (ft msl) for seasonally flooded wetland basins at Kawai‘ele
Waterbird Sanctuary, part of the Mana Plains Forest Reserve. Map courtesy of DOFAW.
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Establishing Native Vegetation and Controlling Invasive Plants

Three management strategies were utilized to re-establish native vegetation:

1. Soil scarification to promote natural germination.

2. Broadcasting seeds.

3. Planting rare species and other wetland plants to increase diversity.
Soil disturbance from the heavy equipment used to re-contour wetland and upland habitats
scarified the soil resulting in germination of native shrubs, forbs, and grasses. Germination
increased after precipitation from kona storms (Jason Vercelli, DOFAW, personal
communication). Seeds of up to 15 species, including naupaka (Scaevola sencea), ma‘o
(Hawaiian cotton, Gossypium tomentosum), naio (Myoporum sandwicense), ‘ilima (Sida fallax),
and ‘a‘ali‘i (Dodonaea viscosa), were broadcast by raking them into the sandy soils. Dwarf
naupaka S. coriacea) and ‘ohai (Sesbania tomentosa), both endangered, were planted and
watered as needed for the first month until roots were well-established. DOFAW established
multiple photo points to evaluate the response of wetland and upland vegetation to management
strategies. From 2010 through 2014, native vegetation expanded considerably (Figure 12).
During this time, the number of staff and volunteer workdays needed to control invasive plants
decreased from 12 to 3—4 days a year. Native species have continued to expand, die-back,
germinate, grow, and set seed, depending on abiotic conditions (Figure 13).

Islands of upland and mudflat habitats within Kawai‘ele are only accessible by boat. Therefore,
invasive vegetation could only be removed by hand-pulling or cutting or digging with hand tools.
DOFAW organized multiple student and community volunteer workdays with up to 30
volunteers to remove invasive vegetation from the islands. Similar to areas of Kawai‘ele where
invasive vegetation was removed by heavy equipment, DOFAW staff, kupu interns, and
volunteers initially re-visited each island monthly to remove any newly germinated plants and/or
re-sprouted vegetation. Soil disturbance from foot traffic and hand tools was apparently
sufficient to scarify the soil, as several species of native plants germinated from seed. However,
the most common native species on the islands, ‘akulikuli (Sesuvium portulacastrum) expanded
vegetatively from existing plants.

Self-sustaining, native vegetation at Kawai ‘ele Waterbird
Sanctuary. Photos by Adonia Henry.
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Figure 12. Enhancement of wetland and upland habitats from 2008 through 2014 (clockwise) at Kawai‘ele
Waterbird Sanctuary, part of Mana Plains Forest Reserve, Kaua‘i. Photos by Jason Vercelli, DOFAW.

Figure 13. Native wetland and upland vegetation during May 2017 (left) and December 2021 (right) at
Kawai‘ele Waterbird Sanctuary part of Mana Plains Forest Reserve, Kaua‘i. Photos by Adonia Henry.

75



LITERATURE CITED

Albani, M.C., and G. Coupland. 2010. Comparative analysis of flowering in annual and
perennial plants. Pages 323348 in M. Timmerman (editor). Plant Development. Current
Topics in Developmental Biology, Volume 19, Elsevier, Inc., Oxford, United Kingdom.

Alisauskas, R.T., and C.D. Ankney. 1992. The cost of egg laying and its relationship to nutrient
reserves in waterfowl. Pages 30-61 in B.D.J. Batt, A.D. Afton, M.G. Anderson, C.D.
Ankney, D.H. Johnson, J.A. Kadlec, and G.L. Krapu (editors). Ecology and Management
of Breeding Waterfowl, University of Minnesota Press, Minneapolis, Minnesota,

USA .xx1+635pp.

Anderson, J.T., L.M. Smith, and D.A. Haukos. 2000. Food selection and feather molt by
nonbreeding American green-winged teal in Texas playas. The Journal of Wildlife
Management 64:222-230.

Apostol, D. 2006. Ecological Restoration. Pages 11-26 in D. Apostol and M. Sinclair (editors),
Restoring the Pacific Northwest: the Art and Science of Ecological Restoration in
Cascadia. Island Press, Washington, D.C. USA.

Athens, J.S. 1997. Hawaiian native lowland vegetation in prehistory. Pages 248-270 in P.V.
Kirch, and T.L. Hunt (editors) Historical ecology in the Pacific islands: prehistoric
environmental and landscape change. Yale University Press, New Haven, Connecticut,
USA.

Athens, J.S., H.D. Tuggle, J.V. Ward, and D.J. Welch. 2002. Avifaunal extinctions, vegetation
change, and Polynesian impacts in prehistoric Hawai‘i. Archaeology in Oceania 37:57—
78.

Athens, J.S., and J.V. Ward. 1993. Environmental change and prehistoric Polynesian settlement
in Hawai‘i. Asian Perspectives 32:205-223.

Bakker, E.S., K.A. Wood, J.F. Pages, C.F. (Ciska) Veen, M.J.A. Christianen, L. Santamaria,
B.A. Nolet, and S. Hilt. 2016. Herbivory on freshwater and marine macrophytes: a
review and perspective. Aquatic Botany 135:18-36.

Banko, W.E. 1987. Population histories — species account freshwater birds: koloa-maoli.
CPSU/UH Avian History Report 12B, Cooperative National Park Resources Studies
Unit, University of Hawai‘i at Manoa, Honolulu, Hawai‘i, USA. 171pp.

Bannor, B.K., and Kiviat E. 2002. Common gallinule (Gallinula galeata). In A.F. Poole and F.B.

Gill (editors), Birds of the World, Version 1.0. Cornell Lab of Ornithology, Ithaca, New
York, USA. https://doi.org/10.2173/bow.comgall.01

76



Bantilan-Smith, M., G.L. Bruland, R.A. MacKenzie, A.R. Henry, and C.R. Ryder. 2009. A
comparison of the vegetation and soils of natural, restored, and created coastal lowland
wetlands in Hawai‘i. Wetlands 29:1023—-1035.

Barras, S.C. and J.A. Kadlec. 2000. Abiotic predictors of avian botulism outbreaks in Utah.
Wildlife Society Bulletin 28:724—729.

Baskin, J.M. B.H. Davs, C.C. Baskin, S.M. Gleason, and S. Cordell. 2004. Physical dormancy in
seeds of Dodonaea viscosa (Sapindales, Sapindaceae) from Hawaii. Seed Science
Research 14:81-90.

Batzer, D.P. 2013. The seemingly intractable ecological responses of invertebrates in North
American wetlands. Wetlands 33:1-15.

Beaglehole, J. 1967. The Journals of Captain James Cook. Hakluyt Society. Cambridge, United
Kingdom.

Beggerly, P.E.P. 1990. Kahana Valley, Hawai‘i, a geomorphic artifact: a study of the
interrelationships among geomorphic structures, natural processes, and ancient Hawaiian
technology, land use, and settlement patterns. PhD Dissertation, Anthropology
Department, University of Hawai‘i. xix+537pp.

Berger, A.J. 1972. Hawaiian birdlife. 2nd edition, University Press of Hawai‘i, Honolulu,
Hawai‘i, USA.

Bischof, M.M., M.A. Hanson, M.R. Fulton. R.K. Kolka, S.D. Sebestyen, and M.G. Butler. 2013.
Invertebrate community patterns in seasonal ponds in Minnesota, USA: response to
hydrologic and environmental variability. Wetlands 33:245-256.

Bissels, S., T.W. Donath, N. Holzel, and A. Otte. 2005. Ephemeral wetland vegetation in
irregularly flooded arable fields along the northern Upper Rhine: the importance of
persistent seedbanks. Phytoenologia 35:469—488.

Bjerke, M.B. and R. Renger. 2017. Being smart about writing SMART objectives. Evaluation
and Program Planning 61:125-127.

Brasher, M.G., J.D. Steckel, and R.J. Gates. 2007. Energetic carrying capacity of actively and
passively managed wetlands for migrating ducks in Ohio. The Journal of Wildlife
Management 71:2532-2541.

Brinson, M.M., A.E. Lugo, and S. Brown. 1981. Primary productivity, decomposition, and
consumer activity in freshwater wetlands. Annual Reviews of Ecology and Systematics
12:123-161.

77



Brisbon, Jr., I.L. and T.B. Mowbray. 2002. American Coot (Fulica americana), version 1.0. In
A.F. Poole and F.B. Gill (editors). Birds of the World Cornell Lab of Ornithology, Ithaca,
New York, USA.

