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Abstract
We investigated nutrient-periphyton interactions and nutrient attenuation loading along a 80 km reach of a gravel-bed
temperate river during summer over 2011-2017, before and after a sewage treatment upgrade to reduce phosphorus
loading, using reach-scale measurements and in situ chambers. Dissolved reactive phosphorus (DRP) and dissolved
inorganic nitrogen (DIN) decline over the most enriched 31 km reach averaged 80% and 71%, respectively, and were least
(28% and 38%, respectively) in the cool, wet, summer of 2012, when periphyton Chlorophyll a was relatively low and flow
was highest (20 m3/s). The dominant forms of dissolved P and N changed from DRP and DIN, respectively, near the
nutrient inputs at the top of the study reach to dissolved organic P and dissolved organic P at the bottom (>40 km from the
plains). These changes reflected periphyton uptake of DRP and DIN, while DOP and DON were more stable longitudinally.
Sloughed periphyton also contributed to downstream transport of particulate organic nutrients. Sloughing was greater in
the afternoon than morning, due to the lift of gas bubbles entrapped in periphyton, and during spates. Reduced sewage P
input to the river did not reduce DIN uptake markedly and associated periphyton biomass reduction was modest. Evidence
suggests that bed sediments provide periphyton with an ongoing source of P during summer, facilitated by high afternoon
pH (9-10). Periphyton C/N and C/P indicated increasing nutrient limitation over the lower river at DIN <400 and DRP <6
mg/m3. Regression modelling showed that reach scale areal uptake (U) of DIN could be largely explained by gross primary
production and temperature, whereas initial DRP concentration and respiration accounted best for DRP uptake. We
conclude that models of nutrient attenuation/spiralling in rivers need to consider contributions of dissolved and particulate
nutrients, along with dissolved forms, and that periphyton management should consider sources of both sediment and
water column nutrients.
Keywords: Periphyton, nitrogen, phosphorus, attenuation, nutrient limitation, organic nutrients, particulate, sloughing
1 INTRODUCTION
Excessive growth of aquatic plants (blooms of algae and macrophytes) due to nutrient enrichment of
freshwaters by inputs from human activities is a global problem. The nutrient enrichment response in gravelbed rivers is typically manifest in development of abundant periphyton biomass, where other controlling
factors (e.g., high light, stable flow regime, warm temperatures, low grazing pressure) are favourable.
Excessive periphyton can degrade aquatic biodiversity and a wide range of freshwater ecosystem services,
including the provision of drinking water for people and livestock and recreational suitability for swimming
and fishing. If toxin-producing cyanobacteria become abundant, the periphyton also present a known poisoning
hazard to dogs and a potential risk to swimmers (MFE/MOH 2009). Managing these effects requires an
understanding of the relationships between nutrients (particularly N and P) and periphyton growth rates and
biomass to provide targets for reduction of nutrient loading from point and diffuse sources (e.g., sewage
treatment plants and agriculture, respectively).
However, growing periphyton also remove nutrients from the water column and thereby may limit
periphyton growth downstream. Periphyton also excretes organic forms of nitrogen and phosphorus (DON and
DOP), and periphyton sloughing results in downstream transport of particulate organic N and P (Withers and
Jarvie 2008). Thus, periphyton on riverbeds can have significant effects on the concentration, timing and form
of nutrients at downstream locations, with consequent effects on eutrophication symptoms (e.g., algal blooms,
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deoxygenated “dead zones”, fish kills) of downstream rivers, lakes and the coast (e.g., Berezina and Golubkova
2008).
Statistical and mechanistic models have been developed that address some of these nutrient-periphyton
interactions (e.g., Rutherford 2011; Chapra, Flyle et al. 2014; Snelder, Booker et al. 2014) and there have been
large cross-biome experiments focusing on attenuation of single nutrients (Peterson et al. 2001). However,
there are few case studies that examine periphyton and nutrient interactions, considering all major nutrient
forms, or documented ‘natural experiments’ examining how these interactions are altered by management
actions to reduce nutrient loadings.
