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Abstract Studies of stream ecosystem metabo-
lism over decades are rare and focused on responses
to a single factor, e.g., nutrient reduction or storms.
Numerous studies document that light, tempera-
ture, allochthonous inputs, nutrients, and flow
affect metabolism. We use measurements span-
ning ~40 years to examine the interplay of all these
influences on metabolism in forested and meadow
reaches of a rural stream in southeastern Pennsylva-
nia, USA. Measurements made in 1971-1975 used
benthic substrata transferred to chambers (Period
1, P1), and ones in 1997-2010 used open system
methodology (P2). Metabolism was greater in the
Meadow reach both periods. Gross primary produc-
tivity (GPP) was driven primarily by light and chlo-
rophyll, and respiration (R) by temperature and inclu-
sion of hyporheic metabolism. Annually, processes
were nearly balanced (Forested reach) or dominated
by autotrophy (Meadow reach) in P1. Heterotrophy
predominated in both reaches in P2, fueled by litter
inputs (Forested reach) and fine particulate organic
matter from the agricultural watershed (Meadow
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reach). Storms reduced GPP, R, and chlorophyll in
proportion to storm size, but had less influence than
other environmental factors. Riparian-zone reforesta-
tion of the P1 Meadow reach resulted in incident light
and GPP similar to that in the permanent Forested
reach within ~ 20 years.

Keywords Ecosystem metabolism - Primary
productivity - Respiration - Storms - Riparian
reforestation - Streams

Introduction

Odum’s seminal publication (1956) concerning pri-
mary productivity in flowing waters spawned numer-
ous measurements of ecosystem metabolism (primary
productivity and aerobic respiration) in streams and
rivers. Some exemplary early studies identified key
aspects of metabolism that have been substantiated in
subsequent work, e.g., the dominance of respiration
(R) over gross primary productivity (GPP; Hoskin,
1959) although not in all systems (Edwards & Owens,
1962), the stimulation of GPP and R by nutrients
(wastewater treatment plant effluent; Flemer, 1970),
and the importance of substratum stability to periphy-
ton development and metabolism (Duffer & Dorris,
1966).

Fisher and Likens (1973) approached streams as
open systems and Hynes (1975) elaborated the con-
nection of a stream to its watershed through geology,
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hydrology, and detrital inputs. Extending this idea,
the River Continuum Concept (Vannote et al., 1980)
postulated a longitudinal transition for metabolism
in temperate forested streams—from a dominance of
respiration fueled by allochthonous inputs in shaded
headwaters, to a predominance of primary produc-
tivity (at least seasonally) in mid-sized streams in
response to greater light, and a return to respiration
dominance in deep large rivers. Tests in systems in
different biomes of the contiguous US (Minshall
et al., 1983; Bott et al., 1985) including the 8th-order
Salmon River, ID drainage (Minshall et al., 1992)
confirmed predictions. McTammany et al. (2003)
reported that GPP increased in downstream direc-
tion with an accompanying shift to autotrophy, but
in some other studies the continuum remained het-
erotrophic throughout despite increasing GPP (e.g.,
Chessman, 1985; Meyer & Edwards, 1990). Other
patterns occurred in systems of different character.
For instance, the entire continuum could be predomi-
nately autotrophic in a grassland river depending
on the flow regime through its effects on turbidity
(Young & Huryn, 1996) or present an inverted form
where open headwaters flow into mid-order reaches
bounded by gallery forest (Wiley et al., 1990). Grimm
and Fisher (1984) expanded consideration to the ver-
tical dimension with a report that hyporheic metabo-
lism contributed 50% of respiration in a desert stream
and studies by Jones (1995), Pusch (1996), Fellows
et al. (2001) and Battin et al. (2003), among others,
enhanced the knowledge of this ecotone. Scatterplots
in Hoellein et al. (2013) and Bernhardt et al. (2022)
illustrate the predominance of heterotrophic metabo-
lism in most streams.

A large-scale, multi-site investigation showed that
light and nutrient (soluble reactive phosphorus) were
the most important proximal controls on GPP, and
the extent of the transient storage zone and soluble
reactive phosphorus had greatest effect on R (Mulhol-
land et al., 2001), while other studies highlighted the
effects of flow (discussed below), organic matter con-
tent (Acufa et al., 2004) and temperature (Bott et al.,
1985) on these processes. Although studies of the
stream—watershed connection initially focused on
allochthonous inputs and their utilization (sometimes
quantifying their contribution to an energy budget,
e.g., Fisher, 1977; Cummins et al., 1983) interest in
more recent work has shifted to distal controls on
instream metabolism through land use. Agricultural
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activities and urbanization in the watershed usually
elevated GPP over that in streams in forested water-
sheds (Young & Huryn, 1999) or streams in both
forested watersheds and watersheds recovering from
agricultural land use (McTammany et al., 2007) or in
reference streams in a study that encompassed mul-
tiple biomes (Bernot et al., 2010). Respiration in the
impacted streams in these studies was either lower
than in reference streams (Young & Huryn, 1999)
or showed no difference between land use catego-
ries (McTammany et al., 2007; Bernot et al., 2010).
Clapcott et al. (2010) reported that GPP and R both
increased with the degree of vegetation removal in
the watershed, treating results as responses to a dis-
turbance gradient. Houser et al. (2005), however,
reported that disturbance to upland soils and vegeta-
tion reduced only instream R and not GPP, which was
controlled instead by riparian canopy shade.

A forested riparian zone reduces solar radiation
reaching the stream, affecting available light and
sometimes streamwater temperature, and is the major
source of autumnal leaf litter. GPP was lower, and
R was either lower or without difference, in reaches
with a forested riparian zone compared to open
reaches (Sweeney et al., 2004; Bott et al., 2006b).
Alberts et al. (2016) showed that season interacted
with riparian canopy cover to affect both GPP and
R in streams in urban and reference watersheds. In
studies of local and distal controls on metabolism,
GPP and R decreased with riparian shade, which had
greater effect on function than the most important
watershed variable which was percentage of agricul-
tural land (Bunn et al., 1999; Burrell et al., 2014).

Continuous monitoring of dissolved oxygen was
used to study the daily, seasonal, and inter-annual
variability of metabolism in small streams (Rob-
erts et al., 2007; Beaulieu et al., 2013) and in larger
systems (Izagirre et al., 2008; Dodds et al., 2013) in
studies lasting 2 years. Longer-term studies are rare
and usually have followed metabolic responses to a
triggering factor, e.g., flood plain restoration (Roley
et al., 2014, 5 years), reduction in wastewater effluent
(Arroita et al., 2019, 20 years), or storms (Uehlinger,
2006, 15 years). Appling et al. (2018) based metabo-
lism estimates for 365 US rivers on up to 9 years of
data.

The impact of storms on periphyton and metabo-
lism was first studied in Sycamore Creek, a desert
stream subject to flash floods (Fisher et al., 1982).
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Continuous monitoring of dissolved O, concen-
trations facilitated assessment of storm effects on
metabolism in the River Necker (Uehlinger & Nae-
geli, 1998) and River Thur in Switzerland (Uehlinger
2000) and urban streams in the mid-Atlantic region
of the US (Reisinger et al., 2017). Uehlinger’s (2006)
analysis of 15 years of data for the Thur showed
that storms reduced primary productivity by~50%
and respiration by ~20%, with recovery rates season
dependent. Using data from 222 US rivers, Bernhardt
et al. (2022) identified the flow regime and light as
the primary regulators of river metabolism.

Here, we report studies of ecosystem metabolism
in a forested and meadow reach of a stream draining a
rural watershed in southeastern PA that span a period
of 39 years. Our study stream is typical of many in
the Eastern US Piedmont physiographic province.
The naturally forested region was extensively defor-
ested for timber, fuel, and agriculture during settle-
ment. Some subsequent replacement occurred, and
rural streams today traverse a landscape mosaic of
meadows, pastures, cultivated fields, and second
growth forests. Our objectives here are to: (1) present
patterns of GPP and R in each reach, (2) compare
early determinations of seasonal and annual rates of
GPP and R with those obtained more recently, albeit
with different methods, (3) interpret metabolism rates
using concurrent measurements of light, tempera-
ture, chlorophyll, flow, and water chemistry together
with data, e.g., organic matter inputs and hyporheic
activity, from other studies of the site, (4) assess the
impact of storms on metabolism, and (5) examine the
response of metabolism to reforestation of a meadow
riparian zone. Initial measures were made between
1971 and 1975 (Period 1, P1). Measures resumed in
1997 (Period 2, P2) and were expanded in 2005 to
include the effect of riparian reforestation.

Materials and methods
Study sites

The 3rd-order study reaches were located on the
east branch of White Clay Creek (Chester Co., PA),
a tributary of the Christina River in the Delaware
River watershed. The stream drains a study water-
shed of 7.2 km?. In 1973, predominant land uses were
60% horse pasture, 17% cultivated crop, and 18%

woodlot (Vannote, unpublished data). In 1995, those
values were 52%, 23%, and 21%, respectively (New-
bold et al.,, 1997). Forested areas were dominated
by tulip poplar (Liriodendron tulipifera L.), white
oak (Quercus alba L.), and American beech (Fagus
grandifolia Erhr.). Spicebush (Lindera benzoin (L.)
Blume) was a common understory species. In 1975,
the riparian zone of the drainage network upstream
of the Stroud Water Research Center was 58% for-
ested, 30% in meadow, and 12% semi-open (Vannote,
unpublished data). By 1995, those values were 70%,
14%, and 16%, respectively (Newbold et al., 1997)
and by 2005, nearly all the riparian zone was forested.