Brock, M.A. 2011. Persistence of seed banks in Australian temporary wetlands. Freshwater
Biology 56:1312-1327.

Byrd, G.V., R.A. Coleman, R.J. Shallenberger and C.S. Arume. 1985. Notes on the breeding
biology of the Hawaiian race of the American Coot. ‘Elepaio 45:57-63

Byrd, G.V. and C.F. Zeillemaker. 1981. Ecology of nesting Hawaiian common gallinules at
Hanalei, Hawaii. Western Birds 12:105-116.

Cabin, R.J., S.G. Weller, D.H. Lorence, S. Cordell, and L.J. Hadway. 2002. Effects of microsite,
water, weeding, and direct seeding on the regeneration of native and alien species within
a Hawaiian dry forest preserve. Biological Conservvation 104:181-190.

Calhoun, R.S. and C.H. Fletcher III. 1996. Late Holocene coastal plain stratigraphy and sea-level
history at Hanalei, Kauai, Hawaiian Islands. Quaternary Research 45:47-58.

Calhoun, R.S. and C.H. Fletcher III. 1999. Measured and predicted sediment yield from a
tropical, heavy rainfall, steep-sided river basin: Hanalei, Kauai, Hawaiian Islands.
Geomorphology 30:213-226.

Cardinale, B.J., E.R. Gelmann, and M.A. Palmer. 2004. Net spinning caddisflies as stream
ecosystem engineers: the influence of Hydropsyche on benthic substrate stability.
Functional Ecology 18:381-387.

Catford J.A. 2017. Hydrological impacts of biological invasions. Pages 63-80 in M. Vila and P.
Hulme (editors). Impact of biological invasions on ecosystem services. Invading Nature -
Springer Series in Invasion Ecology, Volume 12. Springer, Cham, Switzerland.

Chambers, R.M., D.T. Osgood, D.J. Bart, and F. Montalto. 2003. Phragmites australis invasion
and expansion in tidal wetlands: interactions among salinity, sulfide, and hydrology.
Eastuaries 26:398-406.

Champion, P.D. and C.C. Tanner. 2000. Seasonality of macrophytes and interaction with flow in
a New Zealand lowland stream. Hydrobiologia 441:1-12.

Chang, P.R. 1990. Strategies for managing endangered waterbirds in Hawaiian National Wildlife
Refuges. MS Thesis, University. of Massachusetts, Amherst, Massachusetts, USA.

Chauhan, B.S. and D.E. Johnson. 2009. Ecological studies on Cyperus difformis, Cyperus iria,

and Fimbristylis miliacea: three troublesome annual sedges weeds of rice. Annals of
Applied Biology 155:103-112.

78



Christensen D.L., K.C. Harmon, N.H. Wehr, and M.R. Price. 2021. Mammal-exclusion fencing
improves the nesting success of an endangered native Hawaiian waterbird. Peer]
9:¢10722. https://doi.org/10.7717/peer].10722.

Chu, P. S. 1995. Hawaii rainfall anomalies and El Nifio. Journal of Climate 8:1697-1703.

Chu, P. S. and H. Chen. 2005. Interannual and interdecadal rainfall variation in the Hawaiian
Islands. Journal of Climate 18:4796-4813.

Chura, N.J. 1961. Food availability and preferences of juvenile Mallards. Transactions of the
North American Wildlife and Natural Resource Conference 26:121-133.

Clague, D.A. 1998. Geology. Pages 3746 in S.P. Juvik and J.O. Juvik (editors), Atlas of
Hawai‘i. 3" edition, University of Hawai‘i Press, Honolulu, Hawai‘i, USA.

Clague, D.A., and G.B. Dalrymple. 1987. The Hawaiian-Emperor volcanic chain, part I, geologic
evolution. Pages 5-54 in R.W. Decker, T.L. Wright, and P.H. Stauffer (editors),
Volcanism in Hawai‘i. United States Geological Survey Professional Paper 1350.

Cline, M.G. 1955. Soil survey of the Territory of Hawaii, islands of Hawaii, Kauai, Lanai, Maui,
Molokai, and Oahu. Soil Survey Series 1939, No. 25. U.S. Department of Agriculture,
Bureau of Chemistry and Soils, Division of Soil Survey.

CMP [Conservation Measures Partnership]. 2020. Open standards of the practice of
conservation. Version 4.0.

Combs, D.L. and L.H. Fredrickson. 1996. Foods used by male mallards wintering in southeastern
Missouri. Journal of Wildlife Management 60:603—610.

Craft, C.B. 2001. Biology of wetland soils. Pages 107-135 in J.L. Richardson and M.J.
Vepraskas (editors), Wetland Soils, Lewis Publishers, CRC Press LLC, Boca Raton,
Florida, USA.

Cronk, J.K. and M.S. Fennessy. 2001. Wetland plants biology and ecology. Lewis Publishers,
CRC Press LLC, Boca Raton, Florida USA. 462pp.

Cross, A.T., S.R. Turner. M. Renton. J.M. Baskin, K.W. Dixon, and D.J. Merritt. 2015. Seed
dormancy and persistent seed banks of ephemeral freshwater rock pools in the Australian

monsoon tropics. Annals of Botany 115:847-859.

Culliney, J. L. 2006. Islands in a far sea, the fate of nature in Hawai‘i. Revised Edition,
University of Hawai‘i Press, Honolulu, Hawai‘i, USA.

79



Desrochers, B.A. and C.D. Ankney. 1986. Effect of brood size and age on the feeding behavior
of adult and juvenile American Coots (Fulica americana). Canadian Journal of Zoology
64:1400-1406.

DesRochers, D.W., L.K. Butler, M.D. Silbernagle, and J.M. Reed. 2009a. Observations of molt
in an endangered Rallid, the Hawaiian moorhen. The Wilson Journal of Ornithology
121:148-153.

DesRochers, D.W., S.R. McWilliams, M.D. Silbernagle, and J.M. Reed. 2009b. Macronutrient
profiles of wetland plants consumed by the Hawaiian moorhen (Gallinula chloropus
sandvicensis). Wetlands 29:845-853.

DesRochers, D.W., S.R. McWilliams, and J.M. Reed. 2010. Evaluating if energy and protein
limit abundance of Hawaiian moorhen. Journal of Wildlife Management 74:788-795.

De Szalay, F.A. and V.H. Resh. 2008. Factors influencing macroinvertebrate colonization of
seasonal wetlands: responses to emergent plant cover. Freshwater Biology 45:295-308.

DOFAW [Division of Forestry and Wildlife]. 2015. Ae‘o or Hawaiian stilt. Hawaii’s State
Wildlife Action Plain, Department of Land and Natural Resources, Honolulu, Hawai‘i,
USA.

Dratch, P., B. Thompson, M. Knutson, E. Silverman, K. Newman, and J.H. Reynolds. 2017. A
ten-step program that links monitoring to management. Pages 44 — 48 in S. Weber
(editor), Connections Across People, Place, and Time: Proceedings of the 2017 George
Wright Society Conference on Parks, Protected Areas, and Cultural Sites. George Wright
Society, Hancock, Michigan, USA.

Driver, E.A. 1988. Diet and behaviour of young American Coots. Wildfowl 39:34-42.

Eldridge, L.G. and S.E. Miller. 1997. Numbers of Hawaiian species: supplement 2, including a
review of freshwater invertebrates. Bishop Museum Occasional Papers 48:3-22.

Elzinga, C.L., D.W. Salzer, J.W. Willowghly, and J.P. Gibbs. 2001. Monitoring plant and animal
populations. Blackwell Science, Inc., Malden, Massachusetts, USA. viii+360pp.

Engilis, Jr., A. and T.K. Pratt. 1993. Status and population trends of Hawaii’s native waterbirds,
1977-1987. Wilson Bulletin 105:142—-158.

Engilis Jr., A.E., K. J. Uyehara, and J.G. Giffin. 2002. Hawaiian duck (4nas wyvilliana), version
1.0. in A.F. Poole and F.B. Gill (editors), Birds of the World. Cornell Lab of Ornithology,
Ithaca, New York, USA. https://doi.org/10.2173/bow.hawduc.01.

Englund, R.A. 2002. The loss of native biodiversity and continuing nonindigenous species
introductions in freshwater, estuarine, and wetland communities of Pearl Harbor, Oahu,
Hawaiian Islands. Estuaries 25:418-430.

