Hydrobiologia (2012) 683:135-150
DOI 10.1007/s10750-011-0947-2

PRIMARY RESEARCH PAPER

Response of an algal assemblage to nutrient enrichment
and shading in a Hawaiian stream

Sonia H. Stephens - Anne M. D. Brasher -
Celia M. Smith

Received: 3 October 2010/ Revised: 31 October 2011/ Accepted: 6 November 2011/ Published online: 19 November 2011

© Springer Science+Business Media B.V. 2011

Abstract To investigate the effects of nitrate enrich-
ment, phosphate enrichment, and light availability on
benthic algae, nutrient-diffusing clay flowerpots were
colonized with algae at two sites in a Hawaiian stream
during spring and autumn 2002 using a randomized
factorial design. The algal assemblage that developed
under the experimental conditions was investigated by
determining biomass (ash-free dry mass and chloro-
phyll a concentrations) and composition of the diatom
assemblage. In situ pulse amplitude-modulated fluo-
rometry was also used to model photosynthetic rate of
the algal assemblage. Algal biomass and maximum
photosynthetic rate were significantly higher at the
unshaded site than at the shaded site. These parameters
were higher at the unshaded site with either nitrate, or
to a lesser degree, nitrate plus phosphate enrichment.
Analysis of similarity of diatom assemblages showed
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significant differences between shaded and unshaded
sites, as well as between spring and autumn experi-
ments, but not between nutrient treatments. However,
several individual species of diatoms responded
significantly to nitrate enrichment. These results
demonstrate that light availability (shaded vs.
unshaded) is the primary limiting factor to algal
growth in this stream, with nitrogen as a secondary
limiting factor.
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Introduction

Because of their short generation times, relative lack of
mobility, and rapid growth, stream algae are highly
useful indicators of environmental conditions, such as
water quality (Lowe & Pan, 1996). Different taxa have
different nutrient requirements (e.g., Tilman, 1981;
Borchardt, 1996; Francouer, 2001), and assemblage
composition may serve as a more sensitive indicator of
habitat quality than bulk biomass does (Stelzer &
Lamberti, 2001). Algal community composition has
been used to indicate trophic statuses of rivers and lakes,
as well as measure quality of water with regards to heavy
metals and other pollutants (Kelly et al., 1998).

In Hawaiian streams, algal community composition
has not been explored to date as an indicator of water
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quality. Benthic algae are the main sources of
autochthonous primary production in Hawaiian
streams, along with semi-aquatic mosses. To date,
little research has been conducted on stream algae on
Pacific islands, other than diatoms in Hawaii, and most
information comes as a result of survey expeditions or
studies of water quality (Resh & DeSzalay, 1995;
Filkin et al., 2003). Algal surveys in Hawaii and other
Pacific islands have provided information on stream
floras; for example, Sherwood (2004a, b) lists 390
non-marine diatom taxa that have been found in
Hawaii since 1876. Benthic algae are the primary food
source for several native stream fish species (Kido,
19964, b), and algal assemblage structure may affect
the availability of food for native fish. Benthic
algae also provide nutrients for native invertebrates
(Williams, 1939; Hardy, 1960; Capps et al., 2009).

A few studies have been conducted on benthic
Hawaiian stream algae communities. Based upon a
field study, Laperriere (1995) suggested that algae in
Hawaiian streams were nitrogen limited, while a
nutrient addition experiment by Larned & Santos
(2000) found phosphate limitation. Studies of algal
dynamics in Hawaiian streams have primarily focused
on bulk productivity measurements, rather than
assemblage composition (Laperriere, 1995; Larned
& Santos, 2000; Wolff, 2000). One study to date has
examined algal dynamics using several environmental
parameters simultaneously (Larned & Santos, 2000).
Land use in Hawaiian watersheds plays an important
role in stream nutrient levels (Anthony et al., 2004);
for example, nitrate and ammonium concentrations are
often elevated in agricultural areas (HCPSU, 1990).
Under short-lived flood events, concentrations of
nitrogen and phosphorus can also increase substan-
tially (Ringuet & Mackenzie, 2005).

In well-shaded streams, light is expected to be the
primary limiting factor on algal growth, after which
nutrient levels and other factors are expected to
influence the growth of individual species (Hill,
1996; Stevenson, 1997; Hill & Fanta, 2007). Given
the shade created in closed-canopy reaches, such as
those occurring in the upper portions of many
Hawaiian streams, light may be sub-optimal. Conse-
quently, nutrient enrichment may not affect gross algal
productivity (Borchardt, 1996; Stevenson, 1997,
Mosisch et al., 2001; but see Taulbee et al., 2005 for
evidence of nutrient and light co-limitation). How-
ever, algal species’ composition may be significantly
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affected by nutrient addition even if there are no
substantial changes in gross productivity (Tilman,
1981). Thus, assemblage composition can be a sensi-
tive indicator of water quality in both shaded and
unshaded streams.

Nutrient amendment experiments are often used to
determine which nutrient(s) may limit algal growthin a
stream (e.g., Pringle & Bowers, 1984; Lowe et al.,
1986; Tate, 1990; Mosisch et al., 2001; Stelzer &
Lamberti, 2001; Tank & Dodds, 2003). Nitrogen and
phosphorus are predicted to be the most likely
macronutrients to limit algal growth, though other
nutrients have been found to limit growth under certain
conditions; for example, low levels of silicate may limit
diatom growth (Borchardt, 1996). Nutrient-diffusing
substrates (NDS) deployed in a stream provide a
point-source method of nutrient enrichment, and allow
the general detection of assemblage response to nutri-
ent addition (Pringle & Triska, 1996). They also allow
experimental replication over comparable substrates
either within or across streams.

