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Lack of a unimodal relationship between fish
growth and macrophyte cover in 45 north
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K. Spence Cheruvelil'*, N. A. Nate? °, P. A. Soranno® and
M. T. Bremigan®

Michigan State University, East Lansing, USA

With 5 figures and 3 tables

Abstract: Macrophytes have several important roles for fish popufations in lakes.
Theory and experimenta!l evidence support the hypothesis of an optimal intermediate
macrophyte cover for fish foraging and growth. However, few multi-lake studies of
this relationship have been conducted at the whole-lake scale in north temperate lakes,
and results to date have not been consistent. We examined the relationship between
macrophyte cover and fish growth for two fish species thar are tightly linked to macro-
phytes, largemouth bass (Micropterus salmoides) and bluegill (Lepomis macrochirus).
We conducted our study on 45 thermally stratified north-teroperate lakes using nine
macrophyte cover metrics at both the whole-lake and littoral-zone scales. We found
little evidence to support the hypothesis of an optimal intermediate range of any ma-
crophyte cover metric for fish growth. However, growth for some ages of both species
was negatively related 1o some of the macrophyte metrics at each spatial scale. These
results should help direct more holistic management of lakes by nforming the man-
agement of both macrophytes and fish. and serve as a caution to ecologists and man-
agers attempting 1o extrapolate theoretical and experimental results to the whole-lake
scale.
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Introduction

Fish often constitute the top trophic level in lakes and play key roles in lake
foodwebs. Fish size, and thus indirectly growth, often determines the extent of
their influence. Early growth rates determive the age and size at maturity,
which ultimately influence fecundity, recruitment, and mortality (DIANA
1995). Growth rates during early life stages also directly affect size-dependent
mortality by influencing overwinter survival (ADaMs & DEeEANGELIS 1987,
MADENJIAN & CARPENTER 1991) and by delermining the timing and duration
of vulnerability to predators (OSENBERG & MITTELBACH 1989, Orson 1996,
VALLEY & BREMIGAN 2002 a). Although fish growth is strongly linked to wa-
ter temperature and food availability (Diana 1995), the physical habitat pro-
vided by macrophytes also influences growth (DIBBLE et al. 1996). In particu-
lar, growth rates of some fish species have been shown to be affected by the
presence, cover, density, growth form, or species of lake macrophytes (e. g.
MACEINA et al. 1991, BEtTOLT et al. 1992).

Macrophytes are important for fish because they provide refuge from pred-
ators and a substrate for macroinvertebrate populations, which are a primary
food source for many young fish (KEAST [984). For fish growth, there exists a
tradeoff between high and low levels of macrophyte density. At high levels of
macrophyte density, macroinvertebrate density and biomass are often high due
to increased substrate area (JEFFRIES 1993); however, in these dense macro-
phyte beds, bluegill (Lepomis macrochirus) and largemouth bass (Micropterus
salmoides) prey capture rates generally decline due to increased search and
pursuit time (DiBBLE et al. 1996). Therefore, it has been hypothesized that
these contrasting forces can result in an optimal (intermediate) macrophyte
density for centrarchid foraging and consequently growth.

Building upon these theoretical expectations, small-scale experiments have
lent much insight into how macrophytes affect fish foraging and growth.
These experiments have demonstrated that a unimodal relationship exists be-
tween bluegill growth and macrophyte stem density, with highest growth at an
(ntermediate stem density (CROWDER & COOPER 1982). Experiments have also
shown that macrophyte stem density affects both predator (largemouth bass)
and prey (bluegill) behavior (Savino & STEN 1982, ANDERSON 1984, GOT-
CEITAS & CoLGaN 1987), and that largemouth bass predation success declines
at high macrophyte stem density (Savino & STEIN 1982, VaLLEY & Bremi-
GAN 2002 b). These results support the hypathesis of an optimal intermediate
macrophyte density for centrarchid foraging and growth.

The results of these experiments have led to research examining whether
this unimodal relationship between macrophytes and fish growth exists at the
whole-lake scale. To date, stadies from southern U. S. lakes and reservoirs
coustitute the majority of whole-take studies examining the relationship be-
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tween macrophyte cover and fish growth, and a review of these studies dem-
onstrates the intractable nature of this problem. These studies have found both
linear and non-linear relationships between macrophyte cover and fish growth,
depending upon the fish species, age and size and range of macrophyte cover
studied (e.g. COoLLE & SHIREMAN 1980, DUROCHER et al. 1984, MACEINA
1996). In addition, the range of macropbyte cover identified as best for fish
growth varies by study: at the low end, macrophyte cover between 10 and
30 % was positively correlated with young largemouth bass abundance, while
at the high end, macrophyte cover between 40 and 72 % resulted in low pisci-
vory or poor growth by young largemouth bass (CoLLe & SHIREMAN 1980,
DUROCHER et al. 1984, BETTOLI et al. 1992, MACEINA 1996, WRENN et al.
1996, MiranDa & PuGH 1997, BRowN & MaceiNa 2002). In addition, few
studies have examined the relationship between macrophytes and fish in mul-
tiple north temperate lakes. In one exeption, a study of 25 Ontacio lakes found
that bluegill abundance (growth was not measured) was correlated with near-
shore macrophyte cover (HincH & CoLrins 1993). The paucity of data on
north temperate lakes and the variable results obtained by southern U. S. stud-
ies have made it difficult to identify a consistent optimal lake macrophyte
cover range for fish growth in these lakes, even for individual fish species, and
have demonstrated the need for examining the relationship between macro-
phyte cover and fish growth in a wider range of north temperate lakes.

