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SUMMARY 


1. Grasmere is a small lake (area: 0.64 km
2
; mean depth 7.7 m) in a catchment with high 


rainfall (typically 2-3 m annually), which subjects the lake to intermittent episodes of 


rapid flushing. 


2. An overview of the trends in water quality and of phytoplankton of Grasmere is 


presented, covering almost 40 years of observations following the construction and 


commissioning of a waste-water treatment plant to serve a nearby village.  


3. There was a three-fold increase in annual areal phosphorus loading during the 25 years 


following commissioning. Moving the original outfall of the sewage works from the 


River Rothay, just above its inflow into Grasmere, to a point in the lake, 7.5 m below 


the surface and, normally, below the summer thermocline, mitigated direct biomass 


response to epilimnetic enrichment. Maximum concentrations of chlorophyll a 


increased about two-fold but the annual mean concentrations altered little; interannual 


variability seems to relate more to flushing than to changing fertility. Cyanobacterial 


blooms occurred during years of relative summer drought.  


4. Since 1996, nutrient loadings have been alleviated by better wastewater management 


and tertiary treatment of effluents discharged during dry weather. Recent chlorophyll a 


maxima have declined with the reduced supportive capacity of phosphorus 


availability. 


5. An updated annotated list of phytoplankton species known to have occurred in 


Grasmere is provided. The incidence and abundance of species supposed to indicate 


eutrophication probably reflect the enrichment that has occurred, while others, mostly 


associated with oligo-mesotrophic lakes, seem to have declined. Inherently slow-


growing species (of Ceratium, Microcystis) have been unable to establish a significant 


presence in the lake. A group of algae in Grasmere that indicate nutrient-poor, acidic 


habitats are suggested to originate in the catchment and flourish briefly in the wake of 


flushing events. 


 







 


Introduction 


Grasmere is one of the smaller lakes of the English Lake District of north-west England. 


Its catchment is dominated by the glaciated mountain ranges that make up a part of the  


upper catchment of Windermere. Grasmere is considered to be among the most attractive 


locations in the UK: its aesthetic, historic and cultural connections confer upon it a 


national and international importance, having been celebrated in literature, music and art 


for over two centuries; it is popular with many visitors simply for its beauty and 


tranquility (Bragg, 1983). 


While other lakes in the Windermere catchment were gradually included into the 


evolving scheme of intensive study by the Freshwater Biological Association (Maberly 


and Elliott, 2012), Grasmere was sampled only irregularly, until around 1969. The formal 


inclusion of Grasmere in the Association’s monitoring programme was prompted by the 


planned construction of a waste-water treatment works (WwTW) to serve the village of 


Grasmere, which thitherto, had relied substantially on septic-tank treatment. The new 


works were built to discharge secondarily treated effluent to the lake’s largest inflow 


stream, the River Rothay, 300 m upstream of its outfall into Grasmere. The sampling 


programme was designed primarily to determine the impacts of sewage discharges on the 


microbiological transformations within the lake (see Hall et al., 1978); it was not until 


1971 that transparency, nutrient concentrations, chlorophyll concentrations and plankton 


enumerations were embodied routinely into a formal programme of monitoring of 


Grasmere. The fortnightly sampling adopted has continued to the present day.  


The accumulated data cover a period during which the effluents and the additional 


nutrient loads, in particular, impacted progressively on the water quality of the lake. 


Many of the changes to the water quality have been deleterious, which a series of 


engineering measures has sought to alleviate. In the process, a large body of monitoring 


data has been accumulated, together with the results of a some more intensive, short-term 


study. No background hypothesis was tested in the design of the monitoring but the 


length of the time series now lends itself to analysis of the effects on Grasmere of direct 


point-source nutrient enrichment by sewage effluent and, especially, in relation to the 


supposedly mitigating effects of high throughflow of rainfall runoff, characteristic of the 


English Lake District (see Barker et al., 2004), and the reciprocally short hydraulic 


retention times.   







The purpose of this paper is to present data derived during nearly 40 years of monitoring. 


It opens with a description of the Grasmere catchment, which emphasises the poverty of 


its yield of bases and plant nutrients to the lake and the variability in the amounts and 


frequency of precipitation and run-off events. It also catalogues briefly the history of 


sewage treatment and disposal, where these have impacted on the metabolism of the lake. 


Graphical summaries of long-term effects on the physico-chemical medium and on the 


phytoplankton abundance and composition are presented and interpreted to discern the 


trends in the system behaviour. A short, concluding discussion relates our findings to 


those of many previous accounts of lake deterioration and subsequent restoration. 


Grasmere  


Grasmere, Cumbria, UK, is a relatively small, but deep, moraine-dammed lake (Table 1) 


in the valley of the River Rothay and is part of a designated Environmentally Sensitive 


Area. It drains southward from close to the centre of the English Lake District (Fig.1a), 


and flows, by way of Rydal Water, into the North Basin of Windermere. Grasmere 


comprises a larger eastern basin and a smaller western one, separated by a shallow ridge 


and island (Fig. 1b). The steep catchment (Table 1) includes several smaller standing 


waters, the most important of which is Easedale Tarn. The catchment geology is 


predominantly unyielding Ordovician rocks of the Borrowdale Volcanic Series, with a 


Devensian glacial-till covering the lower slopes and more recent alluvial outwash 


deposits on the valley floors. Except on the steeper and denuded surfaces, moderately to 


severely acidified podsols typically carry a rough Festuca-Agrostis grassland, with a 


tendency to bog formation (Molinia, Juncus, Sphagnum spp.) wherever drainage is 


impeded. The vegetation is maintained by fell-grazing sheep, as has probably been the 


case for several centuries. Woodlands, dominated by ash (Fraxinus excelsior) and sessile 


oak (Quercus petraea) have been steadily cleared since Neolithic times and especially 


during the last millennium (e.g., Millward & Robinson, 1972). Bracken (Pteridium 


aquilinum) is well-established in the better-drained areas of former woodland areas, 


whose upper perimeters are still marked by persistent marginal stands of Juniperus 


communis. The use of fertilisers, to promote pasture growth, for livestock fattening and 


the harvest of winter feed, is mainly confined to the lower valleys. 


The annual rainfall on this upland catchment is high, ranging from 2.25 to > 3 m at its 


head (McClean, 1940), while potential evapotranspiration (~ 0.35 m annually: from 


Penman, 1963) is typically quite low (Reynolds & Lund, 1988). The estimated average 


annual run-off thus generated accounts reasonably for the observed mean annual 







discharge from Grasmere of nearly 70 Mm
-3


 y
-1


 (Table 1). This equates to annual average 


retention times of 26 days between 1981 and 2010. Instantaneous retention times are 


variable, within a typical range of 9 – 65 days (Reynolds & Lund, 1988). On the basis of 


outflow discharges recorded in the period of the present analysis, instantaneous values 


ranged between 4.4 and 1300 days. As has also been recognised, the phytoplankton-


supportive capacity of Grasmere (as argued by Reynolds & Lund, 1988) and of other 


highly flushed lakes (see Elliott et al., 2009, 2010) is highly sensitive to variations in 


hydraulic throughput: many other facets of water quality may be similarly influenced by 


fluctuations in rainfall and flow. 


The high rainfall and the unyielding catchment geology explain the poverty of solutes in 


the lake water (alkalinity typically 0.09 to 0.21 Equiv m
-3


; Carrick & Sutcliffe, 1982) and 


the historically infertile state of Grasmere. The paleoecological reconstruction assembled 


by Barker et al. (2005) revealed that low inferred concentrations of TP in the 17
th


 and 18
th


 


centuries were subjected to a steady rise from the mid 1850s that coincided with the 


increasing resident and visiting human population that followed the arrival of the railway 


at Windermere. Moreover, the establishment of the planktic diatom, Asterionella 


formosa, occurred at about the same time (Barker et al. 2005). This first period of 


enrichment coincided with a period of low rainfall in the growing season (Barker et al. 


2004) that could have exacerbated the effect of the increased phosphorus loads. Reynolds 


& Lund (1988) estimated an annual historic P-loading of 0.9 g P m
-2


 y
-1


, which is 


consistent with the total phosphorus (TP) concentrations of around 6 to 10 mg m
-3


 


inferred by Barker et al. (2005). Barker et al. (2005) also noted the marked increase in the 


phosphorus concentration after the late 1960s and the establishment of a wastewater 


treatment works for the village of Grasmere.  


