
Freshwater Biology (2012) 57, 641–653 doi:10.1111/j.1365-2427.2011.02727.x 

Didymosphenia geminata growth rates and bloom formation
 
in relation to ambient dissolved phosphorus concentration
 

C A THY KILROY* AND M AX L.  B  O T H W ELL †
 

*National Institute of Water & Atmospheric Research Ltd, Christchurch, New Zealand
 
†Environment Canada, Pacific Biological Station, Nanaimo, BC, Canada 

SUMMARY  

1. The bloom-forming freshwater stalked diatom Didymosphenia geminata is unusual among algae 

in that nuisance growths occur almost exclusively in oligotrophic waters. Current hypotheses to 

explain this phenomenon have assumed supplemental acquisition of phosphorus from novel 

sources within the stalk ⁄mat matrix. 

2. We carried out a synoptic survey of river sites in the South Island, New Zealand, to determine 

whether D. geminata cell division and stalk development (measured as mat coverage or standing 

crop) were related to ambient phosphorus concentrations in the overlying river water. 

3. High coverage (>50%) by  D. geminata was largely concentrated at sites with mean dissolved 
)3reactive phosphorus (DRP) <2 mg m in the overlying water. Didymosphenia geminata was present 

)3at only one site with DRP >4 mg m , with very low coverage. Cell division rate (measured as the 

frequency of dividing cells, FDC) was positively correlated with mean DRP suggesting that 

division rates were controlled by the available phosphorus concentration in ambient river water. 

At the same time, FDC was negatively correlated with D. geminata standing crop (measured as an 

index incorporating percentage cover and mat thickness). 

4. In a single river reach with a stable cross-channel gradient of total dissolved phosphorus (TDP) 

caused by inflows from a high-nutrient tributary, again we observed a negative correlation 

between percentage cover by D. geminata and concentrations of TDP. 

5. Finally, we made a series of observations on D. geminata-dominated communities that had been 

exposed to water enriched with NO3-N and PO3-P for 4 weeks, followed by exposure to 3 4 

unenriched water. After 2 weeks of nutrient deprivation, D. geminata cell division rates declined 

by 60%, mean stalk length increased by 250%, and total carbohydrate quadrupled relative to 

initial values. The appearance of the community changed from a dark brown mat to a thick pale 

mat typical of D. geminata blooms. 

6. All these results indicate that D. geminata cell division rates are actively controlled by 

concentrations of available phosphorus in the overlying water and that stalk production 

(represented by mat thickness and extent, stalk length and total carbohydrate) is inversely related 

to D. geminata cell division rates. They thus support an explanation for D. geminata blooms in 

oligotrophic rivers tied to enhanced stalk production in nutrient-poor waters, rather than through 

acquisition of additional phosphorus through recycling processes within the mat. 

Keywords: algal blooms, Didymosphenia geminata, frequency of dividing cells, phosphorus limitation, stalked 
diatoms 

eutrophication when hydrological conditions are favour-
Introduction 

able for biomass accrual (Biggs, 2000a). Apparent excep-

Nuisance growths of periphyton in rivers are generally tions to nutrient-stimulated nuisance growths are those 

associated with elevated nutrient levels and may indicate caused by the stalked diatom Didymosphenia geminata 
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(Lyngbye) M. Schmidt. Following novel occurrences of 

D. geminata blooms in Vancouver Island rivers in the late 

1980s (Bothwell et al., 2009) and in Poland in the early 

1990s (Kawecka & Sanecki, 2003), unprecedented blooms 

of D. geminata have been reported in rivers worldwide 

(Bothwell & Spaulding, 2008; Blanco & Ector, 2009). In 

many cases, the blooms occurred in oligotrophic waters 

(but see Kawecka & Sanecki, 2003 for an exception). The 

appearance of D. geminata blooms in New Zealand rivers 

in 2004 for the first time (Kilroy & Unwin, 2011) stimu

lated greater international interest in this organism 

(Bothwell et al., 2009), which had previously been re

corded mainly from the Northern Hemisphere. 

Nuisance blooms of D. geminata have been defined as 

‘masses of cells and stalks that extend for >1 km and persist 

for several months of the year’ (Spaulding & Elwell, 2007). 

In New Zealand, accepted criteria for nuisance periphyton 

blooms linked to nutrient enrichment are cover of the 

visible stream bed by >30% green filaments or by >60% 
)2diatom mats or measured biomass of >35 g m ash-free 

)2dry mass (AFDM) or 120 mg m chlorophyll a, with 

variations for different in-stream values (Biggs, 2000b). 

The D. geminata blooms in New Zealand met all these 

criteria (Kilroy, Larned & Biggs, 2009). 

While D. geminata has long been associated with oligo

trophic waters (e.g. Kawecka & Sanecki, 2003), only 

recently has the unusual nature of the blooms been 

highlighted and speculation initiated on what processes 

might enable an alga to form such high biomass ‘when 

external phosphorus is apparently at growth-limiting 

concentrations’ (Kirkwood et al., 2007). Three hypotheses 

have been presented. First, utilisation of organic phos

phorus facilitated by alkaline phosphatase activity local

ised on the stalks has been proposed to favour D. geminata 
when inorganic phosphorus concentrations are low (Ell

wood & Whitton, 2007). Second, a recent study on the 

microhydrodynamic environment of D. geminata mats 

indicated that solutes could be trapped within the mats 

potentially sustaining blooms by internal recycling of 

nutrients (Larned et al., 2011). A third hypothesis involves 

adsorption of ferric iron and phosphorus from the water 

onto the stalks of D. geminata under aerobic conditions, 

with potential release of soluble ferrous iron and phos

phorus under anaerobic conditions (Sundareshwar et al., 

2011). The latter two hypotheses envisage forms of soluble 

available phosphorus diffusing through the matrix of 

polysaccharide stalks that makes up the bulk of the 

blooms (Gretz, 2008), to the cells, which are concentrated 

at the surface of the mats. 

In previous experiments, we demonstrated that D. gem

inata cell division rates were limited by phosphorus 

concentrations when grown under running water from an 

ultraoligotrophic river supporting large blooms (Bothwell 

& Kilroy, 2011). We also demonstrated that phosphorus 

limitation is associated with longer stalks in D. geminata 
(Kilroy & Bothwell, 2011), and that cell division rates in 

thick mats are phosphorus limited (Bothwell & Kilroy, 

2011). Together, these three findings suggest that blooms 

are associated with enhanced stalk production that occurs 

when cell division rates are limited by phosphorus. Our 

results are thus at odds with hypotheses proposing that 

D. geminata blooms are promoted by acquisition of phos

phorus either from novel sources or through within-mat 

recycling (Ellwood & Whitton, 2007; Larned et al., 2011; 

Sundareshwar et al., 2011). 

The present study addressed a mechanistic understand

ing of what controls D. geminata abundance and bloom 

formation in rivers on the South Island of New Zealand. 

We conducted a synoptic survey of South Island river 

sites and compared mean concentrations of dissolved 

reactive phosphorus (DRP) to D. geminata mat coverage 

on the riverbeds and to cell division rates within those 

mats. We took into account the important role of distur

bance in explaining periphyton standing crop in a river 

(Biggs & Close, 1989) by considering substrata character

istics, flow regime and preceding hydrological conditions. 

