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Appendix 8.A. 

I. Introduction 

The Plankton Working Group (Chapter 8. Plankton) was charged with the identification and 
quantification of possible environmental impacts of water withdrawals on plankton communities, 
established TMDLs, and restoration planning in the Lower and Middle St. Johns River. As part 
of this assessment, we conducted a literature review of effects of water flows and residence times 
on plankton communities in aquatic systems. The literature review included studies of rivers, 
reservoirs, lakes, and estuaries, because of the recognition that distinctions among aquatic system 
types are irrelevant for plankton communities, and they are better viewed as occupying positions 
along a continuum ordered by water residence time (Soballe and Kimmel 1987). The literature 
review focused on effects of water flows on phytoplankton and zooplankton. There was also 
consideration of flow effects on water quality variables (nutrients, salinity, and oxygen), 
particularly with regard to their interactions with the plankton communities. 

Multiple methods were used to assemble a literature database. Starting from a set of initially 
known key publications, we did literature searches both backward (examining references cited in 
those publications) and forward (using ISI Web of Science [Science Citation Index] to locate 
more recent papers that cited the key publications). We also did retrievals from the SJRWMD 
Environmental Sciences Division literature database, Cambridge Scientific Abstracts, U.S. EPA 
online library system, and Wilson Web, using search terms plankton and either residence, 
retention, or detention. References obtained were entered into an EndNote literature database, 
which presently contains about 250 references. Complete copies of many of the most relevant 
publications were obtained for review; presently we have over 110 publications.  

II. Flow – Phytoplankton relationships 

A number of studies have reported negative relationships between water flow rates and 
phytoplankton biomass or cell numbers in lakes and reservoirs (Barbiero et al. 1997; Dickman 
1969; Kawara et al. 1998; Moss and Balls 1989; Moustaka-Gouni et al. 2006; O.E.C.D. 1982; 
Pádisak et al. 1999; Perry et al. 1990), and in freshwater-oligohaline rivers (Ahearn et al. 2006; 
Bertrand et al. 2001; De Cabo et al. 2003; Filardo et al. 1985; Heiskary and Markus 2001; 
Lionard et al. 2008; Oliver et al. 2010; Paerl 1987; Phlips et al. 2007; Schemel et al. 2004; 
Soballe and Kimmel 1987; Strayer et al. 2008; Wehr and Thorp 1997). Several of these studies 
reported water residence times or flushing rates, which are hydrological measures that can be 
compared across systems to evaluate whether there are general environmental boundaries that 
limit phytoplankton biomass. However, there are wide ranges of water residence times (1 – 189 
days) or flushing rates (0.0053 – 1 per day) reported to limit phytoplankton biomass (Table 1). 
Since potential doubling times of phytoplankton are on the order of one to a few days (Barbiero 
et al. 1997; Paerl et al. 2006), these wide ranges indicate that factors other than hydrology play 
large roles in phytoplankton biomass accumulation (such as nutrients, other water quality factors 
such as salinity, light, and grazing). As such, there do not appear to be general hydrological 
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boundaries that limit phytoplankton biomass; rather the limiting boundary appears to depend on 
the specific environmental setting. 

Calculations of water residence time generally assume complete mixing of the water body. 
However, a number of studies have emphasized the importance of heterogeneity of flows for 
persistence of plankton populations in riverine systems, such as fringing floodplain and slower-
moving edges of rivers (Ahearn et al. 2006; Moss and Balls 1989; Reynolds 2000; Saunders and 
Lewis 1989; Walks 2007; Walz and Welker 1998). As a result, calculated water residence times 
may substantially underestimate actual plankton residence times. 

Although phytoplankton biomass generally increases with water residence time, there are a 
limited number of studies that did not report such a relationship, also pointing to importance of 
other factors in determining biomass accumulation. Studies of the Danube River floodplain and 
the Neuendorfer See reported maximum phytoplankton biomass at intermediate water age (Table 
2), attributing a decline at longer water ages to increased grazing. Gosselain et al. (1998) suggest 
that the phytoplankton community in large rivers may at times be controlled by grazers when 
discharge is low and other factors allow high zooplankton biomass. Two studies of Canadian 
rivers reported no significant relationship between water flows and phytoplankton biomass 
(Table 2). In these cases, phytoplankton biomass was correlated with phosphorus concentrations 
(Basu and Pick 1996; Chetelat et al. 2006). In two lakes in the Pampa Plain, Argentina, there was 
an increase in phytoplankton biomass in a summer with lower water residence time, again 
attributed to increased phosphorus concentrations (Rennella and Quirós 2006). Negative 
relationships of phytoplankton biomass with retention time in riverine reservoirs have been 
attributed to rapid sedimentation and other loss processes (Soballe and Bachmann 1984)  

