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Abstract Efforts to limit plant growth in streams by
reducing nutrients would benefit from an understand-
ing of the relative influences of nutrients, streamflow,
light, and other potentially important factors. We
measured macrophytes, benthic algae, nutrients in
water and sediment, discharge, and shading from 30
spring-fed or runoff-influenced streams in the upper
Snake River basin, ID, USA. We hypothesized that in
hydrologically stable, spring-fed streams with clear
water, macrophyte and benthic algae biomass would
be a function of bioavailable nutrients in water or
sediments, whereas in hydrologically dynamic, run-
off-influenced streams, macrophyte and benthic algae
biomass would further be constrained by flow distur-
bance and light. These hypotheses were only partly
supported. Nitrogen, both in sediment and water, was
positively correlated with macrophyte biomass, as was
loosely sorbed phosphorus (P) in sediment. However,
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P in water was not. Factors other than nutrient
enrichment had the strongest influences on macro-
phyte species composition. Benthic algal biomass was
positively correlated with loosely sorbed sediment P,
lack of shade, antecedent water temperatures, and
bicarbonate. These findings support the measurement
of bioavailable P fractions in sediment and flow
histories in streams, but caution against relying on
macrophyte species composition or P in water in
nutrient management strategies for macrophytes in
streams.
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Introduction

Nutrient enrichment of streams and rivers is a
widespread concern in agricultural and urban settings.
In North America, much recent research has attempted
to relate nutrient enrichment in the water columns of
streams to benthic algae and other biologic variables
(USEPA, 2000; Dodds, 2007; Maret et al., 2010;
Munn et al., 2010; Chambers et al., 2012). However,
nutrient enrichment in streams likely involves com-
plex interactions between water column-nutrients,
sediment-nutrients, attached algae and aquatic mac-
rophytes (Hilton et al., 2006), and nutrient assessment
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Current - Macrophyte stands will be stimulated at low velocities up to ~0.1m/s, decline Light - Will be limiting unless
with increasing velocities, and be eliminated by velocities >~1 m-s™'. Stable flows will
promote maximum abundances (1-3)

Fig. 1 Conceptual model of the primary factors expected to
influence macrophyte biomass in flowing waters. Numbers in
parentheses refer to / Chambers et al. (1991), 2 Biggs (1996), 3
Madsen et al. (2001), 4 Canfield & Hoyer (1988), 5 Carr et al.
(1997), 6 Squires & Lesack (2003), 7 Fitzgerald (1969), 8
Cattaneo & Kalff (1980), 9 Hilton et al. (2006), /10 Madsen &
Sand-Jensen (1991), 11 Jones et al. (2002), /12 Wright & Mills

approaches that ignore sediments and macrophytes
may be incomplete.

Aquatic macrophyte beds have long been recog-
nized as fundamental parts of stream ecosystems by
providing substrate for periphyton and associated
secondary production by macroinvertebrate grazers,
which in turn support fish and other predators
(Butcher, 1933; Carpenter & Lodge, 1986). The
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stands are first limited by
nutrients or other factors (4-6)

Algae - Epiphytic algae always
coat aquatic macrophytes and
may shade their leaves and lead
to light, inorganic carbon, or
nutrient limitation (7-10)

Inorganic carbon - Production
may be limited by the availability
of dissolved inorganic carbon
(5,10-13).

Temperature - Will generally
increase production, although
temperature optima vary among
species (5,14).

Nutrients in water - Macrophytes|
may increase in nutrient rich
waters and will be a source of
nutrients to sediment (15-19), or
macrophytes may decrease
because of epiphyte stimulation
(9,20,21). Nutrients taken up from
5 the water will spiral downstream
through the plant tissues,
sediments, and water (22).

Nutrients in sediment-
¥@ Sediments will often be the

@ primary source of at least P for
rooted aquatic plants (23,24),
™ especially if P in the water
column is low. Fe is a
{ micronutrient but Fe and Al
oxides in sediment will reduce the
bioavailability of P (25-27).

Substrate - Fine sediments may
be nutrient rich but enriched
organic matter can also lead to
anoxia in sediments, leading to
shorter plant roots, plant stress,
and uprooting (6, 13, 28-29).

(1967), 13 Raun et al. (2010), /4 Rasmussen et al. (2011), 15
O’Hare et al. (2010), 16 Sosiak (2002), 17 Carr et al. (2003), 18
Thiébaut & Muller (2003), 19 Pelton et al. (1998), 20 Sand-
Jensen & Borum (1991), 21 Wersal & Madsen (2011), 22 Clarke
(2002), 23 Carignan & Kalff (1980), 24 Chambers et al. (1989),
25 Geurts et al. (2008), 26 Gensemer & Playle (1999), 27 Barko
& Smart (1986), 28 Jones et al. (2012), photo from site 18

distribution and abundance of macrophyte beds in
streams are a function of the stream environment, yet
the beds may act as biological engineers and in turn
structure physical, chemical, and biological aspects of
streams (Gurnell, 2013). Macrophyte beds tend to
retain sediments and the high productivity of macro-
phyte beds in turn may increase nutrient processing,
increase the residence time of phosphorus (P) within a
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given stream reach, and increase denitrification capac-
ity and ultimate nitrogen removal (N) from streams
(Clarke, 2002; Birgand et al., 2007; Feijoo et al.,
2011). These features contribute to efforts to restore
and protect macrophyte beds in rivers (Hilton et al.,
2006; Franklin et al., 2008). However, macrophytes
can also flourish in streams to the point that they
become a major nuisance. Dense macrophyte stands
can block water intakes, interfere with irrigation water
delivery in canals, raise water levels in stream
channels, and cause flooding (Chambers et al., 1999).