In addition, we examined the pattern of D. geminata 
colony development (per cent coverage and mat thick

ness) and the concentration of dissolved nutrients across a 

transect at a single river reach where a high-nutrient 

tributary maintained a natural cross-channel gradient in 

nutrient concentrations. We also present the results of 

observations and measurements over time in established 

D. geminata communities before and after a change in 

dissolved nutrient concentrations in the overlying flowing 

water. Although strictly observational rather than a 

controlled experiment, this sequence of measurements 

complemented the results of the synoptic survey and 

transect observations. The combined results enabled us to 

address the specific question of whether or not D. gemi

nata bloom production in these rivers is controlled by the 

phosphorus concentrations in the ambient water. 

Methods 

Synoptic survey 

Sampling sites. Our data set was derived from 31 sites on 

19 rivers (Table 1) and consisted of all except two South 

Island sites in New Zealand’s National River Water 

Quality Monitoring Network of 77 river sites throughout 

New Zealand. All sites have been sampled monthly for a 
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Table 1 South Island, New Zealand, sites included in the synoptic survey, January–March 2010, with site characteristics

Code

(on Fig. 2) Site name 

Location 
Didymosphenia

geminata

detected

since 2004* River type 

Stream

order 

Flow stats

(5 year) 

Nutrients

(2 year

geometric

means)
)3 (mg m ) 

Mean Mean

NO3 -N DRP 

At time of sampling,

summer 2010 

Latitude Longitude 

Mean

flow
)1(m 3 s ) 

CV of

flow 

Days

% fines in since

substrata flood 

D. geminata

SCI 

Buller 1 

Buller 2 

Clutha 3 

Clutha 1 

Clutha 2 

Grey 2 

Grey 1 

Hakata 

Hurunui 1 

Hurunui 2 

Kawarau 

Mataura 1 

Mataura 2 

Monowai 

Motueka 1 

Motueka 2 

Opihi 1 

Opihi 2 

Opuha 

Oreti 1 

Oreti 2 

Shotover 

Sutton 

Taieri 2 

Taieri 1 

Waimak 1 

Waimak 2 

Wairau 

Waitaki 1 

Waitaki 2 

Waiau 

Buller@Longford 

Buller@Te Kuha 

Clutha@Balclutha 

Clutha@Luggate 

Clutha@Millers Flat 

Grey@Dobson 

Grey@Waipuna 

Hakataramea@SH Br 

Hurunui@Mandamus 

Hurunui@SH1 

Kawarau@Chards Rd 

Mataura@Parawa 

Mataura@Seaward Downs 

Monowai@below Gates 

Motueka@Gorge 

Motueka@Woodstock 

Opihi@Rockwood 

Opihi@Waipopo 

Opuha@Skipton Bridge 

Oreti@Lumsden 

Oreti@Riverton Hway Br 

Shotover@Tuckers 

Sutton@SH Bridge 

Taieri@Outram 

Taieri@Tiroiti 

Waimakariri@Gorge 

Waimakariri@SH1 

Wairau@Tuamarina 

Waitaki@Kurow 

Waitaki@SH Bridge 

Waiau@Tuatapere 

)41 
)41 
)46 
)44 
)45 
)42 
)42 
)44 
)42 
)42 
)45 
)45 
)46 
)45 
)41 
)41 
)44 
)44 
)44 
)45 
)46 
)44 
)45 
)45 
)45 
)43 
)43 
)41 
)44 
)44 
)46 

45¢55¢¢ 
50¢09¢¢ 
14¢18¢¢ 
43¢58¢¢ 
39¢56¢¢ 
27¢18¢¢ 
21¢16¢¢ 
43¢34¢¢ 
47¢31¢¢ 
54¢00¢¢ 
00¢29¢¢ 
33¢36¢¢ 
23¢28¢¢ 
48¢26¢¢ 
38¢05¢¢ 
15¢35¢¢ 
10¢11¢¢ 
16¢11¢¢ 
04¢49¢¢ 
43¢04¢¢ 
19¢40¢¢ 
59¢29¢¢ 
35¢51¢¢ 
50¢52¢¢ 
15¢29¢¢ 
21¢39¢¢ 
24¢59¢¢ 
26¢27¢¢ 
42¢07¢¢ 
55¢43¢¢ 
07¢53¢¢ 

172 
171 
169 
169 
169 
171 
171 
170 
172 
173 
168 
168 
168 
167 
172 
172 
170 
171 
170 
168 
168 
168 
170 
170 
170 
172 
172 
173 
170 
171 
167 

23¢10¢¢ 
41¢57¢¢ 
44¢52¢¢ 
16¢52¢¢ 
24¢36¢¢ 
17¢52¢¢ 
47¢118¢¢ 
29¢24¢¢ 
32¢30¢¢ 
5¢47¢¢ 
52¢06¢¢ 
33¢42¢¢ 
47¢48¢¢ 
32¢05¢¢ 
54¢48¢¢ 
49¢20¢¢ 
56¢31¢¢ 
19¢25¢¢ 
58¢46¢¢ 
25¢40¢¢ 
15¢56¢¢ 
42¢54¢¢ 
5¢37¢¢ 
14¢38¢¢ 
16¢20¢¢ 
3¢06¢¢ 
39¢06¢¢ 
57¢53¢¢ 
27¢05¢¢ 
6¢01¢¢ 
41¢07¢¢ 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

No 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

No 

Yes 

Yes 

No 

Yes 

Yes 

Yes 

Yes 

Lake 

Unregulated 

Dammed 

Dammed 

Dammed 

Unregulated 

Unregulated 

Unregulated 

Lake 

Unregulated 

Lake 

Unregulated 

Unregulated 

Dammed 

Unregulated 

Unregulated 

Unregulated 

Unregulated 

Dammed 

Unregulated 

Unregulated 

Unregulated 

Unregulated 

Unregulated 

Unregulated 

Unregulated 

Unregulated 

Unregulated 

Dammed 

Dammed 

Dammed 

6 

7 

8 

7 

8 

7 

5 

5 

6 

6 

7 

5 

7 

5 

4 

6 

5 

7 

6 

6 

6 

6 

4 

6 

6 

7 

7 

7 

8 

8 

7 

62 

380 

512 

256 

472 

333 

54 

4.4 

47 

62 

191 

18 

88 

13 

6.0 

45 

4.3 

13 

10 

27 

35 

33 

1.0 

22 

11 

53 

102 

74 

320 

320 

117 

0.86 

1.16 

0.34 

0.36 

0.41 

1.01 

1.28 

1.43 

0.95 

1.13 

0.40 

0.93 

0.89 

0.36 

1.71 

1.29 

1.43 

1.48 

0.04 

1.19 

1.06 

0.76 

1.84 

1.48 

1.04 

1.11 

1.11 

1.50 

0.36 

0.36 

1.02 

22 

62 

52 

25 

29 

132 

30 

11 

10 

434 

24 

266 

1169 

4 

23 

160 

1125 

480 

233 

637 

1133 

14 

9 

39 

12 

76 

146 

130 

6 

43 

236 

1.4 

1.8 

1.9 

0.7 

0.9 

2.8 

2.2 

3.0 

1.4 

2.8 

1.4 

6.1 

13.4 

0.7 

2.9 

3.1 

4.1 

3.5 

1.7 

3.0 

7.0 

1.0 

5.3 

7.9 

12.7 

2.3 

2.1 

4.2 

0.9 

1.1 

2.1 

5 

30 

95 

10 

10 

9 

15 

30 

15 

20 

25 

75 

89 

61 

45 

45 

50 

65 

20 

34 

89 

40 

1 

85 

70 

40 

90 

60 

10 

10 

5 

23 

31 

250 

250 

250 

32 

33 

104 

24 

24 

250 

36 

44 

35 

21 

22 

20 

8 

13 

16 

21 

64 

127 

191 

184 

22 

24 

21 

22 

25 

44 

346 

27 

110 

1294 

1516 

0 

0 

13 

173 

5 

336 

0 

0 

0 

0 

0 

0 

0 

268 

0 

8 

194 

0 

0 

0 

0 

0 

0 

719 

331 

1230 

DRP, dissolved reactive phosphorus; SCI, standing crop index.