This study aimed to quantify nutrient and periphyton interactions at local and river reach scales and
the effect of reduction in P loading. It focused on nutrient and periphyton interactions along an 80 km of the
lower Tukituki River (5-6 order, median flow 17 m3 s-1), New Zealand (Fig. 1). The river is affected by inputs
of nutrients from upwelling of agriculturally N-enriched groundwaters and P-enriched secondary treated,
oxidation pond, sewage treatment plant (STP) effluent from 2 towns (combined population c 8000). The
Tukituki River is highly valued for trout fishing and swimming but both these uses are degraded by sometimes
excessive abundance of periphyton, including cyanobacterial mats, during summer.

2 METHODS
2.1 Longitudinal surveys
We estimated nutrient uptake using a combination of longitudinal surveys of nutrients, periphyton and
stream metabolism under a range of summer baseflow conditions (flows 4-20 m3/s). Sampling was conducted
during summers of 2001 to 2017, before and after STP upgrades in 2015 that reduced P loadings by over 90%.
Seven longitudinal surveys along the lower Tukituki and its Waipawa River tributary (Fig. 1) from upstream
of the STP inputs (sites T2, T3 and W1) to near the sea (T13 or T14) were undertaken in summer (usually midFebruary) of 2011, 2012, 2013, 2015, 2016 and 2017). Differences in general weather conditions (e.g. cool
wet in 2012 c.f. hot, dry in 2011 and 2013) resulted in different antecedent and surveys flows and periphyton.
The Waipawa had very similar flow to the Tukituki at their confluence (medians 6.5 and 6.3 m3/s, respectively)
but the Waipawa had lower average concentrations of DRP (16%) and DIN (41%), resulting in dilution of
these nutrients (by c. 8% and 20%, respectively) between T5 and T6, 21 km from the plains. Flow inputs were
very low from tributaries along the study reach during summer, and the combined flows of gauging stations at
T4 and W1 (Fig. 1) were equivalent to -4% to +10% of flow at T12 during the surveys. This enabled calculation
of nutrient uptake rates by mass balance between reaches.

Figure 1: Location map of the Tukituki River showing the study sites and the STP discharges (black arrows).
Insert shows the catchment location on the East Coast of the North Island of New Zealand
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Periphyton cover was assessed, using an underwater viewer (bathyscope) at 20 points at equidistant
locations across 4-5 cross-sections spaced to be representative of each sampling reach. A stream stone was
collected at random at each point and the 20 stones collected were combined into a reach composite sample
for periphyton assessment. All attached periphyton was scrubbed to make a periphyton sample that was
transported on ice in the dark to the NIWA laboratory for analysis up to 4 days after collection. The sample
was then homogenised using a “stick blender” and subsamples were assayed for chlorophyll a (Chl. a; acetone
pigment extraction, spectrophotometric measurement), dry mass (DM, subsample filtered and dried 24 h at
104 °C), particulate carbon and nitrogen (PC, PN; Catalytic comb @900°C, TCD, Elementar C/N analyser)
and particulate phosphorus (PP, Acid digest, DRP by FIA). Periphyton biomass/unit area was calculated by
dividing the sample mass by the exposed surface area of all stones calculated from stone dimensions (Dall
1979).
Longitudinal water sampling along the upper half of the reach was from upstream to downstream to
sample approximately the same parcel of water based on estimated travel times from a model predicting
average velocity in relation to flow (Johnson 2011). During the latter surveys sampling was done from early
in the morning (starting at dawn) and again in the afternoon to evaluate diel variations due to light/primary
production effects. In the lower river the longer distances/flow times between reaches made this ‘parcel
tracking’ impractical. Water samples were collected from the main river flow at mid-depth. Spot measurements
of pH and dissolved oxygen (DO) and temperature were made with calibrated field instruments. Unfiltered
samples for measurement of TP and TN were stored immediately on ice in the dark whilst samples for dissolved
nutrient analyses (DRP, TDP, NH4-N, NO3-N, TDN) were filtered in the field (Whatman GFC filter) before
storing on ice. Dissolved inorganic N (DIN) was calculated as NH4-N + NO3-N, dissolved organic N (DON)
was TDN-DIN and dissolved organic P (DOP) was TDP-DRP). Particulate N (PN) and P (PP) were calculated
as TN-TDN and TP-TDP. Downstream transport of periphyton “clumps” and associated particulate nutrients
was measured using paired drift nets (0.5 mm mesh) set at mid-depth and at/just below the water surface for
c. 1 hour and the volume filtered was calculated from the net opening area (50 cm 2) and the average of water
velocity measured at the net inflow at the beginning and end of deployment. Samples were transported and
analysed using the same methods as described above for periphyton.