Many previous studies have investigated macrophyte
abundance in streams and have reported current, nutri-
ents, light, and substrate to be important factors influ-
encing macrophyte abundance (Fig. 1). However, reports
have been contradictory on the relative importance of
these factors, or even whether a factor had a positive or
negative influence on macrophyte abundances.

The objectives of our study were to determine
whether nutrients, streamflow, or other environmental
variables best explained macrophyte abundance in
streams in an agriculturally dominated landscape.
More specifically, we hypothesized that (1) in hydro-
logically stable, spring-fed streams with clear water,
macrophyte and benthic algae biomass would be a
function of bioavailable nutrients in water or sedi-
ments; and (2) in hydrologically dynamic, runoff-
influenced streams, macrophyte and benthic algae
biomass would further (also) be constrained by flow
disturbance, light, and substrate. We selected a suite of
field and laboratory measurements that we expected
would capture the expected interplay of current, light,
nutrients, and substrate, and we selected study sites
that we anticipated would encompass a broad range of
conditions. We present our results here from a broad
perspective aimed at describing apparently important
relations between environmental variables and mac-
rophyte abundance. More detailed results and study
area particulars that might be of only regional interest
are presented in the Electronic Supplemental
Materials.

Methods

Our study streams are located in an agriculturally
dominated river basin in the arid western United
States, the upper Snake River basin in Idaho and
Nevada (Online Resources 1 and 2). Thirty sites were

selected with the goal of obtaining a range of nutrient
conditions from streams with different types and
intensities of agricultural land uses. We selected sites
from among the two prevalent stream types occurring
in the study area, streams that are influenced by annual
spring snowmelt runoff and spring-fed streams. The
spring-fed streams had long-term base flow index
(BFI) values ranging from 0.94 to 1.00. The BFI is the
ratio of base flow to total flow volume for a given time
period, where an ephemeral stream would have a BFI
value of 0 and a stream with constant flows would have
a BFI of 1 (e.g., Riis et al., 2008; Tesoriero et al.,
2013). The runoff-influenced sites had BFI values
ranging from 0.50 to 0.91 over the entire period of
records for each site, which ranged from 4 to 96 years.
The spring-fed streams have relatively stable flows
and temperatures year around, clear waters, and also
have a strong gradient of N concentrations depending
on how much irrigation recharge water they receive
(Clark & Ott, 1996). Here we considered streams to be
“spring-fed” if (1) their peak flows were less than
twice their late summer flows, (2) if the streams arose
from either distinct vents, or (3) alluvial spring-fed
streams that arose from diffuse seeps and springs
without tributary contributions from higher elevation
terrain. At sites with distinct vents, our sample reaches
were at least 100 m downstream of the vents, which is
beyond the ecological transition of springs to spring-
fed streams (von Fumetti et al., 2007).

The runoff-receiving stream sites represent a gra-
dient of agricultural influences ranging from streams
serving as conveyances of irrigation wastewater to
streams in natural conditions that are managed as
wildlife and watershed reserves. The percentages of
watershed areas upstream of each of the 30 sample
locations allocated to agricultural land use, defined as
cultivated crops or confined pasture, ranged from 0 to
92%. However, “percent agricultural land use” at a
1:100,000 scale from a remote sensing-based national
land cover database (www.mlrc.gov), is a crude
measure of agricultural disturbance to streams because
the type and intensity of agricultural practices that
directly or indirectly affect the water quality and
physical habitat can vary widely. Thus, we also used a
more focused agricultural intensity index which
combined four variables: percent agricultural land use,
percent riparian agricultural land use within 100 m of
the channel based on interpretation of aerial ortho-
photos, and estimates of TN and TP inputs to the
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watershed. The four variables were combined into an
index on a 0-100 point scale, where O represents no
agricultural influences and 100 represents maximum
agricultural intensity (Waite, 2013). Index scores for
our study sites ranged from 0O to 95.

Physical, chemical, and biological measurements

Our methods are detailed in Online Resource 1, but
briefly, each site consisted of a stream reach >150 m
in length. Physical and chemical measurements
included nutrients in water and sediment, channel
characteristics including substrate sizes and light
availability, and discharge. Phosphorus in sediment
was analyzed by sequential extractions in order to
identify the fraction most bioavailable to plants
following the approach of Ruttenberg (1992), as
modified for freshwater (Simon et al., 2009). Stream-
flow history at sites was obtained by locating sampling
sites near long-term stream gages where available (16
of 30 sites). For the remaining sites, we installed
temporary stream gages in late winter prior to the
snowmelt runoff, which provided a short-term
(~120 days) seasonal flow history prior to our
biological sampling in late summer. Biological mea-
surements included benthic algae collected from
25 rock scrapes per site. Macrophyte channel cover
was visually estimated at 55 points per reach (11
transects with five samples points each), and macro-
phytes were collected for species counts and biomass
measurements by clipping all plant material above the
substrate from five quadrats along each of three
transects within the reach (Online Resource 1). For
simplicity, we refer to sites only by a number and
whether the stream was spring-fed or runoff-influ-
enced. More site information is given in Online
Resources 2 and 3.

