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Species response to stress generally differed among the
Great Lakes. In some cases, this was the result of
biogeography: 69 taxa were not suf�ciently widespread
to be considered for analysis on more than one of the
Great Lakes (Appendix A). However, only �ve of the 50
taxa analyzed for multiple Great Lakes exhibited
signi�cant independent effects with CSI on more than
one Great Lake (Table 3): Campanula aparinoides
(CAAP2), CALAA, Sagittaria latifolia (SALA2), Spar-
ganium eurycarpum (SPEU), and TYinv. Only Scutel-
laria galericulata (SCGA) exhibited independent effects
with HMI on more than one Great Lake (Table 4).

None of the 37 taxa that were analyzed for Lake
Ontario exhibited signi�cant independent effects of
geomorphology, CSI, or HMI. This is due in part to
the relatively small variation in CSI and HMI values for
Lake Ontario wetlands (i.e., low SE values in Table 1).
Most Lake Ontario wetlands are highly stressed by
watershed sources, and minimally stressed by within-
wetland anthropogenic structures (i.e., low average HMI
values).

In Lake Erie, only four and three taxa of the 30 taxa
tested exhibited signi�cant independent effects with CSI
and HMI, respectively (Tables 3 and 4; see Plate 1).

FIG. 1. Proportion of explained independent variance (relative I�s) associated with the �ve main variance components (lake,
ecoprovince, geomorphology, cumulative stress index [CSI], and hydrologic modi�cation index [HMI]) for each taxon occurring in
20% or more of wetlands. Indicators are ordered by the amount of variance attributed to CSI. Symbols to the left of each bar
denote signi�cant Z scores (P , 0.05) from randomizations for each component. Taxa are listed in Appendix A.
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[IMCA], TYinv, URDI) were also signi�cant CSI-
sensitive taxa in the basin-wide analysis. In contrast to
Lake Huron, only two species with signi�cant indepen-
dent effects of ecoprovince (Pilea fontana [PIFO] and
URDI) also exhibited signi�cant effects of CSI (Tables
2, 3).

On Lake Superior, eleven taxa exhibited signi�cant
independent effects of CSI, and with the exception of
Sphagnum (SPHAG) moss and Sarracenia purpurea
(SAPU4), all increased in cover with stress (Table 3).
Despite their positive response to stress, most of those
nine taxa were not particularly weedy species, re�ecting
the generally good condition of Lake Superior coastal
wetlands. With the sole exception of TYinv, the CSI-
sensitive taxa for Lake Superior did not exhibit
signi�cant independent effects with CSI in the basin-
wide analysis. Five Lake Superior species exhibited
signi�cant independent effects with HMI, of which Salix

pedicillaris (SAPE2) was the only species that was
negatively associated with HMI (Table 4).

Multi-taxa models

Stepwise multiple regressions using only those species
with signi�cant independent effects of CSI or HMI
yielded highly signi�cant multi-taxa models (Table 5).
No models were attempted for Lake Ontario due to the
lack of independent effects on any of the plant taxa
there. The full basin-wide model for CSI incorporated
two stress-promoted species (TYinv and URDI) and �ve
stress-intolerant species (i.e., those with a negative
coef�cient in the model formula; CAST8, CALAA,
CAAQ, Carex utriculata [CAUT], and MYGA). The
cover of each taxon in the formula, expressed as a
proportion, is multiplied by its model coef�cient, and
the results are summed to estimate the CSI value. The
seven-taxon basin-wide model had an R2 of 0.534 with
actual CSI values (Fig. 3A).

TABLE 3. Independent contribution to variance (I ) values and trends for taxa exhibiting signi�cant
independent effects of CSI in basin-wide and lake-speci�c HP (hierarchical partitioning)
analyses.

