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Abstract Seasonal ponds are common throughout forested
regions of the north central United States. These wetlands
typically flood due to snow-melt and spring precipitation,
then dry by mid-summer. Periodic drying produces unique
fishless habitats with robust populations of aquatic inverte-
brates. A basin’s physical/chemical features, the absence of
vertebrate predation, and especially the duration of seasonal
flooding, have long been viewed as the major structuring
influences on these communities, but previous studies have
shown only limited effects of environmental variables on
pond invertebrates. Applying ordination methods to data
from weekly collections of invertebrates during 2008—
2009, we tested influences of site-level environmental gra-
dients on the presence and relative abundance of aquatic
invertebrate communities in 16 seasonal ponds in a forested
region of north central Minnesota, USA. We assessed inver-
tebrate community patterns in relation to pond size and
depth, soil nutrients, canopy closure, hydroperiod, and pre-
dominant groundwater function (recharge, discharge, or
flow-through). Patterns in pond invertebrate community
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composition were consistently related to pond depth, over-
head canopy closure, and hydroperiod. Site-level hydrologic
function showed weak relationships to seasonal patterns of
invertebrate abundance. Although physical features of
ponds had only modest influence on presence and abun-
dance of invertebrates, weekly sampling improved models
relating environmental variables to pond invertebrates.

Keywords Seasonal ponds - Invertebrate communities -
Hydrology - Gradient analysis

Introduction

Seasonal ponds are shallow depressional wetlands underlain
by bedrock or semi-impervious soil horizons and are com-
mon features in the north central US where late-Wisconsin
glaciation left numerous small depressions in some forested
landscapes (Brooks 2000; Palik et al. 2003). These wetlands
are typically <1 m in depth and range from 0.1 to 0.25 ha in
surface area, rarely approaching 1.0 ha (Palik et al. 2001;
Brooks 2005). Small size means a high perimeter-to-area
ratio which could increase sensitivity of resident communi-
ties to disturbances in adjacent uplands (Palik et al. 2001;
Brooks 2005; Williams 2005).

When seasonal ponds occur in forested landscapes, their
invertebrate communities comprise a large fraction of re-
gional biodiversity (Williams 2005). The short hydroperiods
that exclude most vertebrate predators are believed to be key
environmental drivers of invertebrate community structure
in seasonal ponds (Collinson et al. 1995; Brooks 2000;
Batzer et al. 2004; Williams 2005). Nonetheless, annual
hydroperiods differ considerably among pond sites and
communities may vary accordingly. For example, Brooks
(2000) reported increased taxon richness for aquatic inver-
tebrate communities in wetlands having especially short and
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long hydroperiods. Batzer et al. (2004) described a positive
relationship between taxon richness and hydroperiod length,
but this resulted from rare taxa occurring only in ponds with
extended hydroperiods. Hanson et al. (2009) reported
hydroperiod to be related to invertebrate community pat-
terns in seasonal ponds, but could attribute little variance to
flooding duration. Patterns may also be complicated by the
fact that influences of hydroperiod can transcend individual
growing seasons. For example, Batzer et al. (2004) and
Brooks (2000) reported that a year with unusually short
hydroperiods can lead to reduced abundance of benthic
invertebrates during the subsequent year.

Conservation of seasonal ponds has become an important
forest management concern during the past two decades and
has stimulated considerable research on these pond commu-
nities in the north central US (Minnesota Forest Resources
Council 2007) and elsewhere (Colburn 2004). Resulting
studies have shown that invertebrate communities in sea-
sonal ponds are influenced by physical and chemical char-
acteristics of sites (hydroperiod, maximum depth, pH) and
adjacent uplands (overhead canopy closure, litter inputs,
stand age). However, a consistent theme of this research is
that even statistically significant relationships between pond
communities and environmental variables usually explain
little variance in invertebrate presence and abundance pat-
terns (Palik et al. 2001; Batzer et al. 2004; Hanson et al.
2009). The inability of previous studies to identify strong
relationships between environmental gradients and abun-
dance and diversity in aquatic invertebrate communities
may have resulted from failure to include factors responsible
for much of the variance in communities. In addition, weak
relationships between physical factors and biological com-
munities may reflect limitations of sampling and analytical
approaches. However, the resulting uncertainty is discon-
certing given that adjacent vegetation management such as
timber harvest may rapidly modify overhead pond canopies,
litter inputs, and other features which are consistent al-
though minor sources of pond community variance.

Earlier efforts may have underestimated two key aspects
important to invertebrate community dynamics. First,
within-year variability is a major source of variance in
presence and abundance of aquatic invertebrates, especially
in temporary habitats. Miller et al. (2008) illustrated that
chronological shifts in community composition create high
temporal variability. Thus, timing and frequency of sam-
pling have potential to dramatically affect community anal-
yses. For logistical reasons, studies of seasonal pond
invertebrates are usually limited by infrequent sampling
with intervals of 2 weeks to a month or more between data
gathering events (Batzer et al. 2000; Brooks 2000; Batzer et
al. 2004; Miller et al. 2008; Hanson et al. 2009). These
approaches almost certainly influence study outcomes and
may limit detection of environmental relationships or even
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mask community responses to disturbance. Second, despite
the likely importance of site hydrology, status of groundwa-
ter dynamics and influences of groundwater are poorly
known for seasonal ponds in northern forested landscapes
(Kolka et al. 2011). Likewise, the extent to which ground-
water exchange influences biological communities in sea-
sonal ponds has not been described.