Data analysis

We focused our interpretations on those variables that
are conceptually important to plant growth in streams
(Fig. 1). These included measures of light, current,
substrate type, nutrients in sediment and water as well
as inorganic carbon availability, and algal density. To
determine if extreme velocities occurring prior to our
summer 2007 macrophyte sampling may have been
more influential than the average velocities at the time
of sampling (e.g., Gaines & Denny, 1993), we
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constructed estimates of the maximum average
cross-channel velocities occurring at our sites during
the snowmelt runoff prior to sampling. This was done
by developing a regression equation between the
average cross-channel velocities measured as part of
our discharge measurements and stage or discharge at
each of the sites and applying the regressions to the
continuous records of discharge or stage for each site.

We analyzed data through raw data graphing,
multivariate ordinations of species composition, and
multiple regression models (Clarke, 1993; Warton,
2008; O’Hare et al., 2010). The ordinations were
constructed to explore associations between environ-
mental variables and species occurrence. These include
the Biota-Environmental (Bio-Env) optimization pro-
cedure which identifies the best subset of environmen-
tal variables that explain the biotic pattern. The
procedure provides the highest rank correlation obtain-
able between the Bray—Curtis similarity matrix of the
macrophyte taxa and the matrix of environmental data
(Clarke et al., 2008). Multiple regression models were
constructed to relate the abundances of macrophytes to
potentially predictive variables. Model variables were
selected among (1) the four major categories of
variables that our conceptual model and bivariate
correlations indicated should be important, i.e., those
relating to light, current, sediment-nutrients, and water-
nutrients (Fig. 1); and (2) within each of those catego-
ries, the single variable that had the strongest correla-
tion with macrophyte biomass; and (3) was not strongly
correlated (r < 0.5) with another variable. We similarly
examined benthic algae biomass.

Results

Maximum velocity estimates at stream transects were
acceptable at 22 of 30 sites with 7% coefficients of
determination ranged from 0.56 to 0.97. At the
remaining eight sites, the maximum measured average
cross-channel velocities were used to estimate maxi-
mum velocities. Spring-fed sites had poor relations
between discharge and velocity because they tended to
have little change in either flow or velocity, and at two
sites, the continuous velocity estimates were con-
founded by beaver damming. Estimated velocity
histories are compared to discrete velocity measure-
ments in Fig. 2 for two contrasting sites, one with
nearly uniform velocities (0.4-0.5 m s~ "), a relatively
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Fig. 2 Contrasting discharge and velocity histories at a spring site with stable flows and velocities and abundant macrophyte growth
(site 12) and a site with annual velocity peaks, extreme differences in discharge, and sparse macrophytes (site 28)

weak discharge-velocity regression and abundant mac-
rophytes, and the second, a runoff site with highly
variable velocities (0.04—1.8 m s~ '), had a very strong
discharge-velocity regression, and sparse macrophytes.
At low flows, velocities in the runoff site increased
sharply with increasing discharge, but at very high
flows velocities reached a maximum asymptote
(Fig. 2). Similar nearly asymptotic discharge-velocity
patterns were found at all the runoff sites.

Macrophyte species composition
and environmental correlates

We identified 13 macrophyte taxa in the 30 synoptic
study sites with seven common taxa encountered in
sufficient abundances to estimate biomass. The most
common taxon was the Sago pondweed, Stuckenia
pectinata (L.) Borner, also known as Potamogeton
pectinatus (Table 1).

In the principal components analysis (PCA), there
was a rough delineation between spring-fed and runoff-

influenced sites, with the first two principal components
explaining 51% of the total variation in the ordination
(Fig. 3A). Spring-fed sites tended to be associated with
higher concentrations of loosely sorbed P in sediments,
and higher total nitrogen (TN) in both sediment and
water. Runoff-influenced sites tended to have higher
aluminum (Al) in sediment, maximum velocities (Vm),
and higher ratios of maximum flows to late summer
baseflows (Qn:Q). Mimulus, Veronica, Nasturtium, and
Stuckenia were associated with spring-fed sites (posi-
tive loading on the Ist principal component) and
Ranunculus was only found at runoff sites. Sites
associated with negative loading on the 2nd principal
component included those with higher agricultural
intensity (Ag), higher bicarbonate (HCOs;), higher
benthic algae biomass (Chla), higher proportions of
fine-grained sediments (Fines), less riparian shading
(Open), and higher Stuckenia biomass. Veronica and
Mimulus were distinguished by positive loading on the
2nd principal component, in opposition to the negative
loadings for Stuckenia and benthic algae (Fig. 3A).
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Table 1 Submerged aquatic plant collections for biovolume to biomass conversions