History of wastewater treatment at Grasmere 


Discharge of (nominally) secondarily treated sewage effluent into lakes is recognised 


world-wide to make major impacts on their water quality. The eutrophication of lakes as 


a consequence of providing additional supplies of readily bioavailable phosphorus is 


regrettably familiar, as is the large number of case descriptions and quantitative 


summaries of the responses in terms of the plankton chlorophyll that may be thus 


sponsored (see, especially, Vollenweider & Kerekes, 1980; OECD, 1982; Ryding & Rast, 


1989). On the other hand, few of these general relationships are sufficiently robust either 


to explain quantitatively the responses to enrichment of individual lakes or to predict the 


effectiveness of remedial measures intended to reverse undesirable changes to their 







fertility (Reynolds, 1992). In the case of Grasmere, the construction of a sewerage 


network for Grasmere village and the commissioning of a standard, activated-sludge 


plant treating (mainly) domestic sewage to secondary standards, with direct disposal of 


the final effluent direct to the Rothay, began in June 1972. The resident population served 


directly was then around 1500 persons but, then, as now, not all the homes in the village 


area were connected, these continuing to rely on septic tanks. However, the impact of the 


human population is increased by the influx of tourists and visitors, through much of the 


year but especially in summer. From the outset, the frequent infiltration of foul drainage 


by abundant surface run-off created persistent difficulties in the treatment process linked 


to truncated contact times available for mineralisation of organic waste waters, and to the 


necessity of allowing untreated, albeit dilute, water to overflow to the River Rothay. 


Several procedures intended to mitigate some of these symptoms were tested. During 


1979 and 1980, untreated effluents were dosed with alum, in order to improve the 


flocculation of dispersed solids and, incidentally, to lower the phosphorus content of the 


treated water. 


A decision was made to rebuild and upgrade the WwTW and a simultaneous engineering 


development, installed at the end of 1982, diverted the effluent away from the River 


Rothay, piping it instead to an offshore outfall point in the eastern basin of Grasmere at a 


depth of 7.5 m. This arrangement was intended to transfer part of the oxidative sewage 


treatment to Grasmere itself and, during summer stratification, to use the hypolimnion as 


a temporary repository of nutrients. Relatively secure from the trophogenic upper layers, 


pending their entrainment in the autumnal lake circulation and rapid removal from the 


lake by winter floods, it was intended that these nutrients would be less readily available 


to the Grasmere phytoplankton during the main growing season. 


In 1996, the sewerage network was upgraded further to improve the separation of 


infiltrating run-off from foul drainage. The capacity of the waste-water treatment was 


increased by a factor of 2.5, so that flows of up to 3 500 m
3
 d


-1
 could receive full 


treatment, while the introduction of ‘stripping’ methodologies to lower the ammonia- and 


phosphate- contents of the effluents during dry weather, sought to comply with new 


discharge consents of up to 10 g NH4-N and 600 mg TP m
-3


.  


In this paper, we seek to present a synoptic overview of the results of almost forty years 


of monitoring of plankton dynamics and water quality in Grasmere and to separate the 


effects of the altered nutrient load and hydraulic variability on the biotic responses.  







Methods 


Monitoring 


The quantitative data on which this analysis has been made are derived almost wholly 


from the programme of regular, standardised samples and field measurements taken at 


weekly or fortnightly intervals since February, 1969 for some variables, from a buoy 


moored at the deepest point of Grasmere, English Lake District (54°27'N, 3°0'W; 


National Grid Reference: NY340067). Vertical profiles of temperature and oxygen 


concentration were measured with a Mackereth combined resistance thermometer and 


galvanic oxygen electrode constructed in-house (Mackereth, 1964) or, after 1980, with a 


commercial polarographic electrode and meter (e.g. YSI Model-57, Yellow Springs 


Instruments, Yellow Springs, Ohio, USA). Vertically integrated water samples were 


collected with a 5-m flexible polyethylene hose (Lund & Talling, 1957). Aliquots were 


separated in the field for laboratory determinations of water chemistry and 


phytoplankton. Samples for phytoplankton species composition and abundance were 


fixed in the field with Lugol’s Iodine solution. In the laboratory pH was measured with a 


combination electrode and alkalinity was measured by titration. Chlorophyll a was 


extracted in hot, 90% methanol, and estimated spectrophotometrically according to the 


method and calculation of Talling & Driver (1963). Concentrations of dissolved 


inorganic combined [nitrate + nitrite + ammonium] nitrogen (DIN), of total and 


molybdate-reactive phosphorus (respectively, TP and MRP) and of soluble reactive 


silicon were each determined by contemporaneously standard methods (but very minor 


refinements are detailed in Mackereth et al., 1978); prior to standardisation in 1972 on 


the technique of reduction to nitrite with spongy cadmium and diazotisation (Morris & 


Riley, 1963), nitrate was measured by the phenoldisulphonic-acid method; likely 


underestimation prior to that date has been compensated by a factor solved by regression 


(Carrick & Sutcliffe, 1982).  


Concentrations of individual algae were assessed by direct counts of the iodine-fixed 


material. Small-celled microplanktic and nanoplanktic species were counted in 


subsamples, concentrated from 300 mL by sedimentation and supernatant removal, and 


viewed at high magnification (× 400) in pre-calibrated slide chambers, following 


Youngman’s (1971) modification to the original method of Lund (1959). Until the end of 


1979, the larger-celled and colonial microplanktic algae were counted in appropriate sub-


sample volumes (1 – 100 mL), following the direct sedimentation and inverted-


microscope counting technique of Lund, Kipling & Le Cren (1958), and observing, for 


the more common species, the statistical threshold of ≥ 400 individuals needed to achieve 







a counting error of ≤ 10%. After 1979, all algae were counted, albeit at a lower 


magnification, on the same slides prepared for nanoplankton. 


Hydraulic discharge was estimated from continuous flow measurements at Miller Bridge, 


about 4 km downstream of Grasmere, scaled by the ratio of the product of the Grasmere 


catchment area and average rainfall to the catchment area above Miller Bridge and its 


average rainfall: a ratio of 0.52. Average rainfall for 1961 to 1990 was obtained from the 


Flood Estimation Handbook (Centre for Ecology & Hydrology, 1999). 


Nutrient budget after the upgrade to the WwTW 


Data for the phosphorus transport via the outfall pipe and storm-water overflows, from 


May-September 2000, were made available by the water company responsible for 


operating the WwTW. Input of DIN from the sewage works was estimated at five times 


the concentration of TP. These were combined with data from inflowing streams from a 


slightly earlier time period: twenty-one occasions between September 1994 and 


December 1995. The natural inflows and outflows of Grasmere were measured for flow 


and nutrient concentrations at the main inflow (Fig. 1b) and between 12 and 15 occasions 


for three other inflowing streams and 19 occasions for the outflow (Fig. 1b). Nutrients 


analysed comprise TP, MRP and DIN (the sum of its constituents, of which nitrate was 


always the largest).  


Stoichiometric model 


The data on nutrients and discharge were used in a simple stoichiometric model 


(Reynolds, 1992, Reynolds & Maberly, 2002) to determine the supportive capacity 


limiting phytoplankton growth. The impact of flushing on the capacity of the biologically 


available phosphorus delivered to the lake was modelled by substituting alternative 


annual volumes of diluent flow and plotting the capacities against the corresponding 


retention times.  


Statistics 


Statistical relationships between chlorophyll a and discharge were evaluated using a 


quantile regression (Koenker 2005) implemented in R version 2.9.2 (R Development 


Core Team, 2009). 


Results 


Environmental variation in Grasmere 







Over the four decades of this study, the water quality of Grasmere has been subject to 


major changes to the loadings of nutrients and of microbiological oxidative demand, 


against a background of other, progressive changes, some so slow that they may be 


regarded as being environmentally stable. In the latter category, there has been no evident 


change in the low ionic strength (e.g. conductivity about 55 µS cm
-1


) or alkalinity 


(bicarbonate alkalinity: 0.16 ± 0.03 Equiv m
-3


). There has been a modest but statistically 


significant (p < 0.05) increase in water temperature (Figs 2a, 3a) in seven months of the 


year, to the order of between 1 and 2°C, and with a discernible stabilising effect upon 


thermal stratification (Fig. 3b). The irregularity and frequency of the intermittent flushing 


events to which Grasmere is subject (Reynolds & Lund, 1988) persist conspicuously: no 


long-term change in the average annual discharge has been detected, either for any month 


(Fig. 3c) or as an annual mean, although there is an evident tendency towards 


episodically higher rainfall events (Fig. 2b).  