Reach scale areal N and P uptake rates (U, mg m-2 h-1) were calculated from the field samples as the
difference in concentrations (mg m-3) between paired upstream (Cup) and downstream (Cdown) concentrations
divided by mean reach depth (D, m) and the reach travel time (T, distance between sites (m) / mean velocity
(m s-1)) predicted from a physical model of the river (Johnson 2011)) for the flow measured at the sites or at
nearby flow stations using the equation: U = (Cup-Cdown)/D/T.
Reach scale metabolism (net and grow primary production (NPP, GPP) and ecosystem respiration
(ER) were calculated from single station diurnal dissolved oxygen and temperature data (Young and Huryn
1996) collected using D-Opto loggers over 1-3 days at the time of the nutrient uptake surveys. Average reach
depths were calculated from measurements across 5 cross-sections located upstream of each dissolved oxygen
and temperature monitoring location.
2.2, Chamber nutrient uptake measurements: In situ measurements of nutrient uptake enabled
manipulation of dominant periphyton community type (filamentous diatoms or greens or cyanobacteria) and
biomass and light/dark comparisons. We measured the areal uptake (U) of dissolved N and P species (NH4-N,
NO3-N, DIN, DON, DRP, TDP, DOP) by difference in concentrations between the beginning and end of ca.
2-3 h in situ incubations of river bed rocks and attached periphyton, under ambient light in fully enclosed,
recirculating, plexiglass, respiratory chambers (Hickey 1988) and then in the dark, after refreshing the
chambers with river water and covering with black PVC sheeting held down by river stones. Dissolved oxygen
(DO) and temperature were measured at 1-minute intervals by RBR or D-Opto meters in the chambers and
NPP and GPP and ER were calculated from the rate of change in DO, the chamber water volume and the light
exposed surface area of the stones (as described above). Photosynthetically active radiation (PAR) at the water
surface was measured at 15-minute intervals during the chamber measurements using a Li-Cor Li-190-R meter
within 14 km of the site. The biomass of periphyton on the incubated rocks was measured at the end of the
incubations as described above for reach surveys. Two identical chambers were used to make twenty-four
chamber light/dark measurements on 11 dates during mid-February of 2011-2015 at Tukituki River sites T4,
T4_5, T5, T6 and T9, located 2-14 km downstream of STP inputs of treated domestic wastewaters (Fig. 1).
The dominant periphyton types were filamentous green algae (dominated by Stigeoclonium sp.), fragile
filamentous algae (dominated by Melosira varians) and cyanobacteria (mainly Phormidium sp.).
Patch scale areal N and P uptake rates (U, mg m-2 h-1) within the chambers were calculated using the
equation: U = (Cinitial- Cfinal) x V/A/T. Where Cinitial and Cfinal were initial and final nutrient concentrations in
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each incubation, V was the volume enclosed in the chamber apparatus (V, allowing for the measured volume
of the stones and sensors), A was the exposed surface area of the stones (as described above) and T was the
incubation time.

3 RESULTS AND DISCUSSION
3.1 Longitudinal patterns in river dissolved inorganic nutrients and river periphyton
The summer surveys covered a range of weather conditions, from wet, overcast and cool, in 2012, to
hot and sunny, during the 2013 drought, that were reflected in patterns of nutrients and periphyton along the
lower Tukituki River (Figs 2 & 3). Water column concentrations of DRP and DIN declined rapidly with
distance downstream of the inputs from agricultural land and STPs in the upper part of the study area (Fig, 2A,
D). The increase in DRP downstream of the Waipukurau STP discharge (between T3 and T4, Fig. 1) was
greatest (4-fold) during 2013 before the STP upgrade when the flow of 3 m3 s-1, equivalent to the 1 in 5-year
7-day low-flow level. The STP upgrades achieved >90% P-input reduction from mid-2015 and DRP only
increased by on average 2 mg /m3 (18%) between T3 and T4 in 2016-17, compared with by 18 mg /m3 (190%)
during 2011-2014 (Fig 2A). DRP and DIN declined on average 80% and 71%, respectively, over the 31 km
from T4 to T10 and 86% and 90% over 60 km from T4 to T12. DRP and DIN attenuation below T4 were least
(28% and 38% to T10 and 78% and 60% to T12, respectively) in the cool, wet, summer of 2012 (Fig. 2D)
when periphyton Chl. a was relatively low (Fig. 3B) and flow was highest (20 m3/s), resulting in a 3-fold lower
travel time (43 h) from T2 to T14 than in 2013 (120 h).
