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2.1  |  Study area

We selected seven streams in the Okanogan- Wenatchee National 
Forest on the eastern slopes of the Cascade Mountains in 
Washington State (Figure 1). Average annual precipitation for this 
area (1899– 2016) is 571.8 mm with generally dry summers (July 
average, 9.1 mm) and most precipitation occurring in the winter 
(December average, 104.6 mm; Western Regional Climate Center, 
https://wrcc.dri.edu/cgi- bin/cliMA IN.pl?wa1504). Streams in this 
area are fed largely by snow melt, causing highest flows during the 
early spring followed by lower base flows in late summer. The area 
is characterised by cold, wet winters and hot, dry summers, with 
average lows of −6.8°C in January and average highs of 27.4°C 
in July. The region's vegetation consists of mixed conifer such as 
Douglas fir (Pseudotsuga menziesii), Ponderosa pine (Pinus ponder-
osa), grand fir (Abies grandis) and subalpine fir (Abies lasiocarpa; 
Lillybridge et al., 1995) in the uplands and deciduous species such 
as red alder (Alnus rubra), a known N- fixer (Hibbs et al., 1994), in 
riparian zones.

We expected similarly low nutrient concentrations in all streams, 
so sites were selected for accessibility and expected presence of 
cyanobacteria, and to achieve a gradient of light availability. One 
site was located in the Taneum Creek watershed south of Cle Elum, 
Washington, and six were located in the Teanaway Forest north of 
Cle Elum (Figure 1). All sites are located on lands historically man-
aged and used by the Yakama Nation. Early Euro- American colonists' 
use included mining and timber harvest. Current human use consists 
mainly of recreational hiking and camping as well as some grazing 
and logging, and stream restoration activities, to improve habitat for 
migratory salmonids, are ongoing. Three of the sites did not develop 

Nostoc colonies in 2019, so we measured only sediment N fixation at 
those sites (Figure 1).

2.2  |  Study design

We measured rates of N fixation in the main types of N- fixers 
present in the streams— cyano- midge, cyano- only and sediment 
microbes— using the acetylene reduction assay. Nitrogenase, the 
enzyme used to fix N2, also converts acetylene into ethylene such 
that ethylene accumulation can be used as a proxy for N fixa-
tion (Flett et al., 1976; Hardy et al., 1968; Stewart et al., 1967). 
Estimating the moles of N fixed for every mole of ethylene pro-
duced requires a conversion ratio and 3:1 (ethylene:N) is standard 
(Stewart et al., 1967). Because this conversion ratio can vary by en-
vironment and microbial community (Graham et al., 1980; Howarth 
et al., 1988; Paerl, 1982), we calibrated our acetylene reduction 
assay with 15N2 in one stream.

We sampled each stream site once during 2019 after sufficient 
cyanobacteria colonies had developed in the stream (late July to 
early September). We measured cyanobacteria N fixation rates in 
the field, but we completed sediment N fixation assays in the labo-
ratory because preliminary measurements indicated that sediment 
rates required more time to be detectable. Samples of each type of 
N- fixer were placed in gas- tight containers to create three different 
chamber environments: (1) control (stream water only) to account 
for background ethylene production, (2) ethylene control (stream 
water and an ethylene- spiked atmosphere) to detect ethylene con-
sumption, and (3) acetylene treatment (acetylene- saturated stream 
water). To determine the change in ethylene over time, we measured 

F I G U R E  1  Location of the seven study 
streams in the Washington cascades, USA. 
The map denotes which type of N- fixing 
organisms were sampled at each study 
location and the geology of the area. Inset 
map shows the location of the study area 
within Washington state. In the legend, 
numbers in parentheses indicate the 
N:P ratio as calculated from Morford et 
al. (2016), except for serpentinite (Porder 
& Ramachandran, 2013). Data sources 
for map: USGS National Hydrography 
Dataset, USGS digital elevation models, 
USGS geologic database, US Census 
Bureau
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ethylene concentrations via gas chromatography in gas samples col-
lected from chambers before and after incubation.