In contrast, annual average concentrations of total phosphorus (TP) in Grasmere (Fig 2c) 


were already greater in 1973 than real or supposed historic levels. The alum dosing in 


1979 and 1980 resulted in markedly lower annual concentrations of TP and of 


phytoplankton chlorophyll a in the lake (Fig. 2c,g), emphasising both the controlling 


influence of phosphorus on productivity in general and the major contribution made by 


the WwTW effluent in particular. The 1982 diversion of the WwTW outfall to enter 


Grasmere at a depth 7.5 m made little initial impact on average TP concentrations, which 


continued to increase steadily. Observed maxima were significantly larger (Figs 2, 3) on 


occasions that coincided with storms that led to the erosion of thermal stratification, or to 


its complete autumnal breakdown, when TP accumulated in the hypolimnion would have 


been entrained into the surface circulation. Elevated TP concentrations were also 


encountered in spring, before stratification had developed sufficiently to confine sewage-


TP delivery to the hypolimnion. Following the 1996 upgrade of the WwTW, spring and 


autumn peaks in TP were noticeably lower (Figs 2c, 3d): after 2003, a clear downward 


trend in annual average TP concentrations was noted (Fig. 2c). Following inauguration of 


WwTW, concentrations of MRP were generally higher in winter than at other times of the 


year (Fig 3d) but, throughout long summer periods, fell to below the limit of analytical 


detection of the method adopted for monitoring (~ 0.6 mg P m
-3


). As with TP, 


concentrations of MRP were highest (up to 25 mg m
-3


) as a consequence of autumnal and 


winter mixing events. The scale of these MRP peaks fell substantially after 1996 (Fig. 


2d). 







The detailed nutrient budget (Table 2) shows a total-phosphorus (TP) load to Grasmere in 


1994/95 of 1668 kg P y
-1


, the major part of which (74%) being derived directly from the 


WwTW. That 58% of the TP load should have been as readily bioavailable MRP also 


reflects the significance of the WwTW effluent to the fertility of Grasmere at that time. 


Based upon the tabulated estimates, Grasmere was a net sink for phosphorus, with 45% 


of the TP and 72% of the MRP entering the lake being retained (Table 2). By analogy, 


37% of the DIN load is estimated to have been derived from the WwTW; the lake 


appears to be a net source of nitrogen since more nitrogen is estimated to have been 


leaving than entering. This might result from nitrogen-fixation within the lake, although it 


is rather more likely to be attributable to budget inaccuracies and, in particular, to the 


assumption of a mass N:P ratio of 5.1 in the discharge from the WwTW: a ratio of about 


8:1 would balance the nitrogen-budget. The ratio of nitrogen to phosphorus entering the 


lake is 9.8 on a mass basis, slightly greater than the Redfield mass N:P ratio of about 7.2.  


Changes in the phytoplankton biomass 


Annual means of chlorophyll-a concentration, an approximate analogue of live 


phytoplakton biomass, showed a different pattern of change from those of TP, tending to 


be higher on average after 1995 (Fig. 2g) and, after 1997, to be more abundant in summer 


than in spring. The most striking feature of the record is the higher range of 


concentrations observed after the upgrade to the WwTW (Fig. 3g), instances of 


chlorophyll concentrations > 35 mg m
-3


 having been noted in 1997, 1999, 2005 and 2009. 


t-tests comparing the period 1983 to 1996 before the WwTW upgrade with the post-


upgrade period, 1997 to 2010, after the upgrade, showed them to be significant in July 


(P<0.02) and August (P<0.01). This behavioural change is probably not caused by 


changes to the operation of the WwTW but to other controlling variables. There is a 


significant correlation over the whole time series between detrended concentrations of 


chlorophyll a in September and detrended surface water temperature (r = 0.513, P<0.01), 


and with the detrended strength of stratification (r = 0.459, P<0.01; Fig. 4). Similar 


relationships were found for non-detrended data (not shown). These relationships imply 


that temperature increase, linked to climate change, has promoted greater growth of 


phytoplankton later into the year.  


Lake metabolism and hypolimnetic oxygen deficits 


One of the best-known consequences of limnetic eutrophication is the enhanced intensity 


of carbon cycling, with elevated rates of consumption of oxygen and its depletion at 


depth during stratification. Over the study period, the drawdown of hypolimnetic oxygen 







has been apparent earlier in the summer (Fig. 3g): before the commissioning of the 


WwTW in 1973, the average depth at which oxygen minima fell below 20% air-


saturation was below 12 m but the same threshold occurred, on average, at 6 m between 


1983 and 1996 and at 4 m after 1996 (Fig. 5). The reduction in TP load since 1996 has 


not yet led to any relief of the oxygen deficit, which probably reflects the modesty of 


change in the magnitude of phytoplankton populations and input of residual organic 


material from the WwTW. Over the whole time-period, there is a strong correlation 


between the minimum oxygen concentration in depths between 4 and 6 m and the 


average growing-season (April to September) concentrations of chlorophyll a (r = -0.58, 


P<0.001).  


Trends in the species composition of the phytoplankton of Grasmere 


The character of the phytoplankton of Grasmere, as presented in Reynolds & Lund 


(1988), has remained essentially that of a mesotrophic lake. The most frequently recorded 


taxa are presented in Table 3, while a full species list appears as Supporting Material. 


Prominent among these are small, rapidly growing forms species, having high 


competitive ability, sensu Grime (1979), and belonging to functional groups X and Y 


(classification of Reynolds et al., 2002; Padisák et al., 2009). Generally, there is a vernal 


bloom of diatoms (dominated typically by Asterionella), cryptomonads and chrysophytes 


(especially Synura); a late-spring to early-summer period during which colonial 


chrysophytes (notably of Dinobryon spp. and of colonial chlorophytes, such as 


Coenochloris, Pseudosphaerocystis and Paulschulzia); certain Cyanobacteria (Anabaena 


solitaria) and dinoflagellate species (Peridinium spp.) may be prominent, before diatoms 


(especially Tabellaria) and desmids (Staurastum spp.) become relatively abundant 


towards the end of summer. Much of the additional biomass that is recognised in Figs 2f 


and 3e is attributable principally to larger and more persistent populations of 


Cryptomonas spp. but there have been significant changes in the relative quantities of 


some common species. Moreover, since 1988, 53 species have been added to the species 


list (see Supporting Material, where they are indicated by an asterisk, *; this count does 


not include entries that are simply newer names for species previously noted). Some of 


the new entries are certainly consistent with the supposedly more eutrophic conditions 


(Pseudanabaena limnetica, Aphanizomenon flos-aquae, Stephanodiscus minutulus, 


Synedra filiformis, Eudorina unicocca) but others (Cyclotella radiosa, Cosmarium 


depressum and Xanthidium antilopaeum) suggest an opposite trend of oligotrophication. 


It should be noted that the new entries occur rarely and/or in small quantities; their 


encounter is made more probable using the counting method of Youngman (1971) than 


the method centred on small sample volumes (Lund et al., 1958) used previously.  







Among the species encountered in recent years either more frequently, more persistently 


or in greater numbers than in the earlier part of the study are at least two species of 


Cryptomonas, one confidently identified as C. ovata, the other a larger, “beaked” one 


ascribed to C. curvata. The small, centric diatom, Cyclotella pseudostelligera, became 


more frequent; another, Stephanodiscus minutulus, increased during the 1980s but may 


then diminished towards the end of the observations. The Cyanobacterium Anabaena 


lemmermannii has been encountered more frequently during the last 20 years.  The motile 


green alga Eudorina unicocca increased markedly, displacing, in part, the more familiar 


Eudorina elegans; in general, however, most non-motile colonial chlorophytes 


(Coenochloris, Pseudosphaerocystis, Kirchneriella) have declined, as have several 


formerly common diatom species (Tabellaria flocculosa var. asterionelloides, Urosolenia 


eriensis and Cyclotella comensis). Populations of Dinobryon spp. and Mallomonas spp. 