The relationship between flow rates and phytoplankton biomass is more complicated in estuaries. 
While the upper, oligohaline parts of estuaries generally show a negative relationship between 
discharge and phytoplankton biomass, the lower, more saline parts of estuaries and adjacent 
coastal areas tend to show a positive relationship (Borsuk et al. 2004; Cloern et al. 1985; Cloern 
et al. 1983; Howarth et al. 2000; Jordan et al. 1991; Livingston et al. 1997; Mallin et al. 1993; 
Mortazavi et al. 2000; Sklar and Browder 1998; Valdes-Weaver et al. 2006; Wetz et al. 2011). 
Lower estuaries and coastal areas tend to have longer residence times under all conditions, and 
these studies have attributed positive relationships between flow and phytoplankton biomass to 
downstream displacement of dominant phytoplankton taxa, increased nutrient supplies, greater 
water column stratification, or reduced zooplankton grazing under higher flow conditions. A 
series of studies of San Francisco Bay and the Hudson River estuary showed a weakening of 
flow-plankton relationships after invasion of the systems by exotic grazing bivalves (Alpine and 
Cloern 1992; Caraco et al. 2006; Jassby 2008; Kimmerer 2002; Strayer et al. 2008). 

Lucas et al. (2009) developed a conceptual model to explain the varying relationships between 
residence time and phytoplankton biomass. In this model, the phytoplankton growth-loss balance 
determines the response to residence time changes. If phytoplankton growth rates exceed loss 
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rates (e.g. due to grazing or sedimentation), then phytoplankton biomass increases with 
increasing residence time. Conversely, if loss rates exceed growth rates, then phytoplankton 
biomass decreases with increasing residence time. As an example of how the growth-loss 
balance affects responses to residence time, Lucas et al. (2009) further analyzed the data set of 
Basu and Pick (1996), who reported no relationship between residence time and chlorophyll-a in 
31 Canadian rivers (Table 2). In one subset of the rivers with highest zooplankton biomass, and 
therefore expected to have high loss rates, there was a negative relationship between residence 
time and chlorophyll-a. In a second subset of rivers with low zooplankton biomass and high total 
phosphorus concentrations, and therefore expected to have high growth rates, there was a 
positive relationship between residence time and chlorophyll-a.  

Hydrology is also reported to influence phytoplankton composition, with low flow rates or long 
water residence time favoring blooms of slow-growing taxa such as cyanobacteria and 
dinoflagellates, while higher flow rates tend to favor faster-growing taxa, such as diatoms 
(Arhonditsis et al. 2007; Bertrand et al. 2001; Ferreira et al. 2005; Harris and Baxter 1996; 
Kawara et al. 1998; Moss and Balls 1989; Moustaka-Gouni et al. 2006; Pádisak et al. 1999; Paerl 
et al. 2006; Perry et al. 1990; Valdes-Weaver et al. 2006). Cylindrospermopsis, one of the 
prominent cyanobacterial genera found in the St. Johns River, appears to be associated with 
particularly long water residence times (Branco and Senna 1994; Harris and Baxter 1996; 
Mcgregor and Fabbro 2000). 

Low freshwater discharge rates and long residence times can contribute to water column 
stratification in freshwater and estuarine systems (Paerl 2006; Sherman et al. 1998; Straškraba 
1999). Stratified conditions can also lead to dominance by cyanobacteria or dinoflagellates, 
which can regulate their vertical position in the water column by changing their buoyancy or 
active swimming (Paerl et al. 2001; Sherman et al. 1998). 

The St. Johns River is similar to a number of other large, coastal rivers that are prone to 
development of severe cyanobacterial blooms in their freshwater-oligohaline sections during low 
discharge periods (Ha et al. 1999; Jaworski 1990; Jeong et al. 2007; Krogmann et al. 1986; Paerl 
1987; Phlips et al. 2007; Sherman et al. 1998). In the Neuse River, North Carolina, the most 
severe cyanobacterial blooms result from nutrient loading provided by high flows during spring 
followed by dry, low discharge conditions during summer-fall (Paerl 1987). In Australian Rivers, 
the development of cyanobacterial blooms has been linked to persistent thermal stratification 
occurring during low-discharge periods (Maier et al. 2004; Sherman et al. 1998). In the River 
Darling, Australia, a critical velocity of 0.03-0.05 m/sec was necessary to suppress persistent 
stratification and development of Anabaena circinalis blooms (Mitrovic et al. 2006; Mitrovic et 
al. 2003). The applicability of this environmental boundary to other riverine systems has not 
been examined.  