2.2.1  |  Sediment and cyanobacteria sampling

At each site, we established one stream reach of c. 150 m with five 
evenly spaced transects. At each transect we collected a compos-
ite sample of rocks with cyanobacteria colonies, choosing a repre-
sentative rock from the left, middle and right of the stream for both 
cyano- midge and cyano- only colonies, resulting in five replicate 
samples for each type of cyanobacteria in each stream. Collecting 
composite samples allowed us to account for variability across each 
transect. Nostoc colonies were easily differentiated by their shape: 
cyano- midge colonies were larger and flat, shaped like an ear, with 
the colony extending out from the rock, whereas cyano- only colo-
nies were much smaller and spherical. If a selected rock had both 
types of colonies present, we gently removed colonies of one type 
before incubating. If there were insufficient colonies, we reduced 
the number of replicates and combined rocks from different tran-
sects as needed (Table 1). We also recorded colony type and sub-
strate type every 10 cm along evenly spaced transects (15 per reach) 
to quantify the percent coverage of each colony and substrate type. 
In general, cyano- midge colonies were much more abundant than 
cyano- only colonies.

At each of the five sampling transects, we also collected sedi-
ment from the left, middle and right to create composite samples, 
resulting in five replicate sediment samples per stream. To gather 
sediment samples, we plunged a 60- ml syringe with the tapered 

end cut off into the sediment to collect 10– 30 ml of sample per core 
(c. 3 cm deep), gathering ≥80 ml of sediment per transect with ap-
proximately equal volumes from the left, middle and right. We also 
collected ≥2 L of unfiltered stream water, which was placed on ice 
along with the sediment cups and returned to the laboratory for the 
N fixation incubation.

2.2.2  |  Cyanobacteria N fixation incubations

Nostoc N fixation was measured following the methods of Arango 
et al. (2009) and Kunza and Hall (2013). Specifically, we had five 
control, five acetylene treatment and three ethylene control cham-
bers per stream. To prevent contamination with acetylene, control 
chambers were assembled and sealed before acetylene treatment 
chambers. Sampled rocks with colonies were placed into 2.125- L 
clear polyvinyl chloride (PVC) chambers (Cambro) equipped with a 
Swagelok septum port in the lid. Rocks were covered with 1 L of un-
filtered stream water, then sealed with a lid made gas- tight with vac-
uum grease and a rubber O- ring. For ethylene controls, we replaced 
30 ml of the chamber headspace with 30 ml of 1,000 ppm ethylene 
(GASCO) to achieve a concentration between 8.6 and 30.1 ppm 
(concentrations varied due to incubated rock volume). Acetylene 
treatment chambers were created by covering samples with 10% 
acetylene- saturated stream water.

Acetylene was generated by adding deionised water to calcium 
carbide (Alfa Aesar) in a sealed Wheaton bottle with a septum cap. 
Aquarium tubing was attached to the bottle by piercing the septum 
with a needle. An air stone was attached to the other end of the 

TA B L E  1  Physicochemical characteristics of the seven study sites

Study site
Latitude And 
longitude Elev. (m) T (°C)

Mean 
width (m)

Mean PAR (μmol 
photons m−2 s−1)

Mean 
Canopy 
Cover % Alder Cover % CM % n C % n S % n Tb (NTU) DO (mg/L) Con. (mS/cm) pH Disch. (m3/s)

NO3
- - N, 

NO2
- - N 

(mg N/L)
NH4

+- N 
(mg N/L)

DIN 
(mg N/L) TP (mg P/L)

De Roux Creek
47° 25′ 14″ N, 
120° 56′ 28″ W 1,158 13.22 5.7 NA 52.8 19.8 0 0 0 0 7.9 5 0.4 8.81 0.091 7.99 0.088 0.051 0.034 0.085 0.049

Stafford Creek 47° 22′ 1″ N, 
120° 48′ 3″ W

945 12.14 3.1 NA 84.3 19.9 0 0 0 0 6.1 5 0.4 9.21 0.122 7.79 0.047 0.038 0.006 0.044 0.043

Standup Creek 47° 21′ 24″ N, 
120° 50′ 9″ W

878 14.63 2.6 NA 79.5 7.4 0 0 0 0 4.9 5 0.4 8.59 0.107 7.75 0.023 0.042 0.005 0.047 0.050

Indian Creek 47° 18′ 8″ N, 
120° 51′ 9″ W

768 14.04 1.6 476.08 66.4 32.5 9.9 5 1.1 0 21.2 5 8.4 4.69 0.247 7.27 0.000 0.045 0.012 0.057 0.212

Jack Creek 47° 19′ 30″ N, 
120°51′1″ W

792 18.10 1.7 318.29 75.3 14.4 13.8 5 2 2 11.8 5 1.2 8.22 0.237 7.91 0.001 0.030 0.011 0.041 0.060