(except M. akrokomos) have become smaller. Bloom-forming Cyanobacteria (like 


Anabaena circinalis and Microcystis aeruginosa) have been encountered in the driest 


summers, the former, at least, having contributed to the significant scums observed 


during 1995 and 1996. The dinoflagellate, Ceratium hirundinella, which has been 


recorded in Grasmere only rarely, was also relatively abundant during the summers of 


these two consecutive dry years, its numbers being greater in 1996 than in 1995.   


We also note a striking paucity of planktic diatoms of the genera Fragilaria and 


Aulacoseira in Grasmere, which are common in many of the other lakes of the English 


Lake District. Fragilaria crotonensis occurs mainly among the mildly enriched lakes and, 


especially, in summer. Various Aulacoseira spp. are well established among Cumbrian 


lakes of differing various trophic status. The well-documented ability of resting 


vegetative cells of Aulacoseira spp. (before differentiated, many were once ascribed to 


the genus Melosira) to survive adverse conditions (that include phases of near-surface 


stratification, as well as episodes of nutrient depletion: Lund, 1954, 1971), on the bottom 


sediments might be considered advantageous to survival in Grasmere. Yet, despite 


sporadic appearances of Aulacoseira subarctica over many years, the alga has not 


become established in the lake. 


Impacts of flushing on the plankton ecology of Grasmere  


The consequences of phosphorus enrichment on substantially phosphorus-deficient lake 


are well appreciated generally but our experiences at Grasmere, showing considerable 


uncoupling of biomass responses from enhanced loadings, do not conform comfortably to 


the simplistic view that more nutrient sponsors proportionately greater biomass. Indeed, 







in the middle years of this study (1982-1997), the chlorophyll yield per unit TP present 


was significantly depressed (Fig.2h). Admittedly, the traditionally supposed relationship 


is subject to the satisfaction of certain preconditions, one of which is of a substantial 


hydraulic retention time (see, especially, Vollenweider & Kerekes, 1980). It was already 


clear, at the outset of the present study, that the intermittent flushing and generally short 


retention times that characterise Grasmere are a major component in the regulation of its 


plankton ecology and, hence, of its water quality (Reynolds & Lund, 1988). Analysis of 


the monitoring data allows us to better understand the modifying effects that hydraulic 


flushing impose on the biological responses to eutrophication. Several trends may be 


diagnosed. 


Sensitivity of phytoplankton dynamics to flushing  


There is a clear negative relationship between the maximum concentration of chlorophyll 


a and the discharge (Fig. 6). At low discharges, when environmental factors other than 


flushing influence the performances of phytoplankton, a wide range of phytoplankton 


chlorophyll a concentrations is possible. At higher discharges, large concentrations were 


no longer supported, consistent with severe standing-crop losses being attributable to 


removal and dilution by enhanced hydraulic throughput. Conversely, the larger standing 


crops were observed only during periods of substantial drought, as occurred in the period 


from mid-1975 to the end of summer of 1976, and in each of the relatively dry summers 


of 1981, 1984, 1989, 1995-6 and 2006. The largest peak (~ 47 mg chla m
-3


; Fig. 2g) was 


observed in a dry period during 1999.  


For net increases in the population, recruitment must proceed faster than elimination: 


outcomes are simultaneously influenced by the specific rate of growth, as constrained by 


other factors (temperature, light and resources) and by the simultaneous losses to other 


sinks (settlement, grazing consumers). For example, a daily displacement of 10% of lake 


volume (i.e., 499 × 10
3
 m


3
 d


-1
, or 5.8 m


3
 s


-1
) would deplete a uniformly distributed 


population at an exponential rate of - 0.16 d
-1


. After allowing for sinking and grazing 


losses, the net growth rate of the common vernal diatom, Asterionella formosa, that we 


have observed elsewhere in other local lakes at late-winter temperatures of 5-7
o
C 


(Reynolds & Wiseman, 1982; Reynolds & Irish, 2000) are scarcely sufficient to counter 


such rates of dilution. For many species that cannot match even this rate of growth under 


similar conditions, numbers will decline. On the one hand, it is readily deduced that high 


discharges must deplete the standing crops of phytoplankton and that populations have 


little prospect of recovery until throughflow falls back to tolerable levels. However, our 


data reveal several contributory mechanisms interacting in a complex way, including the 







fact that the period of availability of nutrient decreases with shorter residence times, 


having the effect of making the medium less fertile.  


Effects of flushing on supportive capacity 


The use of supportive-capacity calculations to detect factors that, near instantaneously, 


are likely to be limiting phytoplankton production and, thus, might control attainable 


biomass, was advocated in Reynolds (1992). The method was developed into a simple 


software package by Reynolds & Maberly (2002). Interestingly, the calculations of the 


average P- and N- limited crop limitations are too similar (41, 44 mg chlorophyll a m
-3


) 


for either to be proposed decisively to be controlling the biomass attained; the maximum 


concentration yet observed is 47 mg chlorophyll a m
-3 


(Fig. 2g).   


System effects of point- and diffuse- sources of nutrients may also be distinguished. We 


may anticipate the sewage-derived nutrient load generated by a resident human 


population to be more predictable than the diffuse loads leached from the catchment, 


which are likely to vary with rainfall. In this way, most of the annual reactive phosphorus 


load to Grasmere (900 of 969 kg) comes through the WwTW and is, presumably, related 


first to the sewage loads generated. The major variable is its dilution within the hydraulic 


volume and the correspondingly truncated residence times. The proposed impact upon the 


supportive capacity is shown in Fig.7 through the inserted slopes, each of which 


represents the instantaneous maximum carrying capacity of each potential limiting factor 


available at the given residence time.  For instance, the line labelled  “Streams and 


WwTW” is the calculated from the data summarised in Table 1, assuming the maximum 


chlorophyll that could be supported by the phosphorus available at the given flow 


conforms to relationship diagnosed proposed by Reynolds & Maberly (2002). The 


parallel slopes beneath it are constructed from realistic reductions in the aggregate 


sewage loads; eventually all the sewage phosphorus is taken from the calculation, leaving 


only a notional load from the catchment (“streams only”). In reality, it cannot be assumed 


that natural loadings conform to the same proportionality to flow.  


The supportive capacity of sewage-derived nitrogen might respond similarly to sewage 


derived phosphorus (proposed by the “Nitrogen” slope in Fig.7) but the potentially large 


flow-dependent variations in the catchment-derived nitrogen loads are not 


accommodated.  That the availability of DIN (most of it is nitrate) in Grasmere is 


sensitive to the rate at which water is shed by the catchment is simply demonstrated by 


the correlation of mean DIN concentrations in August and the simultaneous discharge 


rates (Fig. 8a). It is striking that DIN availability actually falls quickly in dry weather: 







there is both rapid consumption of nitrogen and a diminished capacity of the truncated 


inflow volumes to replenish it adequately. With the summer availability of nitrate 


nitrogen more strongly and positively related to inflow discharge, it might be supposed 


that, under persistent low summer flows, there is an increasing likelihood that the 


availability of nitrogen, rather than phosphorus, could become the primary limitation of 


phytoplankton production in Grasmere. At concentrations of ≤ 100 mg DIN m
-3


 


(modelled to occur presently at discharge rates of < 1.5 m
3
 s


-1
, or ~ 130 × 10 m


3
 d


-1
; 


retention time, 38.5 days), the onset of nitrogen limitation of phytoplankton growth rates 


may be anticipated and, among those species apparently confined to ammonium nitrogen 


as a source of combined nitrogen (Reynolds, 2006), at significantly higher concentrations 


than that. Such species include the relatively slow-growing Cyanobacteria, although, as is 


well-known, some of these (notably members of the order Nostocales) have the 


biologically advantageous capacity to reduce (“fix”) atmospheric nitrogen. Provided with 


an adequate supply of phosphorus and subject to the satisfaction of the demand for 


certain micronutrients to be present in trace quantities, conditions of low nitrogen 


availability may favour their performances relative to other species. 


Note also that the carrying capacity of the underwater light (which varies with season and 


variability in cloud-cover) and of the available silicon, as calculated by the formulations 


of Reynolds & Maberly (2002), are treated as being independent of flow: they are shown 


in Fig.7 as horizontal lines.  


It is proposed that the actual chlorophyll biomass shall always be simultaneously within 


(or graphically, below) all the calculated capacity limitations. So far as our forty-year 


records allow us to judge, this proposal has been satisfied throughout.  