Taxon
code

Lake

Superior Michigan Huron Erie Ontario Basin

CAAP2 0.012 0.153*� 0.243*� � 0.002 0.115*�
CAAQ 0.004 0.094� � 0.095 � � 0.051*�
CACA4 0.038 0.005 0.193� � � 0.010 0.012
CALA16 0.146*þ 0.013 0.043 � 0.022 0.029
CALAA 0.007 0.366*� 0.222*� � � 0.154*�
CAPA 0.162*þ � � � � �
CAST8 0.077 0.066 0.384*� � � 0.110*�
CAUT 0.004 � � � � 0.044*�
CIBU 0.108� þ 0.054 0.019 � 0.008 0.014
COPA28 0.026 � 0.075 � 0.005 0.034*�
ELPA3 0.107� þ � 0.108 0.087 � 0.018
HIMO � � � 0.261� � � �
IMCA 0.017 0.254*þ 0.023 0.078 0.040 0.085*þ
JUTE � � 0.214� þ � � �
LEOR � 0.038 0.059 0.024 � 0.035*þ
LYAM � � 0.296*� � 0.032 0.040*�
MYGA 0.039 � 0.071 � � 0.100*�
PHAU7 � 0.042 0.169� þ 0.106 � 0.028
PIFO � 0.194*þ � � � �
PODE3 � � 0.195� þ � � �
POHY2 � � 0.166 0.347*þ � �
SALA2 0.195*þ 0.158*þ 0.031 0.098 � 0.006
SAPU4 0.121� � � � � � �
SCPU10 � 0.085 0.235*þ � � �
SCSU10 � � 0.319*� � � �
SCTA2 0.050 0.052 0.296*� 0.080 0.002 0.014
SPAL2 0.013 � 0.301*� � � 0.012
SPEU 0.195*þ 0.061 � 0.272� � 0.000 0.018
SPHAG 0.181*� � � � � �
STFI6 � � 0.258*þ � � �
SYPUP � � 0.200� � � � �
TYinv 0.138*þ 0.204*þ 0.079 0.139 0.011 0.090*þ
TYLA 0.166*þ 0.004 � 0.201 0.162 0.010
URDI � 0.101� þ � � � 0.042*þ
UTMA 0.171*þ � 0.036 0.049 0.063 0.005
VEHA2 � 0.024 � 0.246� þ � �

Notes: Trends are shown byþ (species cover increases with increasing CSI) and� (species cover
decreases with increasing CSI). Taxon codes (see footnote 10) are listed in Appendix A.

* P , 0.05; � P , 0.1.
� Species insuf�ciently frequent to be considered in HP analysis at this scale.
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ing CSI on Lake Superior. Furthermore, C. stricta
(CAST8) and C. vulpinoidea (CAVU2) increased with
increasing HMI in lake-speci�c models, which was
unexpected. In retrospect, the incorporation of lemnids
(Spirodela polyrrhiza [SPPO], Lemna minor [LEMI3]) in
the models made sense given other wetland studies
(Galatowitsch et al. 2000, King et al. 2004, Lougheed et
al. 2007), but we didn�t anticipate this relationship
because we thought that the rough waters commonly
found in Great Lakes coastal wetlands would preclude
free-�oating plants. Many species incorporated into the
�nal models were unanticipated because they were not
dominants in wetland plant communities, and we had to
search the literature to �nd corroboration for their
inclusion.

Carex lasiocarpa (CALAA) was the species with the
greatest independent effect of CSI basin-wide, and it
also exhibited signi�cant independent effects with CSI
on Lakes Michigan and Huron (Fig. 1, Table 3).
CALAA occurred in 46% of all wetlands and 18.5% of
all quadrats sampled. CALAA is an indicator species for
organic soils in the Great Lakes region (Johnston et al.
2007), and often forms �oating mats (Flora of North
America Editorial Committee 1993, van Diggelen et al.
1996). In our study, CALAA usually occurred in poor
fens classi�ed as protected wetlands (signi�cant inde-
pendent effect of geomorphology, Fig. 1), but it can
grow in a variety of wetland types (Anderson et al. 1996,
Thormann and Bayley 1997, Dwire et al. 2004). There is
mixed evidence about the effect on CALAA productiv-
ity of nitrogen fertilization (Aerts et al. 1992, 1995) and
water levels (Sala and Nowak 1997, Thormann et al.
1998, Steed et al. 2002). Galatowitsch and coworkers
(2000) reported a decline in CALAA abundance with
site impacts and landscape disturbance in a study of 40
wet meadows in southwest Minnesota, and CALAA was
absent from restored wetlands in northern Iowa despite
being frequently found in natural prairie wetlands
within the region (Galatowitsch and van der Valk 1996).