Jungle Creek 47°20′28″ N, 
120° 51′ 53″ W

817 17.02 2.6 503.79 62.0 32.3 5.2 5 2.1 4 8.6 5 1.3 8.36 0.192 7.94 0.009 0.052 0.011 0.063 0.060

Taneum Creek 47° 5′ 53″ N, 
120° 50′ 33″ W

732 17.07 7.2 424.98 59.4 31.7 26 5 4.1 5 9.4 5 0.4 8.68 0.155 8.07 0.495 0.034 0.010 0.045 0.077

Note: Values collected on multiple days were averaged. Elev., elevation; T, stream temperature; Mean PAR, photosynthetically active radiation 
calculated by multiplying percentage open sky per transect by average light logged in full sun. PAR was collected only if cyanobacteria were 
present; alder cover %, percentage of riparian trees within 3 m of the stream; CM, cyanobacteria with a midge (%, percentage coverage and n, 
number of replicates); C, cyanobacteria without a midge; S, sediment; Tb, turbidity; DO, dissolved oxygen; Con., conductivity; Disch., discharge; 
NO3

−, nitrate; NO2
−, nitrite; DIN, dissolved inorganic nitrogen; TP, total phosphorus. At Indian Creek there were insufficient quantities of 

cyanobacteria without the midge to perform any replicates.
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aquarium tubing and placed into a container of unfiltered stream 
water. Acetylene then was bubbled through the tubing into the 
stream water for ≥10 min with gentle swirling to ensure that the 
water was saturated with dissolved acetylene.

All chambers were returned to the appropriate transect for at least 
a 4- hr incubation. At the start and end of the incubation, we swirled 
chambers gently for 3 min to allow gases to equilibrate and then took 
a 5- ml gas sample, which was stored underwater at room temperature 
in a pre- vacuumed 3- ml exetainer. To maintain chamber pressure after 
the initial sampling, we added 5 ml of air to control chambers, 5 ml of 
prepared 246.7 ppm ethylene to ethylene control chambers, and 5 ml 
of prepared 10% acetylene and air mixture to the acetylene treatment 
chambers. Because this addition minimally altered the chambers' com-
position, we corrected our data for any changes in ethylene concen-
tration caused by the initial sampling and gas replacement.

At the end of the incubation, we placed the rocks from the 
chambers into 1- gallon Ziploc bags and transported them back to 
the laboratory on ice. Rocks were stored in the refrigerator at 5°C 
and processed within one week of collection. Specifically, cyano-
bacteria colonies were counted, removed, dried and ashed (see 
Appendix S1 for calculation of ash- free dry mass [AFDM]) to allow 
a mass- normalised comparison between cyano- midge and cyano- 
only rates. We also estimated rock surface area in each chamber.

2.2.3  |  Sediment incubations

We conducted sediment assays for five controls, five ethylene controls 
and five acetylene treatment bottles per stream. Samples collected 

in the field were stored in the refrigerator at 5°C for no longer than 
4 days to ensure that the microbial community was unchanged (Gupta 
et al., 2014) before setting up incubations. We used 24- hr laboratory 
incubations for sediment samples, which allowed time to detect N 
fixation while minimising artefacts. Our sediment incubations were 
performed near the laboratory window at ambient light and temper-
ature (ranging from 23.1 to 24.5°C) conditions instead of at stream 
temperature (ranging from 13.2 to 18.0°C) as we did not have access 
to a temperature- controlled incubator. The higher temperatures may 
have inflated our sediment N fixation rates and so we also calculated 
temperature- adjusted rates using the Van't Hoff- Arrhenius equation 
and activation energy for N fixation (Welter et al., 2015).

Sediment samples within each transect were mixed well, and 
20 ml of sediment were added to a 125- ml Wheaton bottle. Exact sed-
iment volume varied owing to the presence of small pebbles in some 
samples. To control and ethylene control bottles, we added 70 ml of 
unfiltered stream water and sealed the bottle. For ethylene control 
bottles, 16 ml of headspace air was removed through the septum and 
replaced with 16 ml of 1,000 ppm ethylene, achieving an actual con-
centration of 93 to 276 ppm ethylene. The range in concentrations 
resulted from variation in sediment volume and flow rate from the 
ethylene tank valve, which we replaced before making standards. For 
the treatment bottles, 63 ml of unfiltered stream water and 7 ml of 
acetylene- saturated water were added to the samples and sealed. At 
the start and end of the 24- hr incubation, all bottles were swirled and 
sampled like those for the cyanobacterial assay. After the initial gas 
sampling, gas pressure was maintained, and ethylene concentrations 
were corrected as detailed in the section “Cyanobacteria N fixation 
incubations” above.