The present study used NDS to test the effects of
nitrogen and phosphorus addition on benthic algae in a
Hawaiian stream at two different light levels, shaded
(with a closed forest canopy) and unshaded (with an
open canopy). We specifically test four hypotheses:
(1) algal biomass and productivity will increase with
nutrient addition above ambient levels under non
light-limited (unshaded) conditions; (2) under light-
limited (shaded) conditions, nutrient limitation will be
replaced by light limitation; (3) algal assemblages
will differ between shaded and unshaded sites; and
(4) algal assemblages will change in response to
nutrient addition at both sites.

Materials and methods
Study site

Experiments were conducted in Waihee Stream, Oahu
Island, Hawaii, a perennial, groundwater fed first-
order stream 2.5 km long, with a drainage area of
approximately 1.6 km?. It originates in forest reserve
land at an elevation of approximately 300 m, and runs
through a rural residential area before terminating in a
marsh and estuary. The stream substrate is variable,
ranging from small pebbles to large boulders; study
sites were located in segments with predominately
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cobble-sized substrates. A segment of the lower reach
is channelized, and dense non-native riparian vegeta-
tions such as guava (Psidium guajava) are present
along much of the length of the stream. Study sites
were located just upstream of the forest reserve
boundary (approximately 21°27'N, 157°51'W) at
52 m elevation (Fig. 1). The extent to which different
algal species occur in different light environments in
the study stream is unknown.

Waihee Stream does not exhibit strong seasonal
differences in flow (mean monthly discharge from
1975 to 2000 ranged from about 0.10 to 0.21 m> s L
Oki & Brasher, 2003), but high flow events are
frequent and can occur in any month. Yearly peak
stream flow recorded during flood events during
1975-1999 ranged from ~7 to 44 m’> s~' (USGS,
2001). Mean monthly rainfall from June 2001-June
2003 (including the time of this study) was 16.9 cm
[SD = 10.9 cm; data from NOAA rainfall gage #HI-
30, located in Waihee valley (NOAA, 2009)]. Table 1
summarizes key environmental and chemical param-
eters during March 1999 to February 2001.

Field methods

Two field experiments were conducted: ~May
12-June 14 (“spring”), and September 14—October
5, 2002: (“autumn”). Algae were allowed to colonize
the outer surfaces of inverted 8.9 cm clay flowerpots
with the wide end sealed with PlexiglassTM, and the
drainage hole plugged with a rubber stopper. After
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filling with appropriate fertilizer, pots were attached to
concrete cinder blocks (two pots per block, with
nutrient treatments randomized). The cinder blocks
were then partially buried in gravel in the streambed to
a depth that allowed each pot to be submerged. Pots
were allowed to fill with water by removing the plug
when they were placed in the stream, then they were
re-plugged. One-half of the 48 pots (in the spring
experiment) and one-half of the 24 pots (in the autumn
experiment) were placed at an unshaded site and half
at a shaded site 50 m upstream (Fig. 2). No attempt
was made to control herbivory at the study site;
grazing insect larvae were noted in algae samples, and
manually removed before sample processing. Because
the rate of nutrient release from nutrient-diffusing pots
may quickly decline over time (e.g., Pringle &
Bowers, 1984; Smith et al., 2001; Stelzer & Lamberti,
2001), pots were re-supplied with fertilizer after
2 weeks during each experiment.

One-quarter of pots were assigned to each nutrient
treatment, which included: (1) 110 g of NaNOj;
fertilizer (N-treatment), (2) 100 g of triple superphos-
phate fertilizer (P-treatment), (3) both NaNOj; and
PO, (nitrate 4+ phosphate-treatment), and (4) a non-
enriched control. One-hundred g of nitrate fertilizer
and 70 g of phosphate fertilizer were added to refill
appropriate pots after 2 weeks during each experiment
(due to lower solubility of phosphate fertilizer, more
phosphate fertilizer remained in the pots over time
than nitrate fertilizer, hence the smaller volume added
when refilling). To refill pots, each cinder block/pot
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Table 1 Physical parameters of Waihee Stream, measured at the USGS gauge several dozen meters upstream of the residential area
and 10 m upstream of the study site during 1999-2001 (USGS, 2001), plus day length over the course of a year (USNO, 2009)

Constituent  Instantaneous  Water pH

discharge temperature  (whole)

Units m’ st °C Standard units

Ammonium
(NH,*-N)

Nitrite + nitrate
(NO, -N +
NO;3; -N)

Phosphate
(PO, -P)

Day length

mg/l mg/l mg/l Hours

Range 3.9-57 19.5-21.5 7.4-8.0
Mean 13.87 20.5 7.7

<0.020-<0.041
0.029 0.097 0.028 12:08

0.047-0.146 0.021-0.043  10:49-13:26

=0m

Direction of
stream flow

v

= 50 M
— Ul

]
oo U
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Fig. 2 Schematic of study sites, showing cinder block place-
ment (open squares) and overhead canopy (filled ovals)

assemblage was removed from the water, the rubber
stopper in each pot was removed, and the appropriate
fertilizer added for each nutrient treatment with the aid
of a funnel. Pots were then replaced in the stream in the
same positions. Control pots were handled the same
way, but no fertilizer was added. Nutrient release rates
(nitrate, ammonium, and phosphorus) were estimated
six times during the spring experiment by removing
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250 ml of stream water with a plastic 250-ml syringe
just downstream of three pots.

Water temperature was logged every 20 min at each
site over the course of each experiment using a single
I-Button temperature logger (Dwyer Instruments).
Water velocity was measured twice during each
experiment at the upstream side of each pot using a
Marsh McBirney flow meter. Depth of pots in the water
(top of pot to surface) was also recorded on these
dates. Stream flow was determined every 2-5 days
from a permanent USGS stage gage (Gage #16284200;
data from USGS, 2001).