The reaches in P1 were each 150 m long, with the
Meadow reach~500 m downstream of the Forested
reach (Fig. 1). The area surrounding the Forested
reach changed little during the decades of interest
except for the natural loss of a few large trees (Sup-
plementary Fig. 1A-C). Native trees (as bare root
seedlings) were planted in the riparian zone of the
Meadow reach in 1989 and it is referred to as Refor-
ested for P2. It is shown in its meadow (P1) and refor-
ested (P2) condition in Supplementary Fig. 1D-F. In
1997, a permanent Meadow reach (150 m long) was
established in an alluvial floodplain downstream of
the Reforested reach (Fig. 1). This reach is referred
to as Meadow 2 (Supplementary Fig. 1G, H). Tree
canopy density measurements made in May 2005,
July 2006, and June 2008 ranged from 74 to 84% at
the Forested reach and from 60 to 83% at the Refor-
ested reach. At the Meadow 2 reach, canopy den-
sity was~48% (mean of 2005 and 2006 data) but
decreased to 21% in 2008 (from tall grasses and a
relatively high streambank) following the removal of
scattered riparian trees.

Shaded reaches were wider and shallower than
the Meadow 2 reach. Measurements made during
P2 yielded a mean width and depth of 4.77 m and
0.138 m, respectively, for the Forested reach, 4.05 m
and 0.155 m for the Reforested reach, and 2.91 m
and 0.191 m for the Meadow 2 reach. Stream slopes
(m/1000 m) were 5.3, 6.4, and 3.8 in the Forested,
Reforested, and Meadow 2 reaches, respectively.
Mean percentages of streambed substrata character-
ized according to Hynes (1970) as soft (clay, silt,
sand) and hard (pebble, cobble and boulder) were
34% and 66%, respectively, in the Forested reach,
and 35% and 64%, in the Reforested reach, but were
closer to equal (46% and 51%) in the Meadow 2
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Fig. 1 Aerial photographs of the White Clay Creek study
watershed in 1970 and 2005 with the stream highlighted in
blue and study reaches in yellow. The stream flows from north
to south. Coordinates for the downstream end of each reach
are as follows: Forested (39.863222° N, — 75.78433° W),

reach. Monthly mean baseflow ranged from 0.063 to
0.141 m%/s (annual mean 0.104 m?/s) during P1 and
from 0.052 to 0.112 m?/s (annual mean 0.086 m’/s)
during P2. Streamwater chemistry reflects the gneiss
and schist bedrock, with moderate enrichment in
nitrogen and phosphorus from agricultural activities
(Supplementary Table 1).

Benthic algae were the dominant primary pro-
ducers in all reaches. An abundant and diverse dia-
tom (Bacillariophyta) flora occurred in the Forested
reach, with a mean of 168 species in samples taken
biweekly during P1 (Patrick, 1996). A bloom of Ulo-
thrix zonata Kiitzing occurred each spring and other
Chlorophyta, e.g., Stigeoclonium lubricum (Dillwyn)
Kiitzing, Cladophora glomerata (L.) Kiitzing, Spiro-
gyra sp.; Xanthophyta (Vaucheria sp.); and Cyano-
bacteria, e.g., Microcoleus vaginatus (Vaucher)
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Forested

Reforested

NVleadow288

Reforested (39.85907° N, — 75.783641° W), and Meadow 2
(39.854803° N, — 75.784339° W). The Stroud Water Research
Center is located streamside north of the road traversing the
center of the photo

Gomont, Schizothrix calcicola Gomont, occasionally
developed a spotty visible growth. Filamentous Chlo-
rophyta, Cyanobacteria, and Melosira sp. were com-
mon in both Meadow reaches.

Metabolism measurements

Metabolism was measured on from one to three days
per week in the Forested reach between April 1971
and August 1974 and in the Meadow reach between
July 1973 and November 1975 (P1). In 1997, meas-
urements for 3—-11 days began in the Forested and
Meadow 2 reaches during warm and cold seasons.
Concurrent measurements in the Reforested reach
began in 2005 and concluded in all three reaches in
January 2010 (P2).
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During P1, metabolism was estimated from
changes in dissolved O, concentration measured in
clear acrylic chambers (22 I; 68.5 cm long X 30.5 cm
widex 14 cm deep) equipped for water recircula-
tion (Teel Model IP598 submersible pumps, Dayton
Electric, Chicago, IL). Chambers were submerged
in water jackets located on the streambank that were
supplied continuously with stream water in order to
keep chamber water near ambient temperature. Plas-
tic trays (337 cm?, 5 ¢cm deep, 60 per reach) were
filled with streambed substrata and incubated in the
streambed with surfaces contiguous for weeks to
months prior to use in measurements. For measures,
usually one (sometimes 2 or 3) tray(s) were trans-
ferred to a chamber. From one to three chambers were
used per day. The chamber was sealed and dissolved
O, concentrations were measured using a Model 60
flow-through probe inserted in the recirculation line
and Model 300 meter (Rexnord, Malvern, PA) and
recorded on a strip chart recorder (Speed-o-Max
M, Leeds and Northrop, North Wales, PA). Probes
were calibrated before each run against Winkler dis-
solved O, determinations. If O, supersaturation was
anticipated, the water jacket was covered with black
plastic for 1 h to lower the dissolved O, concentra-
tion. Rates of change for the preceding and succeed-
ing hours were averaged and substituted for the hour
the chamber was covered as data were processed.
After sampling portions of the periphyton for chloro-
phyll as described below, trays with intact sediment
were returned to the stream for continued incubation
prior to use in another measurement. Chambers were
scrubbed between use and recirculation lines were
changed and boiled in water weekly.

For P2 open system measurements, dissolved O,
was monitored with either Model 600XL sondes
(YSI, Inc., Yellow Springs, OH) coupled with a
CR-500 data logger (Campbell Scientific, Logan,
UT) in weatherproof housing (Rapid Creek Research,
Boise, ID) or YSI Model 600XLM sondes with inter-
nal logging capability. After calibration of dissolved
O, probes in water saturated air and a quality con-
trol check, a sonde was positioned at the upstream
and downstream end of each reach. Dissolved O, and
temperature were measured and logged every 15 min
for up to 11 days during which reach-specific reaera-
tion was determined once from propane injection
(Marzolf et al. 1994, 1998; Young & Huryn 1998)
with bromide as a conservative tracer (Bott et al.,

2006b). In seven cases, reaeration coefficients were
based on geomorphic and hydraulic variables (Owens
et al., 1964; Tsivoglou & Neal, 1976). Quality con-
trol checks included incubation of sondes at a single
location before and after each measurement series
to obtain an offset value when applying the 2-station
analysis procedure and, starting in 2000, daily checks
of probe performance using an additional sonde and
meter.

Complementary measurements

Flow data during P1 were obtained from a continu-
ously recording gauging station located ~60 m down-
stream from the bottom of the Meadow reach. Flows
for P2 were measured by bromide dilution concurrent
with propane injections. Water temperature was mon-
itored using a Taylor thermograph (P1) or thermistors
on the YSI sondes (P2). During P1, total solar radia-
tion was measured using a recording pyranometer
(Model 8-48, Eppley, Newport, RI) in a field adjacent
to the Meadow reach and a recording pyroheliometer
(Model 5-3850, Belfort Instruments, Baltimore, MD)
installed at the Forested reach in September 1973.
During P2, above-water photosynthetically active
radiation (PAR) was measured with a quantum sen-
sor (Model 190, LI-COR, Lincoln, NB) mounted
on a stake mid-stream at the top and bottom of each
reach and logged to LI-COR Model 1400 data log-
gers. Total solar radiation data for P1 were converted
to an approximation of PAR with empirically derived
equations. For the Meadow, total solar radiation and
PAR were measured concurrently using LI-COR sen-
sors, Model 200-SA pyranometer, and Model 190
quantum, respectively, at an open site during summer.
A regression of PAR data (mol quanta photons m~2
day™") against total radiation (“Energy”) expressed as
Mjoules m~2 day~! yielded the equation: PAR = 1.933
Energy (R>=0.99, n=14 days) which was applied to
Meadow reach data. It is remarkably similar to one
based on 2 years of data collected~142 km south
of our site (PAR=2.04 Energy, R*=0.99; Fisher
et al., 2003). Two regressions were used for the For-
ested reach. One, PAR =1.30 Energy, R?>=0.90, was
applied to data collected between May 10 and Octo-
ber 31. It was based on data collected over 52 days in
mid-summer with PAR sensors and an Eppley pyra-
nometer moved sequentially to five locations under
the forest canopy. A second regression, for use when
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selective removal of photosynthetically active wave-
lengths by leaves was not an issue, was based on data
collected with LI-COR sensors in a greenhouse under
neutral density screening. Data in the range of 1.5
to 9.2 MJoules m™> day™' (representative of values
between November 1 and May 9 of P1) generated the
equation: PAR = 1.83 Energy (R*=0.98, n=9).