Species Common name Percentage of Proportion Number of
stream sites moisture, dry weight
where species average = SD samples
collected

Stuckenia pectinata® Sago pondweed 53.3 0.91 £+ 0.04 16

Ranunculus aquatilis White water-buttercup 13.3 0.91 £ 0.01 3

Nasturtium officinale Watercress 13.3 0.90 + 0.07 3

Veronica anagallis-aquatica Water speedwell 10.0 0.89 1

Cladophora sp. Cladophora 6.7 0.91 + 0.07 2

Elodea canadensis Common waterweed 6.7 0.89 1

Mimulus sp. Monkey-flower 33 0.91 £ 0.04 3

* Synonymous with Potamogeton pectinatus. We follow Kaplan’s (2008) revision to “Stuckenia pectinata (L.) Borner” although we
recognize that some authorities continue to consider this taxon properly in the genus “Potamogeton” (e.g., Raun et al., 2010; Jones
et al., 2012). Other taxa that were noted at sites but were not collected in sample quadrats included Potamogeton richardsonii
(Richardson’s pondweed), Chara vulgaris (stonewort), Myriophyllum sibiricum (northern milfoil), Ceratophyllum sp. (coontail),

Lemna minor (duckweed), and aquatic mosses

Ordinations based on Bray—Curtis similarities of
macrophyte taxa biomass showed distinctive group-
ings among some sites (Fig. 3B). The large spring-fed
sites 12, 18, and 20 grouped together, as did two small
clusters of runoff-influenced sites. A large cluster of
Stuckenia dominated streams consisted of both spring-
fed and runoff sites, and included several sites with
high agricultural intensity rankings (Fig. 3B). The
ordination of the environmental data in Fig. 3C
showed some similar clusters.

A subset of five environmental variables identified
through the Biota-Environmental matching procedure
provided the highest rank correlation (p) obtainable
between the macrophyte taxa similarity matrix and the
matrix of environmental data. The best five explana-
tory variables which yielded a p value of 0.48,
P =0.01, were elevation (Elev), the agricultural
intensity index (Ag), maximum velocity in the year
prior to sampling (Vm), aluminum in sediment (Al),
and % fine-grained sediments (Fines).

Macrophyte biomass and environmental
co-variates

Overall macrophyte abundances, pooled for all spe-
cies, varied widely in our study streams during the late
summer sampling. The reach-wide mean percentage
of stream channel surface areas covered by macro-
phyte beds ranged from 0 to 89% and mean biomass in
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sample reaches ranged from 0 to over 1,800 g m™ >

(dry weight).

Wide ranges of abiotic variables were also mea-
sured. Total P concentrations in water ranged from 10 to
159 pg 17! and TN ranged from 110 to 3,908 pg 1.
Total N tended to be dominated by dissolved forms in
spring-fed sites or sites receiving substantial agricul-
tural runoff, with more variability in runoff-influenced
sites. In the spring-fed sites, the median dissolved
inorganic nitrogen (DIN), as a percentage of TN, was
87% versus a median of 23% for the runoff sites. The
median dissolved OP was 77 versus 63% of TP in
spring-fed and runoff sites, respectively. Nutrients in
sediment varied by about a factor of 10 both for loosely
sorbed P and total sediment nitrogen (Online Resource
3). Selected co-variates are plotted against macrophyte
biomass in Fig. 4. Spring-fed sites are distinguished
because these sites are little affected by runoff and
associated high velocities, and were expected to be
more responsive to nutrient enrichment.

Shading limited macrophyte abundance at some
sites. Sites with less than about 70% unshaded
channels consistently had low or no macrophytes
present, and all sites that had abundant macrophytes
had open channels (>80% unshaded, Fig. 4a). Tur-
bidity was low at most of our sites (median 2.5, range
0.07-31 nephelometric turbidity units (NTUs)). Mac-
rophyte abundance was low in turbid sites with
>~ 10 NTUs, and the spring-fed sites which had the
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Fig. 3 Multivariate ordinations of macrophyte species compo-
sition and environmental variables. A Principal component

analysis (PCA); the vector direction and length reflect the
relative importance of that variable on either of the first two
principal components. B Nonmetric multidimensional scaling

(MDS) ordination of macrophyte species

composition

superimposed with hierarchical clusters for 50% Bray—Curtis

similarity. C MDS plot of environmental variables. The best
environmental variables for explaining the macrophyte species
composition were elevation (Elev), agricultural intensity index
(Ag), maximum velocity (Vm), aluminum (Al), and % fine-

grained sediments (Fines)
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Table 2 Multiple regression models for macrophyte and
periphyton biomass

Model 1. Predicted variable: log (macrophyte biomass g m~2):
r* 0.75, adjusted > 0.71, SE (g) 0.57, IRP 2.6 groups

Explanatory variables  Coefficient Std. P
() (B coefficient

Intercept (fo) 2.38

Log (TN) 0.923 0.37 0.004
Sqrt (Sed Al/P ratio) —0.181 —-0.34 0.007
Log (Qma/ Q) —0.530 —0.31 0.009
Asin (open) 0.987 0.24 0.038

Model 2. Predicted variable: Sqrt (periphyton chlorophyll
a biomass mg m~2): r* 0.58, adjusted * 0.52, SE (¢) 2.15, IRP
2.0 groups

Variable Coefficient Std. coefficient P
Intercept —0.23

Log (LS P) 4.06 0.36 0.02
T30 0.397 0.34 0.03
Asin (open) 3.26 0.28 0.07
HCO; 0.0085 0.24 0.10

The adjusted * is an /> that penalizes models for including
more explanatory variables (Helsel & Hirsch, 2002). IRP index
of resolution power; the number of different groups of the
whole range of dependent values can be predicted with 95%
confidence (Prairie, 1996)

highest abundances tended to have very clear water
(Fig. 4b).

