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Abstract Effective policies to protect groundwater-dependent ecosystems require robust methods to determine
the environmental flows and levels required to support species and processes. Frameworks to support ground-
water management must incorporate the relationships between hydrology and species and ecological processes.
These hydro-ecological relationships can be used to develop quantitative, measurable thresholds that are
sensitive to changes in groundwater quantity. Here we provide a case study from a group of fens in central
Oregon, USA, that are used for cattle watering, but also support numerous sensitive species. We developed
quantitative relationships between the position of the water table and wetland indicator plant species and the
process of peat development, to propose groundwater withdrawal thresholds. A maximum depth to water table
of –0.9 to –34.8 cm for fen plants and –16.6 to –32.2 cm for peat accretion can be tolerated in these wetlands.
Defining hydro-ecological relationships as thresholds can support management decisions.

Key words groundwater-dependent ecosystem; environmental flows and levels; fen; peat accretion; hydro-ecological
relationship; wetland indicator species; groundwater management

Hydro-écologie des écosystèmes tributaires des eaux souterraines: application de la science de base à la
gestion des eaux souterraines
Résumé Les politiques efficaces de protection des écosystèmes tributaires des eaux souterraines ont besoin de
méthodes robustes pour déterminer les flux et niveaux environnementaux nécessaires au maintien des espèces et
des processus. Les règles de gestion des eaux souterraines doivent inclure les relations entre l’hydrologie, les
espèces et les processus écologiques. Ces relations hydro-écologiques peuvent être utilisées pour établir des seuils
quantitatifs, mesurables, et sensibles aux changements des masses d’eau souterraine. Nous présentons ici l’étude
d’un ensemble de marais du centre de l’Orégon (USA) servant à l’abreuvement du bétail et abritant également de
nombreuses espèces sensibles. Nous avons développé des relations quantitatives entre niveau de la nappe, plantes
marqueurs des zones humides et développement de la tourbe, afin de définir des seuils d’exploitation des eaux
souterraines. La profondeur maximale de la nappe phréatique acceptable dans ces zones humides se situe entre
0,9 et 34,8 cm pour les plantes des marais et entre 16,6 et 32,2 cm pour le développement de la tourbe. La
définition de seuils à partir des relations hydro-écologiques peut contribuer aux décisions d’aménagement.

Mots clefs écosystème lié aux eaux souterraines ; flux et niveaux environnementaux ; marais ; croissance de la tourbe ;
relation hydro-écologique ; espèces indicatrices des zones humides ; gestion des eaux souterraines

1 INTRODUCTION

Groundwater is a vital source of water that sustains
ecosystems, aquatic species and human communities
worldwide. However, rapidly growing demand for
groundwater, coupled with declining availability and
quality, has pushed groundwater management to a

crossroads. The supply and quality of groundwater
and the connection of groundwater to ecosystems are
increasingly at risk around the world (Millennium
Ecosystem Assessment 2005). Ensuring a sustainable
future for this resource requires that decisions about
its allocation and protection fully integrate the needs
of both human and ecological communities.
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Groundwater-dependent ecosystems (GDEs)
include wetlands, lakes, rivers, springs, estuaries
and off-shore marine environments, subterranean
ecosystems and some terrestrial vegetation such as
phreatophytes, as well as the many species that rely
on groundwater to meet part or all of their water
requirements (Eamus and Froend 2006, Brown
et al. 2011, Sinclair Knight Merz 2011). In these
ecosystems, groundwater may provide water with
physical and chemical characteristics that differ
from surface water supplies, and this has important
consequences for their structure and function. Owing
to their unique water and chemical characteristics,
GDEs often harbour many rare and endemic species
(Stevens and Meretsky 2008, Blevins and Aldous
2011), as well as provide critical ecosystem services
including water storage, supply and purification.
Impacts to the quantity, timing and quality of ground-
water discharge to these ecosystems have significant
consequences to their persistence and viability. To
protect GDEs and the goods and services they pro-
vide, the water needs of GDEs must be integrated
into groundwater management policies.

Over the last two decades, provisioning of ground-
water for aquatic ecosystems, including GDEs, has
been expressly included in the laws and policies of a
number of countries including South Africa, New
Zealand, Australia and countries of the European
Union, as well as in the water laws of some US states
(Aldous and Bach 2011). Accompanying these policies
are a number of proposed frameworks for protecting the
groundwater supply and quality to dependent ecosys-
tems (Colvin et al. 2004, Eamus et al. 2006, Howe and
Pritchard 2007, Sinclair Knight Merz 2011), and some
countries are making progress towards populating those
frameworks (Schutten et al. 2011, UK TAG 2012).
However, in most instances, groundwater allocations
for environmental purposes have focused on supporting
in-stream and riparian conditions in river ecosystems
rather than lentic GDEs (Wood et al. 2001, Murray
et al. 2003, MGCAC 2007, Danielpol et al. 2008).