Our broad objective was to identify factors responsible
for presence and abundance patterns in seasonal pond inver-
tebrates in a way that more thoroughly accounts for within-
year community variability and hydrology, along with other
variables previously shown to be important. We used two
strategies to build upon results of earlier studies. First, we
assessed temporal and spatial variation in seasonal pond
invertebrates by simultaneously sampling pond invertebrate
communities in two ecoregions at 7-day intervals over peri-
ods of 7 to 8 weeks during 2008 and 2009. Second, we
quantified site hydrology. We measured hyroperiod and
groundwater levels in piezometers and wells beginning im-
mediately after spring snow melt until freeze-up in the late
fall to determine specific relationships between groundwater
exchange (e.g. discharging or recharging) with waters in
pond basins. We used gradient analysis to relate inverte-
brates to known hydrologic relationships (recharge, dis-
charge, flow-through, perched) and other environmental
variables. We restricted these ordinations to variables
previously shown to influence these communities such
as hydroperiod, canopy cover, stand-age, pond surface
area, and maximum depth. We hypothesized that models
of relationships between environmental gradients and
patterns of invertebrates in pond sites would be im-
proved by inclusion of weekly invertebrate and hydrologic
data.

Methods

We studied 16 seasonal ponds located in two forested Eco-
logical Subsections (Chippewa Plains and Pine Moraines/
Outwash Plains in north central Minnesota, USA (Keyes et
al. 1995; Almendinger et al. 2000; Fig. 1). This area is
heavily forested and lies within a complex matrix of
ground and stagnation moraines, along with lake and
outwash plains. Soil composition here is highly variable,
with loamy clay in moraines and sands on outwash
plains. The entire region is overlain by thick glacial till
(up to 100 m) and contains abundant wetlands and
lakes. All ponds were surrounded by forest stands pre-
dominantly comprised of aspen (Populus spp.) aged
from 10 to >65 years since harvest. Vegetation patterns
and history of these landscapes are described in more
detail by Hanson et al. (2009).
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Fig. 1 North Central area of
Minnesota showing the
locations of the Chippewa
Plains and Pine Moraines/
Outwash Plains study areas in
Beltrami and Hubbard
Counties, Minnesota. Shaded
area depicts upper portion of
the Mississippi River
watershed. Map provided by
Stefan M. Bischof

Seasonal Pond Characteristics

We delineated pond perimeters using a global positioning
system. Resulting data points were uploaded to a geographic
information system and surface area was calculated using an
ArcGIS Measure Tool (ArcGIS 9.2, Environmental Systems
Research Institute Inc. 2007).

Canopy cover above each pond was measured during
peak leaf cover each year using a spherical densiometer
along two random intersecting transects. Percent canopy
cover values were recorded at five locations along each
transect, with the third value of each transect measured at
the pond center. Average % canopy cover for each pond site
was calculated from these measurements.

Hydroperiod was determined as consecutive days of
flooding at the deepest point in each pond. We defined
hydroperiod onset as the date of the first site visit when at
least 20 % of the pond basin contained standing water. Staff
gauges constructed of 2.54 cm diameter PVC pipe were
installed in the deepest point in each pond (Fig. 2) to
measure standing water levels. When water levels receded
below ground, center monitoring wells (described below)
were used to measure groundwater levels. We began record-
ing weekly water levels immediately after spring snow melt
and continued through August or until ponds dried. From
September until freeze-up, we recorded pond water level
readings every other week (or until water levels fell beneath
readable depths). Hydroperiod end dates were considered as
the first date when less than 20 % of the seasonal pond basin
contained standing water. In the rare event that a pond basin
did not dry, we recorded the hydroperiod end date as the
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date when standing waters froze, usually during late October
or early November.

Soil characteristics were determined from samples collected
using a soil corer at the deepest point of each pond and at one
randomly chosen location along the delineated boundary.
These two cores were composited and were analyzed in the
lab for concentrations of total phosphorous using the Bray and
Kurtz Method (Bray and Kurtz 1945), total nitrogen and
carbon by combustion (Yeomans and Bremner 1991), and
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Fig. 2 General depiction of piezometer/monitoring well nests and staff
gage in a typical seasonal pond study site

@ Springer



Wetlands

percent clay using the hydrometer method for particle size
analysis (Gee and Bauder 1986) (Fig. 3).

Invertebrate Sampling

We sampled aquatic invertebrates during spring-summer 2008
and 2009. Sampling began each year on 14 May, approxi-
mately 2 to 4 weeks after snow melt, when ponds contained
standing water and remained consistently ice-free. Each year,
we sampled weekly through early July when ponds began to
dry. Invertebrates were collected from all ponds once a week
for 8 weeks in 2008 and 7 weeks in 20009.