Based on current knowledge, most managers of north temperate lakes have
extrapolated experimental results to the whole-lake scale, managing macro-
phytes based on the assumption that there is an optimal intermediate macro-
phyte cover for fish growth in lakes. Toward this end, lakes with high levels of
macrophyle cover or nuisance macrophyte species are managed to reduce
these levels through physical (barvesting) or chemical (herbicide) means
(MaDSeN 1997), and systems with low levels of macrophytes are often man-
aged to increase structural habitat by adding wooden shelters (BRowN 1986,
TUuGEND et al. 2002). However, ecologists remain uncertain about the relation-
ship between whole-lake macrophyte cover and fish growth and the degree to
which experimental results translate to the whole-lake scale. Additionally, lake
managers are confronted with making decisions about macrophyte manipula-
tions without clear guidelines describing the optimal range of macrophyte
cover for fish growth.

Ecologists and managers alike recognize the difficulties inherent in extra-
polating small-scale experimental results to the whole lake scale (e. g., CAr-
PENTER 1989). In this case, there are likely many additional macrophyte met-
rics and lake characteristics that may explain variability in fish growth at the
whole-lake scale. For example, based on theoretical and model predictions
(TrREBITZ & NIBBELINK 1996). expenimeats (SmITH 1993), and recent field
studies (OLsoN et al. 1998, UnMuTH et al. 1999), we would expect centracchid
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fish growth to be higher in lakes with high amounts of macrophyte edge habi-
tat. Macrophyte growth form and species may also be important at the whole-
lake scale because, although macrophytes in experiments are for practical pur-
poses often homogeneous or artificial (e. g. rope, a single plastic macrophyte
species), a lake contains many different macrophyte growth forms and species,
each with different implications for fish growth. Particularly for U. S. lakes,
there is much concern that the spread of the canopy-forming, non-native ma-
crophyte Eurasian watermilfoil (Myriophillum spicatum; hereafter milfoil)
may adversely affect fish growth (e. g., KEasST 1984, ENGEL 1995, VALLEY &
Bremigan 2002 b). We also know that lake characteristics such as morpho-
metry, water chemistry and clarity, and productivity may help account for var-
iability in fish growth. For example. lake productivity is related to increased
fish biomass and recruitment (e. g. GRANT & TonNN 2002, HaAkaNSON & Bou-
LioN 2001). Therefore, it is likely essential for studies to include additional
lake and macrophyte measures in order to better understand the relationship
between macrophytes and fish growth at the whole-lake scale.

To address such issues, we performed a field study of largemouth bass and
bluegill growth and a variety of macrophyte cover metrics in 45 north-temper-
ate lakes. We asked whether or not a unimodal relationship existed between
fish growth (ages 1-5y) and macrophyte cover in north temperate lakes. Ma-
crophytes were examined at two spatial scales: the whole lake and the littoral
zone (the region from zero depth to the deepest depth of consistent macro-
phyte growth). Recognizing that additional macrophyte metrics and lake char-
acteristics may account for the variability in fish growth at the whole-lake
scale, we also examined whether dense macrophyte cover, the amount of ma-
crophyte-open water edge habitat, macrophyte growth form (e.g. emergent,
floating), macrophyte species, and lake characteristics (e. g. lake morpho-
metry, water chemistry) help explain patterns in fish growth across lakes.

Methods

Study lakes

We chose study lakes from a subset of 697 Michigan public inland lakes > 20 ha that
the Michigan Department of Environmental Quality sampled for water chemistry and
morphometric characteristics during 19721988 [U. S. Environmental Protection Agen-
cy’s data storage and retrieval system (STORET)]. We reduced our sample population
of lakes to 350 lakes using the following criteria: lakes that were located in the lower
peninsula of Michigan, U. S. A., lakes that were likely to have a pelagic zone that
would stratify (mean depth >2m), lakes that could be sampled in one day (lake area
< 140ha), and lakes that had a bathymetric map. For lakes that were sampled more than
once in a summer, we randomly chose one sample date, and for lakes that were
sampled more than once during the 17 years we chose the most recent year. We then
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Fig. 1. Forty-five study lakes in lower-peninsula Michigan with ecoregion sub-sections
outlined (ALBERT 1995).

chose 54 lakes to sample using a stratified random design from the above 350 lakes
using three replicates of a factorial design of water clarity (Secchi disk depth; 2.1-3.4,
3.5-5.5 and 5.6-9.8 m), mean lake depth (0.6-2.6, 2.7-3.5 and 3.6-8.2m), and lake
area (20—49 and 50-140ha). To increase our statistical power, we also included seven
additional lakes for which we had data (not chosen with the above stratified random
method), bringing the total to 61 lakes. However, because fish growth data was not
available for all lakes (see below), our final sarple size was 45 lakes. These geograph-
ically diverse lakes are located in six ecoregion subsections across lower-peninsula
Michigan, U.S. A. (ALBERT 1995, Fig. 1). No study lakes were stocked with bluegill
and one lake was stocked with Jargemouth bass during our study period of 1990-2002
[Maple Lake, Van Buren Co; Michigan Department of Natural Resources (MI-DNR)
Statewide Fisheries Database]. Thirty-three Jakes were granted at least one herbicide
permit from 1990-2002 [Michigan Department of Environmental Quality (MI-DEQ)
Water Division, Surface Water Quality Assessment Section, Aquabase]. Four lakes sup-
port the non-native zebra mussel (Dreissena polymorpha; Michigan Sea Grant 2003).
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Table 1. Forty-five study lake locations, morphometry, and years of macrophyte and
fish surveys. Bolded entries are the lakes sampled by Michigan State University May
2000 (growth year 1999). the MI-DNR 1990-2002 sampled the remaining lakes.
Lakes are in increasing order of macrophyte % cover (lake). BG = bluegill, LMB = lar-
gemouth bass, and N/A = data not available.

