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Presenter
Presentation Notes
 In 2007 and 2008 the U.S. Geological Survey’s National Water Quality Assessment program (NAWQA) collected data in the upper Snake River basin, Idaho and Nevada as part of a study of nutrient enrichment effects (NEET) on stream ecosystems.  The study is intended to provide a better understanding of the interrelations among nutrient conditions, stream metabolism, biological community and environmental conditions.  The upper Snake River basin is one of eight agricultural regions nationwide included in the study. 
     A unique aspect of the upper Snake River study was a cooperative effort with USEPA to better understand nutrient and plant growth patterns of phytoplankton, periphyton, and a macrophytes through the use of detailed field observations and controlled laboratory and in situ experiments.  Nutrient limitation bioassays of stream water used the green algae Pseudokirchneriella subcapitata (formerly Selenastrum capricornutum) and a model macrophyte (duckweed, Lemna minor) with attached epiphytes; and in situ stream nutrient limitation tests with nutrient diffusing substrates.  
     The nutrient limitation tests showed that the study streams were seldom nutrient limited by phosphorous (P) alone; rather nitrogen (N) limitation, or co-limitation by both N and P, were more common.  With duckweed, a threshold for growth stimulation with total P was indicated when P concentrations reached about 0.05 mg/L, and P saturation occurred when measured concentrations reached about 0.1 mg/L. By about 0.1 mg/L P, periphyton and green algae also appeared P saturated with only slight effects from further increases in the total P concentration.  Response patterns with total N were weaker, but suggested a growth stimulation threshold for duckweed when total N concentrations exceeded about 0.3 mg/L. Growth rates of both duckweed and periphyton appeared to plateau indicating the system was approaching saturation at the highest N concentration tested, 1.3 mg/L. Nutrient uptake by epiphytes and macrophytes removed up to 70% and 90% of the N and P respectively. Integrating information from the controlled experiments and field observations improved understanding of nutrient enrichment effects, and helped explain why correlations between nutrient concentrations and plant growth are elusive in field surveys.
 
Keywords: Eutrophication, nutrient limitation, nutrient criteria
Presentation at the 20th annual Northwest Bioassessment Workgroup Meeting, McCall, Idaho, November 4-6, 2009.  



• EPA developed 14 ecoregional nutrient criteria for total P, total N, 
seston chlorophyll, and turbidity.  

• Not effect based, based on percentiles of found data

Presenter
Presentation Notes
NEET study was intended in to relate nutrients to biological  effects, beyond just a percentile of distribution approach



Nutrients (water and sediment) 
biological, and habitat co-
occurrences

Presenter
Presentation Notes
The study is primarily a field co-ocurrence study, where we measured the usual parameters for this type of study, plus obtaining continuous flow records.



Yellow – 2008 seasonal and nutrient limitation studies (8)
Red – 2007 biomonitoring (30)

Presenter
Presentation Notes
Study sites selected in agricultural or rangeland settings.  “Agricultural” loosely defined; really means avoiding urban or forest streams within the basin. Following the first years study, 8 sites were selected for more intensive study. The sites were selected to generally represent the low range of anthropogenic disturbance but still reflect a gradient of nutrient conditions.  Most had long-term flow records.
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Presentation Notes
Study sites included open canopy, runoff influenced sites with a gradient of nutrient conditions



Conditions ranged from wasteways to pristine

Presenter
Presentation Notes
A few sites probably had light limitation from the fringing riparian shrubs.



Included several clear spring creeks

Presenter
Presentation Notes
Spring creeks seemed likely to yield useful results because they included a gradient of nutrient conditions and by being very clear and having stable year-round flows, avoided the confounding factors of light limitation and flow disturbance.
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y = 0.11x + 48
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Presenter
Presentation Notes
However, this wasn’t the case and the spring creeks had just as poor overall relationship between chlorophyll in benthic periphyton as all the other streams.  Overall there was no simple correlation between total phosphorous and  chlorophyll in benthic periphyton, with a slope near zero and at least 98% of the variability in periphyton chlorophyll coming from something other than TP.  In fact, one could visualize entirely different models with the data like this parabola.  Yet, TP is commonly assumed to be limiting to periphyton and all nutrient TMDLs that I am aware of are written for TP
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Presentation Notes
Nitrogen had a slight hint of a pattern but 90% of the variability in periphyton chlorophyll was from other factors.