To estimate relative invertebrate abundance and diversity,
we sampled invertebrates in open water using surface activity
traps (SATs, Hanson et al. 2000). Use of SATs is advantageous
for sampling invertebrates in shallow wetlands because these
devices collect organisms associated with the surface film
(e.g., Culicidae, Corixidae, Gerridae, Gyrinidae) as well as
those present in the underlying water column (e.g., cladocer-
ans, copepods, Ostracoda) (Hanson et al. 2000). Using SATs,
as opposed to sweep nets or vertical cores, also reduced the
amount of organic matter and sediment inadvertently collected,
resulting in cleaner samples (Hanson et al. 2000). This im-
proved sample processing efficiency, allowing for intensive
(weekly) sampling. Each week, two SATs were deployed from
PVC frames permanently installed along two random transects
in each pond. The SAT on the first transect was deployed 25 %
of the distance from the delineated boundary to the pond
center. A second SAT was placed on a second transect approx-
imately 25 % of the distance from the center of the pond. When
emergent hydrophytes were present at the sampling point, the
SAT was positioned along the transect at the deep margin of the
vegetation. Traps were retrieved after approximately 24 h;
contents were concentrated by passage through 0.04 mm-mesh
sieves and stored in 70 % ETOH. All ponds were sampled on
the same day (within 12 h) during each week of sampling.

Invertebrates were sorted and identified using stereomi-
croscopes. Insects were typically identified to family and
crustaceans were identified to genus using Merritt et al.
(2008) and Thorp and Covich (2001). Numbers of inverte-
brates in the two SATs were summed for each pond by
sampling period; resulting totals and taxon richness values
were used for all analyses. Before gradient analysis and to
simplify interpretation by reducing noise in our data sets
(McCune and Grace 2002), we grouped invertebrates into
20 taxonomic categories based on abundance and feeding
guilds following Merritt et al. (2008).

Groundwater Monitoring
We monitored hydraulic heads using piezometers and the

upper limit of local water tables using wells. Piezometers
and monitoring wells were installed following the methods
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of Sprecher (2000) in each of the 16 seasonal ponds. Nests,
each containing one shallow piezometer (60 cm below
ground surface), one deep piezometer (120 cm below
ground surface), and one monitoring well (120 cm below
ground surface), were deployed at four locations along the
delineated wetland boundary (Fig. 2). A fifth nest was
installed at the deepest point in each pond, adjacent to the
staff gauge. Water levels in piezometers and monitoring
wells were used to determine the predominant hydrologic
function of each pond (i.e. discharge, recharge, flow-
through, or perched).

Piezometers were constructed from 2.54 cm diameter
PVC piping glued to prefabricated piezometer tips (pur-
chased from Forestry Suppliers). Monitoring wells were
also constructed of 2.54 cm diameter PVC piping with
perforations along 120 cm of the underground portion of
each pipe and the bottom capped with a perforated PVC cap.
Fabric mesh was added over perforated portions of each
monitoring well to exclude sand and debris. Holes for the
wells and piezometers were bored using a hand auger (di-
ameter 7.62 cm). Approximately 0.5 L of silica sand was
added to the bottom of each hole. Wells or piezometers were
then placed in the holes to the appropriate depth, and sand
was added until piezometer tips or perforated lengths of the
wells were covered, allowing free flow of groundwater.
Bentonite clay was added above the sand to all piezometers
and wells to form an upper seal and to prevent water seepage
from above. Dredged soil was used to fill around the re-
mainder of the piezometer, and was tamped firmly in place
to eliminate air cavities. At piezometers, a second bentonite
clay seal was added around the piping from about 15.25 cm
below the ground surface, upward until it formed a small
mound just above the soil surface to further prevent any
surface water seepage. A single bentonite clay seal was also
added to wells in the same manner, to prevent inflow of
surface water. Pipe openings were covered with vented caps
to prevent rain water or insects from entering, while allow-
ing air equilibrations.

Elevations of piezometers, monitoring wells, and staff
gauges in each wetland were surveyed. Depths to ground-
water were measured from tops of pipe extensions to water
levels in wells or piezometers. Surveyed elevations of piez-
ometers and monitoring wells were then used to determine
water table elevations and hydraulic heads relative to the
deepest region of each seasonal pond.