Lake, County Area  Mean BG LMB Macrophyte
(ha) depth (m) survey survey  survey
Brandywine, Van Buren 272 3.0 1998 1998 2001
Duck, Allegan 48.0 4.6 1996 1996 2002
Fish, Barry 650 9.1 1993 1993 2001
Donnel, Cass 969 7.6 1992 1992 2001
Robinson, Newaygo 539 55 1992 1992 2001
Van Auken, Van Buren 96.1 64 1991 1991 2002
Deep, Lenawee 256 73 1998 1998 2001
Clear (1), Ogemaw 69.2 37 1990 1990 2002
Baptist, Newaygo 335 67 2000 2000 2001
Round (1), Jackson 61.0 24 1994 1994 2001
Cowden, Montcalm 51.8 52 1997 1997 2002
Cary, Branch 320 64 1998 1998 2002
Swains, Jackson 2%2: 85 1995 1995 2001
Todd, Osceola 295 64 1994 1994 2002
Eagle, Van Buren 780 73 1995 1995 2001
Camp, Kent 623 73 N/A 1999 1999
Nevins, Montcalm 209 70 1993 N/A 2001
Sunrise, Osceola 315 79 1996 1996 2001
Lake of the Woods, Van Buren  113.8 4.6 1997 1997 2001
Round (2), Jackson 264 55 1999 1999 2001
Stevenson, [sabella 558 4.0 2001 2001 2002
Winfield, Montcalm 476 5.2 2001 2001 2001
Nichols, Newaygo 63.0 4.9 1995 1995 2001
Big Crooked, Kent 63.9 45 N/A 1999 1999
Gilead, Branch 526 58 1991 1991 2002
Englewright, Newaygo 213 538 1994 N/A 2002
Clifford, Montcalm 78.7 4.6 1999 1999 2001
Pratt, Gladwin 728 3.0 199] 1992 2002
Huzzy, Van Buren 315 46 1993 1993 2002
Rush, Van Buren 46.5 49 1996 1996 2002
Section One, Crawford 227 24 2002 2002 2002
Pretty, Mecosta 476 34 2000 2000 2001
Bass, Kent 745 24 N/A 1999 1999
Woodard, Ionia 287 2.7 1998 1998 2001
Maple, Van Buren 69.6 2.1 1995 1995 2002
Saddle, Van Buren 1173 24 1999 1999 2001
Lobdell, Genessee 220.6 2.1 N/A 1999 1999
Lake 14, Van Buren 272 2.1 1992 N/A 2001
Heron, Oakland 534 34 N/A 1999 1999
Mecosta, Mecosta 1169 34 2001 2001 2001
Carter, Barry 283 27 1993 1993 2002
George, Clare 528 27 1992 1992 2002
Cranberry, Clare 41.7 24 1994 1994 2002
Big Seven, Oakland 68.8 3.2 N/A 1999 1999

Clear (2), Barry 745 2.1 N/A 1999 1999
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Macrophytes

We sampled seven lakes in 1999, 21 lakes in 2001, and 17 Jakes in 2002 (Table 1). Ma-
crophytes were sampled in all lakes from mid-July to early September because this is a
representative time to sample many lake characteristics (STEMBERGER & LAZORCHAK
1994), and because during this time period Jakes were thermally stratified and macro-
phytes were at or near maximum growth. We sampled macrophytes using the point in-
tercept method (Madsen 1999). For each lake, we placed a grid of sample points, each
associated with a latitude and longitude, over the lake using a geographic information
system (GIS). The sample points were 40, 50, or 100m apart, depending on lake sur-
face area (40 m for lakes with a surface area of <49ha, 50 m for lakes with a surface
area of 50-139 ha, and 100 m for the lake with a surface area of 221 ha), resulting in
130-400 sample points per lake. In the field, we located each sample point using a
global positioning system, we recorded water depth, and we assessed macrophyte pres-
ence either by visual inspection (shallow sites) of approximately 2 x 2m area at the
sample point location or by multiple 2-sided rake throws (deep sites; MADSEN 1999).
This estimate was then extrapolated to the entire cell that the sample point represented,
thus assuming that our point assessment was representative of that sample grid. In
2001 and 2002, we assigned macrophyte presence at each site to four macrophyte
growth form/ species categories (emergent macrophytes, floating leaf macrophytes, all
submersed macrophytes, and milfoil) and we assigned each category to an areal cover
estimate: 0-20 %, 20-40 %, 40-80 %, and 80-100 % cover. For the seven lakes
sampled in 1999, we recorded macrophyte presence for each macrophyte species and
then later assigned them to the above four macrophyte categories; no areal cover esti-
mates were taken.

From these field data, we calculated nine macrophyte metrics for each Jake. First,
to calculate whole-lake macrophyte % cover, we assigned each sample site a binary
macrophyte code (macrophyte presence or absence), irrespective of areal cover esti-
mates, and divided the number of sites with macrophytes present by the total number
of sites in each lake. To calculate the ‘littoral’ % cover metrics (littoral % cover, %
emergent, % floating, % submersed, % milfoil), we divided the number of sites with
macrophytes present (total or by macrophyte category) by the number of sites in the
littoral zone (area from zero depth to that of consistent macrophyte growth (98 % of
vegetated points) = 5.3 m) rather than the entire lake. We calculated percent dense
cover (lake) and percent dense cover (littoral) similarly, however, we only included
sample sites with 240 % cover. Finally, we calculated the amount of open water-
macrophyte edge habijtat by extrapolating sample site macrophyte presence to the en-
tire 40—100m? sarapled grid by creating 20-50m buffers around each sample site with
macrophytes. We then digitized macrophyte ‘beds’, areas of contiguous macrophyte
presence, in Arc View (ESRI version 3.2), and calculated the ratio of the total perime-
ter of macrophyte beds to the total area of macrophyte beds (m™).