The emphasis on rivers is due in part to the techni-
cal advances made in the science of environmental
flows for rivers. It is now widely recognized that the
health of river ecosystems depends on providing key
components of the natural flow regime (e.g. Poff et al.
1997), and protection of environmental flows has
received worldwide attention (Postel and Richter
2003). Numerous methods have been developed to
define environmental flows and flow standards for riv-
ers (Acreman and King 2003, Tharme 2003, Acreman
and Dunbar 2004, Poff et al. 2010). Despite this work,

limited attention has been given to the broader range of
environmental water needs, in particular the environ-
mental flows and levels required to sustain the structure
and function of non-riverine GDEs.

To support policy implementation that will pro-
tect the full suite of GDEs, more work is needed in
two key areas. First, there is a need for a robust,
scientifically defensible methodology for setting
environmental flows and levels for GDEs that is
straightforward to implement, monitor and adapt to
a variety of scales and hydrogeologic settings.
Second, that methodology must be populated with
technical information on the water requirements of
GDEs, termed hydro-ecological relationships, and
their responses to changing groundwater flows and
levels (Sophocleous 2007). In particular, there is a
need for quantitative thresholds to be defined for
these hydro-ecological relationships, which can be
used in management and policy contexts for setting
environmental flows and levels.

Here we focus on the need to describe how hydro-
ecological relationships can be developed and used to
populate environmental flows and levels methodolo-
gies. Specifically, we identify examples of some key
hydro-ecological relationships for groundwater-depen-
dent wetlands (fens) and then we present a case study of
setting thresholds for two of those relationships.

2 HYDRO-ECOLOGICAL RELATIONSHIPS

The science of hydro-ecological relationships is inher-
ently the basic science of the interactions between
species and ecosystem processes critical for those
species and their hydrologic environment. To date,
much hydro-ecological research has focused on the
relationship of river species and ecosystems to stream-
flow or flow alteration (Dunbar and Acreman 2001,
Poff and Zimmerman 2010). Considerable research
also has focused on the relationships between wetland
plants, particularly phreatophytes, and shallow
groundwater hydrogeology (e.g. Loheide and
Gorelick 2007, Gasca and Ross 2009, Chui et al.
2011). However, for other types of GDEs and other
hydro-ecological relationships, research is more lim-
ited, and there are critical data gaps (Tomlinson 2011).
This difference in data availability is important from a
management context; the most robust and well-studied
relationships are easiest to use to populate environ-
mental flows and levels methods.

The nature of groundwater hydro-ecological rela-
tionships is related to key characteristics of the ground-
water flow system. Groundwater interacts with
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freshwater and estuarine species and ecosystems in
ways that differ from surface runoff-dominated flows.
The rate of groundwater discharge to an ecosystem is
often lower than that of surface runoff and therefore
contributes a smaller portion of the annual water budget.
However, the distinct timing and chemistry of the
groundwater contribution may lead to ecosystem effects
that are disproportionate to its total volume.Water levels
in GDEs are relatively static, particularly where ecosys-
tems are fed by longer flow paths, which results in more
muted seasonal water level fluctuations as expressed in
wetland hydroperiods or stream hydrographs. There is a
longer lag time between precipitation events or snow-
melt and discharge to the ecosystem, which may buffer
GDEs from extreme climatic events compared to sur-
face runoff-dominated ecosystems. Groundwater tem-
perature and chemistry often differ from surface water
sources, reflecting recharge elevation and geological
characteristics of the aquifer. These aspects of ground-
water hydrology have important implications for the
biodiversity of GDEs and are integral to the develop-
ment of hydro-ecological relationships.

For hydro-ecological relationships to be useful in
developing, implementing and monitoring ground-
water allocations to ecosystems, they need to meet a
variety of criteria. They must be easily measured
using established, defensible methods and appropri-
ately sensitive to groundwater alteration; and the
ecological response threshold to the groundwater
flow system must be relatively well understood
(Murray et al. 2003). Here we focus on the specific
hydro-ecological relationships for fens that could be
used in a management context to set thresholds to
groundwater alteration.

2.1 Hydro-ecological relationships of fens

Fens are peatlands with a continuously high water
table, more than 40 cm of peat soil and water chemistry
reflecting the minerology of the source groundwater or
surface water (National Wetlands Working Group
1988, Bridgham et al. 1996). Plant species distributions
in fens are a function of various physical gradients in
groundwater depths and fluxes and chemistry
(Bridgham et al. 1996, Hajkova et al. 2004, Wheeler
et al. 2004), and these gradients can be used to set
thresholds to groundwater alteration based on hydro-
ecological relationships. Numerous studies report that
fen species respond to the maximum depth of the water
table below the ground surface over the course of the
growing season, generally reported in the ecological
literature as positive if the water table is aboveground

and negative if it is belowground. To support represen-
tative fen plants, a maximum summertime depth of the
water table between –20 and –30 cm has been reported
for calcareous fens in the United Kingdom (Wheeler
et al. 2004), marl fens in Estonia (Ilomets et al. 2010),
Rocky Mountain fens in California, USA (Weixelman
and Cooper 2009), midwestern fens in Iowa,
Wisconsin, Illinois, and Ohio, USA (Amon et al.
2002), calcareous mires in Colorado, USA (Johnson
and Steingraeber 2003), spring fens in the Czech
Republic (Hajkova et al. 2004), peatlands in central
Alberta, Canada (Karlin and Bliss 1984) and kettle
hole fens in New York (Drexler et al. 1999, Godwin
et al. 2002).