80



Englund, R.A., D.J. Preston, R. Wolff, S.L. Coles, L.G. Eldredge, and K. Arakaki. 2000.
Biodiversity of freshwater and estuarine communities in lower Pearl Harbor, Oahu,
Hawaii with observations on introduced species. Final report prepared for the U.S. Navy.
Bishop Museum Technical Report No. 16. Hawai‘i Biological Survey, Bishop Museum,
Honolulu, Hawai‘i, USA. 181pp.

Erickson, T.E. and C.F. Puttock. 2006. Hawai‘i wetland field guide. U.S. Environmental
Protection Agency grant to State of Hawai‘i Department of Land and Natural Resources,
Division of Forestry and Wildlife, Honolulu, Hawai‘i, USA. Bess Press, Honolulu,
Hawai‘i, USA.

Farley, E.B., M.L. Schummer, D.J. Leopold, J.M. Coluccy, and D.C. Tozer. 2022. Influence of
water level management on vegetation and bird use of restored wetlands in the
Montezuma wetlands complex. Wildlife Biology 2022: e01016, doi:
10.1002/wl1b3.01016.

Foote, D.E., E.L. Hill, S. Nakamura, and F. Stephens. 1972. Soil survey of the islands of Kauai,
Oahu, Maui, Molokai, and Lanai, State of Hawaii. U.S. Department of Agriculture, Soil
Conservation Service, U.S. Government Printing Office, Washington D.C., USA.
232pp+guide and maps.

Fox, A.D., R. King, and M. Owen. 2013. Wing moult and mass change in free-living mallard
Anas platyrhynchos. Journal of Avian Biology 44:1-8.

Fredrickson, L.H. 1996. Moist-soil management, 30 years of field experimentation. Pages 168-
177 in J.T. Ratti (editor). Proceedings of the Seventh International Waterfowl
Symposium, Memphis, Tennessee, USA.

Fredrickson, L.H. and F.A. Reed. 1988. Invertebrate response to wetland management.
Waterfowl Management Handbook, Fish and Wildlife Leaflet 13.3.1. U.S. Fish and
Wildlife Service, Washington D.C., USA. 5pp.

Gaertner, M., R. Biggs, M. Te Beest, C. Hui, J. Molofsky, and D.M. Richardson. 2014. Invasive
plants as drivers of regime shifts: identifying high-priority invaders that alter feedback
relationships. Diversity and Distributions 20:733-744.

Galatowitsch, S.M., N.O. Anderson, and P.A. Ascher. 1999. Invasiveness in wetland plants in
temperate North America. Wetlands 733-755.

Gardner, H.E. 2011. Frames of mind: the theory of multiple intelligences. Basic Books, New
York, New York, USA. xxv+474pp.

Gavenda, R., C. Smith, and N. Vollrath. 1998. Soils. Pages 92-96 in S.P. Juvik and J.O. Juvik

(editors), Atlas of Hawai‘i. 3™ edition, University of Hawai‘i Press, Honolulu, Hawai‘i,
USA.

81



Giambelluca, T.W. and T.A. Schroeder. 1998. Pages 49-59 in S.P. Juvik and J.O. Juvik (editors),
Atlas of Hawai‘i. 3rd edition, University of Hawai‘i Press, Honolulu, Hawai‘i, USA.

Giambelluca, T.W., X. Shuai, M.L. Barnes, R.J. Alliss, R.J. Longman, T. Miura, Q. Chen, A.G.
Frazier, R.G. Mudd, L. Cuo, and A.D. Businger. 2014. Evapotranspiration of Hawai‘i.
Final report submitted to the U.S. Army Corps of Engineers—Honolulu District, and the
Commission on Water Resource Management, State of Hawai‘i.

Goble, D.D., J.A. Wiens, J.M. Scott, T.D. Male, and J.A. Hall. 2012. Conservation-reliant
species. BioScience 62:869-873.

Gon, S.M., III. 2003. Application of traditional ecological knowledge and practices of
indigenous Hawaiians to the revegetation of Kaho‘olawe. Ethnobotany Research &
Applications 1:5-20.

Gray, M.J., H.M. Hagy, J.A. Nyman, and J.D. Stafford. 2013. Management of wetlands for
wildlife. Pages 121-180 in J.T. Anderson and C.A. Davis (editors), Wetland Techniques,
Volume 3: Applications and Management. Springer, Dordrecht, Netherlands.

Gross, J.E. 2003. Developing conceptual models for monitoring programs. Unpublished report,
National Park Service, Fort Collins, Colorado, USA.

Gustafson, T. 2006. Bird communities and vegetation on Swedish wet meadows — importance of
management regimes and landscape composition. PhD dissertation, Swedish University
of Agricultural Sciences, Uppsala, Sweden.

Gutiérrez, J.L., C.G. Jones, J.E. Byers, K.K. Arkema, K. Berekenbusch, J.A. Commio, C.M.
Duarte, S.D. Hacker, J.G. Lambrinos, I.E. Hendricks, P.J. Hogarth, M.G. Palomo, and C.
Wild. 2011. Physical ecosystem engineers and the functioning of estuaries and coasts.
Pages 53-81 in E. Wolanski and D.S. McLusky (editors), Treatise of Estuarine and
Coastal Science, Volume 7. Academic Press, Waltham, Massachusetts, USA.

Gutscher-Chutz, J.L. 2011. Relationships among aquatic macroinvertebrates, endangered
waterbirds, and macrophytes in taro loi at Hanalei National Wildlife Refuge. MS Thesis,
South Dakota State University, Brookings, South Dakota, USA. xxi+234pp.

Hamilton, R.B. 1975. Comparative behavior of the American Avocet and the Black-necked Stilt
(Recurvirostridae). Ornithological Monographs 17.

Handy, E.S.C. and E.G. Handy. 1972. Native planters in old Hawaii: their life, lore, and

environment. Bernice P. Bishop Museum Bulletin 223. Bishop Museum Press, Honolulu,
Hawai‘i, USA.

82



Harmon, K.C., N. H. Wehr, and M. R. Price. 2020. Seasonal patterns in nest survival of a
subtropical wading bird, the Hawaiian Stilt (Himantopus mexicanus knudseni). Peer]
9:¢10399 https://doi.org/10.7717/peerj.10399.

Heitmeyer, M., L. Fredrickson, M. Laubhan, F. Nelson, G. Pogue, D. Helmers, and W. King.
2013. Wetland design and development. Pages 69—120 in J.T. Anderson and C.A. Davis
(editors), Wetland Techniques, Volume 3: Applications and Management. Springer,
Dordrecht, Netherlands.

Henry, A.R. and L.H. Fredrickson. 2013. Hydrogeomorphic evaluation of ecosystem restoration
and management options for James Campbell National Wildlife Refuge. Greenbrier
Wetland Services Report 13-01, Blue Heron Conservation Design and Printing LLC,
Bloomfield, Missouri, Prepared for U.S. Fish and Wildlife Service, Honolulu, Hawai‘i,
USA. 92pp.

Hentges, V.A. and T.W. Stewart. 2010. Macroinvertebrate assemblages in lowa Prairie Pothole
wetlands and relation to environmental features. Wetlands 30:501-511.

HISC [Hawai‘i Invasive Species Council]. 2022. Invasive species profiles.
https://dInr.hawaii.gov/hisc/info/invasive-species-profiles/, accessed 12 March 2022.

Hohman, W.L, C.D. Ankney, and D.H. Gordon. 1992. Ecology and management of postbreeding
waterfowl. Pages 128-189 in B.D.J. Batt, A.D. Afton, M.G. Anderson, C.D. Ankney,
D.H. Johnson, J.A. Kadlec, and G.L. Krapu. Ecology and Management of Breeding
Waterfowl, University of Minnesota Press, Minneapolis, Minnesota, USA.xxi+635pp.

Hornung, J.P. and A.L. Foote. 2006. Aquatic invertebrate responses to fish presence and
vegetation complexity in western boreal wetlands, with implications for waterbird
productivity. Wetlands 26:1-12.

Izuka, S.K. and S.B. Gingerich. 2003. A thick lens of fresh groundwater in the southern Lihue
basin, Kauai, Hawai‘i, USA. Hydrogeology Journal 11:240-248.

Jackson, C.R. 2006. Wetland hydrology. Pages 43-81 in D.P. Batzer and R.R. Sharitz (editors).
Ecology of freshwater and estuarine wetlands. University of California Press, Berkely,

California, USA.