Groundwater level recordings began soon after snow
melt and within a few days following ground thaw. Water
levels in piezometers and wells were recorded weekly, typ-
ically from early May to August. Beginning in September
groundwater levels were recorded every 2 weeks until freeze
up, typically in early November. Groundwater levels were
determined using a thimble (open end down) attached to a
pliable fabric measuring tape. The thimble was lowered into
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a piezometer or well until a popping sound was produced
upon contact with the water surface. We used water levels in
the piezometers in conjunction with levels in the monitoring

wells to track and estimate the predominant hydrologic
function of each pond (i.e. discharge, recharge, flow-
through, perched) (Sprecher 2000).
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Statistical Analysis

We assessed annual patterns in invertebrate communities
using non-metric multidimensional scaling (NMS). This
analysis is especially useful for depicting similarity in bio-
logical community patterns (Clarke 1993; McCune and
Grace 2002). Given our weekly sampling, resulting vector
plots illustrated the seasonal chronologies of taxon presence
and abundance in these pond communities. We plotted
vectors separately by years and Ecological Subsections to
show how seasonal chronologies might differ annually and
between regions. The NMS was performed using PC-ORD
version 5.0 (McCune and Mefford 1999). We used Sorensen
(Bray-Curtis) distance measures, and evaluated six prelimi-
nary dimensions with 250 iterations; final ordinations in-
cluded two or three dimensions (axes) based on stress
reduction and were adjusted with varimax rotation to allow
meaningful interpretation of variance loading on axes
(McCune and Mefford 1999). Stress values of final ordina-
tions were <11, indicating that NMS representations may be
considered reliable (McCune and Grace 2002). Final axes
were tested for significance using Monte Carlo permutation
tests (P for all final axes <0.05). Resulting plots illustrated
seasonal patterns of presence and abundance of inverte-
brates within and among the two study years, and in each
Ecological Subsection. We also examined correlations be-
tween final ordination axes and weighted average scores of
invertebrate taxa to identify seasonal patterns. The gradients
depicted by the axes reflect similarities and differences in
invertebrate community scores (McCune and Grace 2002).
Taxa that exhibited the strongest correlation with NMS axes
have comparatively greater influence on community pat-
terns based on presence and abundance.

We used a similar NMS approach to depict seasonal
invertebrate presence and abundance chronologies for each
hydrologic pond function (recharge, flow-through, perched).
Plots again illustrated temporal changes in invertebrates, but
with separate chronology vectors for each hydrologic pond
function and Ecological Subsection. We again used Soren-
son distance measures, evaluated six preliminary axes, ap-
plied varimax rotation, and used Monte Carlo permutation
tests to identify associations between organisms and ordina-
tion axes.

Finally, we assessed relationships between patterns of
invertebrate abundance and environmental variables using
direct gradient analysis (redundancy analysis, RDA). All
RDAs were run in Canoco 4.54 (ter Braak and Smilauer
2002). We were especially interested in testing for relation-
ships with pond hydrologic functions (recharge, flow-
through, perched) and other environmental variables. We
chose RDA because preliminary detrended correspondence
analysis identified relatively short gradients in our species
data (<2.0 SD), indicating appropriateness of a linear model.
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We tested significance of environmental variables for inclu-
sion in final models using manual forward selection proce-
dures and randomization (Monte Carlo) tests (ter Braak and
Smilauer 2002). Preliminary environmental variables in-
cluded: pond hydrologic function (recharge, flow-through,
perched), Ecological Subsection, % canopy cover, hydro-
period (previous year), maximum depth, stand age, pond
surface area, total soil phosphorus, total soil nitrogen, total
soil carbon, and average % clay for upland soil horizons.
Final models included only three environmental variables
(maximum depth, canopy cover, hydroperiod) shown by
preliminary forward selection to be significantly associated
with invertebrate community pattern (P<0.05).

Results

Hydrological data from the 16 seasonal ponds indicated
high, but variable exchange with underlying groundwater
and conditions ranging from recharge to flow-through, but
showed that two ponds remained perched in both study
years. We classified ponds as flow-through if at least one
piezometer nest displayed groundwater discharge and an-
other nest concurrently indicated groundwater recharge dur-
ing the standing-water period. Based on predominant
exchange conditions across study years, seven sites were
classified as flow-through and seven as recharge. However,
flow-patterns varied between study years, with 13 and ten
sites having some groundwater discharge to their basins due
to the formation of temporal groundwater mounds during
2008 and 2009, respectively. Hydrologic results are dis-
cussed in greater detail in Bischof (2011).

We collected 76 invertebrate taxa during 2008 and
2009. This taxon richness estimate is conservative because
insects were usually identified to family and crustaceans
to genus. Invertebrate samples were dominated by aquatic
insects and crustaceans. Diptera larva were most wide-
spread with mosquitos (Culicidae), phantom midges
(Chaoboridae), and non-biting midges (Chironomidae)
collected in all ponds. Insects collected in >50 % of our
sites were, Anisoptera, Dixidae, Dytiscidae, Corixidae,
Gerridae, Gyrinidae, Haliplidae, Hydrophilidae, Nepidae,
Notonectidae, Sciomyzidae, Stratiomyidae, Tabanidae,
Tipulidae, Trichoptera, Veliidae, and Zygoptera. Daphnia
and Simocephalus were the most widespread crustaceans
and were collected in all our sites. Other common crusta-
ceans (collected in >50 % of our ponds) were fairy shrimp
(Eubranchipus), clam shrimp (Diplostraca), seed shrimp
(Ostracoda), various cladocerans, and cyclopoid copepods.
Snails (Gastropoda) and fingernail clams (Sphaeridae)
were also common in study ponds. Invertebrate commu-
nities included members of all general feeding groups
described by Merritt et al. (2008).
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Table 1 Summary of final two-dimensional solution for non-metric
multidimensional scaling (NMS) using site invertebrate community
composition scores of 20 aquatic invertebrate groups collected in
seasonal ponds in the Chippewa Plains and Pine Moraines/Outwash
Plains during 2008 and 2009. Values indicate dissimilarity (stress) with