The metric of maximum depth of the water table is
most commonly seen in the literature, because it can be
reported with a limited number of measurements.
However, fen plants may respond to gradients or varia-
tion defined at a greater level of detail, which are
evident only from a more extensive data set.
Examples include the duration of initial growing season
saturation (Duval and Waddington 2011, Duval et al.
2012), seasonal water table fluctuations (Drexler et al.
1999, Ilomets et al. 2010) and gradients in hydraulic
head (Schutten et al. 2011). What is common to all of
these cases is that the plants are responding to cues
associated with saturation in the rooting zone.

An appropriate choice of metric depends on nat-
ural variation in saturation and the type of management
action that might affect that variation. The extent of
variation in fen hydroperiod is a function of its hydro-
geologic setting. A fen whose water balance is domi-
nated by a constant source of deeper groundwater is
likely to have a highly stable hydroperiod (e.g. Johnson
and Steingraeber 2003) compared to a fen receiving a
combination of ground- and surface water and growing
season precipitation (e.g. Duval and Waddington 2011,
Duval et al. 2012). This subtle variation in fen hydrol-
ogy indicates that drawdown thresholds may differ
depending on the fen’s hydrogeologic setting.

3 CASE STUDY: USING HYDRO-
ECOLOGICAL RELATIONSHIPS TO
DETERMINE GROUNDWATER
THRESHOLDS FOR ARID MONTANE
FENS

In the following case study, we describe how hydro-
ecological relationships can be used to make a man-
agement decision related to groundwater use that
affects groundwater-dependent wetlands. We used
multiple hydro-ecological relationships (both species
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and ecosystem process) to set quantitative thresholds
to groundwater alteration.

3.1 Methods

3.1.1 Site overview and management context
The study was conducted in the Fremont-Winema
National Forest, Oregon, USA, where there are
numerous small fens spanning the watershed divide
of the Klamath, Deschutes and Closed basins
(Fig. 1). The area contains a 31 500-ha cattle grazing
allotment, for which the US Forest Service is cur-
rently revising the allotment management plan (US
Forest Service 2012). This plan addresses all aspects
of grazing management, including the locations,
amounts and timing of groundwater withdrawal.

Some of the fens are used as water sources and
contain shallow wells used to pump groundwater to
supply cattle watering troughs located outside the fen
boundaries. Livestock grazing is the main stress on
the fens, as the grazing allotment is in a remote area.

A groundwater pump test performed in one of the
fens in 2010 demonstrated that current pumping rates
did not result in measurable water table drawdown in
adjacent piezometers (Aldous et al. 2014). As part of
the management plan revision, the Forest Service
sought to understand how much additional ground-
water could be pumped from these wetlands without
altering the overall ecological condition of the fens,
as well as the viability of a number of species of
special concern.

To answer this question, four fen study sites,
ranging in size from 0.2 to 0.4 ha, were selected at
elevations ranging from 1644 to 1712 m a.s.l. The
fens have developed at points of groundwater dis-
charge from flowpaths that were estimated to
recharge approximately 10 km away, based on CFC
(chlorofluorocarbon) age dating that indicates the
discharging groundwater is 30–35 years old (Aldous
et al. 2014). The sites are in good ecological condi-
tion with a relatively intact native plant community,
and they are fenced from direct cattle impacts, even

Legend

Fen sites

Nationl forest land

Watershed boundary

0 4.5 9 18
km

Fig. 1 Map showing the four study sites at the boundary of the Klamath and Deschutes surface water basins. Crater Lake,
the original source of pumice underlying the fens, is seen in the southwest corner of the map.
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though they do include wells used for cattle water
supply. Data that compare the shallow groundwater
chemistry in these fens with another, similar fen with
no grazing in the watershed showed that nutrient
concentrations in shallow groundwater are not ele-
vated as a result of grazing. No forms of nitrogen
(TN, NO3

–, NH4
+) or phosphorus (TP, PO4

3–) were
significantly different among the sites (Aldous et al.
2014).

The site climate is semi-arid (Table 1), with cool
wet winters and hot dry summers, and little precipita-
tion falling during the growing season. The area is
underlain by late Miocene and Pliocene basalt to rhyo-
lite lava flows, rhyolite domes and silicic ash-flow tuff
(McLeod and Sherrod 1992). Pumice deposits from the
eruption of Mount Mazama 7700 years ago overlie the
area to a depth of 2–3 m (McLeod and Sherrod 1992).
Hydric organic soils developed on the pumice deposits
and are described as part of this study.