Carex stricta (CAST8) was one of the most common
sedges within the Great Lakes coastal wetlands sampled,
occurring in 53% of all wetlands and 11.8% of all
quadrats. CAST8 builds tussocks of roots, litter, and
decomposed organic matter that support the growth of
other species, thereby increasing plant diversity (Crain
and Bertness 2005, Peach and Zedler 2006). Our
previous analysis showed that tussock height, which
averaged 18.8 cm for quadrats containing CAST8, was
second only to water depth in explaining species-
environment interactions in Great Lakes coastal wet-
lands (Johnston et al. 2007). CAST8 is impacted by
cattle grazing (Costello 1936, Middleton 2002), sedi-
mentation by stormwater runoff (Werner and Zedler
2002), and invasion by PHAR3 (Kercher et al. 2004).

Less is known about the effect of disturbance on the
other two Carex species in the basin-wide CSI model, C.
aquatilis (CAAQ) and C. utriculata (CAUT). In
montane riparian meadows, the two species dominated

the wettest zone, which had the highest total biomass
and lowest species richness along a gradient from wet to
dry (Dwire et al. 2004). Both species have well-
developed aerenchyma (Fagerstedt 1992), which allows
them to grow in deeper water than many other sedge
species (Appendix A). CAUT is an indicator of silt soils
and riverine marshes, but CAAQ was not an indicator of
any particular soil or geomorphic type (Bayley and
Mewhort 2004; Johnston et al. 2007). CAAQ has been
reported to be phosphorus limited (Pringle and Van
Ryswyk 1965, Auclair et al. 1976).

Myrica gale (MYGA) occurred in 25 wetlands on all
of the Great Lakes except Lake Erie. Although it
frequently grows as a dominant species (Frieswyk et al.
2007), experimental removal of MYGA resulted in no
evidence for competitive release of associated species
(Keddy 1989). Grown experimentally at water table
depths from 3 to 79 cm, MYGA produced maximum
biomass at water table depths of 10�35 cm, and total
biomass was substantially greater when grown on peat
rather than sand (Schwintzer and Lancelle 1983).
MYGA is an indicator species of organic soil in the
Great Lakes (Johnston et al. 2007).

The increase in Urtica dioica (URDI) and TYinv with
increasing stress in the basin-wide and Lake Michigan
CSI models is consistent with their known responses to
disturbance. URDI is a weed (Uva et al. 1997) with a C
value of 1 (Andreas and Lichvar 1995, Bernthal 2003),
and its growth is stimulated by nitrogen additions
(Rosnitschek-Schimmel 1982). The invasive TYGL has
displaced native Typha throughout the Great Lakes
(Chow-Fraser et al. 1998, Frieswyk and Zedler 2007).
TYGL has high growth and photosynthetic rates
(Farnsworth and Meyerson 2003) and short rhizome
lengths (Woo and Zedler 2002) that allow it to form
dense, monotypic stands. TYGL is highly competitive
under �uctuating water levels (Smith 1987, Waters and
Shay 1992, Galatowitsch et al. 1999), in part due to its
�oating mat formation (Hogg and Wein 1988), but its
expansion has been linked to water-level stabilization in
several studies (Shay et al. 1999, Boers et al. 2007,
Wilcox et al. 2007). Typha invasion is promoted by
excess nutrients (Woo and Zedler 2002), and the relative
cover of invasive Typha in Great Lakes coastal wetlands
was positively related to watershed agricultural intensity
(Vaccaro 2005; Brazner et al., in press).