For P1 (beginning in September 1972), chlorophyll
a was determined on from 4 to 10 periphyton samples
(10.2 cm®x0.5 cm deep) that were scraped or cored
from substrata at the end of each chamber measure-
ment. Samples were extracted overnight in buffered
acetone in the dark at<4°C and chlorophyll a was
determined spectrophotometrically (Lorenzen, 1967).
Reach averaged estimates were produced as detailed
below for metabolism data. For P2, sample collection
prior to 2000 followed Bott et al. (2006b). From 2000
on, samples of cover types amounting to>10% of
those seen through a viewing bucket at 200 locations
in the reach (10 lateral points on 20 transects) were
collected and processed as described in Bott et al.
(20064a) and then analyzed as in P1. Chlorophyll esti-
mates per m* for each cover type were weighted for
the proportion of the reach with that cover type and
summed. Stream width was measured at each transect
and depth at each lateral point. The depths reported
above were derived from one-dimensional transport
with inflow and storage (OTIS) models (Runkel,
1998) of conservative tracer releases during reaera-
tion measurements, and the physical measurements
agreed with those values within 10% over all reaches.
Streambed substrata characterization was done con-
current with cover type assessments. Tree canopy
densities were determined as described in Bott et al.
(20064a) at the time these other data were collected.

Water chemistry was monitored at approximately
weekly intervals during each period although sam-
pling dates did not always coincide with metabolism
measurements. NH, ™ was determined using the phe-
nol —hypochlorite procedure (Solorzano, 1969) and
the phenate procedure (EPA method 350.1) in P1 and
P2, respectively; NO;~ by chromotropic acid proce-
dure (Am. Public Health Assoc. [APHA], 1971) in P1
and the cadmium reduction technique (EPA method
353.2) in P2; total alkalinity by methyl orange titra-
tion in P1 (APHA 1971) and Gran titration in P2
(EPA Method 310.1); and the following analyses dur-
ing both periods: SiO, (EPA method 370.1), SO,**
(EPA method 375.4), CI- (EPA method 325.3),
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and PO43‘ (EPA method 365.1). EPA methods are
found in US EPA (1993). Cations were determined
by atomic absorption spectrometry during P1 and
by EPA method 200.7 during P2. pH was measured
with a meter. Missing water chemistry data were
replaced with baseflow averages for the week in ques-
tion obtained from other years within the appropriate
period.

Data analyses

For P1, diel rate-of-change curves were created from
hourly changes in dissolved O, (Bott, 2006). The
average nighttime respiration rate was extrapolated
through the photoperiod and daily respiration (R,,)
computed. Photoperiod respiration was added to the
net change in O, during the photoperiod to generate
gross primary productivity (GPP). Net daily metabo-
lism (NDM =GPP - R,,; alternatively, net ecosystem
productivity) and the P/R ratio (GPP/R,,) were deter-
mined. Data from days with more than one chamber
measurement were averaged, first for riffle or pool
habitat, and then over habitat, to generate the esti-
mates of reach metabolism.

The premise for metabolism data analysis for P2

is that the net metabolic production of oxygen is the
sum of the change in oxygen concentration and the
loss to (or gain from) the atmosphere, i.e.,
GPP, — Rt:Z(il_(t: + KL(Ct - Csat) (H
where GPP,=gross primary productivity (g O, m~>
h™") at time #, R,=respiration (g O, m>h™"), C,=dis-
solved oxygen concentration (g O, m™), C,,,=satu-
ration concentration of O, at water temperature and
atmospheric pressure of site (g O, m™>), K, =gas
transfer velocity (m h™!), z=depth (m)

Daily metabolism estimates were based on diel
curves created from dissolved O, change every
0.25 h, which were integrated over the respective day-
light or nighttime hours using the 2-station analytical
procedure (Bott 2006, after Owens, 1974) and deriv-
ing the metabolic parameters as described above. The
single station approach using data from the down-
stream sonde was applied to one-third of the datasets
because data quality precluded using the 2-station
approach. A PAR value of 2 pmol quanta photons
m~2 s~! was used to differentiate night and day except
when a higher value was needed to account for bright
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moonlight. Where groundwater inputs measurably
augmented flow within the reach (Meadow 2, Janu-
ary and February), we corrected the GPP and R,,,
as described by McCutchan et al. (2002) and Hall &
Tank (2005), using groundwater dissolved O, meas-
ured in two nearby wells (8.60 mg 171).

Data for days on which storms occurred during P2
(Feb. 23 & 24, 1998; July 15, 2006; Jan. 17, 2010)
and post-storm days were deleted from the analyses
(unless noted otherwise) because chlorophyll val-
ues (obtained pre-storm) and reaeration coefficients
were inapplicable. Forested reach data for 2001 were
deleted because of probe failure. Data were pro-
cessed and analyzed using SAS (version 9.4) or JMP
(Release 7; both from SAS Institute, Cary, NC) with
the exception of coinertia analyses. Data were either
log or arcsine square root transformed before use in
statistical tests.

Differences in metabolism, chlorophyll, PAR, and
temperature between the Forested and the respective
Meadow reach and between seasons in a reach were
tested using 2-way analysis of variance (ANOVA).
Water chemistry data were averaged by week within
period and tested for between-period difference
in paired sample t-tests with data paired by week.
Metabolism parameters, chlorophyll, PAR, and tem-
perature were tested for differences between the For-
ested, Reforested, and Meadow 2 reaches using Dun-
nett’s tests with the Forested reach specified as the
control and using only days with data for all reaches.
Photosynthesis—irradiance curves were generated
using data from May 2005, July 2006, and June 2008
in a hyperbolic tangent model (Jassby & Platt, 1976).

We collected three consecutive years of data for
the Forested reach between April 1971 and April
1974 (P1) and we computed seasonally weighted
annual metabolism for each of those years. For P2,
a simple mean was inappropriate because the daily
measurements were clustered in 12 runs (sonde
deployments spanning 3-11 days), most of which
were taken in late spring or summer, leaving autumn
and winter under-represented. To remove the seasonal
bias, we fit annual LOESS curves (SAS Proc LOESS)
to the P1 data, using the resultant daily departure
from the annual mean to calculate seasonally adjusted
P2 daily values. The daily values were averaged to
obtain an annual estimate for P2. The standard error
for the annual mean estimate was calculated from the
between-run mean squared error via ANOVA (SAS

Proc GLM) of the adjusted daily values specifying
“run” as a random effect (Neter et al., 1990, p. 656).

For storms that occurred during P1, we analyzed
the impact on metabolism and biomass (chlorophyll)
and the subsequent recovery. For both impact and
recovery, post-storm values of the respective param-
eter were compared to the average of pre-storm val-
ues taken within 16 days of the storm and at least
21 days after a previous storm of similar or larger
size. To assess impact, we averaged post-storm val-
ues over a period of 7 days unless truncated by a
similar or larger storm. For each storm, we calculated
resistance, R (sensu Grimm & Fisher 1989), as the
ratio of post-storm to pre-storm averages. For clar-
ity, we also express storm impact as a percent reduc-
tion, (1—R) x 100. We related resistance to storm size
by fitting the regression coefficients a and b in the
equation:

In[R] =a+b-1n[Qp] )

where Q.. is peak flow of the respective storm.
Points for the regression were weighted to account
for the number of pre-and post-storm values as fol-
lows: weight function = [n,, + 1] —0.51 1, — 1ol
The threshold for impact was the value of Q.. above
which the predicted resistance was<1. R was also
calculated for two storms in the P2 period, using aver-
aging intervals of 3—4 days pre-storm and post-storm
days after streamflow returned to <17% of the mean
of pre-storm data. For interpretive purposes, we con-
vert R to percent reduction or 100 X (1—R).

Recovery from storms was determined using
response ratios, RR (metabolism or chlorophyll on a
given day, divided by pre-storm average; Reisinger
et al., 2017), over a post-storm period of 25 days
unless recovery was interrupted by a similar or larger
storm. We estimated the rate of recovery, r, from the
regression equation:

In[RR(j)| = In[RR(0)] +r -, 3)

where RR(j) is the response ratio on day j after the
storm peak and In[RR(0)] is the estimated intercept.
Time-to-recovery, i.e., for RR(j) to return to a value of
1, was then calculated as

T, = —In[RR(0)] - " )
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We used log-transformed values in Eq. (3) to sta-
bilize the variance. This transformation, however,
implicitly assumes that recovery is exponential, i.e.,
increasing as recovery approaches completion. We
therefore consider the transformation appropriate for
estimating time-to-recovery (7)), but not for describ-
ing the trajectory of recovery. For subsequent mod-
eling (presented in the Discussion), we calculated a
linearized recovery rate as r*=[1—-RR(0)] - Tr_l,
where r* represents daily recovery as a fraction of the
fully recovered rate, or stock.

Recovery rates were analyzed separately for the
warm season (May through October) and the cold
season (November through March). If seasonal
rates did not differ (extra-sums-of-squares principle;
Draper & Smith, 1966), the seasons were combined.
Recoveries during April were excluded because rap-
idly changing temperature and light complicated
recovery trajectories. The analysis was carried out for
storms with peak flow >2 m? s~!; smaller storms did
not yield detectable recovery rates.