Water chemistry and clarity

We sampled water chemistry and clarity of the 45 study lakes on the same date that we
sampled macrophytes. At the deepest spot of each lake, we took two Secchi disk depth



200 K.S.Cheruvelil et al.

measurements over the shady side of the boat, we took an integrated epilimnetic water
sample with a tube sampler for phosphorus, chlorophyll-a and total alkalinity, and we
determined lotal alkalinity (CaCOs) on-site with a titration test kit (LaMote). For
chlorophyll-a analysis, we filtered water on site through a glass fiber filter (Whatman
GE-C) and stored it on ice in the dark until it was returned io the lab and frozen.
Chlorophyll-a concentrations were determined fluorometrically with phaeopigment
correction following 24-hour extraction in ethanol (Nusch 1980). Total phosphorus
was determined using a persulfate digestion (MENZEL & CorwiN 1965) followed by
standard colorimetry (MURPHY & RILEY 1962).

Fish growth

For 38 of the 45 lakes, we obtained bluegill and largemouth bass mean length at age
summartes from the MI-DNR Statewide Fisherjes Database and related archives.
These data were from surveys conducted by the MI-DNR personnel between 1990 and
2002 (Table 1) using single or multiple gear types, primarily electrofishing and trap,
fyke or gill netting. Individual lengths at age were determined from fish scales col-
lected from a length-stratified sub-sample of fish for each species, lake, and year.
Mean lengths at age were then calculated for each species, lake, and year for all gear
types combined. For the remaining seven lakes (Table 1, bolded entries), we collected
scales from largemouth bass in May 2000 (to estimate growth during 1999) by electro-
fishing and calculated mean lengths at ages. The use of scales for bluegill age determi-
nation has been validated (REGIER 1962), and precision is similar for largemouth bass
age determination using scales, otoliths and sectioned otoliths (LonG & FYsHER 2001).
We examined stanstical outliers (outside the [.5 interquartile range) and removed 16
fish samples with mean length at age values that did not to fall within the range of
plausible values for these lakes (lengths greater than the Michigan state record for rhat
age). We then used mean size at age data to calculate annual fish growth increments
(an estimate of the magnitude of annual growth) for each species, age, and lake. We
calculated growth increments as the difference between mean lengths for adjacent ages
(e.g. [mean length at age 5y] — [mean length at age 4y] for bluegill in each lake and
year). Because the accuracy of age estimation tends to decrease with increasing fish
age (CaSSELMAN 1983), we limited the ages included in our analyses to those most ac-
curately aged and for which we had sufficient sample size (ages 1-5y). The pumber of
lakes for each fish species and age increment ranged from 13-35 with the majority of
species-age combinations including > 21 lakes.

Statistical analyses

We pecformed transformations for variables to meet normatity assumptions when nec-
essary (natural log, square, or square oot arcsine). We explored relationships between
mean incremental fish growth and whole-lake and littoral-zone macrophyte metrics
using nonlinear and linear regression and consideved relationships significant for alpha
<0.1. Because we were examining general trends, using alpha 0.1 increased our ability
to detect real trends (i. e., reduce the chance of Type 1l error) by accepting a slightly
higher chaoce of finding a trend that was spurious (i.e.. Type 1 error). For nonlinear
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analyses, we fit quadratic curves to the data based on our expectation of unimodal rela-
tionships between fish growth and macrophyte cover with highest growth at an inter-
mediate macrophyte cover.

We next examined whether macrophyte metrics (whole-lake and littoral) and lake
characteristics used in combination were important for explaining variability in fish
growth. However, we first tested for collinearity in the predictor variables by calculat-
ing a correlation matrix for the nine macrophyte metrics, two morphometry variables
and four water chemistry and clarity variables using both uncorrected and Bonferroni-
corrected probabilities. We then examined relationships between fish growth and more
than one predictor variable with two approaches based on the results of the correlation
matrix: 1) for metrics that were not highly correlated, we used multiple regressions that
included more than one predictor variable, and 2) for metrics that were highly corre-
lated, we regressed residuals from significant univariate whole-lake regressions versus
additional macrophyte metrics (whole-lake and littoral) and lake characteristics (Gra-
HaM 2003).

Because both fish growth and macrophyte cover can vary within a lake among
years as well as among lakes, we also explored how temporal variability may have in-
fluenced our ability to detect patterns between fish growth and macrophyte metrics.
We examined temporal variation two ways: 1) we quantified variability over time in
seven of our study lakes for which we had multiple years of both macrophyte cover
and largemouth bass growth data using repeated measures analyses and analysis of
variance analyses, and 2) we regressed the residuals of the significant relationships be-
tween macrophyte cover and fish growth versus the difference in years between the
macrophyte survey year and the fish growth year (Table 1).

Results

The 45 study lakes had large ranges of lake morphometry (Table 1), water
chemistry (total alkalinity = 44-224 mg L™ CaCO;), lake productivity (total
phosphorus = 5.7-65.9 ug L™, and water clarity (Secchi disk depth = 0.9—
6.6 m). Lake area and mean depth were not correlated with each other (p =
0.15), nor were they correlated with any water chemistry, productivity or cla-
rity variables (total alkalinity, chlorophyll-a concentration, total phosphorus
concentration, Secchi disk depth; p >0.1). However, Secchi disk depth was
correlated with chlorophyll-a concentration (r = —-0.44, p = 0.09) and chloro-
phyll-a concentration was correlated with total phosphorus concentration (r =
0.46, p = 0.05). Therefore, we included just total phosphorus in our multiple
regression models to examine whether lake productivity can help explain var-
iation in fish growth.