The first step to answering the management
question identified above is to quantify the key
groundwater hydro-ecological relationships for the
fens and identify thresholds of changes in species
and ecological processes. This information can then
be used to identify environmental flows and levels
for the site and set limits to water withdrawal.

3.1.2 Hydro-ecological relationships We iden-
tified and quantified two groundwater hydro-ecologi-
cal relationships in these sites: the groundwater depth
requirements of vascular herbaceous and bryophyte
plant species and the relationship between ground-
water depth and the process of peat accretion. For
the former, there is a large and robust literature quan-
tifying the water depth adaptations of many different
peatland plant species (e.g. Amon et al. 2002, Duval
and Waddington 2011), and the response time of wet-
land plants to water depth change is relatively rapid
(i.e. one to several years). Several studies have taken
advantage of the close relationships between wetland
plants and depth to groundwater in setting

groundwater management objectives (e.g. Loheide
and Gorelick 2007, Colvin et al. 2009, Gasca and
Ross 2009, Chui et al. 2011, Zhang et al. 2011). In
general, these studies quantify or model the relation-
ships between wetland hydroperiod and plant commu-
nity composition or plant physiological response and
ultimately show a seasonal range in water table depths
over which individual species grow. In the majority of
cases where the management issue is groundwater
abstraction, the key driver is the maximum depth to
water table that the species in question can tolerate.
Therefore, we used the hydro-ecological relationship
of maximum depth to water table (hereafter maximum
depth) for a suite of indicator species to identify water
table drawdown thresholds that will inform environ-
mental flows and levels.

In comparison to the relatively rapid response time
of wetland plants to water levels, peat development is
slow and its relationship to water levels may be mea-
sured on timescales of centuries to millennia.
Nevertheless, themaintenance of organic soils is critical
to the character, species diversity and ecosystem ser-
vices in these wetlands. Models of peat development in
the Holocene explicitly incorporate peat accretion in
relation to hydrologic factors (Childs and Youngs
1961, Ingram 1982, Clymo 1984, Belyea and Baird
2006, Frolking et al. 2010). Central to these models is
the assumption that a peatland has two main strata: an
upper oxic acrotelm where the majority of biological
activity takes place and a lower, anoxic catotelm where
lower rates of biological activity make this the zone of
peat storage (Clymo 1984). The boundary between
acrotelm and catotelm is hard to measure, and so it is
functionally defined as the maximum depth to the water
table (Childs and Youngs 1961, Ingram 1982, Belyea
and Baird 2006). This implies that biological activity,
including differential rates of production and decom-
position among plant species, is tightly coupled with
hydrologic parameters, particularly the position of the
water table. Based on this, we assume that lowering the
water table below the summer maximum depth will

Table 1 Precipitation data from two nearby weather stations with different periods of record (POR). Data are reported for
the entire POR for the two climate stations, as well as individually for the years of this study. Chemult (elevation 1478 m;
Natural Resources Conservation Service 2012) is 14 km to the west and Timothy (elevation 1835 m; Western Regional
Climate Center 2012) is 20 km to the east of the fen study sites (Fig. 1).

Weather station Total annual precipitation (cm)

Entire POR mean (range) 2009 2010 2011

Chemult (POR: 1952–2011) 59 (14–105) 58 80 51
Timothy (POR: 1985–2011) 32 (3–59) 40 39 26

Hydro-ecology of groundwater-dependent ecosystems 5
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lead to changes in biological activity in the acrotelm
that are significant enough to increase decomposition in
the catotelm (Belyea and Clymo 2001).

Measuring the relationship between groundwater
depths and peat development for management pur-
poses is complicated. Thus, we took two approaches.
First, we quantified the relationships between the cur-
rent position of the water table and the peat deposits.
Second, we used the summer maximum depth as a
surrogate for the boundary between the acrotelm and
catotelm, assuming that the maintenance of the water
table above this level is a threshold for sustaining the
process of peat accumulation. Moreover, because the
water balance for these sites during the growing sea-
son is dominated by groundwater discharge, we
assumed the water table over the timescale of decades
is relatively stable, and therefore, this relationship can
be measured accurately with three seasons of field
data. These approaches are not entirely independent
because they use overlapping data sets.

Fen hydrology also leads to the development of
chemical gradients to which plants commonly respond
(Bridgham et al. 1996). These gradients arise from the
chemistry of the inflowing groundwater, reflecting the
aquifer’s mineral content, with notable examples
including calcareous or serpentine wetlands. They can
also result from hydroperiod variation causing cycles of
anoxia, production of organic acids and other redoxi-
morphic features. The relationships between plant spe-
cies and these chemical gradients can be disrupted by
groundwater contamination or alteration and so could
be used to develop management thresholds. However,
in this case, the major potential stress to the fens is from
groundwater abstraction; therefore, our study focused
on the hydro-ecological relationships related to ground-
water withdrawal.

3.1.3 Instrumentation To quantify the hydro-
ecological relationships, we related fine-scaled mea-
surements of the depth of the water table (with
respect to the ground surface) to plant species com-
position and peat depths. To measure the depth of the
water table, we installed two types of piezometers,
each described below. We then monitored vegetation
plots associated with one type of piezometer and peat
depths associated with the other. It was not possible
to measure both for each piezometer because measur-
ing peat depths would disrupt local vegetation.