The highest macrophyte biomasses occurred at sites
with nearly stable flows, and macrophyte biomasses
declined at sites with increasing flow disturbance, as
defined by the ratio of flows at the spring runoff
maxima to flows at the time of sampling. Sites which
experienced peak flows of at least a factor of 10 higher
than late summer base flows usually had sparse or no
macrophyte beds (Fig. 4c). Maximum velocities
occurring in the year prior to the macrophyte sampling
were negatively correlated with macrophyte biomass
(Fig. 4d), and macrophytes were sparse at sites where
velocities >1 m s~ had occurred.

Total N in water was strongly correlated with
macrophyte biomass, as was N in sediment (Fig. 4e,
g). Total N and DIN were highly correlated with each
other (r = 0.93) even though DIN as a percent of TN
was extremely variable, ranging between 3 and 97%.
Similarly, TP and OP were highly -correlated
(r =0.93), but in contrast to TN and DIN, TP in
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Fig. 4 Macrophyte biomass in relation to selected measures of »
light, current, sediment-nutrients, and water-nutrients: a percent
of channel that is unshaded, b turbidity, ¢ ratio of peak flows in
the year prior to sampling to flows at the time of sampling (Qp,ax/
Qgample), d maximum water velocity in the year prior to
sampling, e total N in water, f loosely sorbed P in sediment,
g total N in sediment, and h ratio of Al to total P in sediments.
Circled numbers are springbrooks, other numbers are runoff
streams. Pearson’s r correlation coefficients are with trans-
formed data, with the data transformations, in X-Y order, in
parentheses

water was not correlated with macrophyte biomass
(Online Resource 1).

Loosely sorbed P in sediment was correlated with
macrophyte biomass (Fig. 4f). Similarly, when total P
in sediment was normalized to either Al or Fe
concentrations to estimate bioavailable P, correlations
with macrophyte biomass were stronger than was the
correlation with total sediment P (r = 0.65 for Al:P
ratios, 0.60 for Fe:P ratios, versus 0.45 for total
sediment P and macrophyte biomass, respectively
(Fig. 4h; Online Resource 1).

Periphyton biomass was not strongly correlated
with macrophyte biomass. Periphyton biomass in turn
was positively correlated with loosely sorbed P in
sediment, antecedent stream temperature, bicarbonate,
and percent of the channel without shade. Other
variables that we had anticipated might be strongly
correlated with macrophyte abundance but were not
included antecedent temperature, inorganic carbon,
and fine sediment (Fig. 1; Online Resource 1).

Multiple regression models

We expected overall abundance of all macrophyte taxa
in streams to be a function of at least four factors: light
availability, current, nutrients in sediment, and nutrients
in water (Fig. 1). We constructed a multiple linear
regression model that reflected each of these factors,
using the variables among each of these factors that had
the strongest correlation with macrophyte biomass. The
variables used were: % unshaded channel; current as
Omax/Q; sediment AL:P ratio, and TN in water.

A multiple linear regression model using these four
independent variables to predict macrophyte biomass
was able to account for 75% of the observed macrophyte
biomass values (Table 2, model 1). The relative impor-
tance of the variables to the multiple regression ranged
from 0.37 to 0.24 on a scale of 0-1 for the standardized
coefficients. With benthic algae, loosely sorbed P in
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sediments, stream temperature for the 30 days preceding
sampling, % unshaded channel, and dissolved inorganic
carbon as bicarbonate were the most important vari-
ables, respectively (Table 2, model 2).

Discussion

Comparisons of our measurements of macrophyte
abundance as percent areal cover on transect points or
biomass showed that for most sites, the two measures
were highly correlated (Online Resource 1). These
results suggest that if a relative indication of macro-
phyte standing crop or productivity is sufficient for the
purposes of a survey, the less-laborious percent areal
cover is a reasonable measure even though it does not
directly reflect the height of plants in the macrophyte
beds.