At the whole-lake scale, macrophyte cover in the 45 lakes ranged from 18 -
99 %, macrophyte dense cover ranged from 7-76 %, and macrophyte edge
ranged from 14.8-57.2 m~. At the littoral-zone scale, macrophyte cover
ranged from 30-99 %, macrophyte dense cover ranged from 9-95 %, emer-
gent cover ranged from 0-45 %, floating cover ranged from 0-72 %, sub-
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Table 2. Correlation matrix for the nine macrophyte metrics and mean depth. Numbers
are *r, Bonferroni-corrected probability. N = 45 lakes for all metrics except dense ma-
crophyte % cover (lake and littoral), for which N = 38 lakes. Bold entries are signifi-
cantly correlated using Bonferroni-corrected probabilities at alpha <0.05. Litt = lit-
toral, emerg = eimergent, float = floating-leaf, sub = submersed, and edge units are pe-

timeter: area, m~'.

Mean % % P % % % Do %
depth  cover cover emerg float  sub milfoil dense  dense
(m), (lake)  (lit), (e,  (ice), (s (liw)y  (lake)  (lite)

% cover -0.75,

(lake) 0.00

% cover +0.14, +0.43,

(liw) .00 0.06

% emerg  +0.32, -0.23, +0.33,
(iu) 0.90 1.00 0.56

% float (litt) 0.00, +0.10, +0.29, +0.49,
1.00 [.00 1.000  0.01

% sub y(liee) +0.11, +0.50, +0.92, +0.14, +0.08,
1.00 0.01 0.00 1.00 1.00

% milfoil  -0.08, +0.34, +0.35 +003, +0.27, +0.38,

(i) .00 045 043 .00 100 022
% dense -0.49, +0.86, +0.57, -0.18, +0.30, +0.55, +0.25,
(Jake) 0.09 0.00 0.01 1.00 1.00 0.01 1.00
% dense +0.30, +0.20, +0.87, +0.40, +042, +0.74, +034, +0.59,
(litt) 1.00 1.00 0.00 0.50 0.32 0.00 1.00 0.00

Edge (lake) +0.61, -0.87, -045, +0.18, -0.13, -0.49, -0.38, -083, -0.3],
0.00 0.00 0.04 1.00 1.00 0.02 0.23 0.00 1.00

* Sratistics were performed on transformed data — In (mean depth).
b Statistics were performed on transformed data — square root (arcsine(proportion plant met-
rc)).

mersed cover ranged from 23-99 %, and milfoil cover ranged from 0-90 %.
As expected, some of the nine macrophyte metrics were correlated, with 13
combinations being significant at p <0.05 (Table 2). In addition, mean depth
in the 45 lakes was highly correlated with whaole-lake % macrophyte cover
(r=-0.75, p <0.001) and edge (r = 0.61, p <0.001; Table 2). Total phosphorus
concentration was not significantly related to whole-lake or littoral macro-
phyte metrics (p = 0.2-0.6), with the exception of littoral % milfoil cover, for
which there was a slight positive relationship (¢ = 0.10, p = 0.04). Fish growth
in the study lakes was variable across all age increments (Fig. 2), with coeffi-
cients of variation ranging from 28-47 % for bluegill and 30-45 % for large-
mouth bass.

Non-linear quadratic regressions of 45 lakes, nine macrophyte metrics, two
fish species, and four age increments did not result in the expected unimodal
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Fig.2. Mean incremental fish growth and 95 % confidence intervals for a) bluegill and
b) Jargemouth bass in the study lakes. Numbers above each age increment are the
number of lakes (n) for that species-increment combination.

relationship between macrophytes and fish growth. In fact, none of the non-
linear parameter estimates were different from zero. We did find linear rela-
tionships between fish growth and macrophyte metrics for some age-species
combinations. For example, at the whole-lake scale, bluegill age 4-5y growth
significantly decreased with macrophyte % cover and dense macrophyte %
cover (Fig.3), for Jargemouth bass age 1-2y, growth decreased with whole-
lake macrophyte % cover and dense macrophyte % cover and increased with
lake edge (Fig. 4 a—c), and at the littoral-zone scale, largemouth bass age
2-3y growth decreased with increasing milfoil % cover (Fig. 4 d). However,
the amount of variation explained by these macrophyte metrics was small (t* =
0.10-0.32), suggesting that macrophytes may not account for a large amount
of the variability in fish growth at the whole-lake scale.

For the above six significant univariate regressions, we next examined
whether lake characteristics and additional macrophyte metrics could further
explain variation in fish growth by either performing multiple regressions or
by regressing residuals versus additional metrics and characteristics. For blue-
gill age 4-5y growth, the amount of variation explained doubled by including
an additional variable in multiple regression models (either lake area or litto-
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Fig.3. Bluegill age 4—5y mean incremental growth ([{'Z 32) at the whole-lake scale
versus a) macrophyte % cover and b) dense macrophyte % cover.

Table 3. Significant linear multiple regression results for bluegill (BG) age 4-5y
mean incremental growth (mm) versus whole-lake and littoral-zone macrophyte met-
rics and lake characteristics. Units for lake area = ha. ln = natural log, as = square root
arcsine, prop = proportion, litt = littora].

Model Regression Regression Coefficients  Coefficient
r2 p value (a, b, ¢) p values

BG4-5=a+b (Jlake % cover) + 0.20 0.04 9.06,-0.19, 0.07,0.08
¢ (In(lake area)) + e 6.65

BG4-5=a+b (lake % dense cover) +  0.19 0.05 29.73,-0.26, 0.03,0.08
¢ (as(prop litt milfoil cover)) +e 16.35

BG 4-5=a+b (lake % dense cover)+  0.19 0.05 6.84,-0.20, 0.08,0.08
¢ (In(lake area)) + e 6.71

ral-zone milfoil % cover) (Table 3). However, the range of t? values was still
relatively low (0.19-0.20) for these models. There were no significant regres-
sions of residuals with other macrophyte metrics or lake characteristics.