site scores and results summarized for actual and randomized (Monte
Carlo) data. P-values indicate improvement in actual data in compar-
ison to randomized data. Dimensions of final solution were determined
using preliminary models with six axes (McCune and Grace 2002)

Axes Stress in source data

Actual data (250 runs)

Monte Carlo tests (250)

Minimum Mean Maximum Minimum Mean Maximum P-value
24.287 48.434 55.777 36.145 49.825 55.777 0.004
2 12.866 13.84 39.15 19.337 23.956 39.15 0.004

Temporal and Spatial Patterns in Invertebrates

Non-metric multidimensional scaling (NMS) reflected dif-
ferences in seasonal patterns of invertebrate presence and
abundance between 2008 and 2009, and between Ecological
Subsections. A two-dimensional solution (Table 1) was
found using NMS, with axes 1 and 2 explaining 65 and

Table 2 Summary of R? values displaying linear correlations
between invertebrate groups (log;o (n+1)), and two axes identi-
fied in final non-metric multidimensional scaling (NMS) model

24 % of the variance, respectively (cumulative R*=0.90;
Table 2). Resulting patterns show considerable dissimilarity
in invertebrate communities during early-mid-season, espe-
cially between Ecological Subsections during 2008
(Fig. 4a). Seasonal weighted average scores in 2008 and
2009 for Eubranchipus, Culicidae, and Trichoptera confirm
that these were early season residents in our study ponds.

during 2008 and 2009. Axis 1 and 2 explained 65 and 24 % of
the variance in invertebrate scores, respectively (cumulative
R*=0.90)

Taxa® R? values
Axis 1 Axis 2
Insecta Culicidae 0.91 0.37
Chaoboridae 0.01 0.06
Chironomidae 0.04 0.27
Diptera (mixed or non predacious) 0.31 0.03
Diptera (predacious) 0.19 0.29
Trichoptera 0.26 0.53
Hemiptera (mixed or non-predacious) 0.29 0.10
Hemiptera (predacious) 0.37 0.58
Coleoptera (mixed or non-predacious) 0.78 0.19
Coleoptera (predacious) 0.03 0.60
Odonata 0.15 0.00
Hydracarina 0.25 0.07
Crustacea Eubranchipus 0.73 0.24
Diplostraca 0.11 0.21
Ostracoda 0.10 0.01
Cladocerans 0.28 0.03
Copepoda 0.44 0.23
Mollusca Pulmonata 0.19 0.15
Sphaeridae 0.15 0.30
Hirudinea 0.45 0.42

?These aggregate variables were dominated by the following taxa: Diptera (mixed or non predacious)-58.4 % Tipulidae; Diptera (predacious)-
61.3 % Ceratopogonidae; Hemiptera (mixed or non-predacious)-100 % Corixidae; Hemiptera (predacious)-39.4 % Gerridae; Coleoptera (mixed or
non-predacious)-80.8 % Haliplidae; Coleoptera (predacious)-65.5 % Dytiscidae; Odonata-81.3 % Zygoptera; Cladocerans-89.2 % Daphnia;
Copepoda-55.6 % Cyclopoid; Pulmonata-53.5 % Lymnaeidae. We also collected Hydra, nematodes, Tartigrada, Collembola, arachnids, and

terrestrial insects, but these were excluded from analyses

@ Springer



Wetlands

2.0
1.5 4 a _—A
o
\\ © Eubranchipus
1.0 4 \
- A
Culicidae 0 \ A
|
~ 05 A °
é A T’Trichoptera
0.0 R
0.5 o A — A
° °
1.0 4 1}
1.5 T T T T T T
-1.5 1.0 0.5 0.0 0.5 1.0 15 2.0
Axis 1
—-A— 2008 Pine Moraines and Outwash Plains
—e— 2008 Chippewa Plains
A— 2009 Pine Moraines and Outwash Plains
©— 2009 Chippewa Plains
O Weighed average combined 2008 - 2009 invertebrates
1.5
b o°
1.0 4
‘{/ . /
0.5 v o
v o | o
V‘* " g
0.0 -5 3.0 2
] 1 ¥ ©° 965 o8
P v L dﬁfgi .
x
v
< .05 A "
g
v, ° Culicidae
' o
-1.0 q v Y Eubranchipus
-0
1.5 4
2.0 T T T T
-1.0 -0.5 0.0 0.5 1.0 1.5
Axis 1