To relate depth of the water table to plant species
composition, in 2010, we installed parallel transects
of piezometers spaced roughly 10 m apart, running
perpendicular to the slope of the water table, which

followed the topographic gradient. Most of each
transect was within the fen boundary, with a portion
of each extending into the surrounding upland to
capture the wetland/upland transition. Vegetation
plots (50 cm × 50 cm) were installed along each
transect, approximately 5 m apart, and each transect
contained a slightly different number of plots
(Table 2). Solinst™ schedule 40 PVC piezometers,
2-cm internal diameter and factory screened over
their below-ground length, were installed in one of
the corners, to a depth of 60 cm. These are referred to
as “small piezometers” and were installed entirely
within the peat soil, with the exception of upland
plots where surface soils were mineral, not organic.

To relate water table depth to peat depth, in 2009,
we installed 5-cm-diameter piezometers (here called
“large piezometers”) in the peat in a grid across three
of the fens (Table 2). Round Fen was included as a
study site only in 2010 and therefore did not have any
large piezometers. These piezometers were schedule 40
PVC water table wells that were factory screened over
the entire below-ground length (90 cm) and pushed or
pounded into the peat layer (Sprecher 2008). The large
piezometers were adjacent to piezometers screened at
different depths to measure hydrogeologic characteris-
tics of the fens (not discussed here). All piezometers
(large and small) were monitored manually using a
Solinst™ 102M mini water-level meter (1 mm accu-
racy) from June 2009 to October 2011 (large piezo-
meters) and May 2010–October 2011 (small
piezometers). No data were collected over the winter
(December–April) because snow limited access in this
remote area. To minimize the potential effect of peat
compression and associated changes in water levels in
the wells, we stood on long (~2 m) wooden boards
placed adjacent to the piezometers when measuring
water levels. We surveyed the elevations of all piezo-
meters and plots at each site using a transit level and
used survey data to calculate water levels in the fens.
We also measured the height aboveground of all piezo-
meters each time the water levels were measured to
ensure the piezometers had not moved vertically in

Table 2 Numbers of transects, plots and piezometers at
each site.

Site Large
piezometers

Transects Plots Plots with small
piezometers

Dry Fen 8 4 34 14
Johnson Fen 9 5 43 25
Round Fen 0 4 19 15
Wilshire Fen 6 5 39 24
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the peat between sampling. Movement occurred only
over the winter and only for the small piezometers that
were not installed in the mineral substrate underlying
the peat. Piezometers that moved were re-installed in
the peat and re-surveyed.

In July 2010, we recorded all plant species by
percent cover in each of the plots (vascular plants and
bryophytes). We characterized the soil, including hor-
izons and their depths, with a hand-augered soil core
(AMS 8-cm-diameter mud auger) adjacent to each of
the large piezometers. We also collected three cores
at Round Fen even though this site did not have any
large piezometers. Special attention was paid to the
occurrence and maximum depth of organic peat soils.
Cores extended to the palaeosol and/or assumed bed-
rock (a depth of 2–3 m) except in situations where
soil properties (stoniness or loose consistency) pre-
vented soil extraction with an auger. Although we
originally intended to collect peat depth information
at each plot in the series of transects, we were not
able to identify an accurate, non-destructive method
to do this; therefore, we relied on the smaller sample
size of 7–8 cores per site associated with the large
piezometers.

In addition, we installed one piezometer per fen
in the upland area 10 m upgradient from each fen
(US Forest Service unpublished data). These piezo-
meters ranged in depth from 3 to 5 m and were
screened in the underlying pumice. We used data
from these piezometers to compare the soils and
groundwater depth data within the fen to upland
areas outside the fens with no peat soils.
Piezometric head data for the uplands were
available for four dates between 2 July and 4
November 2011.

3.1.4 Vegetation-hydrology data analysis For
each plot and date, we calculated the depth of the
water table with respect to the ground surface in the
small piezometers. Outliers were identified and
removed by examining residuals in a 1-way analysis
of variance (SAS 9.2 2012). We then calculated the
mean, minimum and maximum depth to water for
each plot over the course of the growing season.

Seventy-five species were identified in the plots,
consisting of 11 mosses, one liverwort and 63 vascular
plants. For this study, indicator species were defined as
widely distributed (i.e. occurring in at least three of the
four sites), common within a site (i.e. occurring in at
least 10 plots in each site), with federal wetland indi-
cator status (US Army Corps of Engineers 2012). A
total of 17 species met all of these criteria (Table 3).