Flushing and species selection 


Earlier publications presenting investigations of the effects of flushing on phytoplankton 


were principally concerned with the susceptibilities of standing crops to depletion by 


episodes of high throughflow (Lund, 1978; Van Vlymen, 1979). Many subsequent studies 


have amplified aspects of the selective responses of species composition and richness to 


hydraulic throughflow in linked mainstem reservoirs (Bertrand et al., 2004: Caputo et al, 


2008). Particular attention has been directed to the impact of flow variability in lakes of 


varying sizes on the relative abundance of Cyanobacteria (including Padisák et al., 1999; 


Nogueira et al., 2010). Generally, high flushing rates are considered to disfavour their 


abundance. As does the modelling work of Jones & Elliott (2007), our data allow us to 


explore the additive effects of the several mechanisms invoked by high flushing. Besides 







the diminution in phosphorus-limited capacity, as a result of the rapid dissipation of 


nutrient loads, rapid physical depletion of vegetative stocks in suspension imposes severe 


demands on the ability to recover, especially among inherently slower-growing species. 


which will, accordingly, experience a selective disadvantage. For instance, if we take the 


upper end of the ambient range of instantaneous retention times in Grasmere (65 days; 


equivalent to a hydrological exchange of 0.89 m
3
 s


-1
, or 76.8 × 10


3
 m


3
 d


-1
, around 1.5% of 


the whole lake volume per day),
 
we may infer that the exponential rate of depletion of 


uniformly distributed phytoplankton populations (-0.0155 d
-1


) will be reasonably 


accommodated by specific rates of growth of ≥ 0.0155 d
-1


; these are likely achievable, 


subject to continued satisfaction of specific light and nutrient requirements, and whilst 


they exceed biomass depletion through dilution. The corresponding specific growth 


requirement set by a retention time of 28 days is 0.036 d
-1


. A retention time of 9 days 


demands in situ increase rates of  ≥ 0.118 d
-1


, simply to overcome dilution, before any 


sinking-, grazing- and other mortality-losses are compounded. Increase of Anabaena 


would still be sustainable if rapid growth (replication rates) can be maintained but, if it is 


not, the vulnerability to dilution becomes immediately evident. To species that grow 


verifiably yet more slowly in the field (e.g., the Cyanobacterium, Microcystis aeruginosa, 


the dinoflagellate Ceratium hirundinella: see, e.g., Reynolds, 2006), the probability is 


that standing populations will be diluted by flushing rates of this magnitude. In order of 


increasing susceptibility to depletion by flushing, the sequence Asterionella, 


Monoraphidium, Limnothrix, Cryptomonas, Anabaena, Microcystis, Ceratium is 


confidently suggested.  


Survival of the standing stocks 


We also observe that a third selective effect of flushing on phytoplankton operates on 


species whose growth is strongly seasonal, perhaps because their best performances are a 


function of higher temperatures, good insolation or a good supply of inorganic carbon. To 


make the best of the appropriate “windows of opportunity” available to them, these 


species tend to rely upon recruiting substantial numbers of propagules from locations 


scarcely affected directly by throughflow – effectively, the surface of the deeper 


sediments - where they may remain poised, until amenable limnetic conditions obtain.  


Here we may cite the frequency of encounters in our accumulated database with 


Ceratium hirundinella and Microcystis aeruginosa. Both are commonly found in 


moderately to highly enriched lakes in the British Isles and, most frequently, in summer 


and early autumn, following long periods of relatively steady late-spring growth, in 







which specific growth rates of 0.14 – 0.16 d
-1


 are observed (e.g., Harris et al., 1979; 


Reynolds et al., 1981). Their respective reputed preferences for nutrient-rich systems 


(wherein resource adequacy is essential to sustaining growth over prolonged periods) are 


upheld in the English Lakes, where their occurrence in quantity is restricted largely to 


more eutrophic systems (Kadiri & Reynolds, 1993; Reynolds, 2006). The vernal 


recruitment of either species is enhanced by the “germination” of surviving over-


wintering propagules (cysts of Ceratium, sedimented vegetative colonies of Microcystis), 


formed as a sort of “seed bank” recruited to the sediments at the end of the previous 


year’s vegetation period. It is this trait that is crucial for the persistence of conspicuously 


slow-growing phytoplankters in Grasmere. There is no chemical reason for supposing 


that Grasmere is hostile to the seasonal growth of either Ceratium or Microcystis. 


Although this statement lacks experimental verification, we note that both species 


produced measurable populations in Grasmere during the warm, dry conditions 


experienced in summer of 1995.  Moreover, Ceratium encysted prior to the onset of 


heavy autumnal rains and, by which time, few Microcystis colonies persisted in the 


plankton. We suppose there to have been a good recruitment of propagules to the 


sediment. Below-average rainfall was experienced through the winter, the following 


spring and, at least, into in the early part of  summer, when recruitment of both Ceratium 


and Microcystis to the plankton was observed. However, neither developed large 


populations before the suspended stocks were rapidly run down as a consequence of 


autumnal storms. They have been recorded only very occasionally in the subsequent 


years of the 40-year study period. We deduce that, for inherently slow-growing species 


such as Ceratium and Microcystis, it is not enough that these organisms encounter 


conditions favourable to their growth but their survival from one season to the next is also 


decisively regulated by the intermediate physical environment and, especially, by the 


extent of hydrological variability. 


Effects of flushing on grazing by zooplankton 


Relatively fast-growing Asterionella and, increasingly, cryptomonads, may be regarded 


as being the principal plankters in Grasmere, at least during the spring. These often 


originated from the heavily depleted inocula that survived the winter in low vegetative 


concentrations. Indeed, almost any species that is represented in the plankton and is able 


to sustain a relatively rapid growth rate must be seen as having a good chance of 


becoming prominent in the spring assemblage (Reynolds & Lund, 1988). Small, 


metabolically active members of the nanoplankton develop strongly at this time, 


particularly in calm and sunny weather, and whilst there is no effective simultaneous 







regulation by grazing consumers. As observed by Reynolds & Lund (1988), zooplankton 


is also susceptible to severe depletion by winter flushing. First, microzooplankters 


(especially tintinnids, Strombidium and Coleps) and, then, rotifers (such as Keratella 


spp., Kellicottia, Polyarthra, Ascomorpha, a.o.; see Elliott, 1977) that greatly increase 


their numbers as they exploit the abundant food supply; it is not until the seasonal 


recruitment of populations of filter-feeding Daphnia (D. galeata has been the most 


frequent species in the lake dominant and is long established: Smyly, 1968) that they are 


at last able to generate aggregate filtration rates sufficient to clear the water of 


nanoplankton.  


Against the background of this mechanism, selection of the most abundant nanoplanktic 


species would seem to be largely a matter of chance. Yet we have recognised several 


groups of genera to be separable by the dynamic behaviours of certain specific 


populations. Nanoplanktic species commonly encountered throughout the series certainly 


include species of Plagioselmis (formerly Rhodomonas), Chrysochromulina and 


Kephyrion, as well as various species attributable to Chlorella. Between 1985 and 2000, 


other chrococcalean species (notably of Monoraphidium, Micractinium and Golenkinia) 


were more common, though without necessarily ever dominating. A further group of 


nanoplanktic algae, exemplified by Chrysoccoccus, Koliella, Lagerheimia, Bitrichia and 


Pseudopedinella, is made up by species preferentially associated with oligotrophic, 


perhaps acidic waters, of low productivity. They have been encountered mainly at times 


of low phytoplankton biomass in Grasmere, after episodes of heavy rainfall, and 


sometimes with desmids (Cosmarium, Cylindrocystis spp.) also associated with 


oligotrophic conditions. A possible explanation is that this element of the flora is derived 


directly from waters in the catchment (Codale, Easedale Tarns and numerous bog pools) 


and that individuals are introduced in the drainage flowing into Grasmere where they can 


flourish briefly and in sufficient numbers to be detectable in the routine counts but before 


the superior potential performances of depleted stocks of the supposedly indigenous 


species are able to re-establish dominance of the standing crop. This idea has not been 


verified by experimental evidence.  


Other effects of flushing 


Water temperatures in Grasmere are lower in wet summers than in dry ones. A significant 


negative relationship between mean surface temperature and the mean monthly rate of 


discharge is revealed in Fig. 8b: temperatures in excess of 20
o
C have been encountered 


only at discharge rates of <1.5 m
3
 s


-1
 (~0.13 Mm


3
 d


-1
; instantaneous retention time >37 







days). The relationship is very clear, although its explanation likely involves several 


mechanisms whose contributions whose separation is less clear. Wet summers are, 


generally cooler, the typical westerly airstream generating the rain displaces summer 


anticyclones or southerly or easterly airflows bringing more continental temperatures. 