Theoretically important variables in relation to algal production

Many correlated, surrogate, 
or derivative variables:

• Light
• Solar pathfinder
• Canopy cover
• Turbidity, susp. seds

• Major Nutrients
• TP, PO4, TN, DIN

• Current
• Velocity
• Discharge
• Gradient
• Flow Stability
• Shear stress

• Grazers
• Ionic strength of overlying water

• Specific conductance
• Alkalinity

• Temperature

Response variables:
• Algae Biomass

• Periphyton chlorophyll (a) biomass
• Periphyton total biomass (AFDM)
• Seston chl(a)

• Algal species composition
• Green algae
• Diatoms
• Indicator taxa

• Macroinvertebrates
• Biomass
• Composition

• Rooted aquatic plants
• Biomass, % areal cover, species

• Organic Carbon
• Dissolved, particulates

Presenter
Presentation Notes
So what else might be going on?  There’s long list of possible suspects.



Observational Field studies

• Algae, nutrients, flow, temperature, light, channel features
• Whole stream metabolism (processing or transporting 

nutrients)
• Nutrients in sediments and rooted aquatic weeds

Manipulative Lab and Field studies
•Nutrient limitation testing with site water and with green algae, 
periphyton, and duckweed
•Attempt to find nutrient response thresholds for nutrient limitation 
or saturation
• Test in situ whether N, P, or N+P in combination are limiting 
nutrients

Presenter
Presentation Notes
This lack of obvious patterns in the field data led to the desire to integrate the detailed field observations with laboratory or in situ experiments to see if together better information could be derived.  



Limitation Experiments:
Low N stream

Total P ~ 20 – 35 µg/L (0.020 
to 0.035 mg/L)

Total N ~ 40 to 400 µg/L 
(0.04 to 0.4 mg/L)

Big Cottonwood 
Creek

Pristine rangeland 
watershed: no 
diversions, roads, 
cows, or motorized 
access
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Presentation Notes
In particular we focused on two test streams, one with very low N and one with very low P concentrations



Low P stream

Total P ~ 0.007 to 0.015 mg/L 
(7 to 15 µg/L)

Total N ~ 1.0 mg/L (1000 µg/L)

• Stalker Creek
Few overt disturbances; 

located on The Nature 
Conservancy’s Silver Creek 
Preserve



Sestonic green algal nutrient limitation assays

Suzanne Pargee, GEI Consultants-Chadwick Ecological, Littleton, CO

• Variation on EPA’s whole 
effluent test (WET)

• Green algae 
Pseudokirchneriella 
subcapitata (formerly 
Selenastrum
capricornutum)

• Site water spiked with N, 
P or both 

• 12-14 days test duration

Presenter
Presentation Notes
The first experiment was a variation on EPA’s whole effluent toxicity test (WET).  If the test labs can test for reductions in algae growth from adding toxic waste effluents then they can do the same test for increases with added nutrients:

Test species – green algae, Pseudokirchneriella subcapitata (formerly known as Selenastrum capricornutum)
Spiked filtered site water with either or both 0.1 mg/L P or 1 mg/L N
Inoculated each treatment with 1000 cells/mL (nominal)
Grow under continuous light, 25°C continuously swirled on a shaker table
Use absorbance (750 nm) every 2 days to estimate max growth 
Tear down when growth tapers off, final endpoint is a direct cell count
In the photo illustrates a P limited series.  P additions increased algal growth (green flasks), but N additions alone had little effect. 
 



N+P co-limited P limited

N:P
12

N:P
209

Presenter
Presentation Notes
The top panels show ambient water concentrations in comparison with the initial concentrations after the nutrient additions, and at the bottom, a strong co-limitation response from the low N stream, and primary P limitation with secondary N+P co-limitation at the low P stream. 
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In the Selanastrum tests, no samples were N limited,  all samples were P limited or co-limited.
By examining the pattern from all the streams with just the growth from the ambient water samples (no manipulations) we see an asymptotic relation with the curve starting to flatten at around 100 µg/L (0.1 mg/L) TP.  Plotting the growth against TN supports the nutrient addition responses that the waters were P limited to green algae.  Although the N&P concentrations were correlated with each other, the very low growth at the 1.5 mg/L TN shows that growth had nothing to do with N in that test.



Tests with duckweed, 
Lemna minor, and 
native epiphytes

Presenter
Presentation Notes
Next we moved on to a more complex plant.  We used Duckweed as a model plant because it is a true vascular macrophyte but gets all of its nutrients through the water column.  Also, native duckweed supports an epiphyte periphyton community, and so a single test was able to give both an algal community and macrophyte response.