For comparison with the results of Uehlinger
(2000), we estimated the average long-run, per-storm,
resistance of all storms above a given threshold. For
this, we used the 50-year continuous hydrograph for
White Clay Creek, calculating R from Eq. (2) and
using the peak flow for each excursion above the
threshold.

We used the estimates of streambed shear stress to
scale resistance measured in White Clay Creek to that
reported by Uehlinger (2000) for the River Necker
(Switzerland). Shear stress was calculated as 7=p g
h s (Richards, 1982) where p is the density of water,
g is the acceleration of gravity, & is stream depth,
and s is the channel slope. For the River Necker, we
estimated & for a given flow using a value of 0.04 for
Manning’s roughness coefficient, appropriate for the
river’s bed material (gravel and cobble) and sinuosity
(1.4) (Arcement & Schneider, 1989).

Relationships between environmental factors and
metabolism were synthesized using coinertia analy-
sis with P1 and P2 data combined. Coinertia analyzes
the common structure of two data tables, in our case,
environmental variables and metabolic variables, by
maximizing the covariance of the primary axes of
principal component analyses of the individual data-
sets (Dolédec & Chessel, 1994; Dray et al., 2003).
For P1, a data record represented either one day or
the average of a group of days that metabolism and
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chemistry data (collected within 5-7 days of each
other) were linked. For P2, a record was the group-
averaged data for each measurement series, thus
avoiding pseudoreplication from linking the same
chemistry and chlorophyll data with multiple metab-
olism records. A period-specific monthly mean
value was substituted for any missing chemical data.
Storms were assigned to one of five thresholds: 0.3,
0.7, 1.2, 2.0, and 2.8 m3/s. These thresholds span a
range of 3.5 to 33 times the mean annual baseflow of
0.086 m?/s. Days-since-storm of each threshold were
counted to the central day for averaged group data.
Cold and warm seasons were differentiated by a mean
water temperature of 12°C. The number of groups
of data and dates of collection were as follows: P1
Forested reach, 29 groups (12 Cold, 17 Warm), June
1973-July 1974; P1 Meadow reach, 39 groups (19
Cold, 20 Warm), July 1973—Nov. 1975; P2 Forested
reach, 11 groups (4 Cold, 7 Warm), P2 Meadow 2
reach, 11 groups (3 Cold, 8 Warm), July 1997-Jan.
2010 for both reaches; and P2 Reforested reach, 5
groups (1 Cold, 4 Warm), May 2005-Jan. 2010.
Coinertia was performed using the ade4 package in R
(version 1.7-4).

The data used in coinertia analyses, with the addi-
tion of a code for Period (0, 1), were used in stepwise
mixed model multiple linear regression (MLR) analy-
ses of metabolism parameters and chlorophyll, with
a probability of 0.15 for both entry and removal of
terms. Akaike’s Information Criterion corrected for
small sample size at each step, the statistical signifi-
cance of included parameters, and model complexity
guided model selection.

Results

Seasonal patterns of metabolism, chlorophyll, PAR,
and temperature in the Forested and Meadow reaches

GPP in the Forested reach during spring was signifi-
cantly (~2.6-fold) higher than during other seasons
when canopy shade or low temperature restricted
activity (Fig. 2A, Table 1). The high P1 values in
January all occurred during unusually mild weather
in 1973. Rates>14 g O, m~2 day~! during autumn
occurred in 1971 when weather was drier than in
1972. In 1971, there were 9 days with maximum
flow > 1.5 times baseflow between September 22 and
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December 21, whereas in 1972, there were 20 such
days (Supplementary Fig. 2). Thus, GPP (in g O, m~>
day™") during autumn averaged 1.03+0.59 (x +SD,
n=42) in 1971 but only 0.62 +0.32 (n=27) in 1972.
Fewer measurements in 1973 prevented discernment
of a pattern. GPP during P2 was in the range of data
for P1, and as for P1, mid-summer values were lower
than those in mid-spring (Fig. 2A). The warm sea-
son mean exceeded the cold-season mean (Table 1).
In the Meadow and Meadow 2 reaches, GPP tracked
with solar radiation (Fig. 2B) and, even with the wide

range in data, seasonal means differed as expected
(Table 1). GPP in the Meadow reach was significantly
greater than in the Forested reach in both periods.

R,, values tended to be higher in P2 than in Plin
both the Forested and respective meadow reach
(more consistently so in the Forested reach) because
hyporheic respiration was included in the open sys-
tem P2 measurements (Fig. 2C, D). During P1, Ry,
in both reaches was significantly higher in spring
and summer than in autumn and winter (Table 1).
During P2, the difference between cold and warm

@ Springer
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seasons was significant in the Forested reach but not
in the Meadow 2 reach, owing to a wide range of
values in the warm season and high respiration in
January. As for GPP, R,, was greater in the Meadow
reach during each period. Regressions of R,, on
GPP with P1 data had intercepts that were not sig-
nificantly different from 0 and significant regres-
sion slopes for both reaches, indicating a coupling
of respiration with GPP (Supplementary Table 2).
Regressions of P2 data had intercepts that differed
significantly from 0 and the slope for the Meadow
2 reach, while significant, was shallower, all indica-
tive of a weaker association of R,, with GPP in P2
in both reaches.

In the Forested reach during P1, NDM (Fig. 2E)
and P/R (Fig. 2G) indicated that respiration predomi-
nated under canopy shade (with lowest values in sum-
mer) while processes were balanced or dominated by
GPP at other times (Table 1). GPP predominated in
the Meadow reach during P1 (Fig. 2F, H). Seasonal
changes in GPP and R,, led to significant differ-
ences in NDM there, but the changes were of similar
magnitude so that P/R remained relatively constant
(Table 1). Negative NDM and P/R <1 at times when
GPP usually prevailed are attributed to storm scour of
periphyton growths. During P2 respiration predomi-
nated in both reaches with the exception of a few mid-
spring measurements in the Forested reach and sev-
eral warm season measures plus a few in February in
the Meadow 2 reach. Thus, in P2, mean NDM values
were more negative and mean P/R ratios were often
no more than half of those for P1 at comparable times
of year. Between-season differences for these param-
eters in P2 were non-significant, except for the P/R
ratio for the Forested reach (Table 1). Meadow reach
NDM in P1, and P/R during both periods, exceeded
values for the Forested reach (Table 1).

Chlorophyll concentrations in the Forested reach
during P1 peaked in late winter and spring prior to
tree canopy development (Fig. 3A) and differed sig-
nificantly from summer and autumn values (Table 1).
P2 concentrations during the cold season were in the
range of P1 values but higher values were measured
in the warm season. In the Meadow reach during
P1, a wide range of values occurred between March
and November with lower values between Decem-
ber and February (Fig. 3B) and seasonal differ-
ences were few, given this variability (Table 1). Like
the Forested reach, several P2 values exceeded P1

data. Chlorophyll concentrations were higher in the
Meadow reach in both periods, but the difference was
significant only for P1.

During P1, average PAR measured concurrently
with metabolism at the Forested reach was 90% of
average Meadow PAR between Feb 15 and April
30 (prior to tree canopy closure) but only 25%
between May 16 and July 31, similar to the aver-
age (26%) at that time in P2 (Fig. 3C). Seasonal
means in P1 were highest in spring at the Forested
reach and in spring and summer at the Meadow
reach and showed expected seasonal differences in
P2 (Table 2). PAR at the respective meadow reach
(Fig. 3D) exceeded that at the Forested reach during
each period (Table 2). Streamwater temperatures at
the time of metabolism measures (Fig. 3E, F) did
not differ between reaches in either period and dif-
fered seasonally as expected (Table 2).

Annual metabolism

Estimated annual GPP in the Forested reach was
slightly (26%) greater in P2 than in P1 but annual R
during P2 was 115% greater than that measured dur-
ing P1 (Table 3). We had only two consecutive years
of data for the Meadow reach during P1 and to gener-
ate a total for the second year we added winter data
from the first year to original data for other three sea-
sons of the second year. Annual GPP in the Meadow
2 reach was only 60% of that in the P1 Meadow reach
but annual R increased by 32%. The small standard
errors of these estimates for both periods indicate
that values are robust and that between-year variabil-
ity within period was low. Annual GPP and R in the
Forested reach during P2 were 53% and 62%, respec-
tively, of values for the Meadow 2 reach. P1 data
suggested that GPP equaled or exceeded respiration
in both reaches, but P2 open system measures docu-
mented that respiration was the predominant process
in both reaches.

Effect of riparian reforestation on metabolism,
chlorophyll, PAR and temperature

Groupings in Dunnett’s tests showed that during the
warm season under a full tree canopy the Reforested
and Forested reaches were alike with respect to GPP
and PAR, but in the cold season, the Reforested reach
grouped with the Meadow 2 reach (Table 4). R,,
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was greatest in the Meadow 2 reach both seasons.
The Reforested reach grouped with it in the warm
season and with the Forested reach only in the cold
season. Given the high respiration in the Meadow
2 reach, NDM there was more negative than at the
shaded reaches, which grouped together the cold
season. Between-reach differences in NDM and the
P/R ratio were non-significant in the warm season.
However, while P/R ratios suggested roughly similar
proportionality between GPP and R,, in each reach,
the magnitude of values was such that NDM var-
ied nearly sevenfold. Chlorophyll was greater in the
Meadow 2 reach than in the shaded reaches in both
seasons but because the number of estimates is low,
statistical significance is lacking. Mean daily water

@ Springer

Month

temperatures during metabolism measurements did
not differ among reaches in either season but the daily
maximum water temperature in the Meadow 2 reach
exceeded values for the shaded reaches in the warm
season.