Both fish growth and macrophyte cover can vary within a lake among
years as well as among lakes. Therefore, we used seven study lakes for which
we had multiple years of both macrophyte cover and largemouth bass growth
data to explore how temporal variability may have influenced our ability to
detect patterns between fish growth and macrophyte metrics. For both macro-



Fish growth and macrophyte cover 205

° a)1-2 100- ' c)1-2

1.

801

e
[=]
it

[o2]
(=]
1

E
E
E
9
U’GOJ 60
s 4
S 407 =018 ~ ° o 401 12-0.23
£ 1p=005 . 1 p=003
9 20 T T T T T T T 20 T T T T T T T T T
g 0 20 4 60 80 100 O 20 40 60 80 100
= % cover (lake) Dense % cover (lake)
© ° M
2100_ b) 1-2 901 o d) 2-3
o 704 o o
Ko E
<
5 507
g ]
g 407 o r2=0.32| 307
2 . p=0.02 1
S 20 I 1 L] T 10 T T T T T T T T
10 20 30 40 50 60 O 20 40 60 80 100
Lake edge (m™) Milfoil % cover (littoral)

Fig.4. Largemouth bass mean incremental growth for a) age |-2y versus macrophyte
% cover (lake), b) age 1-2y versus lake edge, ¢) age 1-2y versus dense macrophyte
% cover (lake), and d) age 23y versus milfoil % cover (littoral). Statistics for d)
were performed on square root arcsine milfoil % cover. Filled circles in b and ¢ are
lakes that are statistical outliers. See Fig. 2. caption for sample sizes.

phyte % cover (lake) and largemouth bass growth, repeated measures analyses
found time to be insignificant (p >0.18) and ANOVA analyses found variation
among lakes more important than variation among years (Fig. 5). In fact, even
though we know that three of these lakes had whole-lake macrophyte herbi-
cide treatments in summer 1997 (Madsen et al. 2002), the lake mean square er-
ror for macrophyte % cover (lake) was 1153 as compared to the year mean
square error of 20. In addition, although fish growth was more variable over
time than macrophyte % cover (lake), year was not statistically significant for
any age increment (Fig. 5 b). For example, for largemouth bass age 1-2y
growth, the lake mean square error was 154 as compared to the year mean
square error of 34. The larger mean square errors associated with lakes than
years for both macrophyte cover and fish growth support the idea that both
measures vary more among lakes than within lakes across years. This result
supports the idea that we can use macrophyte and fish survey data collected in
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Fig. 5. Variability over time in a) macrophyte % cover (lake) and b) age 1-2y large-
mouth bass mean incremental growth for seven lakes with both fish growth and
macrophyte data for multiple, corresponding years.

the same lake during different years to examine general trends between macro-
phyte cover and fish growth. We also examined the importance of temporal
variation by regressing the residuals of the significant relationships between
macrophyte % cover (lake) and fish growth versus the difference in years be-
tween the macrophyte survey year and the fish growth year. These regressions
were insignificant (r* <0.18, p >0.20), which suggests that the number of
years between the macrophyte survey year and the fish growth year does not
explain additional variability in fish growth.

Discussion

Using 45 thermally stratified north-temperate lakes, two fish species and nine
macrophyte metrics across two spatial scales, we did not find evidence to sup-
port the hypothesis of an optimal intermediate macrophyte percent cover (or
other metric) for fish growth. Rather, we found that growth for some age in-
crements of bluegill and bass was negatively related to some whole-lake and
littoral zone macrophyte metrics. However, it is important to recognize that al-
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though these regressions were statistically significant, macrophyte metrics ac-
tually explained relatively little variation in fish growth (x> = 0.10 — 0.32).

Bluegill and bass growth is strongly linked to water temperature and food
availability (data we did not have for the 45 study lakes), which are in turn af-
fected by many additional variables (e. g. bluegill and bass densities, predator
and prey densities, lake morphometry, lake productivity; Diana 1995). Be-
cause these variables are also spatially and temporally variable, and may cov-
ary with macrophyte cover and fish growth, the relationship between macro-
phytes and fish growth at the whole-lake scale may be difficult to quantify
(e.g. SHMA & OSeNBERG 2003). Although OSENBERG et al. (1988) found that
growth rates of bluegill and pumpkinseed were influenced more by unique
lake differences than by annual climate differences, we found that little addi-
tional variation in fish growth rates could be explained by lake mean depth,
lake area, total alkalinity, or total phosphorus. Considering how many factors
have the potential to affect fish growth in lakes, and how much each of those
factors varies both within and among lakes, it is notable that we were able to
demonstrate that some whole-lake and littoral zone macrophyte metrics can
account for any variation in fish growth. '

Although not unimodal, the statistically significant linear relationships we
found make ecological sense. At the whole-lake scale, the negative relation-
ships found between bluegill age 4-5y growth and macrophyte % cover
(lake) and dense macrophyte % cover (lake) (Fig. 3) are expected because as
macrophyte % cover and density increases (and mean depth decreases), there
may be less pelagic habitat available, leading to few large zooplankton for ma-
ture bluegill to feed on. Large zooplankton (mainly Daphnia) are a very profit-
able food source for adult bluegill, and variation in Daphnia abundance has
been related to bluegill growth (MITTELBACH 1981, MITTELBACH & OSEN-
BERG 1993). Similarly, the negative relationship we found between largemouth
bass age 1-2y and 2-3y growth and whole-lake macrophyte % cover and
dense macrophyte % cover (Fig.4 a and ¢) may be because as macrophyte %
cover and density increases, piscivorous bass foraging time may increase
(DiBBLE et al. 1996), leading to decreased growth. Because mean depth in the
45 lakes was highly correlated with whole-lake % macrophyte cover, we ex-
amined whether any of the observed patterns between macrophyte metrics and
fish growth were actually describing a depth effect. However, of the signifi-
cant relationships, only bluegill age 4—5y growth was significantly related to
mean depth (r2 = 0.12, p = 0.05). This result suggests that the observed rela-
tionships between fish growth and macrophyte metrics are not driven solely by
lake mean depth.