Once the indicator species were identified, they
were assigned water depth metrics using data from
the plots in which they occurred. For each of the
indicator species, its “mean depth metric” value was
an average of the mean depth to water table for the
plots in which it occurred. Its “min depth metric” and
“max depth metric” values were the highest of the
minimum values (most shallow) and lowest of the
maximum (deepest) values for the plots in which it
occurred, respectively (Table 3). The result is a mean
water table depth and range for each species that
reflects the full range of “micro-hydrologies” where
it grows in these sites. Based on the concepts
described above, the maximum depth metric is used
as the basis for defining thresholds. By extending
transects from the fen into the upland, we captured
the full range of micro-hydrology for each species.

We supplemented our site-based data with data
from the published and grey literature of depth to
water table for these same species in other wetlands.
Sub-species were lumped to obtain one value for
each species. We used literature values to create a
more robust data set that can help inform the range of
tolerances in depth to water table, as well as help
extend the relevance of the results to a broader area.
To identify papers and reports, we conducted web
searches (both Google and Google Scholar), searched
our own literature database, used data sets we have
collected in the past and contacted individual scien-
tists for unpublished data. We identified 31 additional
data sets.

To identify thresholds in depth to water table, we
adapted an approach currently under development in
the European Union in the implementation of the
Water Framework Directive (Schutten et al. 2011,
UK TAG 2012). We define the threshold value as
the 75th percentile of the maximum depth to the
water table, implying a management goal of main-
taining the water table above that value. The
European approach involves setting thresholds using
logistic regression of poor quality vs high quality
sites; however, since we sampled only high quality
sites, we were not able to use the complete approach.
This method takes a precautionary approach by set-
ting the threshold higher than the maximum water
table depth over which the species are found.

3.1.5 Peat-hydrology data analysis We devel-
oped peat-hydrology thresholds in two ways. First, for
each of the large piezometers, we calculated the mean,
minimum and maximum depth to the water table for
the 3-year period of data, after removing outliers as
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described for the small piezometers. We performed
regression analysis of peat depth on mean, minimum,
maximum and range in depth to water table after log
transforming all variables to meet regression assump-
tions. Second, we estimated the boundary between
acrotelm and catotelm using the summer maximum
depth to the water table. The years for which we
have field data (2009–2011) represent average condi-
tions compared to the last 50 years recorded at two
nearby weather stations (Table 1). Therefore, we com-
bined the water table data sets from both small and
large piezometers for all sites and all years to identify
the summer maximum depth, which forms the basis
for a threshold for sustaining peat accumulation pro-
cesses. Similar to the vegetation data, we calculated
the 75th percentile of the maximum depth for all
piezometers with peat, with the goal of maintaining
the water table above that value.

3.2 Results

3.2.1 Water table variation Water levels in the
small and large piezometers were high in the spring and
fell through the summer, with piezometers less than 2 m
from the edge of the fen/upland boundary having a
much greater decline than those in the interior
(Fig. 2). Even among piezometers within the interior
or along the edge, spatial variation in water table draw-
down increased in the late summer and fall, reflecting
microtopography within each fen. The water tables at
the interior piezometers rarely dropped below –20 cm.
Those same interior piezometers were also the only
ones to have measured discharge (upward head gradi-
ent), based on head comparisons with adjacent piezo-
meters screened at greater depth in the peat (data not
shown). These data indicate that groundwater discharge
into the interior of the fens leads to high sustained water
tables throughout the season.
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Fig. 2 Wetland hydroperiods for the four study sites. Data are means of small and large piezometers at each site, grouped
according to distance from the edge of the fen (<2 m = “edge”; >2 m = “interior”), with error bars showing one standard
error, for the years 2009–2011. The dark hashed line at the bottom of each plot shows the livestock watering season (July–
September). Note that each y-axis has a slightly different range. (a) Wilshire Fen; (b) Johnson Fen; (c) Dry Fen; (d) Round
Fen.
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3.2.2 Vegetation-hydrology thresholds Micro-
hydrology data for the 17 indicator species are shown
in Table 3. The majority of indicator plants are
found in plots where the maximum depth to water
table is –20 cm. However, there is a skewed distribu-
tion towards lower water tables, as well as a small
number of outlier occurrences, which indicate that
some of these species can tolerate water table depths
down to –70 cm (e.g. Carex aquatilis).

In many cases, data from the literature show a
relationship between vegetation and the water table
that is similar to the one we measured in the study
fens. However, in all cases, literature values showed
a greater range in lower water tables than our field
data indicated. This is expected from a one-time
sampling effort. Some of these species are also
found in seasonal meadows and other wetlands with
a greater hydroperiod range, including Philonotis
fontana var americana, Sphenosciadium capitellatum
and Vaccinium uliginosum. These species were elimi-
nated from the final list of indicator species because
they are not adequately sensitive to changes in the
position of the water table. Interestingly, none of the
data from the literature showed species having
greater tolerance to flooding (higher water tables)
than our field data. The final range in 75th percentile
maximum depth to water table (excluding the three
species listed above) is –0.9 to –34.8 cm.

We estimated cumulative species loss at increas-
ing maximum depth to water table, assuming that if a
particular species was not found at those lower water
tables, it cannot tolerate those conditions (Fig. 3).
From our data, species losses began at maximum

depths greater than –20 cm, and all indicator species
are lost at depths greater than –70 cm. That threshold
is somewhat lower (–115 cm) once data from the
published literature are incorporated.