*This refers to detection of cells in plankton samples collected at the site, and 

methods for explanations of nutrient and sampling time characteristics.
 

⁄ or to visible growth of D. geminata at any time since its discovery in the South Island in 2004. Refer to
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range of water quality variables since 1989, well before 

D. geminata blooms were discovered in the South Island 

(Davies-Colley et al., 2011; and see https://secure.niwa. 

co.nz/wqis/index.do). The two South Island sites not 

sampled were remote and were omitted because of 

logistical difficulties during the survey period. At the 

time of sampling, 26 of the 31 survey sites were known to 

be positive for D. geminata from either observations of 

visible colonies or samples collected using a sensitive 

drift-net method in previous surveys (Kilroy & Unwin, 

2011) or as part of the present survey. The study sites 

included unregulated hill ⁄mountain-fed and natural lake-

fed rivers, and rivers below dams (Table 1). All sites were 

predominately gravel or cobble bedded and were largely 

unshaded. 

Field sampling. Each site was visited once during the 

austral summer of 2010, from late January to early 

March. Our aim was to obtain an overall average of 

periphyton cover and composition at each site across a 

comparable range of depths and water velocities, during 

low flows. 

We worked in reaches of c. 40 m, encompassing run 

and riffle habitats. We measured coverage of D. geminata 
and other algae at each site by visually estimating cover in 

six categories (D. geminata mats, other algal mats, thin 

films, green filaments, macrophytes including bryophytes 

and bare substrata) as observed with an underwater 

viewer (Nuova Rade, Genova, Italy) held 20–40 cm above 

the river bottom, with the operator facing upstream. We 

estimated mat thickness of D. geminata by calculating 

mean vertical thickness from up to 10 measurements (in 

mm) using a small metal ruler pushed into the mat 

underwater. Cover and D. geminata thickness estimates 

were made at 20 points along four transects or part

transects spaced approximately one transect width apart, 

out to a maximum water depth of 0.6 m. Three quanti

tative composited samples of periphyton were then 

collected from a defined area of three rocks collected 

along three of the transects. The area was defined by 

inverting a sample container lid (area 31.2 cm2) over the 

centre of the upper surface of the rock, removing all algae 

from around the lid and then scraping or brushing the 

circle of algae under the lid into a collecting container. All 

samples were chilled following collection and stored at 

)20  C until analysis. 

Substrata composition in each study reach was esti

mated by assigning a percentage cover to seven substrata 

categories: bedrock, boulders (>250 mm diameter), large 

cobbles (120–250 mm), small cobbles (60–120 mm), gravel 

(12–60 mm), sand and silt. 

Nutrient (N and P) chemistry. Nutrient concentrations,
 

including nitrate nitrogen (NO3 
3 -N) and DRP, have been 

measured monthly at all sites since 1989 (Davies-Colley 

et al., 2011). To characterise average NO3 
3 -N and DRP 

relevant to this study, we calculated geometric means 

using measurements from January 2008 to January 2010. 

All samples were collected into 1-L polyethylene bottles, 

chilled, returned to the laboratory within 24 h, filtered 

immediately through pre-rinsed (deionised water) 0.45 

micron cellulose acetate filters (Sartorius Stedim Biotech, 

Aubagne Cedex, France) and subsequently analysed for 

NO3 
3 -N and DRP using a Lachat QuikChem FIA+ 8000 

)series analyser, detection limit 1 mg m 3 (Lachat Instru

ments, Milwaukee, WI, U.S.A.). 

Hydrological variables. A flow (discharge) record at 

15-min intervals was available for each site. Discharge 

variability at the site was represented by the coefficient 

of variation (flow_CV). The number of days since a large 

(potentially periphyton-scouring) flood at the time of 

sampling each site was determined from the discharge 

record and used as an estimate of accrual time for 

periphyton. The size of this flood was set at at least 3· 
median discharge in the previous 6 months. The mean 

annual frequency of floods greater than 3· median 

discharge is commonly used to describe flood frequen

cies relevant to river biota in New Zealand rivers, based 

on an analysis of multiple flow metrics (Clausen & Biggs, 

1997). 

Laboratory analyses. Thawed samples were homogenised 

for 15 s with a hand blender, made up to a known volume 

and measured aliquots examined in an Utermöhl chamber 

at 400· under a Leica DMIL inverted microscope (Leica 

Microsystems GmbH, Wetzlar, Germany). At least 500 

cells of live or recently alive algae (as determined by the 

presence of intact chloroplasts) were counted in random 

fields. For a few sparse samples, the entire chamber was 

counted. Cell biovolume per mm 2 of substratum was 

estimated for each taxon identified, using up to 20 

measurements on randomly selected specimens and 

converting to volume based on the shape of the cell. In 

a separate quantitative count, at least 200 live D. geminata 
cells were enumerated, and cell densities and biovolume 

calculated. Each D. geminata cell was classified as either 

dividing or non-dividing, and these counts used to 

calculate the frequency of dividing cells (FDC), a metric 

of the rate of cell division (Bothwell & Kilroy, 2011). 

Data analysis. Visual assessment data were used to 

calculate a standing crop index (SCI) for D. geminata as 
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well as percentage cover by D. geminata and the other five 

visual categories of algal cover. SCI is the mean of 

percentage cover · mat thickness. For example, 30% 
cover by mats 8 mm thick would yield an SCI of 240. 

Separate studies have established that SCI strongly 

reflects measured periphyton AFDM, and the AFDM 
)threshold of 35 g m 2 for nuisance periphyton corre

sponds to an SCI of c. 220 (C. Kilroy, unpubl. data). Mean 

cell densities and FDC for each site were calculated from 

counts in three samples. The cell count data were used to 

calculate the proportion of the entire algal community 

biovolume accounted for by D. geminata cells. All other 

algal taxa were assigned to a broad group (filamentous 

Chlorophyta, non-filamentous Chlorophyta, Rhodophyta, 

Cyanobacteria and other diatoms), and the total bio

volume of each group calculated. 

Data were transformed as necessary to ensure normal

ity and homoscedasticity. We used simple linear regres

sion to check the relationships between FDC and DRP, 

and FDC and SCI in rivers where D. geminata was present. 