+v-- 2008 Recharge
--a—-- 2008 Flow-Through
—e— 2008 Perched
v 2009 Recharge
a-- 2009 Flow-Through
©o— 2009 Perched
o Weighed average of combined 2008-2009 invertebrates

Fig. 4 Invertebrate community scores (symbols) from non-metric
multidimensional scaling. Lines are connected forming chronological
vectors depicting time, hence show seasonal pattern of invertebrate
community composition. Grey circles represent weighted averages of
the combined 2008 and 2009 invertebrate taxon scores as labeled.
Panel a—separate lines illustrate chronosequence for each year (2008
[solid] and 2009 [dashed]) and ecological subsection. Panel b—separate
lines represent years and ponds with similar hydrologic function in-
cluding recharge (light dash), flow-through (heavy dash) and perched
(solid). Culicidae and Eubranchipus are highlighted because they
shown most separation from other taxa. Only the first two axes are
shown

Scores for other taxa clustered centrally along both axes,
suggesting that these groups were collected from all ponds

throughout the mid to later portions of each season (Fig. 4a).
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Invertebrate groups showing at least moderate (R*>0.30)
correlations with NMS axes were Culicidae, Diptera (mixed
or non-predacious), Trichoptera, Hemiptera (predacious),
Coleoptera (predacious), Coleoptera (mixed or non-
predacious), crustaceans (Eubranchipus, and Copepoda),
Mollusca (Sphaeridae), and Hirudinea (Table 2). Highest
NMS axis correlations were for Culicidae (R*=0.91, axis
1), Eubranchipus (R*=0.73, axis 1), non-predacious Cole-
optera (R*=0.78, axis 1), predacious Coleoptera (R*=0.60,
axis 2), predacious Hemiptera (R*=0.58, axis 2) and Tri-
choptera (R?=0.53, axis 2). Higher R? values suggested that
presence and abundance of these taxa had relatively greater
influence on chronological community patterns in our sites.

Invertebrate Community Patterns and Hydrologic Context

We also used NMS to relate invertebrate community com-
position to hydrologic pond function (recharge, flow-
through and perched). Our final NMS model identified a
three-dimensional solution (Table 3) with three axes
explaining approximately 46, 33, and 15 % of the variance
with a cumulative R*=0.94 (Table 4). Our ordinations
showed little consistent separation between recharge and
flow-through ponds. However, perched sites diverged some-
what from those with other hydrologic functions and this
relationship is evident based on the first two axes in both
2008 and 2009 (Fig. 4b). Several invertebrate groups
showed at least moderate (R*>0.30) association with the
NMS axes including, aquatic insects (Culicidae, Trichop-
tera, predacious Hemiptera), Hydracarina, all crustaceans
(Eubranchipus, Diplostraca, Ostracoda, cladocerans, Cope-
poda), Sphaeridae, and Hirudinea. Weighted averages of
Culicidae and Hirudinea showing strongest associations
with axes in the final hydrologic NMS model (R*=0.62,
axis 2, and R*=0.55, axis 2, respectively) (Table 4).

General Relationships with Environmental Variables

Several environmental variables indicated by our RDA were
significantly associated with invertebrate presence and
abundance patterns during 2008 and 2009. Maximum pond
depth, percent canopy cover, and hydroperiod were all sig-
nificant sources of variance in 2008 and 2009, (Fig. 5a, b
Table 5). Our RDA did not identify hydrologic function
(recharge, flow-through, discharge) as a significant source
of variance in invertebrate patterns during 2008 or 2009 (P>
0.05), so it was not included in our final RDA models.
Still, invertebrate taxa showed relatively distinct yet var-
iable associations with several other environmental varia-
bles. For example, Pulmonata, Culicidae, Eubranchipus,
and Diplostraca were positively associated with increasing
pond maximum depth during 2008, but only Diplostraca
and cladocerans showed similar associations during 2009.
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Table 3 Summary of final three-dimensional solution for non-metric
multidimensional scaling (NMS) using site invertebrate community
composition scores of 20 aquatic invertebrate groups found in seasonal
ponds comparing hydrological function during 2008 and 2009. Values
indicate dissimilarity (stress) with site scores and results summarized

for actual and randomized (Monte Carlo) data. P-values indicate im-
provement in actual data in comparison to randomized data. Dimen-
sions of final solution were determined using preliminary models with
six axes (McCune and Grace 2002)

Axes Stress in source data
Actual data (250 runs) Monte Carlo tests (250)
Minimum Mean Maximum Minimum Mean Maximum P-value
30.02 47.74 56.44 39.99 51.30 56.44 0.004
2 15.61 17.81 40.13 22.63 26.78 40.13 0.004
3 9.32 9.32 9.33 16.09 18.24 20.20 0.004
Non-predatory Coleoptera, predatory Diptera, predatory  Discussion

Hemiptera, and Odonata showed increased abundance in
ponds with longer hydroperiods during 2008, but none of
these relationships were similarly strong during 2009. Sev-
eral taxa (Chaoboridae, non-predatory Diptera, Ostracoda,
and pulmonate snails) showed opposite patterns, achieving
higher abundance in ponds with shorter hydroperiods, at
least during 2008 (Fig. 5a, b). No taxa showed strong
positive associations with increasing canopy cover (%);
however, several taxa (Chironomidae, non-predatory Hemi-
ptera, and Hydracarina) did show negative associations with
canopy cover in 2008 and perhaps 2009.