Taxa incorporated into the basin-wide HMI model

PHAU7 was especially prevalent in diked wetlands at
the western end of Lake Erie. PHAU7 has both native
and nonnative genotypes that differ in their aggressive-
ness (Galatowitsch et al. 1999, Saltonstall 2002). Its
recent expansion in Great Lakes coastal wetlands has
been attributed to the spread of the invasive genotype
and colonization of lake bottom sediments exposed by
prolonged low lake levels that began in late 1999 (Pengra
et al. 2007; Tulbure et al., in press). Linear anthropo-
genic habitats provide corridors that accelerate PHAU7
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expansion (McNabb and Batterson 1991, Maheu-Giroux
and de Blois 2007).

Like PHAU7, PHAR3 is an invasive with aggressive
Eurasian strains (Lavergne and Molofsky 2007).
PHAR3 appears to be the plant that is most responsible
for loss in quality of southern Wisconsin wetlands
(Zedler and Potter, in press). PHAR3 bene�ts from
nutrients (Mason and Miltimore 1970, Dean and Clark
1972, Kline and Broersma 1983, Maurer and Zedler
2002), sedimentation (Werner and Zedler 2002), and
hydrological disturbance (Kellogg et al. 2003, Maurer et
al. 2003, Miller and Zedler 2003). Kercher and Zedler
(2004) found that continuous �ooding, high nutrient
inputs and addition of nutrient-rich sediment interact to
accelerate PHAR3 invasion. Using remote sensing,
Bernthal and Willis (2004) found a correlation between
the fraction of wetlands dominated by PHAR3 and the
fraction of agricultural land use in the watershed.

Two free-�oating species, LEMI3 and SPPO, in-
creased in abundance with increasing HMI. LEMI3 was
very common, occurring in 44% of all wetlands and
14.5% of all quadrats, but it achieved greatest cover
when protected from wind by dikes and other linear
features. Lemnids replace native vegetation in storm-
water and nutrient-enriched wetlands (Galatowitsch et
al. 2000, King et al. 2004, Lougheed et al. 2007), and
dominance by free-�oating plants has been suggested as
an alternative stable state, in which reduction of aquatic
ecosystem resilience causes abrupt and persistent chang-
es in biological structure (Scheffer et al. 2003).

Taxa incorporated into lake-speci�c models

The three species that increased with increasing
landscape stress in the Lake Superior CSI model,
CALA16, Utricularia macrorhiza (UTMA), and CIBU,
were not intuitive. None was weedy or invasive, and all
had Wisconsin-assigned C values of 6 or greater
(Bernthal 2003). UTMA is a carnivorous plant due to
nutrient limitations in its environment, so it seems an
unlikely candidate as a stress-promoted species. The
inclusion of these three species in the CSI model makes
sense, however, within the context of the disturbance
regime (or lack thereof) on Lake Superior. Lake
Superior has the least watershed development of any
of the Great Lakes, and its maximum CSI value (1.8)
was much lower than the minimum CSI values on Lakes
Ontario (2.5) or Erie (2.9). Therefore, a stress-promoted
species on Lake Superior would indicate high quality
conditions in wetlands of the lower Great Lakes. Other
studies have shown that the three species in the Lake
Superior CSI model respond to stress: UTMA growth
has been shown to respond to nutrient additions (Knight
and Frost 1991, Ellison 2006, Kibriya and Jones 2007),
and both CALA16 and CIBU were related to distur-
bance in a study of 40 Minnesota wet meadows
(Galatowitsch et al. 2000).