Longer periods of clouded skies cut the hours of exposure to direct solar radiation. 


Stronger or more frequent exposure to Atlantic winds may increase the forcing on the 


lake surface, causing deeper mixing and greater entrainment of cooler waters from depth. 


Concluding Discussion   


It might have been anticipated, on the basis of the title given to this paper and of the 


background to the inception of a programme to monitor the impacts of a new scheme of 


waste-water treatment and effluent disposal at Grasmere, that the findings would fulfil a 


typical catalogue of enhanced algal production, larger standing crops, the advent of 


cyanobacterial blooms and metabolic changes affecting the functional and environmental 


character of the lake. While, within the last forty years, each of the symptoms has been 


diagnosed to an extent, it is also plainly the case that despite an almost 3-fold increase in 


the estimated phosphorus loading (from 0.9 to 2.59 g P m
-2


), mean TP concentrations in 


the lake increased by barely 50% over the same period. Moreover, although there an 


approximate doubling in the annual maximum chlorophyll a concentrations within the 


same period, there is no compelling relationship between annual mean chlorophyll a and 


TP concentrations observed. There have been cyanobacterial blooms in the last forty 


years, the frequency and or intensity of which may well have increased but in the absence 


of sediment pigment analysis, but the evidence is anecdotal. From 1971 to 1996, 


consumption of hypolimnetic oxygen became more severe (more extensive in time and in 


the height above the bottom) and has persisted at a similar level to the present time, even 


following the upgrade to the WwTW. Although the organic load from the WwTW will 


supply some of the oxidisable organic matter, depletion at the top of the hypolimnion (4 


to 6 m) can be related to interannual variation in the standing crop of phytoplankton 


during the growing season. Oxygen depletion at depth may be linked more closely to 


breakdown of organic carbon within the sediment itself. With a long-term perspective, at 


the scale of a couple of centuries, it is the steadily changing relationship with the 


nutrients supplied from the catchment that has fuelled the eutrophication traced by Barker 


et al. (2005). Recovery could take a similar length of time if nutrients and organic matter 


continue to be supplied from the store within the sediment. 







The outstanding feature of the responses of Grasmere to enrichment is the extent to which 


they are influenced and, at times, dominated by hydrological flushing. On the one hand, 


large volumes of runoff, generated by rainfall on a nutrient-poor catchment and tending 


to remove and dilute sewage-derived nutrients (especially of phosphorus, in which the 


lake falls deficient at times), as well as displacing standing crops of overabundant and 


undesirable species of phytoplankton, are anticipated to have an ameliorating effect on 


water quality. This might be true if flushing rates are constant but the intermittency of 


flushing severity, together with the presence of poorly flushed intermediate zones  - 


Grasmere’s hypolimnion – actually receive and store a disproportionately large fraction 


of the nutrient load and, hence, tend to resist such ideal displacement. As the system is 


currently poised, wet, windy winters probably contribute most to acceptable water quality 


in the lake. 


When longer retention times prevail, equivalent to > 30 days, the limnological behaviour 


of the lake is determined more by environmental characters other than by instantaneous 


flushing rates, broadly the same ones that are detected in other lakes, including the 


impacts of nutrient loading. The caveat to even this statement is that significant flushing 


events continue to influence the conditions and biota present at the initiation of the next 


phase of drier conditions – mostly in the nutrients and organic oxidative demand, as well 


as the scale of seed populations of aquatic organisms left in their wake. This helps to 


explain, for instance, the near exclusion from Grasmere of perennating, slow-growing 


biota (such as Microcystis and Ceratium), despite there being no apparent chemical 


barrier to their establishment.  


A final comment reflecting the problems posed to resource planners and site managers by 


frequent flushing events should include the fact that hydrological dynamism leads to 


behaviours which are distinct from those of lakes with retention times consistently 


exceeding thirty days. The problems of managing sewage treatment and effluent at 


Grasmere are scarcely attributable to flushing per se but they have not been made any 


easier to address by its heterogeneity, either in space or in time. The supposed benefits of 


flushing even the epilimnion are interspersed with opportunities for the development of 


deleterious blooms of algae, potentially toxic cyanobacteria and, perhaps, other 


microorganisms. The attempt to superimpose the effluents from a relatively small, waste-


water treatment plant, itself receiving essentially domestic inputs, on an intermittently 


flushed system has introduced additional and expensive complications. Hindsight may 


suggest that the attempt to dispose of treated domestic sewage was not the best-guided 







solution to a wider problem of social development and public health but, in fairness, the 


biggest difficulties experienced relate more to the engineering than to the chemistry of the 


effluent. The corrective actions that have been implemented, progressively and over 


many years have ensured: that the final effluents to the lake are affected to a lesser extent 


by drainage water infiltrating and diluting the waste water; that a greater proportion of the 


volume of waste water generated can now be retained (“stored”) on site, pending its 


secondary oxidative treatment, instead of spilling untreated to the lake; and that the 


application of tertiary treatment to dry-weather waste-water flows decreases the 


anthropogenic nutrient load to Grasmere.  Time will tell how successful these 


modifications prove in pressing Grasmere’s primary environmental influence back 


towards the frequency of flushing events. 
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Table 1. Key characteristics of Grasmere and its catchment. 


Catchment Value Lake Value 


Catchment area (km
2
) 27.9 Lake area (km


2
) 0.64 


Maximum catchment altitude (m) 873 Altitude (m) 62 


Average catchment altitude (m) 328 Maximum depth (m) 21.5 


Average slope (m km
-1


) 313 Mean depth (m) 7.7 


Average rainfall (1961-1990; m y
-1


) 2.53 Lake volume (Mm
3
) 4.99 


Average discharge (1981-2009; Mm
3
 y


-1
) 69.8 Average retention time (d) 26 


 







 


Table 2. Annual average hydraulic, phosphorus and nitrogen balances to Grasmere and 


ratios of nutrient fluxes after the most recent upgrade to the WwTW. Values based on 


measurements from September 1994 - December 1995 for streams and May to September 


2000 for the WwTW. Values in parentheses give percent of total load. 


Source Hydraulic 


discharge 


(Mm
-3


 y
-


1
) 


TP 


(kg P y
-1


) 


MRP 


(kg P y
-


1
) 


DIN 


(Mg N y
-


1
) 


Mass 


ratio 


SRP:TP 


Mass 


ratio 


DIN:TP 


River Rothay inflow to Grasmere 16.9 216.4 (13%) 44.9 


(5%) 


8.08 (50%) 0.21 37.0 


All other natural inflows  21.8 218.6 (13%) 24.7 


(3%) 


2.04 (13%) 0.11 9.3 


WwTW discharge  0.9 1232.6 


(74%) 
900.1 


(93%) 


6.16 


(37%)
*
 


0.73 5.0
*
 


Aggregate annual input to 


Grasmere 


39.6 1667.6 969.7 16.28 0.58 9.8 


River Rothay Outflow from 


Grasmere 


39.6 908.5 270.8 19.62 0.30 21.5 


Balance (In minus Out) - 759.1 (45%) 698.9 


(72%) 


-3.34 


(-21%) 


- - 


* DIN concentration estimated at 5-times TP concentration. 


 







 


Table 3. The most frequent phytoplankton in Grasmere in the three time periods and 


overall, along with classification into functional group (Reynolds et al., 2002) and 


strategy (Reynolds, 2006). The value given is the percent frequency over all sampling 


dates in the time period. See Supporting Online Material for a full species list and 


taxonomic authorities. 