With one exception (Reforested reach, June
2008), photosynthesis—irradiance curves for the
shaded reaches possessed an initial slope (&) that was
1.6-4.3-fold greater than for the Meadow 2 reach
(Table 5). Normalization for chlorophyll resolved that
exception and enhanced the magnitude of the differ-
ences between the shaded reaches and the Meadow
2 reach. Saturating intensities for the shaded reaches
were always lower than those for the Meadow 2 reach.
Despite such evidence of shade adaptation, maximum
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Table 3 Estimated annual Gross Primary Productivity (GPP)
and Respiration (R) for the Forested and respective Meadow
reach each period

2

Period Parameter Estimated annual metabolism (g O, m™

year™)

Forested reach Meadow reach

Mean Std. error Mean Std. error
1 GPP 483 45 1972 257
R 452 66 1185 117
2 GPP 610 61 1162 192
R 973 127 1566 357

Values for P1 are based on seasonal means for each of three
years for the Forested reach, and 2 years for the Meadow reach
and the uncertainty is expressed as the standard error between
years. For P2 the means are the average of seasonally adjusted
data and uncertainty is expressed as the standard error of the
multi-year estimate of the mean

Table 4 Metabolism parameters, chlorophyll a concentrations
and associated environmental data with statistical difference
between the Forested, Reforested and Meadow 2 reaches dur-

photosynthesis was the greatest in the Meadow 2
reach with one exception (Reforested reach, May
2005). That exception was a transient phenomenon,
however, as evidenced by the data obtained in June
and July.

Effect of storms on metabolism and chlorophyll

Storms reduced GPP, R,,, and chlorophyll a when
peak flows exceeded a threshold near or slightly less
than 0.5 m> s~', which is 5.9 times the average annual
baseflow of 0.086 m> s~! and has a return interval of
22 days (Fig. 4, Table 6). The reductions increased
with storm size. At bankfull flow (4 m> s~'; return
interval 215 days), the estimated average reduc-
tions were 44% for GPP, 29% for R,,, and 69% for
chlorophyll a (Table 6). The storms in P2 were not
included in the regressions but the reductions for GPP
and R,, were in the range of those for P1 storms of
similar magnitude (Fig. 4). Both the regression lines

ing cold (January 2010) and warm (May 2005, July 2006, June
and August 2008) seasons of P2. The Forested reach was the
designated control for the Dunnett’s tests

Season and parameter n Mean and standard deviation for parameter for indicated reach Dunnett’s
test result
Forested Reforested Meadow 2 (P=0.05)
Mean SD Mean SD Mean SD
COLD
GPP (g O, m~2 day™!) 5 0.657 0.089 0.958 0.147 1.716 0241 F<R,M
R,, (2 0, m™2 day™!) 5 1.981 0.066 2.025 0.194 4.249 0450 F,R<M
NDM (g O, m~2 day™!) 5 -1.324 0.143 - 1.067 0.288 —2.533 0458 M<F,R
P/R (GPP/R,,) 5 0.33 0.05 0.48 0.10 0.41 0.06 F,M<R
Chlorophyll a (mg m™2) 1 19.67 19.17 28.70
PAR (mol quanta m~2 day™") 5 421 0.51 5.85 0.91 13.59 328 F<RM
Mean water temperature (°C) 5 4.38 1.08 4.06 1.11 4.04 1.12 NSD
WARM
GPP (g O, m 2 day™!) 21 1.961 0.786 3.013 2.814 5.772 1.590 F,R<M
R,, (2 0, m™2 day™!) 21 2.740 0.377 3.497 0.927 5.880 1383 F<R,M
NDM (g O, m~2 day™) 21 —0.779 0.900 —0.484 3.114 —0.108 2311 NSD
P/R (GPP/R,,) 21 0.73 0.32 0.97 1.06 1.05 0.42 NSD
Chlorophyll a (mg m™2) 4 52.96 14.98 62.29 22.23 104.60 47.34 NSD
PAR (mol quanta m~2 day™") 21 11.10 5.69 11.00 8.90 29.76 8.87 F,R<M
Mean water temperature (°C) 21 17.30 2.39 17.33 243 17.99 2.55 NSD
Maximum water temperature (°C) 21 19.55 1.71 19.54 1.65 20.89 2.00 F,R<M

Acronyms as in Tables 1 and 2

2One post-storm day (streamflow < 17% of pre-storm mean) and two post-storm days (streamflow < pre-storm mean) were included in
the means for the cold and warm season, respectively.
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and a visual interpretation of the data suggest possi-
ble stimulation (resistance>1) by small storms. As
shown by the confidence intervals (Fig. 4), such stim-
ulation is not statistically supported. However, for the
P2 storms, we also saw some evidence for stimulation
(Fig. 4).

For GPP and R,,, recovery from storms with
peak flows>2.0 m® s™! was faster in the warm
season than in the cold season (P<0.05; Fig. 5,
Table 7). Although only the warm season recov-
eries were significant at P<0.05, we nonetheless
used the estimated cold-recovery slopes to calculate
recovery times. GPP averaged 19 days to recovery
in the warm season and 48 days in the cold season.
For R,,, the times to recovery were 16 days in the
warm season and 63 days in the cold season. With
fewer data for chlorophyll, we were unable to dis-
tinguish a seasonal effect (P > 0.05). Recovery time
averaged over the entire year was 29 days.

Synthesis of factors affecting metabolism

The subset of data used to form groups for the coin-
ertia and MLR analyses showed little bias relative
to the full dataset. The relative percent difference
between the means of grouped data and of all data
for each parameter (by reach and period) differed by

less than 13% except for NH, (20%, 25% and 27% for
Forested P1, P2, and Meadow P2, respectively), and
NDM (28% for both the Forested P1 and Reforested
reaches). The first two factors of the principal compo-
nent analysis (PCA) of metabolic variables accounted
for 60% and 36% of variance in the data, respectively
(Fig. 6). All metabolic variables positioned negatively
on axis 1, with GPP and R,, most strongly so. Meta-
bolic variables aligned on the second axis with Ry,
most positive and metabolic balances (NDM, P/R)
negative. The first two factors of the PCA of envi-
ronmental parameters explained 36% and 14% of the
variance in the data, respectively. PAR, temperature,
and chlorophyll aligned negatively on axis 1, suggest-
ing that it characterized season. Water chemical char-
acteristics (Supplementary Table 1) were primarily
associated with axis 2, with alkalinity and NO; posi-
tive (higher in P2) and PO, and NH, negative (higher
in P1), suggesting that it characterized Period. NH,
aligned approximately opposite of chlorophyll, which
is suggestive of its role as an algal nutrient, but SiO,,
NO;, and PO, appeared independent of chlorophyll.
Days-since-storm of all thresholds aligned positively
on axis 2 in proximity (indicative of their inter-cor-
relation, with highest r values between next ranked
storm sizes).

Table 5 Photosynthesis-Irradiance curve parameters for the Forested, Reforested and Meadow 2 reaches during three P2 measure-

ment series

Dates of measures ~ Reach n o a ey I PS Chlorophyll
) O S5 a(mgm™)
mg O, m mg O, mg Chl a umol quanta mg O, m ™" h
h™! umol quanta h™! umol quanta photons m~2
m~2 sec”! m~2 sec”! 57!
Mean SD Mean SD Mean SD Mean SD
7-11 May Meadow2 5 0.8232 04718 0.0168 0.0096 772 271 544 74 49.1
2005 Reforested 5 2.1632 0.3033  0.0314  0.0044 395 68 840 63 38.9
Forested 5 35504 14563 0.0916 0.0376 126 54 387 45 38.8
12-14 July Meadow 2 3 1.5947 0.8265 0.0191 0.0099 341 153 462 12 83.7
2006 Reforested 3 5.1067 0.5676  0.0717  0.0080 75 13 380 22 71.2
Forested 3 53013 2.1400 0.0717  0.0290 61 34 279 41 73.9
20-26 June Meadow2 6 19587 0.5079 0.0150 0.0039 354 92 676 171 130.8
2008 Reforested 7  1.6457 0.4035 0.0555 0.0136 99 14 158 18 29.6
Forested 7  3.1366 1.0988 0.0609  0.0213 73 29 202 14 51.5
The equation: GPP (mg 0, m™2 h‘l) = p+PS, X tanh ﬂ] was used where a is the initial slope of the curve, PAR is the satu-

ration intensity (/) in umol quanta m2s"!, PS
y axis

max

is the maximum GPP (mg O, m~2h~"), and f is a term to position the curve on the
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Fig. 4 Resistance for GPP, R,,, and chlorophyll a regressed
against storm peak discharge. Points for the regression were
weighted to reflect the number of points used in each ratio as
described in the text. There were no significant differences
between the Forested and Meadow reaches. Data for the three
reaches from two storms during P2 (red diamonds) are super-
imposed on P1 data