Light levels at each site were measured in
Lumens m~ twice during each experiment with
HOBO-LI data loggers (onset computer) placed in
waterproof casings on the stream bank within 2 m of
the pots. HOBO-LI data loggers were calibrated with a
LI-COR quantum sensor (LI-COR, serial #Q23667),
and light levels were converted into photosyn-
thetically active radiation (um m~2s~") using the
linear regression calculated from the calibration
data: (um m 2 s7") = —669.994 + 362.138 (log
Lumens m~2) (df = 6, P < 0.01, R* = 0.77). Canopy
cover was measured for each pair of pots using a
spherical densiometer held at stream level. Relative
monthly solar exposure at each site was measured
using a Solar Pathfinder (Solar Pathfinder, Iron City,
TN).

During the autumn experiment, a pulse amplitude-
modulated (PAM) fluorometer (“Diving-PAM”,
Heinz Walz GmbH) was used to determine electron
transport rate (ETR) via rapid light response curves for
the experimental algal communities. When ETR is
graphed against photosynthetically active radiation
(PAR), it approximates a photosynthesis versus irra-
diance (P vs. I) curve as measured by traditional
laboratory methods such as oxygen electrodes; how-
ever, oxygen evolution is the more accurate measure
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(Nielsen & Nielsen, 2008). The utility of this method
is that it is rapid and can be implemented in the field
without removing the organism or assemblage from in
situ habitats (e.g., Hiriart-Baer et al., 2008). Fluores-
cence was measured at one point on each pot, located
midway from the top and between the upstream and
downstream sides. Ambient light was excluded from
the sensor by placing a tube of black foam pipe
insulation around the sensor clip, and pressing the
foam firmly to the pot surface. ETR was fitted to the
nonlinear photosynthetic response curve of Platt and
colleagues (in Hobson & Fallowfield, 2001). Two
photosynthetic parameters were calculated to quantify
physiological response to light: P,,.,, the maximum
rate of photosynthesis, and Ey, the level of irradiance
at which maximum photosynthetic rate is reached.

Sample processing

During the spring experiment, pots were sampled after
2 and 4 weeks of colonization. Three pots of each
treatment type per site were randomly selected for
removal on each sampling date (four nitrate + phos-
phate and two nitrate pots were removed at the
unshaded site on the first sampling date in error).
Because algae growth was sparse after 2 weeks, the
2-week data were used only for biomass calculations,
not diatom species composition; consequently, all
species composition data reported here come from the
4-week sampling date. During the autumn experi-
ment, all pots were removed after 3 weeks. Because
of an impending storm with forecasted potential to
wash out the experiment, the autumn experiment
was ended after 3 weeks. During the autumn
experiment, periphyton from three rocks at each
site was scrubbed off with a plastic brush, combined
for each site, and transported to our laboratory for
species identification.

Individual pots were retrieved from the stream, put
into plastic bags, placed on ice, and transported to our
laboratory. The entire surface of each pot, excluding
the top (~ 144.7 cm?), was gently scrubbed with a
brush into 300 ml distilled water until all visible
periphyton was removed. Any filamentous cyanobac-
teria which were present on the pots readily disinte-
grated when touched; some biomass was unavoidably
lost from the pot surfaces during transport to the lab for
analysis. Samples were shaken to homogenize con-
tents and divided into three 100-ml subsamples for

(1) ash-free dry mass (AFDM), (2) chlorophyll a, and
(3) diatom species identification. Algal species iden-
tification samples were preserved with about 4.5 ml of
4% formalin. Chlorophyll samples were kept on ice
and in the dark until processed. The maximum holding
time before processing was approximately 4 h.

For AFDM measurement, either 100 or 50 ml of
sample (depending on quantity of algae present) was
filtered onto pre-ashed and preweighed Whatman
GF/F or Millipore 0.7 pm filters. Filters were individ-
ually loosely wrapped in aluminum foil and placed in a
105°C drying oven for 24 h, and weighed with a
precision balance. Dry mass was then recorded. Filters
were then ashed in a muffle furnace (model # M15A-1A,
Blue M Co., IL) at 500°C for 1 h, after which ash-free
mass was determined. This procedure follows Steinman
& Lamberti (1996), who do not specify rehydrating
samples to replace water of hydration, then drying until
constant weight. Therefore, AFDM may have been
overestimated.

For chlorophyll analysis, either 50 or 100 ml of
sample was filtered (depending on quantity of algae
present). Samples were kept on ice in the dark until
filtration. Filters were placed into individual screw-top
test tubes covered in aluminum foil. Ten milliliters of a
90% acetone (90 acetone: 10 buffered MgCO; in
dH,0) solution was added. Pigments were extracted
for 24 h at 4°C without grinding filters, following
Steinman & Lamberti (1996). Sample absorbance was
measured using a HP 8452A Diode Array spectropho-
tometer following standard methods (APHA, AWWA
& WEF, 1992).

For diatom identification, 50-75 ml of each algal
subsample was oxidized by heating for 1 h with 20 ml
of 1:1 50% hydrogen peroxide and 50% nitric acid
under a fume hood. Samples were spun down in a
Centra MP4R (IEC) centrifuge for 9 min at 1200 rpm,
and then excess water was poured off, and distilled
water added. This process was repeated until the
samples tested neutral with a pH paper indicator, as
modified from Patrick & Reimer (1966). Samples
were then diluted to more or less equal concentrations
and plated out onto coverslips to dry overnight. Two
permanent slides of each sample were mounted using
Naphrax mounting medium (Northern Biological
Supply), with a refractive index of 1.74.

A total of 250 valves were identified on each slide
using an Olympus BX-40 microscope at 100x mag-
nification, to obtain a total of 500 valves per sample.
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Identifying a minimum of 200 valves per sample is
recommended to provide enough information to
evaluate water quality (Bare & Newall, 1998). Cell
counts were conducted on samples of the spring
sampling date of the first experiment and the autumn
sampling date of the second experiment. References
used to identify diatom species included Hustedt
(1937), Patrick & Reimer (1966, 1975), Fungladda
et al. (1983), Dodd (1987), Foged (1987), Simonsen
(1987), Cassie (1989), Krammer & Lange-Bertalot
(1991, 1999a, b, 2000) and Reichardt & Lange-
Bertalot (1991).