Because our present analyses more thoroughly integrated
influences of seasonal chronology of taxa and pond hydrol-
ogy relative to earlier work, our results provide two points
of clarification regarding constraints on aquatic invertebrate
communities in seasonal ponds. First, ordinations indicated
that hydrologic pond function (and related site-level soil
characteristics) had only a weak influence on presence and
abundance patterns of invertebrates in our 16 pond sites.
General similarity between invertebrate communities of re-
charge and flow-through ponds was found using NMS

Table 4 Summary of R? values

displaying linear correlations Taxa R? value
between invertebrate groups ] - ]
(logjg (nt1)), and three axes Axis 1 Axis 2 Axis 3
identified in final non-metric
multidimensional scaling (NMS) Insecta Culicidae 0.45 0.62 0.01
model for hydrological pond Chaoboridae 0.13 0.09 0.00
function during 2008 and 2009. . .
Axes 1-3 explained 46, 33, and Chironomidae 0.13 0.05 0.16
15 % of the variance in inverte- Diptera (mixed or non predacious) 0.02 0.05 0.29
brate scores, respectively (cu- Diptera (predacious) 0.11 0.01 0.14
?llljlfﬁzefRZZQWI} Refer to ] Trichoptera 0.29 0.12 0.30
da ¢ ootnot.e of summaty o Hemiptera (mixed or non-predacious) 0.28 0.14 0.01
ominant taxa in groups
Hemiptera (predacious) 0.30 0.00 0.26
Coleoptera (mixed or non-predacious) 0.16 0.15 0.02
Coleoptera (predacious) 0.09 0.00 0.28
Odonata 0.01 0.10 0.02
Hydracarina 0.11 0.35 0.12
Crustacea Eubranchipus 0.35 0.15 0.00
Diplostraca 0.40 0.05 0.23
Ostracoda 0.48 0.01 0.00
Cladocerans 0.60 0.12 0.00
Copepoda 0.39 0.49 0.04
Mollusca Pulmonata 0.00 0.01 0.57
Sphaeridae 0.06 0.31 0.14
Hirudinea 0.09 0.55 0.20
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Fig. 5 Plots of final repeated measures redundancy analysis (rRDA)
models of pond invertebrate communities using the three environmen-
tal variables that explained the most variance. Length of dashed vec-
tors indicates strength of relationships between axes and environmental
variables. Solid arrows indicate direction of sharpest increase in abun-
dance of aquatic invertebrate groups. Panel (a) displays 2008 results;
panel (b) displays 2009 results

(although dissimilarity was apparent between two perched
sites and the remaining 14 ponds with some groundwater
exchange). Associations between invertebrate community
patterns and environmental gradients were identified by
our RDA models (maximum pond depth, overhead canopy
cover, and hydroperiod), but did not indicate that
groundwater function was a significant source of inver-
tebrate community variance. Among significant environ-
mental variables identified by RDA, maximum depth
had the most influence on invertebrates and explained
14 and 19 % of the variance during 2008 and 2009.
Percent canopy cover and hydroperiod explained 11—
12 % and 9-11 % of the variance respectively. Pond
hydrologic function apparently had little influence on
these patterns, although two ponds without groundwater
exchange (perched) showed relatively less similarity to
recharge and flow-through sites. This may indicate that hy-
drologic function was not a primary cause of high unexplained
variance described by similar studies (Williams 1996; Batzer
et al. 2004; Hanson et al. 2009).

Second, our NMS models showed strong patterns of
seasonal (weekly) variability in both Ecological Subsections
during both study years. During late May, invertebrate com-
munities were dominated by detritivores and herbivores
(Eubranchipus, Culicidae and Trichoptera), with predators
and scavengers such as Hemiptera becoming more prevalent
later in each season (similar to patterns suggested by Wig-
gins et al. 1980). Our results are in line with Miller et al.
(2008) who reported that Culicidae, Chaoboridae, and Dix-
idae along with Eubranchipus sp., Trichoptera and Hydra-
carina were early-season residents of seasonal ponds near
Remer, Minnesota, within 150 km of our sites. These find-
ings have profound implications for sampling and data
interpretation and point to a need for careful consideration
of this temporal variance component (as suggested by
Williams 1996 and Miller et al. 2008).