We characterised D. geminata coverage and propor

tional biovolume, compared with other algae, by gener

ating bar plots showing community composition and 

coverage at each site based on, respectively, the six visual 

categories, and cell biovolumes for each broad taxonomic 

group. We then looked for obvious patterns in community 

composition in relation to DRP, time of accrual, flow_CV 

and percentage of fine material (gravels and smaller) on 

the river bottom. We used linear regressions on appro

priately transformed data to verify the significance of 

observed patterns. 

Cross-channel transect observations 

In mid-November 2008, we conducted a series of observa

tions on a cross-channel transect in a minor braid of 

the oligotrophic, D. geminata-affected Waitaki River, South 

Island, New Zealand, downstream of the confluence with 

the Otiake Spring Creek ()44  47¢49¢¢N, 167  38¢19¢¢E). The 

Waitaki River had extremely low concentrations of total 
)dissolved phosphorus (TDP < 1 mg m 3) and nitrate 

)nitrogen (4 mg m 3  NO33 -N), and low conductivity 

(56 l )S cm 1). Corresponding values for the Otiake Spring 
)3 )Creek were 6 mg m TDP, 530 mg m 3  NO33 -N and 

)145 lS cm 1. The Waitaki River had been in a period of 

low, stable flow for the preceding 6 weeks (mean discharge 
)of 3 )220 ± 36 m s 1, compared with 339 ± 133 m3 s 1 3-year 

mean), setting up a stable mixing zone just downstream of 

the confluence. The zone was easily detectable from in situ 
measurements of water conductivity along the bottom and 

the visual appearance of D. geminata colonies on stones. 

We took underwater photographs [Nikon Coolpix 4800 

(Nikon Inc., Melville, NY, U.S.A.) with Ikelite housing 

(Ikelite Underwater Systems, Indianapolis, IN, U.S.A.)] at 

metre intervals across the channel. The percentage of 

D. geminata cover along the transect was quantified using 

ImageJ64 software (National Institute of Mental Health, 

Bethesda, MD, U.S.A.). 

In this transect, TDP was a necessary proxy for 

dissolved available phosphorus because DRP levels were 

too low to quantify even in the Otiake Spring Creek. The 

percentage of Otiake Spring water was calculated from 

in situ conductivity readings made adjacent to the bottom 

(TPS WP-81 Conductivity ⁄pH meter; TPS Pty Ltd, Spring-

wood, Qld, Australia) along the transect and conductivity 

values in the Otiake Spring Creek and in the Waitaki River 

upstream from the confluence using an end member 

mixing model. Concentrations of TDP and NO33 -N were 

computed from the per cent composition (v ⁄v) of spring 

and river water at each point and measurements of TDP 

and nitrate-N in the Otiake Spring Creek and in the 

Waitaki River. 

Water samples for nutrient analysis were field-filtered 
Tthrough pre-ashed and rinsed Whatman GF ⁄F filters (GE 

Healthcare UK Ltd., Little Chalfont, U.K.) into acid-

washed polyethylene bottles, stored frozen and sub

sequently analysed for NO3 
3 -N and TDP using a Lachat 

QuikChem FIA+ 8000 series analyser. 

Time-course observations 

Observations and sample collections were carried out 

opportunistically in November–December 2010 in a single 

outdoor flume that delivered water from riverside exper

imental channels back into the Waitaki River (Bothwell & 

Kilroy, 2011). The channel was 40 cm wide · 30 cm 
)high · 20 m long with a water supply of c. 10 L s 1

pumped from the river via the experimental channels. 

Colonisation substrata were initially placed in the flume for 

another purpose and, when not required, were left in place 

to allow observations of community changes after nutrient 

additions to the experimental channels ceased. The sub

strata were prepared by pushing rounds of open-cell 

StyrofoamT (Floracraft Corp., Ludington, MI, U.S.A.) into 

and flush with the opening of 45-mm-diameter, 90-mm

high jars pre-filled to the brim with Waitaki River water. 

The jars were inserted into moulded concrete blocks, each 

holding two jars. The concrete blocks had been conditioned 

in the river for 3 weeks before and after sealing with paint 

to prevent leaching. Three groups of seven blocks were 

placed c. 5 m apart in the flume on 5 November 2010. Water 

depth over the substrata was c. 15 mm. On 23 November, 
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the water supply was enriched by augmentation of the 

river water with NO3 
3 -N and DRP in half of the experi-

mental channels, to achieve mean concentrations in the 
) )return flume of DRP 3 mg m 3, TDP 7 mg m 3 and NO3 

3 -N 
)345 mg m 3 (n = 3). The communities continued growing 

in the enriched water, with occasional clearing of long 

strands of green algae growing from the back of the 

concrete blocks. All nutrient additions were terminated on 

11 December, and thereafter, the communities were 

exposed to Waitaki River water only (ambient NO3 
3-N, 

)35 mg m 3 ); DRP 1 mg m 3). 

Samples were collected on 7, 11, 18 and 24 December. 

One block was removed randomly from each of the three 

groups. Each block was photographed; then, the two 

substrata were levered out and cut exactly in half. Two 

halves (one from each round) were preserved in Lugols 

iodine, and the remaining two were frozen immediately. 

Empty blocks were returned to their position following 

sampling, so that hydraulic conditions were unchanged 

for the remaining substrata. 

Laboratory analyses. The Lugols-preserved samples were 

homogenised with a hand blender for 15 s and made up 

to a known volume. Quantitative counts were conducted 

on random fields at 400·, enumerating and identifying at 

least 500 live algal cells, as for the synoptic survey 

samples. At least 200 D. geminata cells were counted 

separately, and each cell was categorised as dividing or 

non-dividing for calculation of FDC. In addition, c. 40 

random stalk lengths were measured in each of the 

samples, during scans of subsamples at 200·. Where 

possible, the measurements were from live cells back to 

the first dividing node. 

The frozen samples were freeze-dried, separated from 

the StyrofoamT by brushing with a fine-bristled paint

brush and subsampled for measurement of total carbo

hydrate. Total carbohydrate measurements were expected 

to reflect the amount of D. geminata stalk material present. 

The measurement would also include carbohydrate from 

other algae and from within the cells, but could be 

interpreted with reference to the microscopically deter

mined community composition. Freeze-dried, weighed 

subsamples were resuspended in distilled water, and total 

carbohydrate determined using the phenol–sulphuric acid 

method (Dubois et al., 1956), referenced to glucose stan

dards. 

Data analysis. Cell biovolumes of D. geminata and all 

other algal taxa were summed to obtain total biovolumes 

for the major algal groups, as for the synoptic survey. 

Repeated measures ANO ANOVV A A, with nutrient as a factor, was 

used to determine the significance of differences in FDC, 

mean stalk lengths, carbohydrate content and cell biovo

lumes before and after cutting off nutrient enrichment, 

following data transformations as necessary. Because

there was no time control, the time factor applied only 

within the before and after periods. 

All analyses were performed using SYSTAT v. 12 

(SYSTAT Software Inc., Chicago, IL, U.S.A.). 

Results 

Synoptic survey 

Site observations. All but four sites were sampled after 

at least 3 weeks estimated accrual time, and four sites on 

dam-regulated rivers had extremely long times since a 

flood (nominally set at 250 days) (Table 1). The substrata 

at six sites comprised >75% fine material (gravel, sand 

and ⁄or silt), and all these sites were high-order rivers near 

the coast. Mean DRP concentrations ranged from 0.7 to 
3. NO

)3ranged from 8 to >1300 mg m , and the two nutrients 

were correlated (r = 0.48, P = 0.006). 