Data analysis

Analyses of biomass (AFDM and chlorophyll a),
fluorescence, physical factors, and diatom species
distributions were carried out using the Minitab
statistical package (Minitab Inc., 1998). Chlorophyll
and AFDM data were log-transformed. Two-factor
analyses of variance (ANOVA; general linear model
procedure, with pairwise comparisons using a Tukey’s
test where appropriate) with nutrient treatment and
light were performed on chlorophyll a levels, AFDM,
and fluorescence parameters for each experiment.
Univariate ANOVA was performed on the physical
factors of canopy cover, water velocity, and pot depth
with response variables of AFDM and chlorophyll
a. Diatom species distributions were measured using
t tests using a Bonferroni correction to account for
multiple comparisons.

Multivariate analysis of diatom species composi-
tion was carried out using Primer-E (Clarke &
Gorley, 2001). Analysis of similarity (ANOSIM)
and non-metric multidimensional scaling (NMDS)
were performed on non-transformed cell counts.
ANOSIM allows the calculation of statistical sig-
nificance using a permutation test. NMDS provides
a graphical representation of the distance between
samples based on Bray—Curtis similarity. Diatom
assemblage diversity was represented with the
Shannon-Wiener heterogeneity statistic (H'), which
is sensitive to rare species, and Simpson’s Index,
which is sensitive to common species. Diversity was
compared between light and nutrient treatments and
dates, as well as between communities scrubbed
from natural rocks in October and those on the
experimental pots.
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Results
Environmental factors

Water temperature remained between 19 and 21°C at
both the unshaded and shaded sites during both
experiments. Light levels between the unshaded and
shaded sites were significantly different (¢ test, mean
difference between sites 69.56 pm m s~ !, T =
17.64, P < 0.001). The shaded site received no direct
sunlight, but did receive filtered light; in contrast, the
unshaded site received direct sunlight. Canopy cover
was significantly higher at the shaded site than the
unshaded site (mean densiometer readings 14.9 and
6.0, respectively; ANOVA, F = 362.87, P < 0.001).
Average day length in spring was 13 h, 20 min, and
percent available solar radiation was 8.3% at the
shaded site and 64.5% at the unshaded site. Average
day length in autumn was 12 h, 5 min, and percent
available solar radiation was 10.3% at the shaded site
and 45.8% at the unshaded site (Table 1).

Current velocity was variable among pots (mean
velocity = 0.46 m sl SD=021m sfl) and was
not significantly different between pots in the shaded
and unshaded sites or among nutrient treatments
(ANOVA, F =041, P=0523 and F = 0.59,
P = 0.625, respectively). Depth of individual pots in
the water varied less than water velocity (mean depth
of water measured from top of pot = 11.7 cm, SD =
2.2 cm), and was not significantly different between
sites or nutrient treatments (ANOVA, F = 0.81,
P =0.371 and F = 096, P = 0.416). Stream flow
was higher during the spring experiment than in
the autumn experiment (mean flow = 0.187 and
0.137 m® s™!, respectively). By comparison, flow
during an April 2002 flood event was greater than
4.7 m® s™' (USGS, 2001).

Neither average pot depth nor average water velocity
were correlated with biomass (ANOVA, P = 0.405 and
0.203, respectively). However, the spring 2-week
sample had greater biomass on pot surfaces that had
lower water velocities (ANOVA, P = 0.030), while on
the 4-week sampling date, biomass had attained a
maximal level and did not change further with pot depth
or water velocity.

There was no temporal pattern in nutrient release
rates as measured less than 1 cm downstream from pot
surfaces, and mean nutrient release levels did not
correspond to treatment type (Table 2). Mean nutrient
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Table 2 Individual nutrient samples measured at three pots at the unshaded site, with mean concentrations, and standard deviations

Treatment type Nutrient 5/15/02  5/16/02  5/17/02  5/19/02  5/21/02  5/24/02  Mean Conc. SD
(ng/ml) (n=6)
Nitrate + phosphate  Nitrate 0.243 0.413 0.281 0.217 0.221 0.209 0.264 0.078
Phosphorus  0.05 0.57 0.07 0.094 0.08 0.071 0.156 0.203
Ammonium  0.058 0.064 0.098 - - - 0.073 0.022
Nitrate Nitrate 0.206 0.134 0.153 0.188 0.13 0.134 0.158 0.032
Phosphorus ~ 0.03 0.04 0.04 0.082 0.064 0.109 0.061 0.030
Ammonium  0.064 0.052 0.075 - - - 0.064 0.012
Phosphate Nitrate 0.26 0.187 0.128 0.176 0.201 0.134 0.181 0.048
Phosphorus  0.06 0.04 0.04 0.074 0.071 0.071 0.059 0.016
Ammonium  0.058 0.064 0.052 - - - 0.058 0.006

concentrations across all treatment types and sampling
dates were: nitrate (NO3): 0.201 pg/l (mean SD =
0.056), phosphorus (P): 0.092 pg/l (mean SD =
0.120), and ammonium (NH,"): 0.065 peg/l (mean
SD = 0.015).

Biomass

Table 3 shows the results of AFDM determination.
Levels of AFDM were significantly higher at the
unshaded site than at the shaded site (ANOVA,
F =3342, P <0.001). AFDM also varied signifi-
cantly with experiment (F = 17.57, P < 0.001).
Tukey multiple comparisons by date indicated that
the 4-week sampling date of the spring experiment
had significantly higher AFDM than either the
2-week sampling date (T = 6.84, P < 0.001) or the
autumn (3-week) experiment (T = 8.60, P < 0.001).
Although neither the nutrient treatment nor nutrient
treatment by shading interaction were statistically
significant (F = 0.825, P = 0.486 and F = 1.91,
P = 0.138, respectively), this was one of the exper-
imental hypotheses, and Tukey multiple comparisons
were calculated (significant results at the 95% level
shown in Table 4).