Coinertia analysis had a RV (R value, a coefficient
indicating overall similarity between two data tables)
of 0.29 and a Monte Carlo P value of 0.01, which
suggests modest but significant similarity between
the metabolic and environmental data matrices. The
first two axes of the coinertia analysis described 57%
and 42% of co-structure in the data, respectively. GPP
was most strongly related to PAR but also to chloro-
phyll and temperature. R,, was related primarily to
temperature and chlorophyll and oriented ~ 180° from
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Table 6 Estimates of impact, expressed as resistance, R, and
% reduction of GPP, R,, and chlorophyll a as a function of
peak stormflow, Q,,,, from regression of Eq. (2)

Regression results Parameter

GPP Ry, Chlorophyll a

Intercept, a —-0.190 —0.122 —0.402

Slope, b -0.276 —0.160 —0.549
Explained variance, R 0.170  0.070  0.21
Sample size, n 46 46 29
Significance, p 0.002  0.04 0.007
Threshold, Qy,esn at Which R=1: In(Qypesn) = —a/b
Quresy (M) 0.50 0.47 0.48
Return interval, RI, 22 23 22
(days)
Resistance at bankfull flow, Q,;=4 m?/s, RI=215 days
Resistance, R 0.56 0.71 0.31
% Reduction, 44 29 69
(1-R)*100
Resistance at Q =10 m%/s, RI= 1460 days
Resistance, R 0.44 0.61 0.19
% Reduction, 56 39 81
(1-R)*100

Average resistance for all storms 1969-2018 with Q.. >2.8
3
m/s

Resistance, R 0.55 0.70 0.30
% Reduction, 45 30 70
(1-R)*100

Average effect (resistance and recovery) for all storms
1969-2018 with Q. > 2.8 m%/s
Fraction, f, of non- 0.83 0.87 0.80
storm value
% Reduction, 17 13 20
(1-R)*100

NH, (perhaps because some O, uptake was related to
nitrification). Days-since-storm of any size had less
impact on metabolic variables than these other envi-
ronmental variables.

Scores computed for each reach by season and
by period are shown in Fig. 6A and B, respectively.
Centroids of scores for environmental and metabolic
variables were close for both cold and warm seasons
for the Forested and Meadow reaches (indicating
that data matrices were reasonably well-correlated)
and slightly further apart for the Reforested reach,
presumably because of fewer observations for that
reach (Fig. 6A). Meadow reach scores were located
to the left of scores for each shaded reach for each
season, consistent with the greater PAR, GPP and
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Fig. 5 Response ratios for A GPP, B R,, and C chlorophyll
a showing recovery from storms>2.0 m’/s over 25 days dur-
ing P1. For GPP and R,,, warm season data are presented in
orange, cold season in blue

chlorophyll there. Season scores for each reach were
oriented in agreement with the temperature trajectory.
Reach-period score separation was primarily
driven by respiration, NDM, P/R and water chemis-
try (Fig. 6B). Centroids of scores for environmental
and metabolic variables were close for the Forested
reach in both periods and the Meadow reach in P1,
and only slightly further apart for the Meadow 2
and the Reforested reaches. P2 scores were located
toward the top of Axis 2 and aligned with alkalin-
ity, NO; and respiration (higher in P2), whereas
P1 scores aligned with NH,, PO,, NDM and P/R
(higher in P1). Again, Meadow reach scores were
located to the left of shaded reach scores. The error
bars associated with centroids for environmental
variables of the Forested and Reforested reaches
overlapped more than those for metabolic vari-
ables for those reaches. The distinct separation of
Meadow and shaded reaches indicates the decisive
role played by light in regulation of metabolism.
MLR analyses revealed that the relative importance
(partial regression coefficient, ) of PAR differed at
each reach. PAR was the most important environmen-
tal variable in all but one of the GPP, NDM, and P/R
models for the shaded reaches but the least important
variable in the GPP and NDM models for the Meadow
reach and absent from its P/R model (Supplementary
Table 3). Temperature was the most important vari-
able in the models for R,, at all reaches. Although
PAR was the most important environmental variable
in the model for chlorophyll in the Forested reach,
Days-since-storm > 2.8 m’ s~! (our highest threshold)
was most important followed by temperature and a
suite of chemical factors in the Meadow reach and the
model for the Reforested reach was non-significant.
PAR and temperature were significantly correlated

Table 7 Recovery from

storms with peak flow

greater than 2.0 m3s!,

from linear regression,
Eq. (3)

GPP Ry, Chlorophyll a
Warm Cold Warm Cold Full year
Recovery rate, r (day™") 0.046 0.014 0.024 0.0097 0.052
Intercept, In[RR(0)] -0.90 - 0.67 -0.37 —-0.61 —1.48
Days to recover, 7, 19 48 16 63 28
Linearized recovery rate, 0.031 0.010 0.020 0.007 0.027
r¥(day™")=[1-RR(0)]*T, !
Sample size, n 52 51 52 51 55
Explained variance, R? 0.23 0.023 0.15 0.015 0.15
Significance probability, p <0.001 0.29 0.005 0.39 0.004
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Fig. 6 Results of coinertia
analysis showing the per- A
cent variability associated
with axis 1 and 2 of sepa-
rate principal component R24 °
analyses (PCAs) of environ- 1
mental and metabolic vari- Reach/Season
ables and the co-structure of @ Forested/Cold
the two data tables associ- i Forested/Warm
ated with the first two axes GPP e ] ; ® Meadow/Cold
S Meadow/Warm
of the coinertia analysis. O g @ Reforested/Cold
Loadings of environmental L Reforested/Warm
and metabolic variables on g PAR Scores
axes 1 and 2 from the PCAs e} A Environment
. @ Metabolism
are shown as triangles and )
circles, respectively. Vectors § -1 i
for the metabolic variables 3
are not shown to preserve c
clarity. The centroids (+ 1 o *
SE) of scores for each reach é B§§8§ ng;g i
by season are shown in L +
Panel A, and for each reach 3 -1 0 1
by Period in Panel B. GPP 2
gross primary productivity, v B
R,, daily Respiration, NDM e
net daily metabolism, P/R -% T
GPP/R,,, Temp tempera- ]
ture, Chla Chlorophyll a, = 1
Alk total alkalinity, DSS [ "NOSN
days-since-storm of indi- (;: Si03 Reach/Period
cated threshold X GPP { ° Eg:::i:g—;
< Dss2.0 [ ] Meadow:1
o Meadow_2
H @ Reforested_2
PAR SACOErr?\S/ironment
NH4N + @ Metabolism
PO4P
=1 NDM, -
PR
*
DSS0.3 DSS1.2
DS50.7 DSS2:8 i
=1 0 1
Axis 1 — Metabolic 60%; Environ 36%; Col 57%
at the Meadow reach (r=0.583, P<0.001), but not Discussion
at the Forested (r=0.038) and Reforested (r=0.035)
reaches. Period was absent from the GPP model for Factors affecting metabolic patterns and algal

the Forested reach and from the R,, and chlorophyll biomass
models for the Meadow reach.
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Seasonal patterns and coinertia analysis documented
that PAR was a principal driver of GPP and the major
factor separating reaches, consistent with other stud-
ies in temperate (e.g., Bott et al., 1985; Mulholland
et al., 2001; Bernhardt et al, 2022) and subtropical
(Bunn et al., 1999; Mosisch et al., 2001) streams. The



Hydrobiologia (2023) 850:4243-4269

4261

seasonal pattern of GPP in the Forested reach, with a
spring maximum and low rates in summer under full
canopy shade, has been seen in other studies (e.g.,
Hill & Dimick 2002; Roberts et al., 2007). Nutri-
ents had minor influence on this pattern. Mean water
column concentrations of NH,, NO;, and PO, dur-
ing June—August of P1 were 93%, 92%, and ~ 140%,
respectively, of concentrations during March—May.
MLR models showed that PAR had greater influence
on GPP at the shaded reaches, presumably because
PAR reached saturation intensity at the Meadow
reach on most days. Period code did not enter the
GPP model for the Forested reach because the sur-
rounding area was relatively unchanged during this
research (Supplementary Fig. 1), resulting in reason-
ably similar GPP. The inclusion of Period code in the
MLR model for GPP at the Meadow reach reflects
effects from both reach geomorphology and measure-
ment technique. The Meadow 2 reach was meander-
ing (Fig. 1) and more deeply incised (Supplementary
Fig. 1) than the P1 Meadow reach. Thus, shade from
the streambanks and bank vegetation affected peri-
phyton development and P2 metabolism measure-
ments. In contrast, water jackets cast little shade on
chambers during P1 metabolism measurements made
on the streambank.

The differences in P-I curve parameters between
the shaded reaches and Meadow 2 reach could have
resulted from differences in predominant algal taxa,
higher biomass-specific concentrations of photo-
synthesis enhancing pigments in algae in the shaded
reaches (Richardson et al., 1983), or both. Others have
shown that physiological pigment adjustments, while
beneficial, could not overcome the effect of reduced
light encountered seasonally (Laviale et al., 2009) or
resulting from riparian shade (Hill et al., 1995) and
we too found that GPP in the Meadow reach exceeded
that in the shaded reaches.