Based on the idea that edge habitat may increase prey vulnerability, thus
providing for efficient foraging and increased growth (TREBITZ & NIBBELINK
1996), we examined whether the amount of open-water macrophyte edge habi-
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tat could help us to understand patterns in fish growth across lakes. The posi-
tive relationship between lake edge and bass age 1-2y growth in the 45 study
lakes (Fig.4 b) supports earlier experimental evidence that found bass in en-
closures with more edge habitat have higher capture success than those in en-
closures with less edge habitat (SmMithH 1993). Two field studies that cut chan-
nels in macrophytes with harvesters to increase the amount of macrophyte-
open water edge habitat also found increased growth for some ages of large-
mouth bass (OLSON et. al 1998, UNMUTH et al. 1999) and bluegill (Cross et al.
1992). In fact, similar to our study, these two field studies found that younger
fish were more tightly linked to changes in macrophyte edge. Significant rela-
tionships involving smaller and younger bass are expected because growth
slows as fish increase in size and age and because young piscivores are more
tightly linked with the littoral zone (ANNETT et al. 1996): they use the macro-
phytes as a refuge from larger piscivores and they feed upon small bluegill
that use macrophytes as a forage base before becoming pelagic zooplanktivo-
res (MITTELBACH 1981, OLsoN 1996, SHoup et al. 2003).

We also examined whether quantifying macrophytes at the littoral-zone
scale, as opposed to the whole-lake scale, and by growth form and species was
important for understanding patterns in fish growth. In fact, we hypothesized
that quantifying macrophyte % cover in these ways might be more powerful
for understanding fish growth of species that depend on macrophytes in the lit-
toral zone for refuge and forage. However, we found little evidence to support
this idea; only one littoral zone macrophyte metric, milfoil % cover (littoral),
was significantly related to fish growth for largemouth bass age 2-3y.

We know that milfoil can decrease fish habitat by lowering oxygen concen-
trations, reducing the foraging efficiency of visual predators and supporting
fewer macroinvertebrate prey than native macrophytes (KEasST 1984, LILLIE &
Bupp 1992, ENGEL 1995, CHERUVELIL et al. 2002, VALLEY & BREMIGAN
2002 b). Therefore, we expect that as milfoil % cover (littoral) increases, fish
growth may decrease. However, we found this result for only largemouth bass
age 2—3y, and this relationship was highly influenced by the two lakes with
high milfoil % cover; removal of these two lakes resulted in no significant re-
lationships between milfoil % cover (littoral) and fish growth. Therefore,
without having additional lakes with high milfoil % cover, we cannot con-
clusively say whether milfoil % cover can explain patterns of fish growth ac-
ross lakes. However, combined with results from previous studies conducted
in milfoil-dominated systems, our results suggest that there may be a threshold
milfoil % cover, above which milfoil has a negative impact on fish growth.
Based on our sampling, ~5 % of Michigan lakes may be milfoil-dominated
and thus have already reached this threshold.

Within-lake spatial scale may also be an important factor to consider when
studying macrophyte-fish interactions at the whole-lake scale. For example,
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because bluegill age 4~5y growth was significantly related to both dense ma-
crophyte % cover (lake) and milfoil % cover (littoral) by multiple regression,
both the whole-lake and littoral zone scales may be important for explaining
variability in fish growth. For example, the whole-lake scale may be most re-
flective of zooplankton availability for pelagic fish whereas the littoral zone
scale may be most reflective of littoral fish interactions. This idea needs to be
more explicitly tested, however, because in these 45 lakes, % milfoil cover
(littoral) was highly correlated with whole-lake % milfoil cover (r = 0.93, p
<0.001). Thus we were not able to tease apart the importance of including both
the littoral and whole-lake scales from the importance of including milfoil %
cover at any spatial scale.

Although the significant linear relationships we found between fish growth
and macrophyte metrics make ecological sense, we explored reasons why we
did not find stronger relationships. For example, in addition to error in fish
growth estimates and the spatial and temporal variation associated with other
variables that are important for fish growth, our study examined these relation-
ships across a twelve-year period (Table 1). Although this study period is
large, our analyses of temporal variation found that for both macrophyte %
cover (lake) and largemouth fish growth, among-lake variability is more im-
portant than within-lake variability through time. These large differences
among lakes should supplant the within-lake temporal variation, thus allowing
us to elucidate patterns across lakes. Therefore, the added variability due to the
different sampling years for the fish growth and macrophyte metric data in our
study should not have contributed largely to our inability to detect stronger re-
lationships between fish growth and macrophyte metrics.