Chlorophyll a levels were significantly higher at the
unshaded site than at the shaded site (ANOVA,
F = 2223, P < 0.001). The effects of nutrient treat-
ment on chlorophyll a content were also significant
(F =301, P=0.038), as were sampling dates
(F = 34.81, P <0.001). Table 5 shows the results
of chlorophyll a determination.

Tukey multiple comparisons showed that chloro-
phyll a levels were significantly higher with nitrate
treatment than phosphate treatment (F = 2.801,

P = 0.035). Further, chlorophyll a levels on the 4th
week of the spring experiment were significantly
higher than those of the 2nd week of the spring
experiment F = 8.244, P < (0.001). Although not
directly comparable, chlorophyll a levels for the 3rd
week of the autumn experiment were higher than those
of the 2nd week of the spring experiment (F = 3.039,
P < 0.001), and lower than those of the 4th week of
the spring experiment (F = 5.266, P < 0.001). Tukey
multiple comparisons were calculated (significant
results at the 95% level shown in Table 6).

Assemblage composition

A total of 66 diatom taxa were identified on pots and
natural substrates. Of the dominant taxa, two were
centric diatoms: Melosira varians Ag. and Hydrosera
whampoensis (Schwartz) Deby, and 13 taxa were
motile: Bacillaria paradoxa Gmelin, 11 Navicula
taxa, and Sellaphora pupula (Kutz.) Meresch. The
remaining 51 taxa were either solitary or colonial
adnate species. Cell volumes of taxa observed during
cell counts ranged from 32 to 13,119 um3 (mean size
588 um3; SD = 9,290 um3). The dominant non-
diatom taxa included filamentous Chlorophytes
(Cloniophora spp.) and Cyanophytes (Oscillatoria spp.).

Proportional cell numbers of several taxa were
significantly different with either nitrate enrichment or
shading (Table 7). Three diatom taxa responded
significantly to nitrate addition (Gomphonema minu-
tum (Ag.) Ag., Navicula gregaria Donkin, and
Nitzschia amphibia Grun.), and thirteen taxa to
shading (Achnanthes biasolettiana (Kutz.) Grun.,
Achnanthes lanceolata (Breb.) Grun., Achnanthes
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Table 3 AFDM results (in mg) from experimental pots and rock surfaces

Shaded, spring  Shaded, spring  Shaded,  Unshaded, spring  Unshaded, spring  Unshaded,
(week 2) (week 4) autumn (week 2) (week 4) autumn

Control pots 0.760 7.878 1.451 0.001 1.935 4.978
1.520 7.464 1.590 13.13 4.699 4.838
1.244 10.78 3.870 3.455 4.630 3.455

Nitrate pots 1.106 3.594 1.037 8.708 16.31 4.838
1.106 4.423 1.797 5.667 12.72 9.813
2.488 6.911 1.728 10.23 8.984

10.51

Phosphate pots 0.829 2.556 0.760 1.175 13.68 5.667
2.764 2.764 2.073 1.590 8.846 4.561
1.244 10.23 6.082 2.626 6.012 2.004

Nitrate + phosphate pots  1.106 2.073 2.903 2.488 16.59 3.732
1.728 9.675 1.451 4.699 10.92 2.626
3.663 7.740 1.451 5.529 2.350

10.09
Rocks n.a. n.a. 4.147 n.a. n.a. 12.58

For pots, each cell of a given treatment contains AFDM results from the separate sample pots; for rock surfaces, AFDM is an average

of the three rocks sampled

Table 4 Significant Tukey multiple comparisons from ANOVA of ash-free dry mass (all sampling dates)

Treatment 1 Treatment 2 T Adjusted P
Nitrate by Unshaded Higher than Phosphate by Shaded 4.643 <0.001
Nitrate by Unshaded Higher than Nitrate by Shaded 4.880 <0.001
Nitrate by Unshaded Higher than Nitrate + Phosphate by Shaded 4.172 <0.01

N + P by Unshaded Higher than Nitrate by Shaded 3.261 <0.05

linearis (W. Smith) Grun., Achnanthes rupestoides
Hohn, Fragilaria capucina var. perminuta (Grunow)
Lang.-Bert., Gomphonema parvulum (Kutz.) Kutz.,
Gomphonema sp. “A”, Navicula bryophila Peters. &
Ostr., Navicula menisculus var. upsaliensis Grun.,
Navicula spp. 2, Rhoicosphenia curvata (Kutz.) Grun.
ex Rabh., Sellaphora pupula (Kutz.) Meresch., Synedra
ulna Ehr.). Eight of these taxa were common (occurred
in more than 75% of samples), and all taxa occurred in
more than 30% of samples (Table 7). No taxon
responded significantly to phosphate enrichment.

Two analyses of similarity (ANOSIM) were per-
formed. In the first ANOSIM, data were split by
experiment and tested across light treatment and
nutrient treatment. The main effect of light treatment
was significant for both experiments (spring: R =
0.505, P < 0.01; autumn: R = 0.500, P < 0.01). The
main effect of nutrient treatment was not statistically
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significant, but significant comparisons of nitrate and
control nutrient treatments were significant for both
experiments (spring: R = 0.426, P < 0.05; autumn:
R = 0.370, P < 0.05). No other nutrient comparisons
were significant.

In the second ANOSIM, data were split by light
treatment and tested across nutrient treatment and
experiment. The main effect of experiment was
significant for both light treatments (Unshaded:
R = 0.667, P <0.001; Shaded: R = 0.769, P <
0.001). The main effect of nutrient was not statistically
significant, but significant comparisons of nitrate and
control nutrient treatments were significant for both
experiments (Unshaded: R = 0.389, P < 0.05;
Shaded: R = 0.769, P < 0.001). No other nutrient
comparisons were significant.