The higher chlorophyll concentrations reported for
P2 are attributed primarily to the change in sampling
protocol although lower streamflow resulting in less
periphyton disturbance during P2 may have been a
contributing factor. An estimate of chlorophyll from
samples of predominant cover types during P2 was
the appropriate complement to open system metabo-
lism measurements but fewer samples in P2 prevented
verification of the patterns observed during P1.

Coinertia and MLR analyses indicated that tem-
perature was the major driver of respiration, given

its large seasonal variation, but measurement method
also affected respiration results. The trays used in
chamber measurements during P1 restricted water
exchange with underlying sediments whereas open
system measures fully captured hyporheic activity.
Thus, P1 annual respiration estimates for the For-
ested and Meadow reach were 47% and 76% of P2
values for those reaches, and Period was included in
the MLR for the Forested reach. Battin et al. (2003),
using mini-piezometers, estimated that hyporheic res-
piration in our Forested reach was equivalent to~1 g
0, m™2 day'l, which is 38% of our P2 estimate for
the whole stream and thus in rough agreement with
the difference between our P1 and P2 estimates.
Similarly, Fellows et al. (2001), using a combination
of chamber and open system measurements, docu-
mented that the hyporheos contributed from 40 to
93% of whole system respiration in four New Mexico
streams.

Respiration was also influenced by chlorophyll,
but to a lesser extent. Hall and Beaulieu (2013) esti-
mated that respiration by autotrophs and inseparably
attached heterotrophs was 44% of GPP. Using 44%,
respiration attributed to autotrophs during P2 for the
Forested and Meadow 2 reach averaged 28% and 33%
of total respiration, respectively, (from Table 3) and
30% for the Reforested reach (mean of cold and warm
seasons from Table 6). Thus,~70% of total respira-
tion in all reaches reflects the decomposition of algal
or allochthonous detritus, both particulate and dis-
solved, by heterotrophic organisms.

In PI, R,, was coupled significantly with GPP
and the respiratory demand could be met by GPP
in both reaches. The annual Meadow production
exceeded Meadow respiration, generating a net pro-
duction (NDM) of 787 g O, m~2 year !, and a P/R
ratio of 1.66 (Table 3). Similarly, annual Forest pro-
duction exceeded Forest respiration, generating a net
production (NDM) of 31 g O, m~2 year™!, and a P/R
ratio of 1.07. In P2, however, when we used open
system measurements that included hyporheic res-
piration, the metabolic picture was quite different.
Annual Meadow respiration exceeded Meadow pro-
duction, and net metabolism (NDM) in the Meadow
was -404 g O, m~2 year™!, for a P/R ratio of 0.74
(Table 3). Likewise in the Forest respiration exceeded
production, for a net metabolism (NDM) of -363 g O,
m2 year'l, and a P/R ratio of 0.63. In both reaches,
the inclusion of hyporheic respiration flipped the
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annual net production from positive to negative and,
correspondingly, the P/R ratio from>1 to<1.

The P2 annual NDM in Forested reach of -363 g
0, m~2 year™! (Table 3), translated to carbon using a
respiratory quotient of 0.90 (rounding up 0.85 from
Wetzel, 2001, p. 189), results in a consumption of
123 ¢ C m™2 year™'. The Forest receives annual litter-
fall of 156 g C m~2 year™! (50% of AFDM), approxi-
mately balancing the net consumption. Finding net
heterotrophy in the Meadow 2 reach is not unusual
as there are several reports of heterotrophy in open
reaches, particularly in rural and agricultural water-
sheds (Young & Huryn, 1999; Mulholland et al.,
2001; Griffiths et al., 2013; Roley et al., 2014) and we
found this condition in 5 of 12 other nearby streams
(Bott et al., 2006b). However, identifying the source
of the supporting carbon has been largely unresolved.
The annual NDM in Meadow 2 of — 404 g O, m™>
year~! (Table 3) equates to a carbon consumption
of 136 g C m™? year™!. Grasses and herbs from the
surrounding floodplain delivered either in overland
flow or from slumping streambanks undoubtedly con-
tribute, but only in relatively small amounts. Uptake
of labile DOC has been shown to be appreciable in
White Clay Creek (Kaplan & Bott, 1985; Kaplan
et al.,, 2008), but the relatively low concentrations
of labile DOC in ground- and soil-water sources
(McLaughlin & Kaplan, 2013) imply that most of the
labile DOC originates from instream primary pro-
duction or allochthonous particles. We suspect that
the major source of carbon that supports the hetero-
trophy is supplied as fine particulate organic matter
(FPOM) delivered from the upstream, largely agri-
cultural, landscape. The annual transport of FPOM in
White Clay Creek is 56,000 kg AFDM or 28,000 kg
C year'l, assuming 50% C, 97% of which is deliv-
ered during storms (Newbold et al., 1997). At 136 g C
m~2 year™!, 1 km of meadow reach (3 m wide) would
respire 409 kg C year™',~1.5% of the transported
FPOM. That is, there is sufficient carbon delivered to
support the meadow heterotrophy, provided that it is
entrapped and mineralized at sufficient rates. A recent
survey showed that the Meadow 2 reach had a hab-
itat-weighted average C content in the sediments of
800 g C m~2 based on the stratified sampling of major
bed forms, while that of the Forested reach was 330 g
C m~2 (Oviedo-Vargas, personal communication). It
seems likely that this stock of sedimentary carbon
is maintained and renewed as storms deliver carbon
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and rework the sediments. The stock of 800 g C m™>
would support the average NDM of — 136 g C m™2
year™'at a turnover time of 5.9 years, which is com-
parable to the turnover time of 6.4 years for organic
matter in sediments of woodland streams (Hedin,
1990). That the turnover time is shorter than typical
of in situ soil carbon is consistent with recent recog-
nition that soil carbon becomes more bioavailable and
degrades more rapidly upon disturbance and trans-
port to streams and rivers (e.g., Cole & Caraco, 2001;
Mayorga et al., 2005; McCallister & Georgio, 2012;
Zhao et al., 2021). That NDM was more negative in
the meadow than in the upstream forest we attribute
to the meadow’s greater storage of sedimentary car-
bon (800 vs. 330 g C m~?), which in turn reflects a
more incised and less stable meadow channel. Along
with the greater C content in Meadow 2 sediments,
we found a greater percentage of fine substrata in
the Meadow 2 reach, which would provide greater
surface area for microbial attachment and activity
(Marxsen, 2001; Mori et al., 2017).

Concentrations of several water chemical con-
stituents differed between periods (Supplementary
Table 1) and contributed to reach separation in coin-
ertia analyses. Lower PO,*~ and NH,* concentrations
during P2 presumably reflect watershed-scale land
preservation resulting from the implementation of
conservation easements, best management practices
and reforestation. Higher NO; concentrations in P2
are possibly the legacy of fertilizer application rates
that increased during the 1980s and subsequently
mixed into old groundwater (Van Meter et al., 2018).
The higher P2 concentrations of Ca** and Na™ may
reflect increased use of road salt, although a corre-
sponding increase in Cl™ was not statistically signifi-
cant. Higher P2 concentrations may also be related to
lower streamflow resulting in less dilution of ground-
water sources. Overall, coinertia and MLR analyses
indicated that nutrients had less impact on metabolic
parameters than PAR or temperature.

Storms had negative impacts on GPP, R,,, and
chlorophyll a, and impacts increased with storm size.
The reductions in GPP and R,, that we observed,
even for the largest storms, were relatively modest
when compared to other reports. We first note that
our estimates of reductions (Table 6) were based on
post-storm measurements that averaged 3.9 days after
peak flow, and thus were attenuated by recovery that
occurred during this time. Based on the recovery
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rates (Table 7), our estimates of resistance, R, were
approximately 10% higher (less impactful) than had
they been measured immediately after the storm.
For example, where we observed a reduction of 56%
(R=0.44), the immediate post-storm reduction actu-
ally may have been 60% (R=0.40). Our storm flows
ranged up to~10 m> s~!, for which the estimated
average reductions were 56% for GPP, 39% for R,,,
and 81% for chlorophyll a. In contrast, Reisinger
et al. (2017) reported a median reduction of 88% for
GPP and 79% for ecosystem respiration (ER) among
11 floods in urbanized watersheds. Other studies in
urban or suburban watersheds have observed at least
some reductions ranging from 60 to 99% (Beaulieu
et al.,, 2013; Larsen & Harvey, 2017; Qasem et al.,
2019). Urbanized streams are typically “flashy”—
subject to sudden, large increases in flow emanat-
ing from impervious surfaces (Walsh et al., 2005).
Grimm and Fisher (1989) reported similarly high
reductions in chlorophyll (>90%) in a desert stream,
which also was characterized as flashy. There have
been few other studies of storm effects in streams that
are not affected by high impervious surface area. In a
woodland stream, Roberts et al. (2007) reported that
in one of two large storms studied, GPP was reduced
by 90%; however, in the other, an autumn storm, GPP
actually increased because leaf litter was cleared from
the streambed.