James, H.F. 1991. The contribution of fossils to knowledge of Hawaiian birds. Acta XX
Congressus Internationalis Orinthologicus 1:420—424.

James, H.F. 1995. Prehistoric extinction and ecological changes on oceanic islands. Ecological
Studies 115:88-102.

James, H.F. and D.A. Burney. 1997. The diet and ecology of Hawaii’s extinct flightless
waterfowl: evidence from coprolies. Biological Journal of the Linnean Society 62:1-19.

83



Jones, C.G., J.H. Lawton, and M. Shachak. 1997. Positive and negative effects of organisms as
physical ecosystem engineers. Ecology 78:1946—-1957.

Jones, J.C. 1940. Food habits of the American Coot with notes on distribution. Wildlife Research
Bulletin 2, U.S. Fish and Wildlife Research, Washinton, D.C., USA.

Kamakau, S.M. 1964. The people of old: ka po‘e kahiko. Bishop Museum Press, Honolulu,
Hawai‘i, USA.

Kantrud, H.A. 1991. Wigeongrass (Ruppia maritima L.): a literature review. Fish and Wildlife
10, U.S. Fish and Wildlife Service, Washington, D.C., USA. 58 pp.

Keddy, P.A. 2010. Wetland ecology principles and conservation. Cambridge University Press,
Cambridge, United Kingdom. xvii+497pp.

Keddy, P.A. and A.A. Reznicek. 1982. The role of seed banks in the persistence of Ontario’s
coastal plain flora. American Journal of Botany 69:13-22.

Keddy, P.A. and A.A. Reznicek. 1986. Great Lakes vegetation dynamics: the role of fluctuating
water levels and buried seeds. Journal of Great Lakes Research 12:25-36.

Keough, J.R. 1999. Hydrogeomorphic factors and ecosystem responses in coastal wetland of the
Great Lakes. Wetlands 19:821-834.

Kirch, P.V. 1985. Feathered gods and fishhooks. University of Hawai‘i Press, Honolulu,
Hawai‘i, USA. x+348pp.

Kirch, P.V. 2011. When did the Polynesians settle Hawaii? A review of 150 years of scholarly
inquiry and a tentative answer. Hawaiian Archeology 12:3-26.

Krapu, G.L. and K.J. Reinecke. 1992. Foraging ecology and nutrition. Pp 1-29 in B.D.J. Batt,
A.D. Afton, C.D. Ankney, D.H. Johnson, J.A. Kadlec, and G.L. Krapu (eds). Ecology
and management of breeding waterfowl. University of Minnesota Press, Minneapolis,
Minnesota, USA.

Krauth, S. 1972. The breeding biology of the Common Gallinule. MS Thesis, University of
Wisconsin, Oshkosh, Wisconsin, USA.

Kross, J., R.M. Kaminski, K.J. Reinecke, E.J. Penny, A.T. Pearse. 2008. Moist-soil seed
abundance in managed wetlands in the Mississippi Alluvial Valley. The Journal of

Wildlife Management 72:707-714.

Krull, J.N. 1970. Aquatic plant-macroinvertebrate associations and waterfowl. Journal of
Wildlife Management 34:707-718.

84



Lau, L.S. and J.F. Mink. 2006. Hydrology of the Hawaiian Islands. University of Hawai‘i Press,
Honolulu, Hawai‘i, USA. xviii+274pp.

Leck, M.A. and M.A. Brock. 2000. Ecological and evolutionary trends in wetlands: evidence
from seeds and seed banks in New South Wales, Australia and New Jersey, USA. Plant
Species Biology 15:97-112.

Leck, M.A. and W. Schiitz. 2005. Regeneration of Cyperaceae, with particular reference to seed
ecology and seed banks. Perspectives in Plant Ecology, Evolution, and Systematics 7:95—
133.

Liao, T. 2003. Hydrological analysis for selected watersheds on O‘ahu, island of Hawai‘i. MS
Thesis, University of Hawai‘i, Honolulu, Hawai‘i, USA.

Lodge, D.M. 1991. Herbivory on freshwater macrophytes. Aquatic Botany 41:195-224.

Mackay, R.J. 1992. Colonization by lotic macroinvertebrates: a review of processes and patterns.
Canadian Journal of Fisheries and Aquatic Sciences 49:617-628.

Magee, P.A. 1993. Detrital accumulations and processing in wetlands. Waterfowl Management
Handbook Leaflet 13.3.14, U.S. Fish and Wildlife Service, Washington, DC, USA. 7pp.

Malachowski, C.P., and B.D. Dugger. 2018. Hawaiian duck behavioral patterns in seasonal
wetlands and cultivated taro. The Journal of Wildlife Management 82:840—849.

Malachowski, C.P., B.D. Dugger, and K.J. Uyehara. 2019. Seasonality of life history events and
behavior patterns in the island endemic Hawaiian duck (4nas wyvilliana). Waterbirds
42:78-89.

Malachowski, C.P., B.D. Dugger, K.J. Uyehara, and M.H. Reynolds. 2018. Nesting ecology of
the Hawaiian Duck, Anas wyvilliana on northern Kaua‘i, Hawai‘i, USA. Wildfowl
68:123-139.

McGuire, C. 2006. Effects of introduced fish on aquatic insect abundance: a case study of
Hamakua Marsh, Oahu, Hawai‘i. MS Thesis, University of Hawai‘i, Honolulu, Hawai‘i,
USA. vii+106pp.

Medeiros, J.S. 1958. Present status of migratory waterfowl in Hawaii. The Journal of Wildlife
Management 22:109-117.

Mendelssohn, I.A., D.P. Batzer, C.R. Holt, and S.A. Graham. 2014. Abiotic constrains for
wetland plants and animals. Pages 61-86 in D.P. Batzer and R.R. Sharitz (editors).

Ecology of freshwater and estuarine wetlands. Second Edition, University of California
Press, Oakland, California, USA.

85



Merlin, A., A. Bonnis, C.F. Damgaard, and F. Mesléard. 2015. Competition is a strong driving
factor in wetlands, peaking during drying out periods. PloS one 10: e0130152.
https://doi.org/10.1371/journal.pone.0130152.

Mermillod-Blondin, F., P. Marmonier, M. Tenaille, D.G. Lemoine, M. Lafont, R. Vander Vorste,
L. Simon, and L. Volatier. 2020. Bottom-up processes control benthic macroinvertebrate

communities and food web structure of fishless artificial wetlands. Aquatic Ecology
54:575-589.

Meyer III, W.M., R. Ostertag, R.H. Cowie. 2011. Macroinvertebrates accelerate litter
decomposition and nutrient release in a Hawaiian rainforest. Soil Biology and
Biochemistry 43:206-211.

Middleton, B. 1999. Wetland restoration, flood pulsing, and disturbance dynamics. John Wiley
& Sons, Inc. New York, New York, USA. xi+388pp.

Middleton, B. (editor). 2002. Flood pulsing in wetlands: restoring the natural hydrological
balance. John Wiley & Sons, Inc. New York, New York, USA. xii+308pp.

Miller, M.R. 1986. Molt chronology of northern pintails in California. The Journal of Wildlife
Management 50:57—-64.

Mink, J. and G. Bauer. 1998. Water. Pages 87-91 in S.P. Juvik and J.O. Juvik (editors), Atlas of
Hawai‘i. 3" edition, University of Hawai‘i Press, Honolulu, Hawai‘i, USA.

Mitchell, C.D. and M.W. Eichholz. 2019. Trumpeter swan (Cygnus buccinator). Version 1.0. in
P.G. Rodewald (editor). Birds of the World. Cornell Lab of Ornithology, Ithaca, New
York, USA. https://doi.org/10.2173/bow.truswa.01.

Mitsch, W.J. and J.G. Gosselink. 2000. Wetlands. 3" edition, John Wiley & Sons, Inc., New
York, New York, USA. xiii+920pp.

Moniz, J.J. 1997. The role of seabirds in Hawaiian subsistence: implications for interpreting
avian extinction and extirpation in Polynesia. Asian Perspectives 36:27-50.

Moore, J.W. 2006. Animal ecosystem engineers in streams. BioScience 56:237-247.

Morin, M.P. 1998. Endangered waterbird and wetland status. Cooperative National Park
Resources Studies Unit. University of Hawai‘i at Manoa, Honolulu, Hawai‘i, USA.