Duckweed ubiquitous in slow water areas, but treated as a model 
aquatic plant



Duckweed, Camas Creek

Duckweed, aquaria at 10-days

Duckweed, typical test method

Sallenave and Fomin, 1997

Presenter
Presentation Notes
Duckweed is a standard toxicological test organism for herbicides and effluents, but the standard protocol is environmentall unrealistic with growth of sterilized plants with their roots cut off in a petri dish in about 5mm of water for 4-days.  In nature and in our aquarium tests after 10 days, the roots commonly exceed 50mm



Presenter
Presentation Notes
Nutrient addtions were made from stock solutions and added to known volumes with a micro-pipetter.
Amy Marcarelli



Presenter
Presentation Notes
Added 100 plants to each treatment, 3 replicates per concentration, 5 concentrations plus ambient control



Duckweed tests

• Day 1 – roots barely visible

• Growth at day 11

Presenter
Presentation Notes
Roots averaged 4mm at start, 20-80mm at the end of the tests



Periphyton response:  Epiphytic algae 
community was introduced with the duckweed 



Presenter
Presentation Notes
Epiphtye periphyton collected by scraping down the aquarium sides and concentrating the entire volume on a glass filter



Presenter
Presentation Notes
Duckweed test provided multiple endpoints – number of plants, fronds/plant, root length, and biomass



Using piecewise linear regression
EC20 68 (31-149)  µg/L TP

where EC20 = a 20% increase in duckweed biomass

14
2636

61321

N:P molar 
ratios

Presenter
Presentation Notes
Duckweed biomass had a stepped pattern of increase with increasing P.  No increase until a threshold of about 50 µg/L and then no further increase beyond a saturation point around 100 µg/L.  In contrast, the periphyton had no threshold, but an exponential growth pattern to 75 µg/L with no further increases at higher P concentrations.  Nitrogen should not yet have been limiting at an N:P ratio of 36, so this suggests a P saturation response.
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Up to 90% of the nutrients were removed by the plants 
over the 11 day test!

Phosphorus enrichment test

Presenter
Presentation Notes
Another important result was that over the course of the experiment, up to 90% of P and nearly 80% of N were removed from the water column by the plant growth.  



Even in the low growth N experiment, up to 50 to 60% of 
N and P respectively were removed

Nitrogen enrichment test
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Even in the low productivity N series, over 60% of P and 50% of N were removed.



Initial plant loading

Presenter
Presentation Notes
Because the total plant loading in our experiments did not seem excessive, this suggests that uptake may have a lot to do with why there is even a



Growth at 11-days

Presenter
Presentation Notes
Because the total plant loading in our experiments did not seem excessive, this suggests that uptake may have a lot to do with why there is even a



In stream benthic periphyton limitation 
experiments with nutrient diffusing substrates

Red – Phosphorus (P), Blue – Nitrogen (N), Green – N+P,
White - controls

Presenter
Presentation Notes
Next, we left the lab and placed nutrient enriched substrates in the streams to test for nutrient limitation



Nutrient diffusing substrates
Red – Phosphorus (P)
Blue – Nitrogen (N)
Green – N+P
White - controls

Presenter
Presentation Notes
Vials of agar enriched with either P, N, or N+P together were capped with fritted glass disks that slowly allow the nutrients to diffuse through.  Thus, the algae settle on and grow on either a plain rough glass artificial substrate (control) or a nutrient rich substrate.  The tests had 6 replicates each and were placed at a site that was similar to the periphyton field sampling locations in terms of depth, velocity and shade, and soaked for 21 days.



Nutrient diffusing substrates

Red – Phosphorus (P)
Blue – Nitrogen (N)
Green – N+P
White - controls

Presenter
Presentation Notes
Vials of agar enriched with either P, N, or N+P together were capped with fritted glass disks that slowly allow the nutrients to diffuse through.  Thus, the algae settle on and grow on either a plain rough glass artificial substrate (control) or a nutrient rich substrate.  The tests had 6 replicates each and were placed at a site that was similar to the periphyton field sampling locations in terms of depth, velocity and shade, and soaked for 21 days.
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Presentation Notes
After retrieval, the vials were frozen, and later the disks were separated, and algae was removed by methanol extraction, and then analyzed spectrophotometrically like any other algae sample



Big Wood River

N+P are co-limiting

TP: 7 – 10 µg/L
TN: 50 – 100 µg/L
N:P molar ratio: 15 – 22
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Presenter
Presentation Notes
At the site with very low P and N, both were co-limiting for chlorophyll and P addition actually suppressed periphyton chlorophyll.  In this and all cases, the periphyton biomass AFDW was always N limited, showing how heterotrophic communities have very different limitations than primary producers



Little Wood River

Chla N limited

TP: 10 – 14 µg/L
TN: 93 – 118 µg/L
N:P molar ratio: 14 – 20
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This site had similar N which appears to have been enough to move it to N primary limitation
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This stream was N limited when tested in the duckweed and epiphyte tests, but was N+P colimited in the in situ experiment



Stalker Creek

P limited

TP: 8 – 10 µg/L
TN: 1130 – 590 µg/L
N:P molar ratio: 340- 305 
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At the site used in the low P enrichment tests with duckweed and epipytes, the in situ tests also showed P limitation, with secondary N+P limitation.  Even in this very low P stream, objectional mats of algae developed in quiescent areas.