Didymosphenia geminata was detected in samples from 

15 of the 31 sites and was also detected visually at these 

sites. Ten positive sites were either fed from natural lakes 

or were below dams. The four sites with lowest SCI were 

in unregulated systems. One of the 16 sites where 

D. geminata was not detected (Monowai) was dam 

affected (Table 1). 

Relationships between FDC, SCI and DRP. At sites where 

D. geminata was present, SCI varied from 5 (a few 

scattered very small colonies) to over 1500 (over 95% 
cover of the surveyed reach, with mean thickness of over 

15 mm; Table 1). Mean FDC ranged from 3.5 to 15.6%. 

Mean FDC increased with mean DRP (Fig. 1a) but 

decreased with SCI (Fig. 1b). Buller 2 was identified as 

an outlier in the relationship between FDC and DRP. This 

site had the highest FDC of all sites, and SCI was very low, 
)3but mean DRP was also relatively low (2 mg m ; 

Table 1). SCI declined as DRP increased (R2 = 0.61, 

P < 0.001). 

D. geminata presence, cover and cell densities in relation to 
DRP concentrations. Didymosphenia geminata was most 

prevalent at sites with low DRP concentrations (Fig. 2). 

This was apparent in terms of absolute cell biovolumes 

(Fig. 2a) and percentage cover (Fig. 2b). Didymosphenia 
geminata percentage cover exceeded 50%, with SCI also 

>220 (the criterion for nuisance periphyton) at eight sites, 

)3 )3>13 mg m , with 23 sites having <4 mg m -N3 
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Fig. 1 Significant relationships between (a) frequency of dividing cells (FDC) and mean ambient dissolved reactive phosphorus (DRP) and 

(b) FDC and standing crop index (SCI) at 15 South Island river sites where Didymosphenia geminata was present. 

Fig. 2 (a) Algal biovolume at each of the 31 sites surveyed between January and March 2010, in terms of broad algal groups and Didymosphenia 
geminata. (b) Percentage cover at each site by six visual categories of algae. Sites are arranged in the order of increasing mean dissolved reactive 

phosphorus (DRP), shown on (a). For details of site codes, refer to Table 1. 

)3all of which had DRP < 2.2 mg m . A further site 

(Shotover) had only slightly lower percentage cover and 

SCI (Fig. 2b, Table 1). We detected D. geminata at three 
)3sites with mean DRP > 2.2 mg m (Hakataramea, Huru

nui 2 and Oreti 2), at very low cell densities and with very 

low cover (Fig. 2a). All 11 sites where D. geminata cells 

had been detected in previous surveys, but where no 

colonies were observed during the present survey, had 

mean DRP ‡ 2.3 mg m)3 (Table 1). 

Hydrology, substrata composition and DRP as predictors of 
D. geminata. Across all sites with D. geminata, neither 
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SCI, percentage cover, cell densities nor percentage 

biovolume was related to our estimate of days of accrual, 

although at sites where D. geminata was not recorded total 

algal biovolume increased with days of accrual (R2 = 0.56, 

P < 0.005). However, all four D. geminata variables were 

negatively related to flow_CV, with percentage biovolume 

having the strongest relationship (R2 = 0.61, P < 0.001). 

SCI and percentage cover by D. geminata were negatively 

related to the percentage of fine material (gravels and 

sand) at the site (SCI R2 = 0.30, P < 0.05; percentage cover 

R2 = 0.41, P < 0.01). The strongest regression model for 

predicting D. geminata (if the species was present) was for 

proportional cell biovolume in the community, with a 

combination of flow_CV and DRP (multiple regression, 

R2 = 0.78, P < 0.001). 

Cross-channel transect observations 

The Waitaki River substrata at the cross-channel survey 

site comprised a mixture of large (120–250 mm) and small 

cobbles (60–120 mm) with no obvious trend in size 

distribution across the channel. Water depth across the 

section surveyed varied from c. 50 to 70 cm. 

A strong gradient in D. geminata colony development 

and mat appearance was present, along with a steep 

counter gradient in estimated water nutrient concentra

tions (Table 2). No colonies were visible within 1 m of 

the bank with the highest percentage of nutrient-rich 

spring water. As nutrient levels decreased across the 

transect, with the diminishing influence of spring water, 

D. geminata colony size, mat thickness and cover in

creased (Table 2). When estimated TDP levels fell below 

)32.0 mg m , commencing c. 5 m across the channel, 

D. geminata mat development assumed typical ‘bloom’ 

appearance with colonies coalescing, attaining a thick

ness of 1–2 cm covering >50% of the river bed (Table 2). 

At the far side from the Otiake Spring Creek bank (7 and 

8 m) where little influence from the spring water 

occurred, D. geminata mats, although largely covering 

the bottom, were pale in appearance and sloughing 

(Table 2). 

Time-course observations 

The appearance of the colonised surfaces in the flume 

changed over time. A dense brown mat with occasional 

green filaments on 7 December (Fig. 3a) had changed to a 

more filament-dominated mat by 11 December, when the 

nutrient enrichment ceased. By 18 December, cover was 

slightly paler, thicker and more or less free of visible green 

filaments (Fig. 3b). By 24 December, we observed thick, 

pale brown mats, typical of a D. geminata ‘bloom’ (Fig. 3c). 

The communities comprised mainly D. geminata cells, 

other diatoms and green filamentous algae, with small 

proportions (<3%) of Cyanobacteria and single-celled 

chlorophytes. 

Didymosphenia geminata FDC and stalk length and the 

biovolume of filamentous chlorophytes all changed fol

lowing cessation of enrichment (Table 3, Fig. 4a,b,d). 

Mean FDC declined from 17.9 ± 2.0% on 7 December to 

7.2 ± 1.9% on 24 December (Fig. 4a). By 24 December, 

mean stalk length had increased over 2.5 times, to 

>400 lm, compared with 160 lm on 7 December (Fig. 4b). 

Mean total carbohydrates increased from 12.7 to 33 

Table 2 Cross-channel transect observations. The percentage areal cover and the appearance of Didymosphenia geminata a colonies ⁄ mats at metre 

intervals along the bottom of the Waitaki River in a cross-channel transect downstream of the confluence with the nutrient-rich Otiake Spring 

Creek (18 November 2008). Also shown for each location are the conductivity on the bottom, the percentage (v ⁄ v) of Otiake Spring water and 

calculated nitrate-N and total dissolved phosphorus (TDP) values using the percentage mixture Otiake Spring and Waitaki River water and 

measurements of TDP and nitrate-N in the Otiake Spring Creek (6 and 530 mg m)3, respectively) and in the Waitaki River (0.5 and 4.0 mg m)3 , 

respectively) upstream of the confluence 

D. geminata colonies ⁄ mats 
Distance from Conductivity % Otiake NO3-N TDP 

spring bank (m) (lS cm)1) spring water* (mg m)3) (mg m)3) Cover (%) Appearance 

1 93 42 225 2.8 0 No colonies 

2 90 38 204 2.6 <1 Very few, small colonies, <10 mm diameter 

3 85 33 178 2.3 1 Isolated small colonies, 10 mm diameter 

4 79 26 141 1.9 6 Some colonies coalescing 

5 75 21 112 1.7 15 Many coalesced colonies, 1 cm thick 

6 71 17 93 1.4 53 Mass coalesced colonies, 2 cm thick 

7 65 10 57 1.1 100 Continuous mat, pale in colour 

8 56 0 4 0.5 100 Mat sloughing 

)1*Calculated from conductivity measured along the transect and measured values in the Otiake Spring Creek (145 lS cm ) and in the Waitaki 
)1River (56 lS cm ) upstream from the confluence using an end-member mixing model. 
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Effect 