Species Functional 


Group 
Strategy 1978-


1982 
1983-


1997 
1998-


2008 
Total 


Plagioselmis sp.
 * X2 C 98.1 98.1 97.6 97.9 


Cryptomonas spp. Y CS 96.2 95.4 98.6 96.7 


Chrysochromulina parva  X2 C 75.5 85.8 95.5 88.0 


Chlorella sp. X1 C 27.4 96.7 93.1 85.7 


Asterionella formosa C R 67.0 87.4 81.6 82.4 


Chlamydomonas sp. X1/X2/X3 C 50.9 81.1 62.5 69.9 


Monoraphidium sp.** X1 CR 42.5 41.0 43.4 42.1 


Kephyrion sp. X2 C 8.5 23.5 66.0 37.5 


Cyclotella pseudostelligera B C 50.9 46.7 19.8 37.1 


Peridinium lomnickii  W1 CS 29.2 43.7 27.1 35.4 


Ochromonas sp. X3 C 0 9.3 80.2 34.9 


Tabellaria flocculosa var. asterionelloides  N CR 26.4 44.5 24.0 34.2 


Dinobryon divergens  E R 39.6 30.3 30.2 31.6 


Pseudosphaerocystis sp. F S 10.4 18.6 22.9 19.1 


Peridinium umbonatum Lo CS 0 1.4 44.4 17.5 


Stichococcus spp. X2 C 3.8 24.6 13.2 17.4 


Chrysococcus sp. X3 C 26.4 5.7 26.7 16.6 


Dictyosphaerium pulchellum  F CR 6.6 9.8 18.8 12.8 


Mallomonas caudata  E C 31.1 10.9 7.6 12.5 


Pseudanabaena limnetica S1 R 0 7.4 23.6 12.5 


Peridinium sp. - CS 20.8 12.8 6.6 11.6 


Anabaena solitaria  H2 CS 3.8 12.8 12.2 11.3 


Eudorina elegans  G S 6.6 15.0 8.0 11.2 


Staurastrum pingue P CS 1.9 11.7 10.4 10.7 


Chlamydomonas dinobryonis X2/X3 C 4.7 11.7 10.4 10.3 


Paulschulzia sp. F S 13.0 12.3 6.6 10.3 


*Includes taxa in the genera recorded as Rhodomonas and Plagioselmis. 


** Includes taxa in the genera recorded as Ankistrodesmus and Monoraphidium. 


 







 


FIGURE LEGENDS 


Fig. 1. Map of Grasmere showing: a) the catchment and inflowing streams and the 


location of the wastewater treatment works (circle); b) the depth contours (m) and the 


location of the sampling points (stars) in the lake (after Reynolds & Lund, 1998). 


Fig. 2. Time series in Grasmere for annual minimum, average and maximum values of: a) 


surface temperature; b) discharge (the range 1-10 m
3
 s


-1 
is reciprocal to instantaneous 


retention times of 58 – 5.8 days); c) total phosphorus, d) molybdate reactive phosphorus 


(MRP); e) nitrate-nitrogen; f) silica; g) chlorophyll a; and h) ratio of Chlorophyll a to TP. 


The vertical dashed lines delineate the three phases of the states of the wastewater 


treatment works (see text). 


Fig. 3. Seasonal patterns in Grasmere for the three phases of the state of the wastewater 


treatment works for: a) surface temperature, b) stratification strength as temperature 


difference between top and bottom; c) discharge (the range 1-4 m
3
 s


-1 
is reciprocal to 


instantaneous retention times of 58 – 14.6 days); d) total phosphorus; e) molybdate 


reactive phosphorus (MRP); f) nitrate-nitrogen; g) chlorophyll a; h) oxygen at depth. 


Fig. 4. Correlations in September between detrended concentrations of chlorophyll a and: 


a) detrended surface water temperature and b) detrended stratification strength as the 


temperature difference between surface and depth. Regression equations given on panel, 


(P < 0.001 for both relationships). 


Fig. 5. Minimum oxygen concentration (percent air-saturation) with depth range for the 


three different time periods: 1969-1982 (open), 1983-1996 (grey), 1996-2009 (closed). 


Error bars show one standard deviation. 


Fig. 6. Concentration of chlorophyll a as a function of average lake discharge in the same 


week (discharges in the range 1 – 12 m
3
 s


-1
 are equivalent to instantaneous retention times 


of between 58 and 4.8 d). The line shows the 95% quantile (chlorophyll a (mg m
-3


) = 


29.73 (SE=1.53) + -2.09 (SE=0.35) * discharge (m
3
 s


-1
), P<0.001). 


Fig. 7. A model for Grasmere of the supportive capacity for phytoplankton chlorophyll a 


of different environmental factors and the effect of hydraulic discharge. Instantaneous 


retention times in the range 9 - 65 d are reciprocal to flow rates of 6.4 - 0.88 m
3
 s


-1
. See 


text for explanation. 







Fig. 8. Effect of hydraulic discharge in August on: a) concentration of nitrate and b) 


surface water temperature. Discharges in the range 1 –  6 m
3
 s


-1
 are reciprocal to 


instantaneous retention times of between 58 and 9.6 d. 


 







 


Supporting Information 


An annotated list of species of phytoplankton recorded in Grasmere in the period 1971 to 


2010 inclusive with authorities. Sequencing, classification and nomenclature based 


largely on the Freshwater Algal Flora of the British Isles (John, Whitton & Brook, 2002). 


The functional classification follows Reynolds et al. (2002), subject to the updates 


proposed by Padisák et al. (2009).  “Occasional” means isolated records; “sporadic” 


means phases of persistence or even abundance but separated by indeterminate intervals. 


* Not recorded in Reynolds & Lund (1988) 


Species name Functional 


Group 


30-year seasonal 


behaviour 


CYANOBACTERIA     


Order: Chroococcales     


Aphanothece clathrata W. et G.S.West K sporadic, summer 


*Chroococcus sp. X3 occasional 


Coelosphaerium kuetzingianum Kütz. Lo occasional, summer 


Microcystis aeruginosa Kütz. emend. Elenkin  Lm occasional, dry 


summer 


*Snowella lacustris (Chodat) Kom. et Hindák Lo occasional 


*Woronichinia naegeliana (Unger) Elenkin Lo occasional 


Order: Oscillatoriales     


Planktothrix agardhii (Gom.) Anagn. et Kom.  S1 occasional 


Planktothrix mougeotii (Bory ex Gomont) Anagn. et Kom.  R occasional 


*Pseudanabaena limnetica (Lemm.) Anagn et Kom. S1 frequent, late summer 


Tychonema bourrelleyi (Lund) Anagn. et Kom. S1 more rare, late 


summer  


Order: Nostocales     


Anabaena flos-aquae Bréb. ex Born.et Flah. H1 sporadic, dry summer 


*Anabaena lemmermannii P.G.Richter H2 recently sporadic, 


summer 


Anabaena solitaria Klebahn    H2 most years, summer 


*Aphanizomenon flos-aquae Ralfs ex Born.et Flah. H1 recently sporadic, dry 







summer  


      


EUGLENOPHYTA     


Order Euglenales     


Lepocinclis  sp. W1 occasional 


Phacus sp. W1 occasional 


*Trachelomonas hispida (Perty) Stein W2 occasional, late 


summer 


Trachelomonas varians Defl. W2 frequent, late summer  


Trachelomonas sp.  W2 frequent, late summer 


      


CRYPTOPHYTA      


Order: Cryptomonadales     


Chroomonas sp. Y occasional 


Cryptomonas curvata Ehrenb.emend. Penard Y frequent, spring, 


summer  


Cryptomonas cf. erosa Ehrenb. Y frequent, spring, 


summer 


Cryptomonas ovata Ehrenb. Y frequent, spring, 


summer 


Cryptomonas sp(p). Y frequent, spring, 


summer 


Plagioselmis nannoplanctica (Skuja) Novarino, Lucas et Morrall X2 frequent, spring, 


summer 


      


PYRROPHYTA     


Order: Gonyaulacales     


Ceratium hirundinella (O.F.Müller) Dujardin Lm seen in two dry 


summers 


Order: Gymnodiniales     


Gymnodinium helveticum Penard Y recorded infrequently  


Order: Peridiniales     







Peridinium cinctum (O.F.Müller) Ehrenb. Lo low numbers, most 


years 


Peridinium lomnickii Wołoszyńska Y seasonally frequent, 


spring  


*Peridinium cf. umbonatum F.Stein X2 recently recognised, 


frequent 


Peridinium willei Huitfeldt-Kaas Lo sporadic 


      


HAPTOPHYTA     


Order: Prymnesiales     


Chrysochromulina parva Lackey X2 frequent, abundant, 


spring, summer  


      