Macrophyte taxa composition and environmental
co-variates

Much of the use of aquatic plants in biological
assessment of water quality has been as an indicator
of trophic status based upon species composition and
diversity. Eutrophication has been implicated in
declines in macrophyte diversity in streams and rivers
(Steffen et al., 2013), and various nutrient classifica-
tion-based trophic indices and species classifications
have been developed (Thiébaut, 2008; Demars &
Edwards, 2009). The support for this approach from
our study area was equivocal. In the PCA of our data,
Stuckenia biomass, TN in water, and loosely sorbed P
in sediment did all contribute positively to the first
principal component. However, the subset of environ-
mental variables which provided the best biota-envi-
ronmental match with the macrophyte species
composition (agricultural intensity, maximum veloc-
ity, sediment aluminum, and % fine-grained sedi-
ments) did not include any direct measures of nutrients
in water or sediment. Generally, both the PCA and
MDS biota-environmental matching indicated that
factors other than nutrient enrichment were the stron-
gest influences on macrophyte species occurrence.
This conclusion is congruent with reports of
ambiguous relationships in streams between macro-
phyte species composition-based indices and nutrient
status or other water quality conditions (Demars et al.,
2012). For example, in the low gradient, nutrient-rich
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streams of Argentina’s pampas region, nutrients
(nitrate) and ionic strength were indeed the most
important factors linked to macrophyte species com-
position (Feijoé & Lombardo, 2007). In contrast, in
French and Danish streams, respectively, Demars &
Thiébaut (2008) and (Riis et al., 2000) found that
alkalinity exerted stronger influences on plant distri-
bution than did nutrients in water. Also in French
streams, Grasmiick et al. (1995) found that geochem-
ical parameters such as watershed geology, channel
slope, and water clarity had stronger influence on
macrophyte species composition than did parameters
associated with nutrients. In more hydrologically
dynamic New Zealand streams, the hydrologic regime
(flood frequency) controlled the species composition
and abundance of macrophytes, with no significant
correlations between nutrients or alkalinity, and
vegetation variables (Riis & Biggs, 2003). Although
we found no other studies that were directly compa-
rable to ours, i.e., that included flow history and
nutrients in sediment and water, these findings from
other areas are generally congruent with our findings
that macrophyte species composition was less respon-
sive to nutrient conditions than was total macrophyte
biomass.

Macrophyte biomass and environmental
co-variates

Flow and velocity

Macrophytes were sparse or absent from streams
which had springtime peak flows that exceeded late
summer base flows by a factor of 10 or more. This is
consistent with other observations of increased mac-
rophyte abundance in streams with low and stable
flows and long periods between disturbances, such as
streams with reduced peak spring flows in regulated
rivers or spring-fed streams (Biggs, 1996; French &
Chambers, 1997; Biggs et al., 2005; Riis et al., 2008).
The timing of high flow events is an important
constraint on extensive macrophyte development
(Biggs, 1996; Riis & Biggs, 2003; Robinson et al.,
2009). Because high flows in our streams were from
spring snowmelt rather than storms, the annual timing
of high flows was similar for all sites. However, across
our study area, peak flows in 2007 were lower than
average, and peak flows in 2006 were higher than
average, based on the previous 30 years of record. The
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interannual differences in peak flows between 2006
and 2007 were large at some sites. For instance at
runoff site 28, a peak flow of 15.8 m’s™' was
recorded in 2007 but the peak flow in 2006 was
almost an order of magnitude greater at 132 m® s~
(Fig. 3). This gives a 1-year Omax/OQsample ratio of 266
compared to a 2-year Qmax/Osample ratio of 2,210.
Thus, while about a factor of 10 difference in annual
flow magnitudes appeared to constrain development of
extensive macrophyte beds, it could be that the less
frequent, higher magnitude flow differences were
what actually constrained macrophyte development.

Peak velocities occurring in the spring prior to the
late summer sampling had a generally negative corre-
lation with macrophyte biomass. Macrophytes were
sparse or absent at sites where the peak velocities in the
spring prior to sampling exceeded about 1 m s~'. The
apparent limiting threshold of about 1 ms™' for
macrophyte beds to develop corresponds with results
from transplant experiments in the unregulated Pem-
bina River, Alberta, Canada. There, macrophyte bio-
mass decreased linearly with increasing current
velocity up to 1 m s~ ', after which macrophytes were
no longer present (Chambers et al., 1991). Average
velocity measurements at the time of our summertime
macrophyte collections tended to be very low and had
no interpretive value in runoff streams. If only the
stable velocity, spring-fed streams were considered,
macrophyte biomass and average velocities were
positively correlated (Fig. 4h), which is consistent
with the idea that, if not extreme, current improves
nutrient access in macrophyte beds.

Light

Light availability, as measured by turbidity or as
openness, i.e., percent of the stream channel that was
unshaded by riparian vegetation or terrain, was clearly
related to macrophyte biomass (Fig. 4a, b). However,
our shallow streams had mostly open canopies and at
least moderately clear water, and light was not as
strong of a variable as in other areas where depth,
shade, or turbidity appear to have been more defining.
For instance, in low gradient, mostly forested streams
with a wide gradient of TP and TN concentrations,
percent riparian canopy cover accounted for over 90%
of the variability in macrophyte standing crop (Can-
field & Hoyer, 1988). In that study, macrophytes were

sparse when less than 50% of the stream surface was
open to the sky, which was similar to our results.