Enrichment Time Enrichment * time 

Variable F-ratio P F-ratio P F-ratio P 

Didymosphenia geminata FDC (%) 87.528 0.001 7.357 0.053 2.123 0.219 

D. geminata stalk length (lm) 37.301 0.004 6.116 0.069 2.103 0.221 
)2Total carbohydrate (lg mm ) 10.085 0.034 46.14 0.002 2.792 0.170 

3 lm)2Biovolume of green filaments (lm ) 63.121 0.001 1.693 0.263 2.452 0.192 
3 lm)2Biovolume of other diatoms (lm ) 0.675 0.458 2.096 0.221 6.567 0.062 

3 lm)2D. geminata biovolume (lm ) 12.453 0.024 4.567 0.099 16.664 0.015 

Ambient phosphorus and Didymosphenia geminata blooms 649 

(a) 

(b) (c) 

Fig. 3 (a) Didymosphenia geminata and green algae-dominated communities on 7 December 2010 after exposure to nutrient-enriched Waitaki 

River water experimentally enriched with NO3-N and dissolved reactive phosphorus for 14 days. (b) Appearance of the community on 18 

December, 7 days after termination of nutrient enrichment, and (c) on 24 December after a further 7 days in ambient river water. 

Table 3 Time-course observations. Summary results of repeated measures A N OA N  O  VV AA on components of the periphyton community sampled from 

7 to 24 December 2010, on two occasions before and two after withdrawal of nutrient enrichment on 11 December 

FDC, frequency of dividing cells. 

Significant effects [P < 0.05 ⁄ 6 (corrected for multiple analyses)] are highlighted in bold. The time effect refers to differences between the two 

occasions within each enrichment period 

)2lg mm between 7 and 11 December and then declined 
Discussion 

following cessation of enrichment (Fig. 4c). By 24 Decem

ber, mean total carbohydrates were four times higher than The results from our synoptic survey, cross-channel 

at the start of the experiment (Fig. 4c). There was no transect and time-course observations are all consistent 

change in the biovolume of D. geminata or other diatoms with D. geminata cell division rates, mat thickness and mat 

(Table 3, Fig. 4e,f). coverage (the latter two representing stalk production) 
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Fig. 4 Mean (a) Didymosphenia geminata frequency of dividing cells (FDC), (b) D. geminata stalk length and (c) total carbohydrates (CHO), 

together with (d) biovolume of filamentous chlorophytes, (e) diatoms and (f ) D. geminata measured from samples of the communities shown in 

Fig. 3, collected between 7 and 24 December 2010. The vertical dashed lines indicate when nutrient enrichment was terminated (11 December). 

Error bars are standard deviations; n = 3.  

being directly linked to the concentration of available 

phosphorus in the overlying water. These linkages sup

port a mechanistic explanation of D. geminata blooms in 

oligotrophic waters tied to enhanced stalk production that 

occurs when cell division rates are phosphorus limited 

and are consistent with our previous experimental results 

(Bothwell & Kilroy, 2011; Kilroy & Bothwell, 2011). 

Enhanced production and extracellular excretion of 

carbohydrates under high light, nutrient-limited condi

tions has long been known in estuarine diatoms (e.g. 

Smith & Underwood, 2000), but has rarely been directly 

investigated in freshwater species, particularly in relation 

to attached, stalk-producing diatom species such as 

D. geminata. Nevertheless, resource stoichiometry in 

freshwater ecosystems has highlighted a general pattern 

of decline in the food value of primary production as 

nutrient levels decrease and light levels increase, through 

increasing cellular C : P ratios (the light : nutrient hypo

thesis, Sterner et al., 1997). 

The extracellular-mucilage-producing colonial diatom 

Meridion circulare (Greville) Agardh has been observed to 

be most abundant in phosphorus-poor streams, especially 

in high light (i.e. under high C : P conditions) with no 

obvious advantage for the species (Hill et al., 2011). 

However, Hessen & Anderson (2008) argued that even 

in aquatic microautotrophs, the carbon fixed in excess of 

immediate needs for cell growth is probably rarely wasted 

so that under high light, low-nutrient conditions, carbon is 

shunted into fitness-promoting structures and ⁄or protec

tive compounds. Stalk production in attached diatoms has 

long been viewed as competitively advantageous by 

elevating cells towards higher light and into closer contact 

with nutrients in flowing water (Hudon & Bourget, 1981). 

In addition, enhanced stalk production and colony 

coalescence in D. geminata reduces near-bed turbulence, 

which is likely to prevent dislodgement of communities 

under high velocity, high shear-stress flows (Larned et al., 

2011). Since physical disturbance is one of the most 

important factors limiting attached algal communities in 

rivers (Biggs & Close, 1989), enhanced stalk production 

by D. geminata provides the species with a significant 

advantage. 

In the South Island river sites surveyed, high D. gem

inata standing crop (SCI) and bed coverage were largely 

confined to rivers with very low ambient DRP, usually 
)3<2 mg m , which is within the range shown to limit the 

cellular growth rates of attached diatoms in rivers 

(Bothwell, 1985). This is in agreement with the pattern 

that has caused the blooms to be regarded as unusual 

(Kirkwood et al., 2007; Whitton, Ellwood & Kawecka, 
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2009). Conversely, D. geminata was either not detected or 

present at very low levels in rivers with higher DRP, 

including non-detection at sites where the species’ pres

ence had been confirmed in previous surveys. Most sites 

were sampled at least 3 weeks after the most recent flood. 

The recovery time for periphyton communities following 

flood disturbances is highly variable (Biggs & Close, 

1989), but can be as low as a few days (Peterson, 1996). In 

the present data set, while algal biovolume at sites lacking 

D. geminata was weakly related to the time elapsed since 

the most recent flood, algae were present at all sites, and 

the sample with least algae was from a site that had been 

flood free for over 5 weeks. We therefore assumed that 

failure to detect D. geminata at all these sites indicated that 

the species was frequently rare or absent. 

The cross-channel transect observations corroborated 

the pattern observed in the synoptic survey. Mat thickness 

and percentage cover increased dramatically when esti
)3mated TDP fell below 2 mg m . At concentrations of 
)3estimated TDP above 2 mg m , D. geminata colonies 

remained small and isolated. These observations were 

made after the river–spring mixing zone had been stable 

for 6 weeks. A gradient in nitrate concentration accom

panied TDP in the transect, but earlier experiments had 

demonstrated that P is the primary element controlling 

the rate of cell division of D. geminata in the Waitaki River 

and that increasing levels of nitrate alone does not 

increase D. geminata FDC (Bothwell & Kilroy, 2011) or 

cell densities (M. L. Bothwell & C. Kilroy, unpubl. data). 