Diatom species composition on pots was signifi-
cantly different between experiments (Fig. 3). When
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Table 5 Chlorophyll a (mg cm™?) from experimental pots and rock surfaces (averaged)
Shaded, spring  Shaded, spring  Shaded,  Unshaded, spring  Unshaded, spring  Unshaded,
(week 2) (week 4) autumn (week 2) (week 4) autumn

Control pots 0.023 0.277 0.023 0.259 0.035 0.101
0.020 0.452 0.368 0.161 0.087 0.110
0.016 0.471 0.032 0.050 0.133 0.086

Nitrate pots 0.009 0.077 0.015 0.043 0.578 0.248
0.014 0.344 0.039 0.101 0.344 0.308
0.033 0.533 0.018 0.465 0.589

0.557

Phosphate pots 0.004 0.063 0.011 0.015 0.570 0.229
0.020 0.073 0.208 0.013 0.251 0.081
0.006 0.420 0.024 0.023 0.049 0.036

Nitrate + Phosphate pots  0.006 0.049 0.026 0.055 0.396 0.043
0.017 0.523 0.016 0.067 0.280 0.079
0.040 0.354 0.012 0.089 0.097

0.170
Rocks n.a. n.a. 0.080 n.a. n.a. 0.278

For pots, each cell of a given treatment contains chlorophyll a results from the separate sample pots; for rock surfaces, chlorophyll

a is an average of the three rocks sampled

Table 6 Significant Tukey multiple comparisons from ANOVA of chlorophyll a levels (all sampling dates)

Treatment 1 Treatment 2 T Adjusted P
Nitrate by unshaded Higher than Control by shaded 4.093 <0.01
Nitrate by unshaded Higher than Phosphate by unshaded 3.238 <0.05
Nitrate by unshaded Higher than Phosphate by shaded 4917 <0.001
Nitrate by unshaded Higher than Nitrate by shaded 4.218 <0.01
Nitrate by unshaded Higher than N + P by shaded 4.542 <0.001

N + P by unshaded Higher than Phosphate by shaded 3.295 <0.05

assemblage data from the spring (4-week sampling
date) and autumn experiments were separated, there
was considerable overlap in diatom species composi-
tion among nutrient treatments (compare Fig. 4a, c).
However, data showed more consistent differences
between light treatments (compare Fig. 4b, d).

Analysis of similarity was also performed to
examine whether diatom assemblages on experi-
mental pots and stream rocks differed. Two-way
ANOSIM of cell counts between substrate and light
treatment had similar results, and showed significant
differences between light treatment (R = 0.247,
P <0.001) as well as between substrates (R =
0.367, P < 0.05).

As measured by the Shannon-Wiener H’ statistic,
algal assemblage diversity of samples from the shaded

site (from both experiments and stream rocks) was
significantly greater than that of the assemblage on
natural rocks sampled at the unshaded site. There were
also significant differences in algal assemblage diver-
sity at the unshaded site between the autumn exper-
iment and all other samples (Fig. 5). There were no
significant differences in algal assemblage diversity
among nutrient treatments using either the Shannon—
Wiener H' statistic or Simpson’s Index (data not
shown).

Patterns of diversity as measured by Simpson’s
Index were similar to those measured by H'. However,
the only significant difference between any site or
substrate was that between the natural rock assem-
blage at the unshaded site and all other samples except
the spring assemblage at the unshaded site.
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Table 7 Diatom taxa showing significant response (measured by cell count) to either nitrate enrichment or increased light level

Species

Effect of N addition

Effect of light treatment % occurrence

(unshaded site vs. shaded site)

Achnanthes biasolettiana (Kutz.) Grun. Not sig. Decrease (F = 36.41, 96
P < 0.001)
Achnanthes lanceolata (Breb.) Grun. Not sig. Increase (F = 7.54, P < 0.01) 98
Achnanthes linearis (W. Smith) Grun. Not sig. Increase (F = 8.82, P < 0.01) 98
Achnanthes rupestoides Hohn Not sig. Decrease (F = 8.12, P < 0.01) 90
Fragilaria capucina var. perminuta Not sig. Decrease (F = 4.30, P < 0.05) 36
(Grunow) Lang.-Bert.
Gomphonema minutum (Ag.) Ag. Increase (F = 4.17, P < 0.05) Not sig. 66
Gomphonema parvulum (Kutz.) Kutz. Not sig. Increase (F = 22.26, P < 0.001) 88
Gomphonema sp. “A” Not sig. Increase (F = 1092, P < 0.01) 56
Navicula bryophila Peters. & Ostr. Not sig. Decrease (F = 11.76, 66
P < 0.001)
Navicula gregaria Donkin Decrease (F = 4.52, P < 0.05) Not sig. 60
Navicula menisculus var. upsaliensis Grun. Not sig. Decrease (F = 9.65, P < 0.01) 58
Navicula spp. 2 Not sig. Decrease (F = 6.23, P < 0.05) 56
Nitzschia amphibia Grun. Increase (F = 5.81, P < 0.05) Not sig. 81

Rhoicosphenia curvata (Kutz.) Grun. ex Rabh. Not sig.
Sellaphora pupula (Kutz.) Meresch. Not sig.

Synedra ulna Ehr. Not sig.

Increase (F = 4.75, P < 0.05) 88
Decrease (F = 4.33, P < 0.05) 67
Increase (F = 16.96, P < 0.001) 94

Percent occurrence (number of samples in which this species was found) given to suggest possible utility as indicator species
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Fig. 3 Non-metric multidimensional scaling ordination of
diatom species after different experiments. The stress value of
0.14 for the analysis indicates a fair representation of assemblage
composition

PAM fluorescence measurements

Values of Ey for algal communities were significantly
higher at the unshaded site than at the shaded site
(F = 21.25, P < 0.001). Elevated Ey values were also
correlated with nitrate enrichment (ANOVA,
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F =3.04, P = 0.059) and the shading and nutrient
treatment interaction (F = 2.75, P = 0.077). Tukey
multiple comparisons of effects of nutrient treatment
indicated that Ey was significantly higher with nitrate
treatment than the control (7 = 2.868, adjusted
P <0.05). Pn.x was significantly higher at the
unshaded site than the shaded site (F = 17.41, P <
0.001). P« did not differ significantly with nutrient
treatment (F = 1.84, P = 0.180); however, P .x
differed significantly with the interaction of shading
and nutrient treatment (F = 3.50, P < 0.05).