The dominant forms of dissolved P and N changed from DRP and DIN, respectively, near the nutrient inputs
at the top of the study reach to DON and DOP at the bottom (>40-50 km from the plains), except in 2012 when
flows were highest and periphyton biomass lowest (Figs. 2 & 3B). This reflected removal of DRP and DIN
while DOP and DON were more stable longitudinally. The chamber studies showed that release of DON and
DOP resulted in uptake of TDN and TDP being lower than DIN and DRP, respectively (Fig. 5). Furthermore,
DON U in light chambers was significantly negatively correlated with Chl. a and GPP and, in dark, was
negatively correlated with respiration rate (ER). Together these results indicate that there some of the DRP
and DIN, taken up by periphyton is released for downstream transport as DON and DOP (“nutrient spiralling”
(Newbold 1981)). PP and PN concentrations were variable at sites, with higher values in the afternoon than
morning, but generally lower than for respective dissolved forms and did not show consistent longitudinal
patterns (Figs 2C and 2F).

Figure 2: Longitudinal patterns in dissolved nutrients (mg/m3) during summer (February) surveys 2001-2017
before and after sewage phosphorus load reduction in mid-2015. Arrows indicate STP input, with red and
green arrows and labels indicating before and after STP upgrade for P removal
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Figure 3: Longitudinal patterns in cyanobacterial mat cover and periphyton biomass, C:N and C:P mass ratio
during summer along the Tukituki River before (red headers) and after (green) reduction in STP P load
(arrows). MFE/MOH (2009) provisional amber and red alert levels for cyanobacterial mat cover and MFE
(2014) maximum acceptable periphyton biomass are indicated by dashed lines
Cyanobacterial mat cover (Fig 3A) often exceeded the MFE/MOH (2009) interim Amber Alert Level
(20%), and at 2 sites exceeded the Red Alert Level (50%) above which public notification of the potential risk
to health is mandatory. DIN was greater than 300 mg m -3 (Fig. 2C) at the sites where cyanobacterial mat cover
exceeded the amber alert (20% cover) level (Fig. 3A), indicating this may be an effective target to prevent
development of “amber alert” cyanobacteria cover in this river. However, cyanobacteria mat cover and
downstream extent were similar before and after the P input reduction, likely due to P scavenging and
desorption from sediments entrapped within the mats (Dodds 2003; Wood et al. 2015). Abundant periphyton
and high GPP were associated with afternoon pH values commonly between 9 and 10 from T3 to T14, at which
P bound to sediment Calcium, Magnesium, Iron and Aluminium can be released under oxic conditions (Jensen
and Andersen 1992), providing a sediment P source in addition to the STP and upstream surface water input
sources.
Periphyton biomass (Chl. a; mean = 125 mg/m2) was high relative to other New Zealand rivers during
summer (mean 57 mg/m2, data in Matheson et al. (2016)). Chl. a was least overall (mean 57 mg/m2) during
the cool, wet, summer of 2012, when flow was highest (Fig. 3B). In contrast, Chl. a was highest, during hot
dry summers of 2011 and 2013 (means 171 and 159 mg/m 2) before the STP upgrade, when periphyton biomass
sometimes exceeded the MFE (2014) maximum acceptable level (200 mg/m2) near the STP input. Chl. a
generally declined at downstream sites where DIN and DRP were depleted, particularly under very lowflow
conditions in 2013 (Fig. 2A, D). Many previous studies have shown controlling effects of high flow and low
nutrients on periphyton biomass (e.g., Biggs and Close 1989; Uehlinger et al. 1996). There was also some
evidence of lower Chl. a near the STP discharge after the P control in 2016 and 2017 (Fig 3B). The increasing
periphyton C:N and C:P with distance downstream also indicated nutrient deficiency (C:N >7.5 and C:P>119,
respectively, (Hillebrand and Sommer 1999)) at the lower river sites (Fig. 3C, D) where dissolved nutrients
were low relative to the upper river (i.e., DIN <400 and DRP <6 mg/m3, Fig. 2D, A, respectively).