Moss, B. 2007. The art and science of lake restoration. Hydrobiologia 581:15-24.

Mueller-Dombois, D. 2005. Silvicultural approach to restoration of native Hawaiian rainforests.
Lyonia 8:61-65.

86



Mulhouse, J.M., L.E. Burbage, and R.R. Sharitz. 2005. Seed bank-vegetation relationships in
herbaceous Carolina bays: responses to climatic variability. Wetlands 25:738-747.

Muller, J.G. Y. Ogneva-Himmelberger, S. Loyd, and J.M. Reed. 2010. Predicting prehistoric taro

(Colocasia esculenta var. antiquorum) lo‘i distribution in Hawaii. Economic Botany
64:22-33.

Munro, G.C. 1944. Birds of Hawaii. Tongg Publishing Company, Honolulu, Hawai‘i, USA.
189pp.

Munro, G.C. 1960. Birds of Hawai'i. Charles E. Tuttle Company, Rutland, Vermont, USA.

NEAT [National Ecological Assessment Team]. 2006. Strategic habitat conservation. Final
Report, U.S. Fish and Wildlife Service and U.S. Geological Survey, Washington, D.C.,
USA.

Nichols, J.D. and B.K. Williams. 2006. Monitoring for conservation. Trends in Ecology and
Evolution 21:668—673.

Nichols, W.D., P.J. Shade, and C.D. Hunt. 1996. Summary of the Oahu, Hawaii, regional
aquifer-systems analysis. U.S. Geological Survey Professional paper 1412-A. 61pp.

Nishimura, J.K. and L.S. Lau. 1978. An automatic hydraulic structure to open sand plugs at
stream mouths on Oahu. Technical Report No. 117, Water Resources Research Center,
University of Hawai‘i at Manoa, Honolulu, Hawai‘i, USA. x+71pp.

NRCS [Natural Resources Conservation Service]. 2009. Practices to enhance native wildlife
habitat on wetland taro farms. Biology Technical Note No. 21, USDA NRCS Pacific
Islands Area, Honolulu, Hawai‘i, USA. 21pp.

Nunn, P.D. 2007. The A.D. 1300 event in the Pacific basin. Geographical Review 97:1-23.

Ogden, J.C., S.M. Davis, K.J. Jacobs, T. Barnes, and H.E. Fling. 2005. The use of conceptual
ecological models to guide ecosystem restoration in South Florida. Wetlands 25:795-809.

Olson, S.L. 1990. Patterns of avian diversity and radiation in the Pacific as seen through the
fossil record. Pages 314-318 in E.C. Dudley (editor), The Unity of Evolutionary Biology.
Proceedings of the Fourth International Congress of Systematic and Evolutionary
Biology, Dioscorides Press, Portland, Oregon, USA.

Olson, S.L. and H.F. James. 1982a. Fossil birds from the Hawaiian Islands: evidence for
wholesale extinction by man before western contact. Science 217:633—-635.

Olson, S.L. and H.F. James. 1982b. Prodromus of the fossil avifauna of the Hawaiian Islands.

Smithsonian Contributions to Zoology, Number 365. Smithsonian Institution Press,
Washington, DC, USA. iv+59pp.

87



Olson, S.L. and H.F. James. 1984. The roles of Polynesians in the extinction of the avifauna of
the Hawaiian Islands. Pages 768—780 in P.S. Martin and R.G. Klein (editors). Quaternary
Extinctions: A Prehistoric Revolution. University of Arizona Press, Tucson, Arizona,
USA.

Olson, S.L. and H.F. James. 1991. Descriptions of thirty-two new species of Hawaiian birds: Part
I non-Passeriformes. Ornithological Monographs 45:1-88.

Paxton, E.H., K. Brink, A. Henry, A. Siddiqi, R. Rounds, and J. Chutz. /n press. Distribution and
trends of endemic Hawaiian waterbirds. Waterbirds.

Pehrsson, O. 1987. Effects of body condition on moulting in Mallards. The Condor 8§9:329-339.

Peterson, R.N., W.C. Burnett, C.R. Glenn, and A.G. Johnson. 2009. Quantification of point-
sources groundwater discharges to the ocean from the shoreline of the Big Island, Hawai.
Limnology and Oceanography 54:890-904.

Peyton, K.A. 2009. Aquatic invasive species impacts in Hawaiian soft sediment habitats. PhD
Dissertation, University of Hawai‘i at Manoa, Honolulu, Hawai‘i, USA.

Pogue, J.F. 1978. Moolelo of ancient Hawai‘i. Translated by Charles W. Kenn. Topgallant
Publishing Co., LTD., Honolulu, Hawai‘i, USA.

Polhemus, D. and A. Asquith. 1996. Hawaiian damselflies: a field identification guide. Bishop
Museum Press, Honolulu, Hawai‘i, USA. 122pp.

Pratt, H.D. 1994. Avifaunal change in the Hawaiian Islands, 1893—1993. Studies in Avian
Biology No. 15:103-118.

Pratt, H.D. and I.L. Brisbin Jr. 2002. Hawaiian Coot (Fulica alai), version 1.0. In A.F. Poole and
F.B. Gill (editors). Birds of the World, Cornell Lab of Ornithology, Ithaca, New York,
USA.

Pukui, M.K. 1983. ‘Olelo no‘eau: Hawaiian proverbs and poetical sayings. Bernice P. Bishop
Museum Special Publication No. 71, Bishop Museum Press, Honolulu, Hawai‘i, USA.

Pukui, M.K., C.A. Lee & E.W. Haertg. 1972. Nana i ke kumu. Hui Hanai auxilary of the Queen
Lilivokalani Children’s Center, Honolulu, Hawai‘i, USA.

Reed, J.M., D.D. DesRochers, E.A. Vanderwerf, and J.M. Scott. 2012. Long-term persistence of
Hawaii’s endangered avifauna through conservation-reliant management. BioScience

62:881-892.

Reed, T.M. and T.E. Rocke. 1992. The role of avian carcasses in botulism epizootics. Wildlife
Society Bulletin 20:175-182.

88



Reinhardt Adams, C. and S.M. Galatowitsch. 2008. The transition from invasive species control
to native species promotion and its dependence on seed density thresholds. Applied
Vegetation Science 11:131-138.

Relton, J. 1972. Breeding biology of Moorhens on Huntingdonshire farm ponds. British Birds
65:248-256.

Reynolds, J.H., M.G. Knutson, K.B. Newman, E.D. Silverman, and W.L. Thompson. 2016. A
road map for designing and implementing a biological monitoring program.
Environmental Monitoring and Assessment 188:399 https://doi.org/10.1007/s10661-016-
5397-x.

Reynolds, M.H., K.N. Johnson, E.R. Schvaneveldt, D.L. Dewey, K.J. Uyehara, and S.C. Hess.
2021. Efficacy of detection canines for avian botulism surveillance and mitigation.
Conservation Science and Practice 3:¢397, DOI: 10.1111/csp2.397

Richardson, F. and J. Bowles. 1964 A survey of the birds of Kauai, Hawaii. Bernice P. Bishop
Museum Bulletin 227, Honolulu, Hawai‘i, USA. 49pp.

Richardson, D.M. and R.M. Kaminski. 1992. Diet restriction, diet quality, and prebasic molt in
female mallards. The Journal of Wildlife Management 56:531-539.

Robinson, J.A., J.M. Reed, J.P. Skorupa, and L.W. Oring. 2020. Black-necked Stilt (Himantopus
mexicanus), version 1.0. In A.F. Poole and F.B. Gill (editors). Birds of the World,
Cornell Lab of Ornithology, Ithaca, New York, USA.

Rocke, T.E. and T.K. Bollinger. 2007. Avian botulsim. Pages 377416 in N.J. Thomas, D.B.
Hunter, and C.T. Atkinson (editors), Infectious Diseases of Wild Birds. Blackwell
Publishing, Ames, lowa, USA. xi+484pp.

Salzar, D. and N. Salafsky. 2006. Allocating resources between taking action, assessing status,
and measuring effectiveness of conservation actions. Natural Areas Journal 26:310-316.

Schulz, M., H. Kozerski, T. Pluntke, and K. Rinke. 2003. The influence of macrophytes on
sedimentation and nutrient retention in the lower River Spree (Germany). Water Research
37:569-578.

Schiitz, W. 2000. Ecology of seed dormancy and germination in sedges (Carex). Perspectives in
Plant Ecology, Evolution, and Systematics 3:67—89.