Macrophyte biomass was expected to be low where
benthic algal biomass was high, based on expected
competition for light, inorganic carbon, and nutrients
(Fig. 1). This expectation assumed that benthic periph-
yton is proportional to epiphytic periphyton because
macrophytes simply provide a neutral substrate for
periphyton to attach (Cattaneo & Kalff, 1979; Winter
& Duthie, 2000; Hilton et al., 2006). This expectation
seemed to hold for specific taxa, Veronica and
Mimulus, which were separated from benthic algae
biomass in the PCA ordination (Fig. 3a). However, this
was not the case for benthic algae and Stuckenia, which
were similarly oriented in the PCA. Stuckenia was the
most commonly collected taxa, and when considering
overall macrophyte biomass, the expectation of a
negative correlation between macrophyte and benthic
algae biomass was not borne out in our data.

Nutrients in water

Phosphorus and nitrogen are most bioavailable in their
dissolved inorganic forms, such as phosphate, nitrate,
and ammonium (Biggs, 2000). Ammonium, the form
of N in water most bioavailable to plants and thus most
readily removed from the water column by uptake,
was <10 pg 17" in most samples and had no obvious
relation to macrophyte biomass. Orthophosphate or
DIN could potentially be related to macrophyte
productivity because macrophyte stems and leaves
have a thin cuticle through which nutrients can diffuse
(Pelton et al., 1998). However, because OP and DIN
concentrations measured late in the growing season
may simply reflect the leftover nutrients that are
surplus to macrophytes and algae, OP and DIN
concentrations could have no correlation with or be
negatively correlated with macrophytes and periphy-
ton abundances. In our data, OP and TP in water were
highly correlated (r = 0.93).

Uptake of DIN in streams is rapid and dissolved
organic nitrogen (DON) probably occurs in streams
both as a refractory pool derived primarily from soils
and a labile internally recycled pool which is readily
bioavailable (Brookshire et al., 2005). Despite the
large differences in DIN and TN concentrations in our
samples, correlations between DIN and TN with
macrophyte biomass were similar, supporting the idea
that DIN does not solely reflect bioavailable N. There
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was a consistent concentration dependence to the
DIN:TN ratios. Below about 700 pg 1= TN, DIN
made up less than half of the TN, and above about
1,000 pg 1" TN, almost all the TN was DIN. In
N-saturated streams more DIN would be transported
downstream without being transformed to organic
forms (Brookshire et al., 2005). This suggests that our
study streams were N saturated by about 1,000 pg 17!
TN.

Total N in water had the strongest correlation with
macrophyte biomass of any variables we examined,
and TP was not correlated at all with macrophyte
biomass. This could be related to macrophytes
obtaining P through sediments rather than water.
Alternatively it could reflect N limitation, which at
least for benthic algae is common in our study area
(Marcarelli et al., 2009). The prevalence of volcanic
rock in our study area likely contributes to elevated P
in water relative to natural conditions in non-volcanic
areas (Wright & Mills, 1967; Dillon & Kirchner,
1975). The reasonably strong correlations between TN
in water with macrophyte biomass or TN in sediment
with macrophyte biomass (Fig. 4) is consistent with
ideas that some macrophytes can alternatively obtain
N from both water and sediment (Carr & Chambers,
1998).

Nutrients in sediment

Nitrogen in sediment showed a wedge-like pattern
with macrophyte biomass, similar to a factor-ceiling
distribution. Phosphorus in sediment, as total P, was
also correlated to macrophyte biomass. However,
deviations from this general pattern were common,
which was similar to Carr & Chambers (1998)
observation that macrophyte biomass in the South
Saskatchewan River, Canada, was only weakly related
to total sediment P. Our attempts to interpret the
bioavailable fraction of sediment P as loosely sorbed P
from the sequential extractions improved the correla-
tion strength with both macrophyte and periphyton
biomass. Similarly, normalizing total sediment P to Al
or Fe also improved the strength of correlations with
macrophyte biomass.

Iron and Al in riparian soils often control the release
of P to shallow groundwater, which in turn is often the
major source of dissolved P in stream water (Lyons
et al., 1998). The use of Fe:P ratios has been used as an
approach for estimating the mobility of P in sediments
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to overlying water and the bioavailability of P in
sediments for aquatic macrophytes (Jensen et al.,
1992; Geurts et al.,, 2008). The streams with the
highest macrophyte biomass correspond with low Fe:P
ratios, and sites with Fe:P molar ratios greater than
about 6 all had very low macrophyte biomass. This is
similar to Jensen et al.’s (1992) observation that
surface sediments with Fe:P molar ratios below about
5.5 seemed unable to retain P from release to the
overlying water, and sediments with Fe:P molar ratios
above 8 released very little P to the overlying water.
Aluminum in sediment showed a generally negative
pattern with macrophyte biomass, as did Al:P molar
ratios. Macrophytes were sparse at sites with Al:P
molar ratios >70 (Fig. 4h, Online Resource 1).

Loosely sorbed P in sediment from sequential
extractions is intended to measure the bioavailable
fraction of P in sediment. Macrophyte biomass mostly
increased linearly with increasing concentrations of
loosely sorbed P. The loosely sorbed P obtained from
the MgCl, extraction seemed to be a good operational
approach to measuring bioavailable P in sediments.
Because the MgCl, extraction was the first of the
sequential extractions of P from sediments, the data
for loosely sorbed P concentrations are obtained easily
and the full extraction sequence provided little more
useful information. We think this is a better measure of
bioavailable P than stronger digestions such as NaOH
extractions for “exchangeable P” that may include Al
and Fe bound P fractions that are probably less
bioavailable (Bostrom et al., 1988).