Cell division rates at 15 sites in the synoptic survey 

where D. geminata was detected were positively corre

lated with mean DRP of the overlying waters, suggesting 

direct control of D. geminata cell division rates by phos

phorus supplied from the ambient river water. This 

supports our earlier finding that phosphorus-limited cell 

division rates were not different when cells were grown 

in thin films or at the periphery of thick established mats 

as long as the water source was the same (Bothwell & 

Kilroy, 2011). Although strictly observational (i.e. no 

control treatment), our observations of a significant 

decline in FDC following nutrient deprivation in a single 

streamside flume again indicated a direct link between 

D. geminata cell division rates and the concentration and 

fluctuations of soluble phosphorus in the overlying 

water. 

The rate at which D. geminata cell division responds to 

increases in the concentration of phosphorus in the 

overlying water is known to be rapid (<48 h; Bothwell & 

Kilroy, 2011). Declines in FDC when nutrient levels fall 

may take longer, especially after a prolonged period of 

enrichment, because intracellular stores of phosphorus 

must first be depleted through growth (Rhee, 1980). In our 

observations over time, FDC decreased significantly 

within 7 days following nutrient deprivation. We ob

served that the positive effect on stalk length took longer 

to develop and was mirrored by significant increases in 

total carbohydrate content of the community. Elevated 

carbohydrate values on 11 December appeared to result 

from increased abundance of filamentous green algae 

under nutrient enrichment, mainly Spirogyra sp., with 

carbohydrate-rich cell walls (Hawes, 1988). Two weeks 

after nutrient deprivation, the filamentous green algae 

had disappeared, and communities took on the appear

ance of typical D. geminata-dominated blooms with copi

ous amounts of stalk (carbohydrate) material. The delayed 

response of increased stalk production indicates that low 

concentrations of phosphorus may need to be sustained 

for many days (‡2 weeks) in a river before there is 

sufficient stalk accumulation to constitute a bloom. 

Existing hypotheses for the presence of D. geminata 
blooms under oligotrophic conditions invoke various 

mechanisms potentially affording access to additional 

phosphorus. They present either chemical evidence (Ell

wood & Whitton, 2007; Sundareshwar et al., 2011) or 

physical entrainment arguments (Larned et al., 2011) to 

explain how nutrients might be accumulated within the 

mat ⁄stalk matrix and thereby provide additional phos

phorus for cell growth. All these hypotheses assume that 

D. geminata requires access to additional P to support 

bloom formation. In contrast, our studies indicate that 

additional phosphorus, from any source, may actually 

inhibit bloom formation, a suggestion supported by 

observations that D. geminata blooms in rivers disappear 

below nutrient outfalls from municipal discharge points 

on Vancouver Island (Bothwell et al., 2009) and along 

rivers in the Colorado Rocky Mountains (B. Taylor, pers. 

comm.). 

A possible explanation for the disappearance of D. gem

inata under P enrichment is that it is outcompeted by 

other algae at elevated nutrient levels. We saw some 

evidence for this in the communities tracked over time, 

which became dominated by filamentous green algae after 

17 days of exposure to elevated NO3-N and DRP. Didy

mosphenia geminata FDC declined over this period, 

although cell densities remained high. However, the 

results of the synoptic survey did not suggest that 

interspecific competition was responsible for low cover

age and cell densities of D. geminata at the high-DRP sites, 

because coverage by or densities of other algal taxa were 

not very high either. 

Despite low rates of cell division, D. geminata cell 

densities were always much higher within blooms. This 
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may simply reflect the age of D. geminata mats, and their 

spatial and temporal dominance. In this study, lack of 

relationships between estimated time of accrual and any 

of the D. geminata metrics may indicate that the times of 

accrual were underestimated. Because modification of the 

hydraulic environment at the river bed by D. geminata 
mats promotes biomass stability (Larned et al., 2011), 

larger than expected hydraulic forces are required to 

scour the mats. Furthermore, high D. geminata SCI occurs 

almost exclusively in rivers whose flows are attenuated by 

either a dam or natural lake (Kirkwood, Jackson & 

McCauley, 2009; Miller et al., 2009). Therefore, the persis

tence of D. geminata blooms may be associated with 

hydraulic stability, but their occurrence depends on low 

concentrations of available phosphorus. 

Didymosphenia geminata was not present at the site in 

our data set having the lowest DRP (Monowai), suggest

ing an alternative control on the presence of D. geminata at 

that site. Clear patterns of D. geminata distribution related 

to a range of water chemistry variables have been 

reported in Norwegian Rivers (Lindstrom & Skulberg, 

2008). 

In conclusion, the patterns of D. geminata presence and 

abundance observed in multiple South Island river sites 

indicate that our earlier experimental demonstration of 

phosphorus limitation of D. geminata cell division rates in 

the low-nutrient waters of the Waitaki River (Bothwell & 

Kilroy, 2011) reflects a general pattern in South Island 

rivers. The synoptic survey results, cross-channel transect 

and time-course observations all support the hypothesis 

that the growth of D. geminata to bloom proportions is 

caused by elevated production of polysaccharide stalk 

material as a consequence of phosphorus limitation 

(Kilroy & Bothwell, 2011). 

Acknowledgments 

This research was funded by NZ Foundation for Research, 

Science and Technology (contracts C01X0308 and 

C01X1004 and NIWA Capability Fund), with contribu

tions from the Department of Conservation (DOC 

contracts 4092, 4163), NZ Fish & Game and Meridian 

Energy Ltd; and Environment Canada (MLB). We thank 

Neil Blair and Janine Wech for assisting with the field 

surveys, Helen Brider for assistance at the Waitaki 

experiment site, and Chris Cunningham for carbohydrate 

analyses. Water quality analyses were overseen by 

Graham Bryers (custodian, National River Water Quality 

Monitoring Network database) and Mike Crump (Water 

Quality Laboratory Manager, NIWA, Hamilton). We are 

grateful to Neil Blair, Graeme Hughes (NZ Fish & Game) 

and local landowners and lessees for facilitating use of the 

Waitaki experimental site. We appreciate constructive 

reviews of the manuscript by Martin Unwin, Philippe 

Gerbeaux (DOC), and two anonymous referees. 

References 

Biggs B.J.F. (2000a) Eutrophication of streams and rivers: 

dissolved nutrient-chlorophyll relationships for benthic 

algae. Journal of the North American Benthological Society, 19, 

17–31. 

Biggs B.J.F. (2000b) New Zealand Periphyton Guideline: Detect

ing, Monitoring and Managing the Enrichment of Streams. 151 

p. Ministry for the Environment Publications, Wellington. 

Biggs B.J.F. & Close M.E. (1989) Periphyton biomass dynam

ics in gravel bed rivers: the relative effects of flows and 

nutrients. Freshwater Biology, 22, 209–231. 

Blanco S. & Ector L. (2009) Distribution, ecology and nuisance 

effects of the freshwater invasive diatom Didymosphenia 
geminata (Lyngbye) M. Schmidt: a literature review. Nova 
Hedwigia, 88, 347–422. 

Bothwell M.L. (1985) Phosphorus limitation of lotic periph

yton growth rates: an intersite comparison using continu

ous-flow troughs (Thompson River system, British 

Columbia). Limnology and Oceanography, 30, 527–542. 