Schwartz, C.W. and E.R. Schwartz. 1953. Notes on the Hawaiian duck. Wilson Bulletin 65:18—
25.

&9



Schroeder, R.L. 2006. A system to evaluate the scientific quality of biological and restoration
objectives using National Wildlife Refuge Comprehensive Conservation Plans as a case
study. Journal for Nature Conservation 14:200-206.

Schroeder, T. 1993. Climate controls. Pages 12—-33 in M. Sanderson (editor). Prevailing trade
winds, weather and climate in Hawai‘i. University of Hawai‘i Press, Honolulu, Hawai‘i,
USA.

Scott, .M., D.D. Goble, A.M. Haines, J.A. Wiens, and M.C. Neel. 2010. Conservation-reliant
species and the future of conservation. Conservation Letters 3:91-97.

Scowcroft, P.G. 1978. Germination of Sophora chrysophylla increased by presowing treatment.
Research Note PSW-327. U.S. Department of Agriculture, Forest Service, Pacific
Southwest Forest and Range Experiment Station, Berkeley, California, USA.

Sedinger, J.S. 1992. Ecology of prefledging waterfowl. Pages 109-127 in B.D.J. Batt, A.D.
Afton, M.G. Anderson, C.D. Ankney, D.H. Johnson, J.A. Kadlec, and G.L. Krapu.
Ecology and Management of Breeding Waterfowl, University of Minnesota Press,
Minneapolis, Minnesota, USA .xxi+635pp.

Shallenberger, R. J. 1977. An ornithological survey of Hawaiian wetlands. Ahuimanu
Productions under contract DACW 84-77-C-0036. Prepared for the U.S. Army, Engineer
District, Honolulu, Hawai‘i, USA. 406 pp.

Shay, J.M, P.M.J de Geus, and M.R.M. Kapinga. 1999. Changes in shoreline vegetation over a
50-year period in the Delta Marsh, Manitoba in response to water levels. Wetlands
19:413-425.

Sidorkewicj, N.S., A.C. Lopez Cazorla, K.J. Murphy, M.R. Sabbatini, O.A. Fernandez, and
J.C.J. Domaniewski. 1998. Interactions of common carp with aquatic weeds in Argentine
drainage canals. Journal of Aquatic Plant Management 36:5-10.

Slikas, B. 2003. Hawaiian birds: lessons from a rediscovered avifauna. The Auk 120:953-960.

Stearns, H.T. and K.N. Vaksvik. 1935. Geology and ground-water resources of the island of
Oahu, Hawaii. Bulletin 1, Territory of Hawai‘i, Division of Hydrography, Honolulu,
Hawai‘i, USA.

Steen, D.A., J.P. Gibbs, and S.T.A. Timmermans. 2006. Assessing the sensitivity of wetland bird
communities to hydrological change in the eastern Great Lakes region. Wetlands 26:605—
611.

Strader, R.W. and P.H. Stinson. 2005. Moist-soil management guidelines for the U.S. Fish and
Wildlife Service Southeast Region. U.S. Fish and Wildlife Service Report, Migratory

Bird Field Office, Division of Migratory Birds, Southeast Region, Jackson, Mississippi,
USA.

90



Street, M. 1978. The role of insects in the diet of mallard ducklings — an experimental approach.
Wildfowl 29:93-100.

Sugden, L.G. 1973. Feeding ecology of Pintail, Gadwall, American Widgeon and Lesser Scaup
ducklings. Canadian Wildlife Service Report Series Number 24. 45pp.

Swanson, G.A., M.I. Meyer, and V.A. Adomaitis. 1985. Foods consumed by breeding mallards
on wetlands of south-central North Dakota. The Journal of Wildlife Management 49:197—
203.

Swedberg, G.E. 1967. The koloa: a preliminary report on the life history and status of the
Hawaiian duck (4nas wyvilliana). Federal Aid to Wildlife Restoration Act (W-5-R)
Report, Division of Fish and Game, Honolulu, Hawai‘i, USA. 56pp.

Swetnam, T.W., C.D. Allen, J.L. Betancourt. 1999. Applied historical ecology: using the past to
manage for the future. Ecological Applications 9:1189-1206.

Telfer, T.C. 1973. Field investigation of native Hawaiian waterbirds on the island of Kauai.
Division of Forestry and Wildlife. Honolulu, Hawai‘i, USA.

Telfer, T.C. 1975. Field investigations of native Hawaiian waterbirds on the Island of Kaua“i.
Hawai‘i Division of Fish and Game, Honolulu, Hawai‘i, USA.

Telfer, T.C. 1976. Description of waterbird habitats as related to food availability and feeding
behavior of endangered waterbird species on the islands of Kauai and Oahu. Division of
Forestry and Wildlife. Honolulu, Hawai‘i, USA.

Thomas, D.M., H.A. Pierce, and N.C. Lautze. 2017. Reconsidering volcanic ocean islands
hydrology: recent geophysical and drilling results. Abstract 3h34C-04, American
Geophysical Union, Fall Meeting, December 2017, New Orleans, Louisiana, USA.

Thomaz, S.M., E.D. Dibble, L.R. Evangelista, J. Higuti, and L.M. Bini. 2008. Influence of
aquatic macrophyte habitat complexity on invertebrate abundance and richness in tropical
lagoons. Freshwater Biology 53:358-367.

Udvardy, M.D.F. 1960. Movements and concentrations of the Hawaiian Coot on the island of
O‘ahu. ‘Elepaio 21:20-22.

Underwood, J., M. Silbernagle, and M. Nishimoto. 2014. Non-native mammalian predator
control to benefit endangered Hawaiian waterbirds. Proceedings of the 26" Vertebrate
Pest Conference 26: 32-39.

University of Hawai‘i. 2004. Kekaha Sugar Company History. Hawaiian Sugar Planters’
Association Plantation Archives, University of Hawai‘i at Manoa Library, Hawaiian
Collection, August 2004. http://www?2.hawaii.edu/~speccoll/p_kekaha.html.

91



USFWS [U.S. Fish and Wildlife Service]. 2011. Recovery plan for Hawaiian waterbirds. Second
Revision. U.S. Fish and Wildlife Service, Region 1, Portland, Oregon, USA. xx+233 pp.

USFWS [U.S. Fish and Wildlife Service]. 2013. How to develop survey protocols, a handbook
(Version 1.0). DOI U.S. Fish and Wildlife Service, Natural Resource Program Center,
Fort Collins, Colorado, USA. iv+41pp.

USFWS. 2021. Hanalei National Wildlife Refuge Wetlands Management and Waterbird
Conservation Plan. Unpublished report, Pacific Region, Portland, Oregon, and Hanalei
National Wildlife Refuge, Kilauea, Hawai‘i, USA.

USGS (U.S. Geological Survey). 1910. Topography, Mana quadrangle. Surveyed in cooperation
with the Territory of Hawaii. https://evols.library.manoa.hawaii.edu/handle/10524/49266.

Uyehara, K. 2004. Conservation practices for native wildlife habitat on wetland taro farms. Final
Report prepared for the Tropical Technology Consortium, USDA Natural Resources
Conservation Service. Prepared by Oregon State University, Corvallis, Oregon, USA.

9pp.

Uyehara, K. 2007. Site reconnaissance for koloa (Hawaiian duck) study, May 2006. U.S.
Geological Survey Open File Report 2007-1351, Hawai‘i Cooperative Studies Unit,
Pacific Aquaculture and Coastal Resources Center, University of Hawai‘i at Hilo.

van der Valk, A.G., L. Squires, and C.H. Welling. 1994. Assessing the impacts of an increase in
water level on wetland vegetation. Ecological Applications 4:525-534.

van Rees, C.B., M.A. Muiioz, S.C. Cooke, and J.M. Reed. 2020. Morphological differences in
the island-endemic Hawaiian subspecies of the common gallinule Gallinula galeata.
Pacific Science 74:345-364.

van Rees, C.B., G. Surya, and J.M. Reed. 2020. Multiple sources of evidence for density
dependence in the endangered Hawaiian stilt (Himantopus mexicanus knudsent).
Population Ecology 62:207-219.

van Riper, C., IlIT and J. M. Scott. 2001. Limiting factors affecting Hawaiian native birds. Studies
in Avian Biology 22:221-233.

Vanni, M.J. 2002. Nutrient cycling by animals in freshwater ecosystems. Annual Reviews of
Ecology, Evolution, and Systematics 33:341-370.