Perhaps the study most comparable to ours is that
of Uehlinger (2000) who reported effects of storms
on GPP and ER in two Swiss rivers that were simi-
lar to the White Clay watershed in land cover and
slope, although much larger in drainage area. In
the River Necker, the smaller of the two, Uehlinger
reported that storms exceeding 28 m> s~!' reduced
GPP by 53% and ER by 24%, on average. We used
bed shear stress to scale flows from the Necker to the
much smaller flows of White Clay Creek. We esti-
mated that 28 m> s™! in the River Necker produced a
bed shear of 53 Newtons m~2 and that the same bed
shear would occur in White Clay Creek at 2.8 m® s~
Based on our estimates of resistance (Table 6), the
average reductions from all storms>2.8 m® s™! in
the 50-year record are 45% for GPP and 30% for R,,.
Thus, it appears that at comparable bed shears, White
Clay Creek and the River Necker exhibit compara-
ble resistance, with White Clay being possibly more
resistant to GPP reductions and the Necker more
resistant to R,, reductions.

Our results suggested a threshold flow below
which storms might stimulate metabolism, as
has been observed by others. Qasem et al. (2019)
observed frequent stimulation of ER and less for GPP
after relatively small storms. Acufia et al. (2004),
Roberts et al. (2007), and Larsen & Harvey (2017)
all observed stimulation attributable to the clearing of
overlying leaf litter or the delivery of fine particulate
organic matter.

We estimated recovery of metabolism in
2-3 weeks in the warm months and 7-9 weeks in the
cold season. Our warm season recovery times were
longer than those reported by Reisinger et al. (2017)
(~1-2 weeks), Qasem et al. (2019) (<1 week) and
Roberts et al. (2007) (< 1 week). However, our recov-
ery times were similar to those of Uehlinger (2000)
who reported recovery of P/R ratios within three
weeks, but longer in winter months. Our result show-
ing that GPP in the autumn of 1972 was only 61% of
that in 1971 also indicates that frequent storms, not
necessarily severe, will reduce algal productivity by
curtailing full recovery. We saw no seasonal effect
on the recovery time of chlorophyll a recovery, but
attribute this to the relatively limited sample size. The
annually averaged recovery time of four weeks was
between our warm- and cold-season times for metab-
olism and longer than reported for chlorophyll a by
Grimm and Fisher (1989) (~2 weeks).

The importance of storms as a regulator of eco-
system metabolism depends not only on the response
to specific storm, but also on the flow regime—the
distribution in magnitude and timing of peak flows.
Following Cronin et al. (2007), we used the White
Clay Creek’s 50-year (1969-2018) hydrograph to
simulate a daily record in which metabolism is set
back in response to each flow peak, begins to recover,
but is again set back by the next peak regardless of
whether full recovery has occurred. More formally,
daily values of resistance, R, were calculated from
Eq. (2) using the regression coefficients of Table 6
and maximum daily flow. The algorithm tracked daily
values of the variable, f, which represented GPP, R,,,
or chlorophyll stock, as a fraction of the value (1.0)
it would have in the absence of storm influence. To
reflect storm setback, f (initialized at f=1) was mul-
tiplied by R on each day (or “storm day”) for which
R<1, but only once and by the minimum value of
R when storm days were consecutive. On all other
days (R>1), f increased by the respective linearized
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recovery rate (Table 7) until the next storm day or
until full recovery (f=1) was attained. The resulting
50-year averages, f,,., expressed as percent reduction
attributable to storms, or [100*(1—f)], were 22, 19
and 25% for GPP, R,,, and chlorophyll a, respectively.

By comparing measures of annual metabolism
among 222 streams and rivers in the conterminous
U. S., Bernhardt et al. (2022) found that both GPP
and ER (equivalent to our R,,) were~60% lower in
those with highly variable flow regimes (lowest quar-
tile) than in those with the most stable flow regimes
(uppermost quartile). We infer from these results that,
for a stream or river of average, or median, flow vari-
ability, storms might be expected to reduce metabo-
lism by~30%. Using the metric employed by Bern-
hardt et al. (L-moment daily discharge), we find that
White Clay Creek’s flow regime is very near the
median among the rivers that they analyzed. Thus,
our estimate for White Clay Creek of a~20% reduc-
tion by storms is less than suggested by the analysis
of Bernhardt et al. Given that many factors (includ-
ing uncertainties in data analysis) may account for
this difference, we find it noteworthy that two very
different approaches (ours, a mechanistic synthesis of
measurements from a single stream; theirs, a statisti-
cal comparison among many streams and rivers) are
in broad agreement.

Our long-run reductions suggest that in streams
such as White Clay Creek which are unaffected by
urbanization, storms do have an important, but not
necessarily dominant, influence on metabolism. Coin-
ertia and MLR analyses bore this out, documenting
that the other factors associated with reach metabo-
lism discussed above (PAR, temperature, chloro-
phyll) were more important to metabolic function
than storms. More work on the complex interactions
between storms, other environmental parameters,
periphyton growth form and community composition,
and ecosystem metabolism is needed.

Influence of riparian zone management on
metabolism and algae

In Fig. 7, P1 and P2 annual GPP values are placed
in the context of published data (Bott et al., 1985)
for the Forested reach, upstream 1st- and 2nd-order
reaches, and a nearby Sth-order reach, all also for-
ested, obtained with chamber incubations in situ
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during 1976. GPP gradually increased along this for-
ested continuum to a maximum in the Sth-order reach
where channel widening forced separation of the tree
canopy and light reached the streambed through a
relatively shallow water column. However, GPP in
the 3rd-order Meadow and Meadow 2 reaches was ~ 3
and 1.6 times greater, respectively, than in the Sth-
order reach despite the sixfold greater width (17.4 m)
of the latter, which underscores the disruption caused
by riparian deforestation to the trajectory of GPP
expected for a continuum of reaches in natural condi-
tion in this region.

We do not have details concerning the rate of
change in GPP in the Reforested reach, but we can
state that the change in metabolic status we report
occurred within 16-21 years of planting. It is note-
worthy that riparian trees planted along agricultur-
ally impacted streams in southeast Australia restored
net ecosystem productivity to rates typical of for-
ested streams within 20 years (Giling et al., 2013).
In a study of thirty 1st-order mid-Atlantic Piedmont
streams the recovery of other, non-metabolic, param-
eters occurred in a roughly similar time frame (Orzetti
et al., 2010).

While riparian shade reduces areal estimates of
GPP, the greater width of a shaded stream helps to
offset those lower values. Productivity in the For-
ested reach during P2 was 53% of Meadow 2 pro-
ductivity when expressed per unit area, but 86% of
Meadow 2 productivity when expressed per unit
length of stream. Another consideration is that
the food quality of algae in a shaded reach can be
higher, providing a benefit for the stream food web.
Diatoms, predominant in our shaded reaches, are
rich in polyunsaturated fatty acids (PUFAs), com-
pounds that nearly all benthic invertebrates and fish
must acquire from their food sources (Torres-Ruiz
et al., 2007). Field studies have shown that the con-
centration of, e.g., eicosapentaenoic acid, a PUFA
indicator of high food quality found in diatoms, was
greater in periphyton from shaded reaches (Cash-
man et al., 2013; Guo et al., 2016). Other benefits
of riparian shade have been documented for streams
in rural landscapes (Sweeney et al., 2004; McTam-
many et al., 2007; Burrell et al., 2014) and in subur-
ban and urban areas (Alberts et al., 2016).

A review of literature concerning riparian for-
est buffers led Sweeney and Newbold (2014) to
recommend a buffer width of>30 m to protect
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Fig.7 Annual estimates of GPP in the Forested (F) and
Meadow (M) reaches made during P1 compared to measure-
ments made in 1976 in forested 1st- through 3rd-order reaches
in White Clay Creek and 5th-order Buck and Doe Run (data
from Bott et al., 1985) and P2 measurements in the Forested,

the physical, biological, and chemical character-
istics of streams draining <5th -order watersheds.
This approach to stream restoration is grounded in
knowledge of stream-—watershed interactions and
stream ecosystem function. Furthermore, it is self-
sustaining and easier to accomplish than costly and
invasive engineering projects involving channel
reconfiguration.

Conclusions

Returning to our objectives, we have presented val-
ues for daily, seasonal, and annual metabolic rates
in forested and meadow reaches in a stream typi-
cal of many in the region. GPP and R were greater
in the meadow reach in both periods of measure-
ment. Open system measurements documented
the predominance of R in all study reaches. We
have evaluated the factors influencing metabolism
and supported our interpretations quantitatively
in an ecosystem context. The respiration demand
in the Forested reach was met by litter inputs, and

Reforested (R), and Meadow 2 (M2) reaches. Values are from
Table 3 for the Forested and Meadow reaches and based on
Table 4 for the Reforested reach. Information in the x-axis
labels is as follows: Stream order- Reach type- Period (if from
this study) and Year(s) of measurement

in the Meadow 2 reach by FPOM delivered from
the upstream landscape. Storms affected metabo-
lism but their influence was not as strong as that
of PAR and chlorophyll on GPP, or temperature on
respiration. This may be because our rural study
stream, which was designated an Exceptional Value
stream by the State of Pennsylvania in 1984, has a
less flashy hydrograph than desert streams or ones
impacted by development in urban-suburban areas.
Although GPP was unnaturally high in meadow
reaches, we have documented that reforestation of
the riparian zone of one of them has restored metab-
olism there close to that measured in a reach located
in mature forest within two decades.
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