Bothwell M.L. & Kilroy C. (2011) Phosphorus limitation of 

the freshwater benthic diatom Didymosphenia geminata 
determined from the frequency of dividing cells. Freshwater 
Biology, 56, 565–578. 

Bothwell M.L. & Spaulding S.A. (Eds) (2008) Proceedings of the 
2007 International Workshop on Didymosphenia geminata. 

Canadian Technical Report of Fisheries and Aquatic Sciences 
2795: xxxv + 58 p. 

Bothwell M.L., Lynch D.R., Wright H. & Deniseger J. (2009) 

On the boots of fishermen: the history of didymo blooms on 

Vancouver Island, British Columbia. Fisheries, 34, 382–388. 

Clausen B. & Biggs B.J.F. (1997) Relationships between 

benthic biota and hydrological indices in New Zealand 

streams. Freshwater Biology, 38, 327–342. 

Davies-Colley R.J., Smith D.G., Ward R.C., Bryers G.G., 

McBride G.B., Quinn J.M. et al. (2011) Twenty years of New 

Zealand’s River Water Quality Monitoring Network: ben

efits of careful design and consistent operation. Journal of 
the American Water Resources Association, 47, 750–771. 

Dubois M., Gilles K.A., Hamilton J.K., Rebers P.A. & Smith F. 

(1956) Colorimetric method for determination of sugars 

and related substances. Analytical Chemistry, 28, 350–354. 

Ellwood N.T.W. & Whitton B.A. (2007) Importance of organic 

phosphate hydrolyzed in stalks of the lotic diatom Didy

mosphenia geminata and the possible impact of atmospheric 

and climatic changes. Hydrobiologia, 592, 121–133. 

Gretz M.R. (2008) The stalks of didymo. In: Proceedings of the 
2007 International Workshop on Didymosphenia geminata 

(Eds M.L. Bothwell & S.A. Spaulding), pp. 21. Canadian 

© 2012 Blackwell Publishing Ltd and Her Majesty the Queen in Right of Canada., Freshwater Biology, 57, 641–653 



Ambient phosphorus and Didymosphenia geminata blooms 653 

Technical Report of Fisheries and Aquatic Sciences 2795: xxxv + 

58 p. 

Hawes I. (1988) The seasonal dynamics of Spirogyra in a 

shallow, maritime Antarctic lake. Polar Biology, 8, 429–437. 

Hessen D.O. & Anderson T.R. (2008) Excess carbon in aquatic 

organisms and ecosystems: physiological, ecological and 

evolutionary implications. Limnology and Oceanography, 53, 

1685–1696. 

Hill W.R., Roberts B.J., Francoeur S.N. & Fanta S.E. (2011) 

Resource synergy in stream periphyton communities. 

Journal of Ecology, 99, 454–463. 

Hudon C. & Bourget E. (1981) Initial colonization of artificial 

substrate: community development and structure studies 

by scanning electron microscopy. Canadian Journal of 
Fisheries and Aquatic Sciences, 38, 1371–1384. 

Kawecka B. & Sanecki J. (2003) Didymosphenia geminata in 

running waters of southern Poland – symptoms of change 

in water quality? Hydrobiologia, 495, 193–201. 

Kilroy C. & Bothwell M. (2011) Environmental control of 

stalk length in the bloom-forming, freshwater benthic 

diatom Didymosphenia geminata. Journal of Phycology, 47, 

981–989. 

Kilroy C. & Unwin M. (2011) The arrival and spread of the 

bloom-forming freshwater diatom Didymosphenia geminata 
in New Zealand. Aquatic Invasions, 6, 349–362. 

Kilroy C., Larned S.T. & Biggs B.J.F. (2009) The non-

indigenous diatom Didymosphenia geminata alters benthic 

communities in New Zealand rivers. Freshwater Biology, 54, 

1990–2002. 

Kirkwood A.E., Shea T., Jackson L.J. & McCauley E. (2007) 

Didymosphenia geminata in two Alberta headwater rivers: 

an emerging invasive species that challenges conventional 

views on algal bloom development. Canadian Journal of 
Fisheries and Aquatic Sciences, 64, 1703–1709. 

Kirkwood A.E., Jackson L.J. & McCauley E. (2009) Are dams 

hotspots for Didymosphenia geminata blooms? Freshwater 
Biology, 54, 1856–1863. 

Larned S.T., Packman A.I., Plew D.R. & Vopel K. (2011) 

Interactions between the mat-forming alga Didymosphenia 
geminata and its hydrodynamic environment. Limnology 
and Oceanography: Fluids and Environments, 1, 4–22. 

Lindstrom E.-A. & Skulberg O.M. (2008) Didymosphenia 
geminata – a native diatom species of Norwegian rivers 

coexisting with the Atlantic salmon. In: Proceedings of the 
2007 International Workshop on Didymosphenia geminata 

(Eds M.L. Bothwell & S.A. Spaulding ), pp. 35–40. Canadian 
Technical Report of Fisheries and Aquatic Sciences 2795: xxxv + 

58 p. 

Miller M., McKnight D., Cullis J., Greene A., Vietti K. & 

Liptzin D. (2009) Factors controlling streambed coverage of 

Didymosphenia geminata in two regulated streams in the 

Colorado Front Range. Hydrobiologia 630, 207–218. 

Peterson C. (1996) Response of benthic algal communities to 

natural physical disturbance. In: Algal Ecology. Freshwater 
Benthic Ecosystems (Eds R.J. Stevenson, M.L. Bothwell & 

R.L. Lowe), pp. 375–402. Academic Press, San Diego, CA. 

Rhee	 G.-Y. (1980) Continuous culture in phytoplankton 

ecology. In: Advances in Aquatic Microbiology, Vol. 2 (Eds 

M.R. Droop & H.W. Jannasch), pp. 151–203. Academic 

Press, London, U.K. 

Smith D. & Underwood G. (2000) The production of extra-

cellular carbohydrates by estuarine benthic diatoms: the 

effects of growth phase and light and dark treatment. 

Journal of Phycology, 36, 321–333. 

Spaulding S.A. & Elwell L. (2007) Increase in nuisance 

blooms and geographic expansion of the freshwater 

diatom Didymosphenia geminata. U.S. Geological Survey 

Open-File Report 2007–1425, 38 p. 

Sterner R.W., Elser J.J., Fee E.J., Guildford S.J. & Chrzanowski 

T.H. (1997) The light:nutrient ratio in lakes: the balance of 

energy and materials affects ecosystem structure and 

process. The American Naturalist, 150, 663–684. 

Sundareshwar P.V., Upadhayay S., Abessa M., Honomichl S., 

Berdanier B. & Spaulding S.A. (2011) Didymosphenia gem

inata: algal blooms in oligotrophic streams and rivers. 

Geophysical Research Letters, 38, L10405, doi: 10.1029/ 

2010GL046599. 

Whitton B.A., Ellwood N.T.W. & Kawecka B. (2009) Biology 

of the freshwater diatom Didymosphenia: a review. Hydro

biologia, 630, 1–37. 

(Manuscript accepted 23 November 2011) 

© 2012 Blackwell Publishing Ltd and Her Majesty the Queen in Right of Canada., Freshwater Biology, 57, 641–653 