Discussion

Effects of light and nutrients on algal biomass
and fluorescence

One unexpected finding of our study after our initial
spring experiment was that biomass (AFDM and
chlorophyll @) measurements did not behave as
predicted for our control nutrient treatments during
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Fig. 4 Non-metric multidimensional scaling ordination of
diatom species, separated by experiment. Assemblage from
the spring experiment a under different nutrient treatments, and
b under different light treatments. Assemblage from the autumn

the 4-week sampling date. During the 2-week sam-
pling date of the spring experiment, biomass was
lower on pots of all nutrient treatments at the shaded
site than on the pots at the unshaded site, as would be
expected if light were limiting algal growth. However,
during the 4-week sampling date of the spring
experiment, biomass was higher on the shaded control
pots than the unshaded control pots (for all other
nutrient treatments, biomass was lower on the shaded
pots than the unshaded pots). This finding is difficult to
explain. There was no correlation among water
velocity, canopy cover, and pot depth at the control
pots at the two study sites that might explain this
difference. Because of this unexpected result, we
added an additional experiment to our study in the
autumn. We did not detect this anomaly in our second
experiment. A possible mechanism to explain this
pattern is discussed later in “study limitations” part of
this section.

experiment ¢ under different nutrient treatments, and b under
different light treatments. The stress values of 0.11 for the spring
analysis and 0.15 from the autumn indicate fair representations
of assemblage composition

In this study, algal biomass (AFDM and chloro-
phyll a) and at least some diatom species responded
positively to nitrate enrichment when light levels were
at 45% or higher, as found at the unshaded site. This
suggests that the periphytic assemblage in Waihee
Stream is primarily light-limited, and secondarily
nitrogen-limited. This conclusion supports our first
two hypotheses (that biomass will increase with
nutrient addition, unless limited by light).

Significant differences in biomass (AFDM and
chlorophyll a) at high light levels were also observed
for the nitrate plus phosphate treatment in this study.
However, there was less evidence overall for the
positive effect of this treatment than that of the nitrate
treatment alone. One possible explanation for this is
that phosphate fertilizers commonly contain toxic
metals (Charter et al., 1995), which could have
negatively affected algal growth; our fertilizer sam-
ples were not tested for metals. Another possibility is
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Fig. 5 Diatom assemblage diversity as measured by Shannon—
Wiener H' at unshaded and shaded sites. Bars represent standard
deviation

that the phosphorus was adsorbed to minerals in the
clay pots, thus less was released (Pringle, 1987).

When PAM fluorescence was performed on the
periphytic assemblage in the autumn experiment, Ey
and P, were significantly higher at the unshaded site
than the shaded site. P, is the maximum rate of
photosynthesis, and is expected to increase in plants
that live at higher light levels. T, the irradiance level at
which maximum photosynthesis is reached (Ey), will
increase in the same way in response to light exposure
(Hill, 1996). For these parameters, the results of this
experiment behaved as predicted. PAM fluorescence
results support the suggestion from the biomass data
that the benthic algal assemblage is more light-limited
than nitrogen-limited in Waihee Stream. Interactions
of nutrient enrichment and light showed higher Ey and
P..x levels at the unshaded site, when either nitrate, or
to a lesser degree, nitrate plus phosphate enrichment
took place. These results suggest that photosynthetic
capacity was enhanced under a non-light-limited
situation with the addition of a limiting nutrient—in
this case nitrogen. Similar interactive effects between
light and nutrient limitation have been observed in
other studies for nitrogen (Lapointe & Tenore, 1981)
and phosphorus (Hiriart-Baer et al., 2008).
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Effects of light and nutrients on diatom
assemblages

Diatom assemblage compositions were significantly
different between shaded and unshaded sites, support-
ing our third hypothesis: that assemblages will differ
between shaded and unshaded sites. Differences in
assemblage composition between experiments also
were detected. Differences in assemblage composition
between experiments could have risen from the
experiment lengths (4 weeks in spring vs. 3 weeks in
autumn), or from random variation in colonizing
species. Combining these observations with the PAM
fluorescence data at the shaded and unshaded sites, we
suggest that moderate shaded and unshaded assem-
blages of diatoms and other benthic algae occupy
discrete stream habitats, changing dynamically with
abiotic factors.

In this study, large differences in diatom assem-
blage composition were seen for light, and nutri-
ent effects were secondary. Our fourth hypothesis
predicted that algal assemblages would change in
response to nutrient addition at both the shaded and
unshaded sites. Comparisons between nitrate treat-
ment and at least one other nutrient treatment were
significantly different in all but one analysis,
suggesting partial support for this hypothesis. Three
diatom taxa responded significantly to nitrate addi-
tion, and 13 taxa to shading. These taxa have the
potential to be used as indicator species elsewhere in
Hawaii, although additional research should be
carried out in different streams to confirm the
results obtained here.

As measured by Shannon-Wiener H', diversity of
the diatom assemblage was significantly lower at the
unshaded site on the 4-week sampling date of the
spring experiment than at either the shaded site on
the same date or at either site on the 3-week
sampling date in autumn. This result suggests that
certain species within the algal assemblage were
beginning to dominate the substrate and outcompete
other species at the unshaded site. This process may
be expected as an algal assemblage matures and
resources become scarcer (McCormick, 1996). A
similar pattern of reduced diversity at the unshaded
site was observed on natural rocks sampled during
October. This suggests that, by the 4th week,
assemblage dynamics on clay pots was similar to
that on natural substrates.
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Study limitations