Inclusion of CAST8 in the Lake Superior HMI model
as a species promoted by within-wetland structures was

also initially counterintuitive because CAST8 is nega-
tively impacted by stormwater runoff (Werner and
Zedler 2002), but other studies corroborated an increase
in CAST8 abundance associated with diked wetlands
(Jorgensen and Nauman 1994, Ellison and Bedford
1995, Stanley et al. 2005). The tussock growth habit of
CAST8 allows it to tolerate a broad range of seasonal
drying and �ooding conditions (Costello 1936, Sjo¤berg
and Danell 1983, Wilcox et al. 1985), and water
�uctuation at some time during the growing season
bene�ts CAST8 growth (Budelsky and Galatowitsch
2004). Both CAST8 and CIBU increased in abundance
when �ooded by an adjacent power plant cooling pond
(Ellison and Bedford 1995). The third species included in
the Lake Superior HMI model, Salix pedicillaris
(SAPE2), usually grows in bogs (Argus 1964) and is an
indicator of organic soils (Johnston et al. 2007), where
water levels would be expected to be relatively stable. In
their study of commercial cranberry operations in
northern Wisconsin, Jorgensen and Nauman (1994)
found that CAST8 increased and SAPE2 decreased as a
result of disturbance caused by roads or dikes.

Relatively little is known about the ecology of
CAAP2, which was included in the Lake Michigan
CSI model. CAAP2 is very common in fens and wet
meadows (Auclair et al. 1976, Schwintzer 1978, Mensing
et al. 1998, Nekola 2004). The importance value of
CAAP2 was about twice as high in six reference
wetlands as it was in six disturbed wet meadows in
Saginaw Bay (Stanley et al. 2005).

The development of the CSI multi-taxa model for
Lake Huron was complicated by below-normal lake
levels that exposed lake bottom sediments to new
colonization, an effect exacerbated by Saginaw Bay�s
shallow bathymetry (data available online).11 For
example, the presence of Populus deltoides (PODE3)
seedlings in Saginaw Bay is probably due to germination
by windblown seeds on the bare mineral substrate that
was exposed during below-average lake levels prior to
sampling in 2003. PODE3 is known to require bare,
moist microsites for germination, but it can grow under
a range of nutrient conditions (Braatne et al. 1996), so
its presence in the Saginaw Bay wetlands is probably not
due to landscape stress but rather to the germination
opportunity afforded by exposure of Saginaw Bay
sediments. Similarly, Juncus tenuis (JUTE) is a weed
that grows in disturbed, moist soils (Flora of North
America Editorial Committee 1993, Uva et al. 1997),
and would not be expected to persist when lake levels
return to normal or above-normal conditions. A
modi�ed CSI formula for Lake Huron that excluded
PODE3 and JUTE remained highly signi�cant (adjusted
R2 ¼ 0.78, F4,9 ¼ 12.5, P ¼ 0.001).

The increase in Pontederia cordata (POCO14) cover
with increasing HMI on Lake Erie initially seemed

1 1 hhttp: / /www. l re .usace .army.mi l /great lakes /hh/
greatlakeswaterlevels/i
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inconsistent with the ecology of the species, which has a
C value of 7 (Andreas and Lichvar 1995), is intolerant of
turbid, nutrient-rich conditions (Lougheed et al. 2001),
and has been reported to decline in abundance with
increasing anthropogenic stress on Lake Erie (Stuckey
1989). The three Lake Erie wetlands that contained
POCO14 are all diked, and have historically had
abundant POCO14 stands (Lowden 1969, Sherman et
al. 1996). Thus, rather than causing stress, the dikes used
to manage water levels in these three wetlands appear to
be protecting the POCO14 from external stresses from
Lake Erie, which is their intent (Sherman et al. 1996).
POCO14 was absent, however, from the highly diked
Little Lake Creek wetland (HMI ¼ 100 m/ha) on the
Michigan shore of Lake Erie.

Biogeographical differences

The set of plants that exhibited signi�cant indepen-
dent effects with CSI or HMI generally differed by
Great Lake. In part, this was due to differences in the
biogeography of the species, which were never uniformly
distributed across the entire Great Lakes even prior to
European settlement of the region. As a result, the set of
plants suf�ciently common to include in the analysis
differed by Great Lake in taxa and total number
(Appendix A).