3.2.3 Hydro-ecology–peat accretion Auger
holes in the fens show a consistent stratigraphy
across the study area (Fig. 4). The surficial layer is
peat in varying states of decomposition from fibric
peat at the surface to more hemic and occasionally
sapric peat at depths ranging from –30 to –185 cm.
Below that is pyroclastic ash and pumice from 20 to
210 cm in thickness. A narrow black, mucky layer at
the top of the pumice deposit was sometimes
observed, creating a leaky confining layer and some-
times artesian conditions. This was interpreted as a
palaeosol, under which is fractured basalt. The four
sites followed this same general pattern; however,
there was significant variation within and among
sites. In particular, soil depth to bedrock at the Dry
site (mean = –140 cm) was much less than that at the
other three sites (mean = –231 to –266 cm) (Fig. 4).
Overall, the peat depths are relatively shallow; how-
ever, these fens likely started to accumulate peat only
after the most recent pyroclastic eruption 7700 years
ago, whereas many studies of peatland development
on post-glaciation indicate surfaces are 10 000–
12 000 years old. Immediately outside the boundary
of each fen, the auger boring data show a small
organic horizon (<5 cm), but no peat.

Peat has developed where the maximum depth
to water table is less than –40 cm throughout the
growing season (Fig. 5). For the upland piezo-
meters, where there was no peat, depth to water
ranged from –80 to –160 cm. Peat depths showed
statistically significant, positive relationships with
the mean depth to water table (Fig. 5, r2 = 0.27,
p = 0.01, N = 23), as well as the maximum
(r2 = 0.29, p = 0.01, N = 23; data not shown) and
minimum (r2 = 0.20, p = 0.03, N = 23; data not
shown) depths to water table, indicating that more
peat accumulates where the water table is higher.
Peat depth also showed a statistically significant
negative relationship with the range in depths to
water table, with more stable water tables having
deeper peat deposits (r2 = 0.16, p = 0.06, N = 23).
This result can be seen in Fig. 5, where lower peat
values are associated with greater ranges in depth to
water table. The depth to the water table has low
explanatory power, possibly due to the low sample
size in comparison to spatial variation in
microtopography.
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Fig. 3 Predicted cumulative loss of indicator species at
increasing maximum depth to water table. Data from the
current study are plotted separately from data summarized
from the literature.
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In a second approach, we summarized all annual
maximum depth to water table data for the four fens
as a surrogate for a peat accretion or maintenance
threshold. Figure 6 shows the cumulative percent of
piezometers with maximum depth to water table at
increasing drawdown. These data show the summer
maximum water table ranges from –5 to –85 cm, but
the majority fall within the range of –10 to –40 cm.
The 75th percentile values for maximum depth to
water were –16.6 cm (Johnson Fen), –22.0 cm
(Wilshire Fen), –32.2 cm (Dry Fen) and –29.6 cm
(Round Fen).

4 DISCUSSION

Any programme with the overall goal of protecting
GDEs must include methods and procedures for iden-
tifying and mapping GDEs, identifying and quantify-
ing their threats and allocating adequate high quality
groundwater to support species and ecological pro-
cesses. The last decade has seen significant progress
in many of these tasks. There are various methods for
identifying and mapping GDEs and understanding
their threats (Brown et al. 2011, Australian Bureau
of Meteorology 2012), and current groundwater
assessment frameworks provide broad guidance on
identifying GDEs and describing their groundwater
requirements (Schutten et al. 2011, Sinclair Knight
Merz 2011, UK TAG 2012).

In addition to these overarching frameworks,
there is a growing understanding among scientists
and managers of the importance of the groundwater
regime to ecological systems, including discharge
rates and directions, water levels, groundwater chem-
istry and associated changes over space and time.
However, quantification of specific hydro-ecological
relationships lags behind the surface water field, par-
ticularly in non-riverine GDEs. In many cases, there
is a core of basic science that can be used to monitor
change in groundwater flows, levels and quality. The
challenge, therefore, is to take that basic science and
translate it into thresholds that are scientifically
robust, measurable and responsive to change and
that can be used to make management decisions.

Here we provide an example of identifying a
groundwater drawdown threshold based on the
hydro-ecological relationships of fen indicator spe-
cies and the process of peat accretion. The most
tolerant plant species appear to be able to withstand
maximum water table depths of –70 to –100 cm, but
species losses are expected to begin at maximum
depths of –20 cm. The peat data indicate that deposits
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Fig. 6 Cumulative percent of piezometers with measured
maximum depth to water table.
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Hydro-ecology of groundwater-dependent ecosystems 11

D
ow

nl
oa

de
d 

by
 [

50
.7

8.
18

2.
24

9]
 a

t 0
8:

06
 0

6 
M

ay
 2

01
4 



are only present where the maximum depth to water
table is shallower than –40 cm, but most of the
piezometers with peat deposits have water tables
that remain above –20 cm. This corresponds to the
summer maximum water table depth as a measure of
the acrotelm–catotelm boundary. Using the 75th per-
centile approach, thresholds are –0.9 to –34.8 cm for
fen indicator plants, depending on the species, with
bryophytes being somewhat more sensitive than vas-
cular plants. For the process of peat accretion, thresh-
olds were –16.6 to –32.2 cm, depending on the site.