We recognize several limitations in this study. First,
because both study sites were located in a single
stream, results cannot be generalized to other Hawai-
ian streams (Hurlbert, 1984). In order to avoid cross-
treatment contamination, the relative position of
treatments should be considered carefully in the
design of NDS studies (Tate, 1990). In this study,
there were two potential sources of cross-contamina-
tion: among NDS within each site, and between the
upstream (shaded) and downstream (unshaded) sites.
We did not measure significantly higher nutrient
concentrations in the water collected at the unshaded
site than at the shaded site, suggesting that between-
site contaminations had minimal effect. In a similar
study, Tate (1990) did not detect increased nutrient
concentrations downstream from nutrient-diffusing
substrata. Within each site in our study, NDS
treatments were randomized, and water samples
were not fine-grained enough to allow us to detect
possible cross-treatment contamination. Additional
replication of study sites within the stream could
have strengthened our conclusion that upstream—
downstream cross-contamination was likely minimal.
Cross-contamination between nutrient treatments
might have explained the unexpected result that higher
biomass accrued on shaded versus unshaded control
treatments during the 4-week sample date of the spring
experiment, while control treatments on all other
sampling dates accrued more biomass at the unshaded
site than the shaded site.

Second, algal assemblages may differ depending on
substrate texture, leading to differences between
assemblages on smooth experimental surfaces and
rough natural substrates (Dudley & D’ Antonio, 1991;
Bergey, 2005). We saw lower assemblage diversity on
rocks at the unshaded site than on pots at the unshaded
site. However, diversity on the pot surfaces did not
differ significantly overall from that on rocks at the
shaded site. One possible explanation for this is that the
periphytic assemblage on unshaded rocks had become
dominated by fewer species than either the shaded
communities or the assemblage on the unshaded pots,
given both non-light-limited conditions and a longer
time for colonization and succession to occur.

A third limitation comes from our nutrient enrich-
ment method. Typically, NDS are constructed using
nutrient-enriched agar (e.g., Pringle, 1987; Wellnitz

et al., 1996), which provides controlled delivery of
targeted nutrients at rates that decrease in a known,
exponential fashion (Tate, 1990; Rugenski et al.,
2008). Since benthic diatom community succession
has been observed to take approximately 4 weeks
(Tuji, 2000; Julius, 2007), nutrient enrichment from
the NDS does not take place in a constant manner
throughout community formation. In this study, fer-
tilizer was used as a nutrient source to maintain a
higher level of enrichment over the course of the
study, following the method of Smith et al. (2001).
Fertilizer in the pots did dissolve over time, although
the nitrate fertilizer solubilized more quickly than the
phosphate fertilizer; therefore, enrichment was taking
place to some degree over the course of each
experiment. We were not able to characterize nutrient
release rates accurately over the course of this study;
for example, measured nutrient levels did not corre-
spond with nutrient treatment type. This may have
been a consequence of the sampling method used,
since the turbulent water flow around the pots may
have rapidly mixed or diluted the nutrient plume even
less than 1 cm downstream. We also did not charac-
terize the rate of nutrient leaching from pots nor the
attenuation of any released nutrients downstream. A
sampling method like the one used by Tate (1990)
might have better characterized nutrient release.

A final limitation is the result of herbivory during
our study. We did not attempt to exclude grazers from
our experimental pots, and grazing insect larvae were
noted in our algae samples. Larvae were removed
before sample processing; however, we did not attempt
to quantify whether their presence was correlated with
treatment type, site, season, or other environmental
factors. Their presence may have affected algal accrual
on pots. In addition, differences in grazer density
between the shaded and unshaded sites might account
for the finding that algal biomass was higher at the
unshaded control pots.

Conclusions

The results of this study in a Hawaiian stream support
the prediction that nutrient enrichment will enhance
algal productivity when adequate light is available
(Lowe et al., 1986; Borchardt, 1996). This finding has
implications for riparian management in Hawaii. Most
lower-elevation Hawaiian streams have been altered
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by both canopy removal and increased nutrient input
(Timbol & Maciolek, 1978; Archer, 1982; HCPSU,
1990), making algal blooms more likely (Mosisch
et al., 2001). Native Hawaiian stream fish primarily
consume benthic algae, and different species are
adapted to graze algae with different growth habits
(Julius, 2007); the formation of large filamentous algal
blooms might be detrimental to these fish species.

This study also suggests that assemblage composi-
tion of diatoms in Waihee Stream may change with
nutrient enrichment and canopy removal, although
further study is needed in other Hawaiian streams to
determine broader patterns and detailed relationships.
Diatoms are routinely sampled in indices of biotic
integrity elsewhere (e.g., Kelly et al., 1998; Stoermer
& Smol, 2000). In addition, in Hawaii, high silicate
levels in stream water derived from the volcanic soils
(Smith et al., 1981) and dense shade in natural settings
may favor diatoms over other algal groups, such as
green or blue-green algae. Therefore, diatom assem-
blages may be appropriate indicators in Hawaiian
streams, and potentially other Pacific island streams.

Based upon this study, the use of algae in Hawaii
for water quality monitoring is likely to be a fruitful
area for further research. Algae are ideally suited for
use as water quality indicators because of their lack of
motility, large number of species, and rapid response
to changes in stream quality as primary producers
(Lowe & Pan, 1996), and they can serve as a useful
complement to surveys of vertebrate or invertebrate
biotic surveys of water quality. In Hawaii, a diatom
index could be used to supplement the state’s two
stream assessment protocols: the Hawaii Stream
Visual Assessment Protocol (NRCS, 2001) and the
Hawaii Stream Bioassessment Protocol (Kido, 2002),
neither of which makes use of algae as biotic
indicators. One important consideration if this
approach is to be considered is that reference materials
for diatom identification for Hawaii are somewhat
scattered (e.g., Sherwood, 2004a, b). A lack of a
comprehensive guide to species identification in
Hawaii might make the task of identification more
challenging than is the case in other areas (Round,
1991) and require a greater level of expertise with
these taxa than might be the case for assessments with
invertebrate taxa. Future study should investigate
which species in particular have most utility as water
quality indicators, as well as which species are likely
to be found in specific stream habitats.
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