TA B L E  1  Physicochemical characteristics of the seven study sites
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2.3  |  Gas chromatography and N fixation rate 
calculations

All gas samples were analysed via gas chromatography within 
3 weeks of sample collection. We injected 2 ml of each gas sample 
into a Shimadzu GC- 2014 Greenhouse Gas Analyser gas chromato-
graph equipped with a flame ionisation detector and a Hayesep T 
80/100 column (GC settings: injector 100°C, column 80°C, detector 
250°C, N2 carrier gas 49.9 ml/min).

We used the Bunsen Coefficient and the Ideal Gas Law to cal-
culate moles of ethylene produced per sealed container (i.e. bottles 
and chambers) in the aqueous and gas phases according to the fol-
lowing equations (Breitbarth et al., 2004, see Table 2).

 

 

Measured concentrations of ethylene in the headspace samples were 
converted from ppm to partial pressures by multiplying by 10−6, assum-
ing 1 atm of pressure at the time of sample injection into the gas chro-
matograph. We then calculated the total moles of ethylene produced 
per chamber by adding the results of Equations 2 and 3 together. We 

converted ethylene produced into moles of N fixed using a 1.72:1 ratio 
for cyanobacteria and a 0.16:1 ratio for sediment microbes as calcu-
lated from our calibration procedure (see next section). To account for 
ethylene production not resulting from acetylene reduction, positive 
values from controls were subtracted in a pairwise fashion from treat-
ment values. Substrate area and sample incubation time were then 
used to produce normalised N fixation rates (μg N m−2 hr−1 for both cy-
anobacteria and sediment microbes). AFDM also was used to produce 
normalised N fixation rates for cyanobacteria (μg N g AFDM−1 hr−1). 
Finally, we estimated reach- scale N fixation rates by multiplying reach 
area by the proportion of the stream with a particular type of N- fixer 
and then multiplying by the average N fixation rate for that reach and 
N- fixer. Scaling bottle and chamber incubations to a whole- stream rate 
introduces variability, both because of spatial variability in N fixation 
rates and in areal coverage. With these whole- stream estimates, we 
must assume that the transects are representative of areal coverage in 
the reach and that our composite samples across these transects also 
are representative.

2.4  |  15N2 Calibration

As acetylene reduction conversion ratios can be highly variable 
(Howarth et al., 1988), we performed a 15N2 calibration procedure 
following methods similar to those of Montoya et al. (1996). We 
ran both acetylene reduction and 15N2 assays for cyanobacteria 
(both cyano- midge and cyano- only) at Jungle Creek in September 

(1)
� = e−189.757+

10092.7

T
+(26.979 lnT)

(2)naq =
PgT × � × Vaq

R × T

(3)ng =
PgT × Vg

R × T

Variable Meaning

AEi Atom excess in the sample, calculated by subtracting the atom % of the 
control sample from the atom % of the treatment sample.

Atom % The number of 15N atoms in the sample divided by the total number of N 
atoms multiplied by 100

TNi Total amount of N in the sample, calculated by multiplying the percentage N 
values obtained from the isotopic analysis by the total dry weight of the 
sample.

AEatm Atom excess in the chamber or bottle, calculated by subtracting the atom 
% of the control chamber or bottle from the atom % of the treatment 
chamber or bottle

t Incubation time (hr)

TA B L E  3  Variable meanings for 
nitrogen isotope calculations

Variable Meaning Units

� Bunsen's Coefficient Dimensionless

T Temperature at time of measurement Kelvin

naq Moles ethylene found in the aqueous phase Moles

ng Moles ethylene found in the gaseous phase Moles

PgT Partial pressure of the headspace gas at the 
temperature of measurement

Standard atmosphere

Vaq Volume of the aqueous phase Litres

Vg Volume of the gaseous phase Litres

R Gas constant, 0.08206 atm L mol−1 K−1

TA B L E  2  Variable meanings for Bunsen 
coefficient and ideal gas law calculations