More broadly, weekly sampling may have better captured
patterns of temporal variability in invertebrates and im-
proved our RDA models of community structure. For ex-
ample, Batzer et al. (2004) described a similar direct
gradient analysis (CCA) of seasonal pond invertebrate com-
munities and reported that environmental variables (tree
basal area, hydroperiods, wetland nutrients, and others)

Table 5 Results of final repeated measures partial redundancy analyses (RDA) of invertebrates using the three environmental variables that explained the
most variance in ponds during 2008 and 2009. Environmental variables were selected using forward selection. Significance was inferred at alpha = 0.05

2008 Variance explained P-value 2009 Variance explained P-value
2008 max depth 14 % 0.024 2009 Max Depth 19 % 0.002
% Canopy cover 12 % 0.028 % Canopy Cover 11 % 0.036
2007 Hydroperiod 11 % 0.054 2008 Hydroperiod 9 % 0.046
Total 37 % 39 %
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cumulatively explained approximately 25 % of invertebrate
variance in their first two ordination axes. Using a similar
approach, Hanson et al. (2009) reported that environmental
variables (canopy openness, wetland total phosphorus, alka-
linity) explained only about 10 % of the variance in inver-
tebrate communities in pond sites (first two axes following
RDA). In the present analysis, our first two ordination axes
(based on three environmental variables: maximum depth,
overhead canopy cover, and hydroperiod) explained approx-
imately 38 % of the variance in presence and abundance of
pond invertebrates.

Finally, we noted high variability in relationships be-
tween taxon scores and environmental vectors in RDA
plots. For example, Eubranchipus was positively associated
with maximum pond depth during 2008, but showed an
opposite trend in 2009. This variability is puzzling and
may indicate that important pond characteristics were not
measured, or that ranges of values along gradients were
simply within limits tolerated by these organisms. We do
know that extreme seasonal variability is common in sea-
sonal ponds and, along with multiple causal mechanisms,
this complicates data interpretation and comparisons among
studies. It is also likely that time required to process samples
gathered using sweep nets or benthic cores makes applica-
tion of these more quantitative methods less practical if
frequent sampling is necessary.

We believe our study may be the first reporting results of
community patterns in seasonal pond invertebrates in rela-
tion to groundwater function. Previous authors emphasized
more general indices of hydrology (often consecutive days
and seasonal patterns of ponding) on aquatic communities in
seasonally flooded habitats (Wiggins et al. 1980; Wellborn
et al. 1996; Williams 1996; Schneider 1999). Hydroperiod
often reflects groundwater exchange with ponds, yet is still a
vague metric of pond hydrology. Groundwater exchange
with ponds may have more complex effects on the chemis-
try of pond waters, therefore possible influences on inverte-
brate communities, in ways not depicted by flooding
duration. Some work suggests formation of spring ground-
water mounds adjacent to seasonal ponds, creating hydraulic
gradients toward ponds, and seasonal groundwater dis-
charge to these sites (Phillips and Shedlock 1993; Hanes
and Stromberg 1998). Alternatively, during summer dry
periods, groundwater mounds typically disappear, (Anderson
and Munter 1981; Winter 1981), hydraulic gradients shift
towards adjacent uplands, and ponds recharge to groundwater.
Water levels sometimes decrease rapidly from June to July
when adjacent forest stands maximize leaf area, and thus
evapotranspiration (Huntington 2003; Brooks 2004, 2005).
Rapid changes in water chemistry or physical properties
of ponds may influence invertebrate communities in
ways that are not discernable when data are limited to
hydroperiod length.

Aquatic invertebrates tolerate broad ranges of environ-
mental conditions (Batzer et al. 2004; Hanson et al. 2009).
Weak, even non-significant relationships between inverte-
brates in seasonal ponds and site-level pond or upland
characteristics are commonly reported for studies of these
communities (Batzer et al. 2000; Palik et al. 2001; Batzer et
al. 2004; Hanson et al. 2009). Alternatively, Williams (1996,
p. 646) suggested that descriptions “of temporary waters
constraining their faunas is based more on human percep-
tion than on fact”. This may result from high tolerance of the
invertebrates to extreme and variable environmental condi-
tions as long as there is some period of ponding (Wissinger
et al. 1999; Batzer et al. 2000, 2004; Hanson et al. 2009).

Groundwater function and climate likely do influence
biological communities of seasonal forest ponds as they do
wetlands in the Prairie Pothole Region and elsewhere
(Euliss et al. 2004). We speculate that relationships among
seasonal pond communities, groundwater function, and oth-
er environmental gradients (chemical and physical features)
are probably more subtle in forested regions. Simplistic
measures of hydroperiod and groundwater inflow or outflow
to ponds appear to be weakly associated with faunal pat-
terns. Our results indicate that knowledge of even specific
hydrological metrics does not explain much variance in the
composition of invertebrate communities in seasonal ponds.
Future efforts to understand and conserve seasonal pond
communities may benefit more from new approaches link-
ing landscape patterns such as geographical isolation with
details of habitat requirements, and perhaps analytical inno-
vations to improve models for communities whose popula-
tions fluctuate dramatically over short time periods. We
suggest that such approaches may be more fruitful than
additional attempts to clarify mechanistic links between
pond communities and environmental factors at small geo-
graphic scales. Nonetheless, our results may inform mod-
elers and land managers who consider how these
invertebrate communities may respond to future climatic
and wetness regimes that are projected for the region.
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