CHRYSOPHYTA     


Order: Bicosoecales     


*Bicosoeca tubiformis Skuja  X3 occasional  


Order Chromulinales     


Chrysococcus rufescens Klebs X3 sporadic,  spring, 


summer 


Chrysolykos skujae (Nauwerck) Bourrelleyi X3 occasional, periods of 


low biomass  


Dinobryon bavaricum Imhof E sporadic 


Dinobryon crenulatum W. et G.S.West E occasional 


Dinobryon cylindricum Imhof E occasional 


Dinobryon divergens Imhof E seasonally abundant, 


early summer 


Dinobryon sertularia Ehrenb. E seasonally abundant, 


increasing 


Dinobryon suecicum Lemm. E occasional  


Kephyrion littorale Lund X2 frequent, in low 


numbers, spring 


*Ochromonas (sp. undetermined) X2 becoming frequent 







since 1995 


Pseudopedinella sp. X3 occasional, periods of 


low biomass  


Uroglena americana U sporadic  


Order: Hibberdiales     


Bitrichia longispina (Lund) Bourelleyi X3 occasional 


Order: Pedinellales     


*Pedinella hexacostata X3 occasional  


Order: Synurales     


Mallomonas akrokomos Ruttner in Pascher X1 occasional, spring 


Mallomonas caudata Ivanov E spring, now less 


frequent 


Mallomonas sp(p). not determined E   


*Synura sphagnicola (Korshikov) Korshikov ? very occasional 


Synura uvella Ehrenberg emend. Stein Ws spring, becoming 


frequent 


      


XANTHOPHYTA     


Order: Mischococcales     


*Ophiocytium sp.  X3 occasional 


      


EUSTIGMATOPHYTA     


Order: Eustigmatales     


Monodus sp. X1 sporadic 


      


BACILLARIOPHYTA     


Order: Biddulphiales     


Aulacoseira subarctica (O.Müll.) Haworth B sporadic  


Cyclotella comensis Grunow A occasional 


*Cyclotella praetermissa Lund B occasional 


Cyclotella pseudostelligera Hust. C frequent, spring 







*Cyclotella radiosa (Grun.) Lemm. A occasional 


Urosolenia eriensis H.L.Smith  A frequent, spring and 


summer  


Stephanodiscus rotula (Kütz.) Hendey C occasionally recorded 


*Stephanodiscus minutulus Cleve et Moller B since 1991, frequent, 


spring 


Order: Bacillariales     


Achnanthes cf. minutissima Kütz. MP occasional 


*Amphora sp. MP occasional 


Asterionella formosa Hass. B frequent dominant, 


spring 


*Cocconeis sp. MP occasional 


*Epithemia sp. MP occasional 


Fragilaria capucina Desmaz. P occasional 


Fragilaria crotonensis Kitton P occasional 


Gomphonema MP occasional 


*Meridion sp.  MP occasional 


*Pinnularia sp. MP occasional 


Navicula sp MP occasional 


Nitzschia sp. D occasional 


*Surirella sp. MP occasional 


*Synedra cf. filiformis Grun. D sporadic 


Synedra ulna (Nitzsch) Ehrenb.  B sporadic, spring or 


summer 


Tabellaria fenestrata (Lyngb.) Kütz P occasional, summer 


Tabellaria flocculosa (Roth.) Kütz. var. asterionelloides (Grun.) Knuds. P frequent, summer 


      


PRASINOPHYTA     


Order: Chlorodendrales      


*Nephroselmis sp X1 occasional 


      







CHLOROPHYTA     


Order: Tetrasporales     


*Asterococcus sp. J occasional  


Paulschulzia pseudovolvox (Schulz) Skuja F sporadic, spring or 


summer 


Pseudosphaerocystis lacustris (Lemm.) Novákova F now less common, 


summer 


Tetraspora sp. F occasional 


Order Volvocales     


*Carteria sp. X1 occasional 


Chlamydomonas cf epibiotica Ettl X1 sporadic, sometimes 


abundant 


*Chlamydomonas cf. reinhardtii Dangeard X1 sporadic 


Chlamydomonas dinobryonis G.M.Smith X2 frequent, most 


summers 


Chlamydomonas gleophila Skuja X2 occasional 


Eudorina elegans Ehrenb. G less frequent, not 


abundant 


*Eudorina unicocca G.M.Smith G sporadic, summer 


Gonium pectorale O.F.Müller G occasional 


Gonium sociale (Duj.) Warming G sporadic 


*Monomastix opisthostigma Scherffel X1 occasional 


Order: Chlorococcales     


Ankistrodesmus spp. - all records now reassigned to Monoraphidium spp. - - 


*Ankyra ancora (G.M.Smith) Fott X1 occasional 


Ankyra judayi (G.M.Smith) Fott X1 sporadic 


Botryococcus braunii Kütz. F sporadic, summer, at 


low biomass  


Chlorella cf. ellipsoidea Gerneck  X1 sporadic, spring and 


summer 


Chlorella cf. miniata (Nägeli) Oltmanns  X1 sporadically abundant  







              (sp. lacks pyrenoid) 


Chlorella minutissima Fott et Novákova X3 sporadic, summer 


Chlorella vulgaris Beijerinck X1 frequent, spring and 


summer 


Coccomyxa sp. X2 sporadic 


*Coelastrum microporum Nägeli in A.Braun J sporadic 


Coenochloris fottii (Hindák) Tsarenko F becoming less 


frequent, 


summer 


*Diacanthos belenophorus Korshikov X1 occasional 


Dictyosphaerium pulchellum Wood F sporadic, summer 


Dictyosphaerium tetrachotomum Printz. F sporadic 


*Golenkinia sp. (never noted except in the presence of coenobia of 


Micractinium cf. pusillum Fresnius, of which they might be single 


cells). 


X1 sporadic  


Kirchneriella lunaris (Kirchner) Möbius F sporadic, now less 


frequent  


Lagerheimia sp. X3 occasional 


Micractinium – see entry under Golenkinia     


Monoraphidium spp. (several, which include:)     


   M. contortum (Thuret) Komárková-Legnerová X1 sporadic 


   M. griffithii (Berkeley) Komárková-Legnerová X1 frequent, summer  


*Nephrochlamys rostrata Nygaard et al. ?X1 occasional 


*Oocystis cf.elliptica West F occasional 


Oocystis lacustris Chodat F occasional, summer 


*Pediastrum boryanum (Turpin) Menegh. J occasional 


*Quadrigula pfitzeri (Schröder) G.M.Smith X1 occasional 


Radiococcus planktonicus Lund F occasional 


Scenedesmus communis Hegewald J sporadic, spring or 


summer 


*Schroederia setigera (Schröder) Lemmermann X1 occasional 







*Tetrastrum staurogeniaeformae (Schröder) Lemmermann X1 occasional 


*Westella botryoides (W.West) De Wildeman J occasional 


Order: Ulotrichales     


Elakatothrix gelatinosa Wille J occasional 


*Geminella sp. T occasional 


Koliella longiseta (Vischer) Hindák X3 sporadic, spring or 


summer 


*Stichococcus minutissimus Skuja X1 sporadic, spring 


Order: Zygnematales      


*Closterium acutum Bréb. in Ralfs N occasional 


Closterium cf. kuetzingii Bréb. P? occasional 


Cosmarium abbreviatum Raciborski N sporadic 


*Cosmarum crenatum Ralfs ex Ralfs N? occasional 


*Cosmarium depressum (Nägeli) Lundell N sporadic, summer 


*Cosmarium reniforme (Ralfs) Archer N occasional 


*Cylindrocystis cf. brebissonii (Meneghin ex Ralfs) de Bary N? occasional 


*Euastrum sp. N occasional 


*Gonatozygon monotaenium de Bary in Rabenh. N? occasional 


*Micrasterias sp. N occasional 


*Spondylosium papillosum West et West P sporadic, summer 


*Staurastrum anatinum Cooke et Wills N occasional 


*Staurastrum brebissonii Archer in Pritchard N occasional 


Staurastrum cingulum (West et West) G.M.Smith P occasional 


Staurastrum pingue Teiling P sporadic, summer 


*Xanthidium antilopaeum (Bréb.) Kütz. N occasional 


      


OTHER MICROORGANISMS recorded in the plankton of 


Grasmere 


    


Paraphysomonas sp. colourless flagellate, silicified scales - occasional 


Pelonema sp. filamentous bacterium  - occasional, entrained 


from benthos? 







Peloploca sp. gas-vacuolate rod-like bacterium - occasional, entrained 


from benthos?  
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Fig. 6 
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Fig. 8. 
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