Vitousek, P. and K. Beamer. 2013. Traditional ecological values, knowledge, and practices in
twenty-first century Hawaii. Pp In: R. Rozzi, S. Pickett, C. Palmer, J. Armesto, and J.
Callicott (editors). Linking Ecology and Ethics for a Changing World. Ecology and
Ethics, Volume 1, Springer, Dordrecht, The Netherlands. https://doi.org/10.1007/978-94-
007-7470-4 5.

92



Voigts, D.K. 1976. Aquatic invertebrate abundance in relation to changing marsh vegetation.
American Midland Naturalist 95:312-322.

Voshell, J.R. 2002. A guide to the common freshwater invertebrates of North America. The
McDonald & Woodward Publishing Company, Blacksburg, Virginia, USA. xiv+442.

Wantzen, K.M., K.-O. Rothhaupt, M. Mértl, M. Cantonati, L.G.-T6th, and P. Fischer. 2008.
Ecological effects of water-level fluctuations in lakes: an urgent issue. Hydrobiologia
613:1-4.

Weller, M.W. 1980. The island waterfowl. lowa State University Press, Ames, lowa, USA.
x+121pp.

Wetmore, A. 1925. Food of American phalaropes, avocets, and stilts. U.S. Department of
Agriculture Bulletin 1359:1-20.

Wiggins, G.B., R.J. Mackay, and .M. Smith. 1980. Evolutionary and ecological strategies of
animals in annual temporary pools. Archiv fiir Hydrobiologie Supplement 58:97-207.

Wilcox, D.A. and J.E. Meeker. 1999. Disturbance effects of aquatic vegetation in regulated and
unregulated lakes in northern Minnesota. Canadian Journal of Botany 69:1524-1551.

Wissinger, S.A. 1999. Ecology of wetland invertebrates: synthesis and applications for
conservation and management. Pages 1043—1086 in D.P. Batzer, R.B. Rader, and S.A.
Wissinger (editors), Invertebrates in Freshwater Wetlands of North America. John Wiley
and Sons, Inc., New York, New York, USA.

Wrubleski, D.A., H.R. Murkin, A.G. van der Valk, and C.B. Davis. 1997. Decomposition of
litter of three mudflat annual species in a northern prairie marsh during drawdown. Plant

Ecology 129:141-148.

Young, H.G., S.J. Tonge, and J.P. Hume. 1996. Review of Holocene wildfow] extinctions.
Wildfowl 47:166—180.

Zanetell, B.A. and B. Peckarsky. 1996. Stoneflies as ecological engineers — hungry predators
reduce fine sediments in streambeds. Freshwater Biology 36:569-577.

Ziegler, A.C. 2002. Hawaiian natural history, ecology, and evolution. University of Hawai‘i
Press, Honolulu, Hawai‘i, USA. xviii+477 pp.

93



APPENDIX A: ABIOTIC INFORMATION RESOURCES

Geology

U.S. Geological Survey
e USGS Hawai‘i Geologic Map Data https://mrdata.usgs.gov/geology/state/state.php?state=HI
e Sherrod et al. 2007 & 2021 Geologic map of the State of Hawai‘i (pdf files and spatial data)
o https://pubs.er.usgs.gov/publication/sim3143
o https://pubs.usgs.gov/0f/2007/1089/
o https://data.doi.gov/dataset/geologic-map-of-the-state-of-hawaii

Soils

Natural Resources Conservation Service
Current soil survey data
e Web-based Soil Survey https://websoilsurvey.sc.egov.usda.gov/App/HomePage.htm
o Soil descriptions, physical characteristics, and chemical characteristics can be
downloaded for each soil type in the ‘area of interest.’
All published soil surveys
e List of published soil surveys for Hawai‘i
https://www.nrcs.usda.gov/wps/portal/nrcs/surveylist/soils/survey/state/?stateld=HI
e Soil Survey of the Islands of Kauai, Oahu, Maui, Molokai, and Lanai, State of Hawaii 1972
https://www.nrcs.usda.gov/Internet/FSE_MANUSCRIPTS/hawaii/islandsHI1972/Five_islan
ds_SS.pdf
e Soil Survey of the Island of Hawaii, State of Hawaii 1973
https://www.nrcs.usda.gov/Internet/FSE_ MANUSCRIPTS/hawaii/HI801/0/hawaii.pdf
e Territory of Hawaii Soil Survey 1955
https://www.nrcs.usda.gov/Internet/FSE_MANUSCRIPTS/hawaii/hawaii_territory1955/Ha
waii_[_1955.pdf
o Follow instructions to view archived soil maps associated with the 1955 published soil
survey
https://www.nrcs.usda.gov/wps/portal/nrcs/detail/soils/survey/state/?cid=stelprdb1262
190

University of Hawai‘i
e Hawai‘i Soil Atlas http://gis.ctahr.hawaii.edu/SoilAtlas
e Dennik and McClellan. 2007. Soils of Hawai‘i
https://www.ctahr.hawaii.edu/oc/freepubs/pdf/SCM-20.pdf

General
e Richardson & Vepraskas. 2001. Wetland soils: genesis, hydrology, landscapes, and
classification, CRC Press LLC, Boca Raton, Florida.
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Climate

Western Regional Climate Center (https://wrcc.dri.edu)

Historical Data Summaries for precipitation and temperature (including stations in Hawai ‘i)
https://wrcc.dri.edu/Climate/west _coop_summaries.php

Pacific Regional Quarterly Impacts and Outlooks
https://wrcc.dri.edu/Climate/Quarterly Impacts/q_impacts_pac.php

e RAWS USA Climate Archive https://raws.dri.edu (Hawai‘i is under Western U.S.)

Climate of Hawai‘i https://wrcc.dri.edu/Climate/narrative_hi.php

NOAA National Centers for Environmental Information

Climate at a Glance, city-level climate data for 8 locations in Hawai‘i
https://www.ncdc.noaa.gov/cag/city/time-series

Climate Data Online (search, mapping, & data tools) https://www.ncdc.noaa.gov/cdo-web/
U.S. Climate Reference Network https://www.ncei.noaa.gov/access/crn/

U.S. Historical Climatology Network https://www.ncei.noaa.gov/products/land-based-
station/us-historical-climatology-network

University of Hawai‘i

Rainfall Atlas of Hawai‘i http://rainfall.geography.hawaii.edu
Internet resources for climatological data
https://guides.library.manoa.hawaii.edu/climatological data

Historical climate resources (books, journal, microform, microfiche)
https://guides.library.manoa.hawaii.edu/c.php?g=105208 &p=686778

Hydrology

Watershed & Ahupuaa Data

USGS Watershed Boundary Dataset https://www.usgs.gov/national-hydrography/watershed-
boundary-dataset

USGS National Hydrography Dataset https://www.usgs.gov/national-hydrography/national-
hydrography-dataset

DAR Watersheds

Ahupuaa https://geoportal.hawaii.gov/datasets/ahupuaa/explore

Moku (Historical land divisions) https://geoportal.hawaii.gov/datasets/moku/explore

Surface and Groundwater Data

U.S. Geological Survey

Pacific Islands Water Science Center https://www.usgs.gov/centers/pacific-islands-water-
science-center

National Water Information System Mapper (zoom to Hawai‘1)
https://maps.waterdata.usgs.gov/mapper/index.html?state=hi
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e Realtime Water Data for Hawaii https://waterdata.usgs.gov/hi/nwis/rt

e Water-Data Site Information for Hawaii https://waterdata.usgs.gov/hi/nwis/si

e Surface-Water Data for Hawai‘i (includes historical observations)
https://waterdata.usgs.gov/hi/nwis/sw

e Groundwater Data for Hawai‘i (includes historical observations)
https://waterdata.usgs.gov/hi/nwis/gw

e Water-Quality Data for Hawai‘i https://waterdata.usgs.gov/hi/nwis/qw
e Water Use Data for Hawai‘i https://waterdata.usgs.gov/hi/nwis/wu

State of Hawai‘i

DLNR Aquifers & Hydrologic Units

o https://geoportal.hawaii.gov/datasets/3bcbe7b290df40b3abf0450f52d9aebb/explore
o https://dInr.hawaii.gov/cwrm/groundwater/hydrounits/