Other factors

Substrate particle size is closely related to sediment
nutrient content and also is related to bed stability and
the anchoring attachment of plants in streams (Riis &
Biggs, 2003; Jones et al., 2012). In our data, the
percentage of the channel substrate composed of fine-
grained sediments was indeed associated with higher
Stuckenia biomass (Fig. 3a). Reciprocal relations
were expected between the establishment of macro-
phyte beds and fine sediment (Fig. 1). So long as light
is not obstructed, increased fine sediments will tend to
benefit the plants through increased nutrient concen-
trations in sediment, and macrophyte beds in turn will
tend to cause increased fine sediments by reducing the
velocity of stream water and trapping fine particles
(Gregg & Rose, 1982; Jones et al., 2012). Organic
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carbon (OC) in sediments was positively correlated
with macrophyte biomass in our data, but this may
simply reflect the tight correlation between OC and N
in sediment (Online Resource 1). Plant detritus is the
source of both organic C and N, and therefore we
expect the concentrations of these elements in sedi-
ment to be correlated. Despite abundant nutrients,
highly organic sediments can impede macrophyte
abundance because consumption of oxygen during
bacterial degradation of organic matter results in low
concentrations of oxygen in the sediment leading to
poor solute transport and shorter roots that uproot
easily (Raun et al., 2010).

Dissolved inorganic carbon can promote macro-
phyte populations, and macrophytes are often abundant
in streams with abundant carbonates, independent of
anthropogenic nutrient sources (Fig. 1). Overall mac-
rophyte biomass was not significantly correlated with
bicarbonate (Online Resource 1). Macrophytes might
be expected to grow better at warmer temperatures
(Fig. 1). However, average temperatures for the 30-day
period prior to macrophyte and periphyton collections
were positively correlated with periphyton biomass but
not with macrophyte biomass (Online Resource 1).

Multiple regression models of macrophyte
and algae biomass

Multiple regression models were able to account for
about 75 and 54% of the observed variability in
macrophyte biomass and benthic algae chlorophyll
a biomass, respectively (Table 2). Statistical macro-
phyte biomass models from field studies are some-
times weak (e.g., Carr & Chambers, 1998; Sosiak,
2002; Carr et al., 2003). In field studies such as these
and our study, it may be is possible that important
relations are present but are not obvious from the data
because of multiple factors or measurement errors. For
example, macrophyte biomass in the Bow River
(Alberta, Canada) greatly declined over 14 years
following the installation of enhanced wastewater
nutrient removal. Despite the large decline, correla-
tions between nutrient concentrations in water and
macrophyte biomass were weak, explaining only up to
about 15% of the variability in macrophyte biomass
(Sosiak, 2002). Similarly with a process-based model,
calibrations of predicted macrophyte or benthic algae
biomass were not very close to observations (Robin-
son et al., 2009).

Benthic algal biomass was positively correlated
with channel openness, loosely sorbed P in sediments,
antecedent temperature, and bicarbonate (Table 2;
Online Resource 4). Unlike the macrophyte biomass
model, flow variability and nutrients in water were not
important factors in the algae model. The stronger
correlation between algal biomass and loosely sorbed
P in sediment than TP in water suggests that loosely
sorbed P may be a more meaningful measure of the P
available to benthic algae than was P in water during
the growing season. Two reasons occur to us why this
might be so. First, the sediments probably act as
nutrient diffusing substrates, and the loosely sorbed P
in sediment reflects the ongoing availability of P to the
stream. Second, phosphorus in water during the
growing season would only reflect the P that was
surplus to algal uptake, and thus we would not expect
this leftover P in water to be strongly correlated with
benthic algae.

Conclusions

We had hypothesized that in hydrologically stable,
spring-fed streams with clear water, macrophyte and
benthic algae biomass would be a function of bioavail-
able nutrients in water or sediments. This was only
supported in part. Nitrogen, both in sediment and water,
was positively correlated with macrophyte biomass.
While TP in water was not correlated with macrophyte
biomass, loosely sorbed P in sediment was. Similarly
sediment TP, expressed as either Fe:P ratios or AL:P
ratios, was correlated with macrophyte biomass across
both spring-fed and runoff streams. We further had
hypothesized that in hydrologically dynamic, runoff-
influenced streams, macrophyte and benthic algae
biomass would also be constrained by flow disturbance,
light, and substrate. Flow disturbance history and
channel shading were strong constraints on macrophyte
but substrate size was not a strong influence on total
biomass in the streams studied. Factors other than
nutrient enrichment had the strongest influences on
macrophyte species composition.

Two lessons learned could be useful elsewhere.
First, macrophyte biomass measurements were highly
correlated with visual estimates of macrophyte cover,
which were much less laborious. This suggests that if a
relative indication of macrophyte standing crop or
productivity is sufficient for the purposes of a survey,
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the percent areal cover is a reasonable measure.
Second, the loosely sorbed P obtained from the MgCl,
extraction seemed to be a good operational approach
to measuring bioavailable P in sediments, and was
much easier than the sequential extractions of P from
sediments.
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