Goose Creek

Chlorophyll N limited

TP: 30 – 44 µg/L
TN: 213 – 313 µg/L
N:P molar ratio: 16 – 19

Presenter
Presentation Notes
Again, P suppression and N limitation
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As expected, this stream did show P limitation, but surprisingly it had secondary N limitation.  Surprising because with 2500 to 4000 µg/L, would have assumed it was N saturated.



Billingsley Creek

Periphyton are not limited by 
nutrients
NP addition suppressed chla
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This stream was the eutrophic test site, with both N and P elevated in the ambient water. There were no increases in growth at any nutrient treatment, suggesting that periphyton accrual was not limited by nutrients.  Luxuriant plant growth is evident around the rack after 21 days, in stark contrast to the barren streambed when deployed.  
    Because this stream has fairly fast water, about 1 ft/sec, and lots of weeds constantly breaking off and drifting downstream, I built a weed fence upstream which dropped the velocities.
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Presenter
Presentation Notes
So what do all these tests suggest about using N:P ratios to estimate the limiting nutrient?  Use with caution.  In general, NP ratios >= about 30 indicated P limitation or co-limitation which fits published rules of thumb, but co-limitation was observed with NP ratios ranging from 7- 60
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Let’s return to Big Cottonwood Creek, our low N test stream to see how these tests helped interpret stream patterns.  At first brush, seasonal patterns show N and P generally tracking with each other thorugh the winter and spring, but P remained stable as N dropped in summer, but not a lot more is obvious.
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However, 4 nutrient limitation tests with single algae species, algae assemblages in the lab and in situ, and with duckweed all showed N limitation or co-limitation, so we can ignore P 
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Now with P out of the picture, we see TN and chlorphyll rise and fall in perfect synchrony, except it is the inverse of the usual expectation of chla following TN – as chlorophyll increases, uptake increases, and ambient N decreases.
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In contrast to this temporal pattern, when TN in water is compared with periphyton chlorophyll accrual on the controls in the NDS experiments, at the N limited or saturated stream sites only, once again a asymptotic pattern apprears.  Because the NDS exposures provided a fresh substrate free of competition, were soaked just short of the time sloughing would be expected, and were in sunny and shallow locations, they mightrepresent something close to the maximum periphyton chlorophyll accrual.
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So if we return to the seemingly chaotic pattern between TN and periphyton chlorophyll in the stream samples …. 



0

50

100

150

200

250

300

0 1000 2000 3000 4000

Benthic chl(a) 
mg/m2

Total N  (µg/L)

Predicted N-limited response
Summer 2007
Summer 2008

Presenter
Presentation Notes
… and overlay the response curve from the artificial substrates in N limited sites, it does look like a limiting prediction of maximum periphyton chlorophyll .  One could picture fitting this curve from an edge fitting such as quantile regression, yet the curve and the data points were completely independent of each other.
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This just uses a log-log scale to spread out the cluster of data at low nutrient and chlorophyll values.



P and chlorophyll from the duckweed-epiphyte 
growth lab tests
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only 11 days was much lower than in the 21-day in 
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Scaling factor: Max instream asymptote = 129
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Because only two sites were clearly P limited in the in situ tests, I couldn’t make a similar comparison with P.  However, the P enrichment series in a P-poor and N-rich water suggested a similar pattern for P and periphyton chlorophyll.
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So back to our chaotic instream TP and periphyton chlorophyll for a moment 
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So if we overlay the scaled P-periphyton chlorophyll  curve over the instream measurements. Not as clean as comparing in situ to in situ, but still seems plausible to me.  If this relation holds, it suggests a TP ~ 40 corresponds to chla of 150 mg/L periphyton chlorophyll, which has been suggested as a nuisance algal target.



Grazing

Presenter
Presentation Notes
So my thinking is that these relations approximately fit the upper edges of the chlorophyll-nutrient distributions,  an edge function.  So what’s going on with the body of the data?  Any number of things, such as 90% uptake of nutrients from the water column which could confound any relationship,  P limitation for the N plots and vice versa.
  Here’s a case where grazing and flow had dramatic effects on the benthic periphyton.



Flow disturbance

Presenter
Presentation Notes
Camas Creek at about 3 cfs



Flow disturbance

Presenter
Presentation Notes
Camas Cr at about 700 cfs



Conclusions

1. N limitation or co-limitation was most common
2. Different endpoints often had different limiting nutrients
3. With periphyton or green algae, P had no minimum response 

threshold 
4. With duckweed, P threshold of response was about 50 µg/L 

(0.050 mg/L)
5. About 40 µg/L TP and 600 µg/L TN corresponded with the 150 

mg/kg “too-green” periphyton chlorophyll guideline
6. Uptake of N and P in at least oligotrophic likely confound 

relations between plant stock and nutrients. 
7. Integrating controlled experiments and biomonitoring more 

informative than either alone
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