Sloughed periphyton also contributed to nutrient spiralling as downstream transport of particulate
nutrients under both steady flow and increasing flow conditions. Under steady flows, there was 5-fold more
periphyton caught in the afternoon in drift nets at the surface (mean 1.8 mg Chl. a/m3) than mid-water column
(Paired t-test, P < 0.05, 2016 and 2017 data when mean (95%CI) benthic chl. a was 120(42) mg/m2), whereas
surface and water column catches were similar during the morning. During the afternoon we observed the
surface floating periphyton was buoyed up by gas bubbles indicating that photosynthesis within the periphyton
mats contributed to periphyton sloughing. Endogenic periphyton sloughing, under steady flow conditions, has
previously been attributed to self-shading in “mature” growths (Higgins et al. 2008). Nutrient/resource
deficiency within mature mats has been associated with increased propensity to slough in response to increased
current (Biggs et al. 1999). It is plausible that self-shading and resource limitation within periphyton facilitated
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endogenic sloughing in the Tukituki, but our results indicate the lift force generated by gas bubble formation
within periphyton mats and filaments during photosynthesis enhances endogenous sloughing markedly.
A relatively small increase in flow, from 5 to 10 m 3/s, increased the suspended periphyton caught in
nets by 100-fold (to 15 mg Chl. a/m3) between consecutive days at site T12 during the 2017 survey. The water
column data were used to make conservative estimates of downstream transport of particulate N and P as 3.6
mg N/m3 & 0.27 mg P/m3 under normal flows and 180 mg N/m3 & 13 mg P/m3 during the small flow increase
at T12 in 2017. Larger spates that scour the attached periphyton (e.g., Chl. a at T9 dropped from 135 mg/m2
on 15/2/17 to 2 mg/m2 on 1/3/17 following an 85 m3/s spate on 20/2/17) also transport substantial quantities
of particulate periphyton N and P downstream. Using the average (+ 95% CI) periphyton N and P densities for
all surveys of 1.55 (0.45) g N/m2 and 0.095 (0.014) g P/m2, respectively, and the mean river width of 41 (2.5)
m, depth of 0.49 (0.03) m over the 80 km study reach, we estimated that 5075 kg N and 313 kg P are stored in
periphyton within the reach. If this periphyton was scoured and exported to the coast over a day, the N and P
loads would be 20- and 28-fold higher than the daily average TN and TP loads under our survey conditions at
T12 of 247 kg N and 11 kg P, calculated using the average flow during the surveys (9 m3/s) and T12 average
TN of 305 (135) mg/m3 and TP of 14.9 (4.3) mg/m3 for all surveys. This indicates a scouring spate would
deliver a substantial pulse of N and P to the coast. The effects of spates on periphyton scour are well-known
(e.g., Biggs and Close 1989; Peterson 1996; Uehlinger 1996; Biggs et al. 1999), but few studies have
considered the effects on downstream nutrient transport.
3.2 Reach scale uptake of dissolved inorganic nutrients
Uptake rates of DIN and DRP declined downstream as nutrients were depleted (Fig. 4). Stepwise
multiple regression modelling, using data from reaches within the upper 25 km where nutrients were relatively
abundant, showed that reach scale areal uptake (U) of DIN could be largely explained by gross primary
production (GPP, r2 = 48%) and temperature (combined r2 = 91%) whereas U DRP was best explained initial
DRP concentration (r2 = 50%) and respiration rate (combined r2 = 65%). These findings indicate that
periphyton metabolic activity is the main driver of nutrient attenuation in the Tukituki mainstem. U DIN
(mainly NO3-N) rates were in the upper range of U NO3-N values at 72 North American rivers (most between
0.3 and 30 mg NO3-N /m2/h, (Hall et al. 2009)) and were high relative to 140 rivers reviewed by Ensign and
Doyle (2006) (inter quartile range 0.3-4 mg NO3-N /m2/h). Our reach scale U DRP rates (Fig. 4) were
intermediate relative to inter quartile range (0.3-2.1 mg DRP/m2/h) of 172 rivers reviewed by Ensign and Doyle
(2006). These medium-high rates support Wollheim et al.’s (2006) contention that high order rivers (though
under-represented in nutrient uptake research) have considerable influence on dissolved nutrient export. The
strong links we found between U DIN with DIN concentration and GPP are also consistent with findings of
Hall et al. (2009) at sites across North America and Pueto Rico.