This range in thresholds is similar to what has
been reported for peatlands in many parts of the
world. Vegetation shifts from sedges to shrubs and
trees were reported for Minnesota peatlands when the
depth to water table increased from –5 cm to –25 cm
by drainage (Verry et al. 2011). The proper function-
ing condition framework of Weixelman and Cooper
(2009) stipulates that the water table for fens in the
mountains of California be ±20 cm of the soil surface
for most of the summer. A maximum water table
depth of –40 cm was proposed for managing carbon
emissions from palm oil plantations cultivated on
peatlands in Indonesia (Sabiham et al. 2012). A
30-cm decline in the water table from the ground
surface in Dutch fens was shown to promote nutrient
mobilization, a process known as internal eutrophica-
tion (Verhoeven et al. 1993).

In this study, we present the water table depth
tolerances and potential thresholds as ranges rather
than one absolute number because the water level
drawdown that ultimately will be managed is a soci-
etal, management and legal question rather than a
technical one (Tomlinson 2011). It is likely that if
pumping from the pumice underlying the peat lowers
the water table in the peat, any amount of water table
decline will lead to changes in species’ physiological
responses and ecosystem processes (e.g.
Drepanocladus aduncus has a 75th percentile thresh-
old of –0.9 cm). For example, carbon cycling is
tightly linked to the position of the water table
(Limpens et al. 2008) and carbon fluxes, which con-
trol peat accretion and decomposition, start to change
at any amount of drawdown (Moore and Knowles
1989, Kim and Verma 1992). The challenge is to
recognize the difference between subtle changes in
physiological and biogeochemical responses and
thresholds of major shifts in ecosystem structure
and function. In the examples above, the lower
(more negative) thresholds describe the depth below
which potentially irreversible changes in ecosystem
processes and functions occur. Above this depth, but

below the upper threshold, there may be loss of some
species and ecosystem processes, and it will be up to
managers and the public to decide the amount of
acceptable change. In this case, if the water table
remains above –20 cm, ecosystem processes and
functions will mostly be protected, but the most
sensitive species may be lost.

In this case study, the species used to develop
water table depth thresholds had slightly different
responses, from bryophytes that grow over relatively
narrow ranges to some of the Carex species that are
more tolerant of desiccation. This inherent variability
suggests the need for, and value of, using multiple
hydro-ecological relationships in the development of
environmental flows and levels requirements, as
opposed to single species management that often
occurs in regulatory contexts, and for promoting the
requirements of the most sensitive species in ground-
water management.

This approach to setting limits to groundwater
abstraction based on hydro-ecological relationships
has its limitations in applications to other systems
that might include other stresses. Here we assume
that the hydrologic regime is the primary driver of
ecological processes and that it is the main process
that will be stressed with livestock water abstraction.
This ignores other potentially limiting variables such
as nutrients or temperature, which may be important
and stressed in other basins. Because of the time scale
of our study, we were not able to include a longer
temporal factor in our analysis, although time lags
may be common, either in the development of the
cone of depression after the start of pumping or else
in the ecosystems’ responses to drawdown
(Sophocleous 2007). GDEs also may tolerate lower
water table depths at some times of the year more than
others, but in this case, the timing of water withdrawal
corresponds to approximately the midpoint of the
recorded hydroperiod (Fig. 2). Thus, managing for
growing season water table requirements was appro-
priate. In most cases, both societal and ecological
groundwater needs will correspond to drier times of
the year, thus assuming that the water table drawdown
from pumping should not extend below the lowest
point of the hydroperiod is a safe assumption.

We show here how the basic science of fen peat-
lands can be used in a management context, following
the criteria outlined in the introduction. The hydro-
ecological relationships we used in setting the range in
water depth thresholds were measured easily: sensitive
to groundwater alteration and grounded in peatland
science. We were able to take advantage of two fields
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of research for which there is a large body of litera-
ture: the relationships between the depth of the water
table and (1) wetland plants and (2) peat development.
For most GDEs, including fens, we are just beginning
to study and understand these hydro-ecological rela-
tionships, and site-specific data sets are limited. By
supplementing these data with information from the
literature, we are able to provide the best available
information to decision-makers, who are often work-
ing at scales that go well beyond the site level. Even
less information is available for other types of GDEs
that might be affected by groundwater management;
thus, there is a need to improve our understanding of
the hydro-ecological relationships between ground-
water and GDEs in a variety of settings. If we are to
realize increased protection of GDEs, these relation-
ships must be defined and communicated in a way
that will be useful to water managers and decision
makers in setting environmental flows and levels and
ultimately determining environmental water provi-
sions for GDEs.
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