In some cases, differences among the Great Lakes in
the independent responses of plant taxa to stress may be
due to the geographic distribution of stressors, rather
than the geographic distribution of plants. For example,
although CALAA occurred in 73% of Lake Superior
wetlands and was a CSI-sensitive species on Lakes
Michigan and Huron, it was not a CSI-sensitive species
on Lake Superior, where anthropogenic stress in coastal
wetland watersheds was minimal. Similarly, on Lake
Ontario, invasive Typha was ubiquitous (occurring in 12
of 13 wetlands) and dominant (average cover of 30%

where it occurred), yet it was not a CSI-sensitive species
on that lake. In both cases, the abundance of these taxa
may indicate a threshold effect, where the level of
watershed stress was so uniformly high (Lake Ontario)
or uniformly low (Lake Superior) that the taxa were
unresponsive. Such non-linear responses have been
previously documented in stream and wetland biota
(King et al. 2005, Lougheed et al. 2007).

Recognition that individual species can behave
differently as a function of biogeography is a concept
that is built into commonly used ranking systems. For
example, the states of Minnesota, Wisconsin, Illinois,
Indiana, Michigan, and Ohio have all developed
separate C value lists which assign similar but not
identical C values to plant taxa. Our research on the FQI
in the LMF ecoprovince showed that mean C values
were higher when computed using Wisconsin C values
than they were using Michigan C values, but we could
not determine if this difference was biologically mean-
ingful or due merely to subjective differences (Bour-
daghs et al. 2006). Similarly, wetland af�nity classes for

plant taxa in the National List of Plant Species that
Occur in Wetlands differ slightly between the U.S. Fish
and Wildlife Service�s Region 1, which includes Lakes
Ontario and Erie, and Region 3, which includes the
other three Great Lakes (Reed 1988).

Utility of models

Ecological indicators should capture the complexities
of the ecosystem yet remain simple enough to be easily
and routinely monitored (Jackson et al. 2000, Dale and
Beyeler 2001). We believe that the models presented here
are scienti�cally rigorous, yet require less implementa-
tion effort than the currently used FQI, because users
need only distinguish the few taxa that are in the models
rather than all plants present in a wetland. Training
could thus focus on species utilized in the models.

Despite their reliability as indicators of environmental
condition, sedges are notoriously dif�cult to identify to
species. The in�orescences utilized by taxonomic keys
are often dif�cult to �nd, and may not be at a suitable
stage of development when the wetland is visited by �eld
monitoring personnel. However, several vegetative
characters can be useful in distinguishing sedge species,
especially when considered in concert: leaf color (blue-
green, green, yellow-green), leaf width (sometimes
shape), basal leaf sheath type (see Fassett 1976: Fig.
9), and whether the plants grow in dense tufts (i.e., are
caespitose; Bernard 1990). Distinctive vegetative char-
acters of the six Carex species incorporated in our
models are listed in Appendix B.

Another desirable characteristic of environmental
indicators is known temporal variability across years
(Jackson et al. 2000). The models developed here are
robust indicators based on conditions that occurred
during the sampling period (2001�2003), but their
temporal variability is not known. Given that lake levels
in Lakes Michigan and Huron were near historic low
levels during this time period (see footnote 11), the
vegetation present in those lakes may re�ect drier
conditions than normal, and the inclusion of PODE3
and JUTE in the Lake Huron CSI model was likely
in�uenced by the low lake levels. However, most of the
taxa included in the models are perennials, and many
have extensive rhizome systems and other growth forms
(e.g., tussocks, �oating mats) that would allow them to
persist in an area despite water level �uctuations. This
perennial duration may be a disadvantage if it imparts
inertia (i.e., persistence of a plant population long after a
change in stressor regime has occurred [Milchunas and
Lauenroth 1995]).

The bene�t of the models presented here is their
discriminatory ability to separate extraneous variability
from true signal of environmental degradation. By
incorporating the technique of hierarchical partitioning
into model development, we excluded taxa that are
unresponsive to anthropogenic stress. We believe that
this approach is worthwhile for any ecosystem in which

June 2008 997MULTI-TAXA WETLAND VEGETATION INDICATORS