Figure 4 Reach scale areal uptake rates for DIN and DRP versus distance downstream and reach upstream
nutrient concentration (2011-2013 data)
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3.3 Chamber scale uptake of dissolved nutrients
Chamber experiments found that light influenced N uptake more than P uptake, consistent with the
strong link between U DIN and GPP at reach scale (see above). N areal uptake rates (U) were significantly
higher in light than dark for TDN and its components (NH 4-N, NO3-N, DIN), except for DON (Fig. 5).
In contrast, uptake of TDP and DRP did not differ between paired light and dark chambers (Fig. 5). Release
of DON and DOP made uptake of TDN and TDP lower than DIN and DRP, respectively. Drivers most strongly
correlated with U DIN in the light were Net Production (r2 = 0.59) > Gross Production > DRP (r2 = 0.40) >
Chl. a (r2 = 0.30> light (r2 = 0.22). A regression model for U DIN (r2 = 60%) included initial DRP and Chl. a.
Together the reach scale and chamber uptake results confirm the importance of biological uptake by periphyton
in riverine dissolved N and P dynamics (Dodds 2003; Ensign and Doyle 2006; Withers and Jarvie 2008; Tank
et al. 2018). Our findings also emphasise the need to consider dissolved and organic nutrients in a holistic view
of dissolved nutrient dynamics (Withers and Jarvie 2008) in rivers, including the role of sloughed periphyton.

Figure 5: Comparison of dissolved N and P areal uptake rates in light and dark. # = paired t-test of light vs
dark was statistically significant (P < 0.05, n = 19 light/dark paired observations)

4 CONCLUSIONS
Periphyton interacts strongly with nutrients along the Tukituki River, altering the quantity, form and
timing of nutrient transport to downstream reaches and the coast, and causing N and P deficiency in periphyton
at the lower half of our 80 km study reach. Some of the dissolved inorganic N and P taken up by periphyton is
released and transported (spiralled) downstream as dissolved organic forms, that are less amenable to uptake
by downstream periphyton than inorganic forms. Some is also spiralled as particulate nutrients in periphyton
sloughed by “gas bubble lift” under steady flows, by current shear dislodging periphyton in small spates, and
combinations of current shear, fine particle abrasion and bed movement during large spates/flood flows.
While nutrient attenuation is generally considered desirable, the periphyton growth that drives the nutrient
attenuation in the Tukituki River also results in eutrophication symptoms when produces nuisance periphyton
densities/types. During our summer surveys, periphyton nuisances sometimes occurred in the upper part of the
Tukituki study reach, as amber or red “alert” levels of cyanobacterial cover where DIN was > ca.300 mg/m 3
and/or as nuisance levels of Chl. a. There was some evidence that >90% reduction in STP P input at the upper
end of our study reach reduced the occurrence of nuisance Chl. a levels. However, cyanobacteria mat cover
and downstream extent were similar before and after the P input reduction, likely due to P scavenging from
sediments entrapped within the mats and release of P bound to riverbed sediments induced by high afternoon
pH levels. This suggests periphyton management should consider control of sources of both sediment and
water column nutrients.
Most studies of nutrient attenuation focus on the dissolved nutrients (NH, NO3, DIN and DRP), but we showed
that dissolved organic and particulate forms of N and P contribute significantly to downstream nutrient
transport in the Tukituki River during summer. We conclude that there is a need for more focus in riverine
nutrient attenuation studies/modelling on the dissolved and particulate organic forms, and the role of
periphyton transport downstream during high flow events, to provide a holistic view of river nutrient
attenuation and transformations.
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