DOH Aquifers

o https://geoportal.hawaii.gov/datasets/a292a6aaefal48b78634b084e7a5b898/explore
Atlas of Hawaiian Watersheds & their Aquatic Resources (DAR & Bishop Museum)

o https://www.hawaiiwatershedatlas.com/intro_surveys.html

Hawai‘i Stream Assessment

o https://planning.hawaii.gov/gis/download-gis-data-expanded/

o https://files.hawaii.gov/dInr/cwrm/publishedreports/R84 HSA.pdf

Sea Level Rise (SLR)

Hawai‘i SLR Interactive Map https://www.pacioos.hawaii.edu/shoreline/slr-hawaii/
State of Hawai‘i Climate Change Portal https://climate.hawaii.gov/hi-facts/sea-level-rise/
University of Hawai‘i Sea Level Center https://uhslc.soest.hawaii.edu
NOAA SLR Data Download https://coast.noaa.gov/slrdata/
University of Hawai‘i Coastal Geology Group SLR Coastal Erosion — 0.5 ft scenario

o https://geodata.hawaii.gov/arcgis/rest/services/Climate/MapServer/60

o https://files.hawaii.gov/dbedt/op/gis/data/slr_cstl erosn 0 _pt 5_ft.html
Hawai‘i Statewide Data Program — Geospatial Data Portal
https://geoportal.hawaii.gov/search?q=sea%?20level%20rise
Shoreline erosion/accretion

o https://www.pacioos.hawaii.edu/shoreline/hcgg/

o https://www.soest.hawaii.edu/coasts/publications/Romine_coas-25-04-17.pdf

o http://lumahai.soest.hawaii.edu/coasts/publications/Romine Fletcher_inpress HI

ShoreChange_Summary_ JCR.pdf
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Other Miscellaneous Resources

Hawai‘i Statewide GIS Program https://planning.hawaii.gov/gis/download-gis-data-expanded/
and https://geoportal.hawaii.gov
o Historical Land Uses
LANDSAT
Land Cover Analyses
Ocean Data
Administrative & Political Boundaries
Census Data, Human Health & Safety
Facilities, Transportation, & Ultilities
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APPENDIX B: INVERTEBRATE FAMILIES

Table 22. Non-insect orders of invertebrates in freshwater and brackish lowland wetlands and kalo loi. Data
compiled from Englund et al. (2000), McGuire (2006), Gutscher-Chutz (2011).

Phylum—Class Order Family Common Name Functional
Feeding Group
Annelida—Clitellata Subclass Oligochaeta Aquatic worm CG
—Euhrundinae | Rhynchobdellida Glossiphoniidae | Jawless leech PP
Piscicodlidae
—Polychaeta Bristleworm PE,PP,SH,CF,Par
Mollusca —Bivalva Pelecypoda Sphaeriidae Fingernail clam CF
Veneroida Corbiculidae Asian clam CF
—Gastropoda | Basommatophora Lymnaeidae Pond snail SC
Physidae Physid snail SC
Subclass Ampullariidae Apple snail SHH
Caenogastropoda
—Architaenioglossa
—Neotaenioglossa Thiaridae Thiard snail SC
Nematoda Spirurida Camallanidae Roundworm Par
Phylum—Subphylum
—Class
Arthropoda—Chelicerata | Araneae Spider PE
—Arachnida
—Hydrachnia Acariformes Water mite Par, PP, PV
(varies by age)
Arthropoda—Crustacea | Spinicaudata Clam shrimp
—Branchipoda
—Malacostraca Decapoda Atyidae Freshwater shrimp
Cambaridae Freshwater crayfish
Palaemonidae Grass shrimp
Isopoda Aquatic sow bug CG
Arthropoda—? Subclass Collembola Entomobryidae Slender springtail CG
—Entogonatha
Isotomidae Smooth springtail CG
Sminthuridae Globular springtail | CG
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Table 23. Insects from aquatic orders in which almost all species have aquatic larvae that occur in freshwater
and brackish lowland wetlands, margins of lower stream reaches, and kalo loi. Taxa compiled from Polhemus
and Asquith (1996), Englund et al. (2000), Englund (2002), McGuire (2006), Gutscher-Chutz (2011)

Order Family Common Name Functional Feeding Group
Ephemeroptera
Odonata—Anisoptera Aeshnidae Darner dragonfly PE

Anax junius (Green darner)*

Libellulidae | Skimmer dragonfly | PE

Crocothemis servilia (Scarlet skimmer)

Orthemis ferruginea (Roseate skimmer)

Pantala flavescens (Globe skimmer)*
Odonata—Zygoptera Coenagrionidae | Narrow-winged damselfly | PE

Enallagma civile (familiar bluet)

Ischnura posita (fragile forktail)

Ischnura ramburii (Rambur’s forktail)

Megalagrion leptodemas (Crimson Hawaiian damselfly)*

Megalagrion pacificum (Pacific Hawaiian damselfly)*

Megalagrion vagabundum (Scarlet Kauai damselfly)*

Megalagrion xanthomelas (Orangeblack Hawaiian damselfly)*

Plecoptera
Trichoptera Hydroptilidae Microcaddisfly VP, SC, CG
Hydropsychidae Net-spinning caddisfly
Cheumatopsyche pettiti
Megaloptera |

* Native species.
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Table 24. Insects from partially aquatic orders that occur in freshwater and brackish managed wetlands and
kalo loi. Data compiled from Englund et al. (2000), Englund (2002), McGuire (2006), Gutscher-Chutz (2011)

Order Family Common Name Functional Feeding Group
Coleoptera (Water beetles) Anobiidae Cigarette beetle
Anthribidae Fungus weevil SSH, SSG
Anthicidae Ant-like flower beetle
Carabidae Ground beetle
Curculionidae True weevil SHH, SHD
Dystiscidae Predaceous diving beetle PE, PP
Hydrophillidea Water scavenger beetle L=PE; A=CG
Limnichidae Minute marsh-loving beetle
Nitidulidae Sap beetle SHD
Scirtidae Marsh beetle L=SC, CG; A=SHH, VP
Scolytidae Bark beetle
Silvanidae Flat bark beetle SHH, SHG
Tenebrionidae Darkling beetle
Staphylinidae Rove beetles PE, CG, SHH
Diptera (True flies) Canadidae
Cecidomyiidae Gall midges VP, PP
Ceratopogonidae No see-um PE, CG, SC
Chironomidae Midge All
Culicidae Mosquito CF, CG
Dolichopodidae Long-legged fly
Drosophillidae Small fruit fly VP, PP, Par
Empididae
Ephydridae Salt marsh fly, shore fly CG, SHH, SC, PE
Muscidae House fly
Phoridae Hump-backed fly CG, PE
Psychodidae Moth fly, sand fly CG
Sciomyzidae Snail-killing fly PE, Par
Sphaeroceridae Small dung fly CG
Stratiomyiidae Soldier fly
Syrphidae Flower fly CG
Tethinidae
Tipulidae Crane fly SHD, CG, PE
Hemiptera (True bugs) Anthocoridae
Aphididae Aphid VP
Ciadellidae Cicadas, Leathopper VP
Corixidae
Cydnidae Burrower bug VP
Delphacidae Plant hopper VP
Gerridae Water strider
Lygaeidae Seed bug VP
Mesoveliidae Water treader PP
Miridae Plant bug VP
Notonedtidae Backswimmer PP
Pleidae Pygmy backswimmer PP
Pseudococcidae Mealybug VP
Reduviidae Assassin bug PP
Saldidae Shore bug
Tingidae Lace bug
Lepidoptera Crambidae Pyralid moth SHH
(Aquatic caterpillars) Gracillariidae Leaf minor
Noctuidae Cutworm SHH
Tineidae Clothes moth
Neuroptera Hemerobidae Brown lacewing PE
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Table 25. Insects with terrestrial life cycles that occur in freshwater and brackish lowland wetlands and kalo
loi. Data compiled from McGuire (2006), Gutscher-Chutz (2011)

Order Family Common Name Functional Feeding Group
Hymenoptera (Wasps) Braconidae Braconid wasp Par
Eucoilidae Wasp
Eulophidae Wasp
Formicidae Ant PE, SHH, CG
Icheumonidae Wasp
Isoptera Kalotermitidae Termite SHG
Orthoptera Acrtididae Grasshopper SHH
Psocoptera Ectopsocidae Bark lice
Lepidopsocidae Barklouse SC
Perientomidae Bark lice
Peripscidae Bark lice
Psocidae Bark lice
Thysanoptera Thripidae Common thrip VP
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