We also explored two main reasons why we may not have detected the ex-
pected unimodal relationship between macrophyte metrics and fish growth: 1)
this relationship does not exist at the whole-lake scale in north-temperate lakes
(at least not for all fish species and age or size classes), or 2) this relationship
exists and we were not able to detect it with our study. Recall that the predic-
tion of a unimodal relationship is based mainly on small-scale experiments
that have measured macrophyte stem density and fish foraging or behavior, of-
ten of one fish species and fish age or size class. Therefore, this general rela-
tionship may not be applicable to the whole-lake scale or to all fish species
and age or size classes when measuring macrophyte % cover and fish growth.
Further, many of the field studies to date that have examined this relationship
have included a single lake or reservoir, have sampled relatively few macro-
phyte transects or sampled a relatively small area within the ecosystem and
extrapolated those levels to the whole-ecosystem level, or have studied reser-
voirs with very low % macrophyte cover. In fact, just one study was con-
ducted on multiple whole-lakes in the north-temperate zone (HineH & CoL-
Lins 1993). Unfortunately, because this study measured macrophytes qualita-
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tively, the results are not comparable to ours. Therefore, there is not adequate
evidence in the literature or from our study to support the general idea of a
unimodal relationship between fish growth and macrophytes at the whole-lake
scale. Rather, results from whole-lake studies (OLSON et. al 1998, Cross et al.
1992, UnMUTH et al. 1999, this study), seem to support the idea of negative
linear relationships between fish growth and some macrophyte cover metrics
for specific ages or sizes of particular fish species.

If in fact this unimodal relationship exists, we might have failed to detect
this pattern between fish growth and macrophyte metrics because, although
lake macrophyte cover in our 45 study lakes had a large range (1899 %), our
stratified random sampling design resulted in few lakes at either extreme. It is
at just such extremes that some past studies have found decreases in fish
growth (e.g., BRown & Maceina 2002), thus leading to the idea of an inter-
mediate optimum macrophyte density or cover for fish growth. This leads us
to question what the ecological relationship would look like if we had sampled
additional lakes at the two extremes of macrophyte cover, especially lakes
with very low macrophyte % cover. We might expect a threshold effect, below
which foraging habitat for prey fish and refuge from predators reaches such
low levels that prey fish experience extremely low growth and abundance
leading to a reduction in predator fish growth. Therefore, if growth decreases
at the low end of the macrophyte cover range, there may still be an optimum
intermediate macrophyte cover for fish growth that we did not detect. We
could not address this possibility with our data because we did not have lakes
with very low % cover, even though we chose lakes with large ranges of lake
morphometry, water chemistry and water clarity.

Given our stratified sample design, we can speculate as to how common
lakes are in the north temperate region that have very low macrophyte cover
(<20 %). Recall that mean depth is highly negatively correlated with macro-
phyte % cover (r = ~0.75, p <0.001). If we compare our study lakes to 626
large (>20h) public lakes in Michigan, our mean depth range includes ~78 %
of these lakes. In fact, just 15 % of these large public Michigan lakes are ex-
tremely shallow (mean depth <2.0m). Therefore, if the unimodal relationship
between macrophytes and fish growth identified by experiments does in fact
exist at the whole-lake scale, it may not be particularly relevant to the majority
of north-temperate lakes. We could then ask: are lakes with very low macro-
phyte cover ones in which we might expect macrophytes to play an important
role in driving fish growth? Lakes at the very low end of macrophyte % cover
are likely very shallow lakes in a turbid state with high resuspension or with
very low productivity (e.g., JEPPESEN et al. 2000), high flow-through systems
such as reservoirs, or very large, deep lakes with small or no littoral zones. We
might expect that fish growth in these three types of systems would be influ-
enced less by macrophytes in general and more by physical features such as
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water flow, oxygen levels or temperature levels (GasiTH & Hover 1998).
Therefore, if low fish growth exists in lakes with very low macrophyte cover,
and leads to a unimodal relationship between macrophyte cover and fish
growth such as that identified by experiments, this relationship may reflect ef-
fects driven by characteristics confounded with macrophyte cover rather than
macrophyte cover itself. Future research that includes lakes with very ow ma-
crophyte cover (<20 %), including whole-lake experiments that reduce macro-
phyte cover across a wide gradient and measure the response of fish growth, is
necessary to answer such questions.

Our study demonstrates the potential of using baseline field data to test im-
portant questions. In addition, the results of our study are relevant because a
more thorough understanding of the relationships between macrophytes and
fish growth can help us achieve more holistic lake management. Lake man-
agers are often confronted with the problem of managing lakes for multiple
uses and user groups, some of which are at odds with one another. For ex-
ample, typically, lake managers have been either fisheries managers or macro-
phyte managers, and they have worked independently. Often, macrophyte
managers are pressured by boaters and swimmers to remove macrophytes
whereas anglers press for macrophyte enhancement. This dichotomy is evi-
denced by the lack of integration between the two professional societies rele-
vant to these management activities: the American Fisheries Society (AES)
and the Aquatic Plant Management Society (APMS). More recently, as the re-
lationships between fish and macrophytes have been made increasingly clear,
these managers have come to recognize each others’ importance and have be-
gun to work together. Evidence of this realization can be seen published works
such as TREBITZ & NIBBELINK (1996), CARPENTER et al. (1998), and OLSON et
al. (1998) in which a large group of researchers and managers studied how to
manage macrophytes to benefit fish growth. However, integration of research
and management of fish and macrophytes is far from complete: an abstract
and title search of 2003 presentations at annual meetings using the keywords
fish, macrophyte, and plant resulted in 1% (12/1181) of AFS talks on research
that included macrophytes (American Fisheries Society 2003) and 5 % (3/62)
of APMS talks on research that included fish (Aquatic Plant Management So-
ciety 2003). Therefore, it is only through additional collaborative research ex-
amining macrophytes and fish growth, and the dissemination of results to all
audiences, that we can achieve better ecological understanding of the relation-
ship between whole-lake macrophyte cover and fish growth and a more holis-
tic lake management of north temperate lakes.
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