Several modeling studies have examined the linkage between hydrology and development of 
cyanobacterial blooms in lakes and rivers (Jones and Elliott 2007; Lung and Paerl 1988; Maier et 
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al. 2004; Verspagen et al. 2006; Webster et al. 2000). Two modeling studies expressed the 
hydrology using measures that can be potentially compared across systems. Verspagen et al. 
(2006) developed a model to predict the magnitude of flushing needed to prevent Microcystis 
blooms in an impounded reservoir. Blooms were suppressed in simulations with year round 
flushing rate of 0.028/d, or flushing rates of 0.024/d in summer and 0.047/d in winter (these 
summer flushing rates are equivalent to residence times of 36-42 days), but not with summer 
flushing rates of 0.0065/d (residence time 154 days). Since these were the only flushing rates 
simulated, it is not clear if the higher rates represent an environmental boundary necessary to 
prevent blooms, or whether lower flushing rates would also be sufficient. Jones and Elliott 
(2007) modeled water residence time effects on phytoplankton in a small lake, with residence 
time varying from 8.5 to 338.5 days. This paper used the “C-S-R” functional group classification 
developed by Reynolds (1988), which separates phytoplankton into groups according to their 
morphology. Modeled R-group algae (including Oscillatoria) increased 10-fold over the 
residence time range, reaching a maximum biomass by about 85 days. Modeled C-S group algae 
(including Anabaena and Aphanizomenon) reached maximum biomass at intermediate retention 
times (40-70 days). The residence times predicted to affect cyanobacterial growth in these two 
modeling studies are within the ranges reported in empirical studies (Table 1). However, again, 
the wide ranges reported in empirical studies indicate that hydrological boundaries for 
cyanobacterial bloom development depend on the specific environmental setting. The relevant 
boundaries for the lower/middle St. Johns River basin may be better defined from 
monitoring/modeling data for that system, than from boundaries determined from other systems.  

 

Table 1. Reported relationships between phytoplankton and water residence time or 
flushing rate. Studies reporting positive relationships with residence time. 

Study Area 

Residence 
time 

(days) 

Flushing 
rate (per 

day) Notes Reference 

Hudson River 
estuary <1 - 4 0.25 – >1 

Phytoplankton blooms become 
more likely at residence times 
>1 day  

Howarth et al. 
(2000) 

Lakes 3 – 5 0.2 – 0.33 
Threshold flushing rates for 
phytoplankton control 

O.E.C.D. (1982) 
(cited in 
Barbiero et al. 
1997) 

Bluestone 
Lake, West 
Virginia 3.9 – 9.7 0.1 – 0.26 

Water residence time correlated 
with total algal densities, highly 
correlated with percent 
Microcystis and Anabaena 

Perry et al. 
(1990) 
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Study Area 

Residence Flushing 
time rate (per 

(days) day) Notes Reference 

Eau Galle 
Reservoir, 
Wisconsin <12 >0.08 

Chlorophyll-a showed inverse 
relationship with flushing rate, 
with pronounced losses when 
flushing rates exceeded 0.08/d 

Barbiero et al. 
(1997) 

Asahi River 
Dam 
Reservoir, 
Japan 14 0.07 

Residence time of about 2 
weeks required for substantial 
increase of phytoplankton 
chlorophyll-a. Cyanobacteria 
and dinoflagellates dominant 
during algal blooms. 

Kawara et al. 
(1998) 

Schelde 
estuary, 
Belgium 10 – 20 0.05 – 0.1 

Mean weighted summer 
chlorophyll a concentration in 
freshwater tidal reaches was 
negatively correlated to the 
flushing rate 

Lionard et al. 
(2008) 

Lake Pepin, 
Minnesota 7 – 47 0.02 – 0.14 

Mean summer chlorophyll a 
positively correlated with 
residence time 

Heiskary and 
Walker (1995) 

Lowland 
River Bure 
and associated 
Broads, U.K. 2 – 61.5 0.016 – 0.5 

Chlorophyll-a increases linearly 
with time for development. 
Cyanobacteria become more 
abundant as time for 
development increases. 

Moss and Balls 
(1989) 

Müggelsee, 
Berlin, 
Germany 50 – 100 0.01 – 0.02 

Flushing pulses in the range of 
1–2% of the lake volume per 
day in a sufficient frequency 
(20–30 d) considered very 
effective in breaking 
cyanobacterial biomass 
increase. 

Pádisak et al. 
(1999) 

126 U.S. 
rivers <60 – 100 0.01 – 0.017

Significant correlation between 
residence time and 
phytoplankton cell count. Direct 
effects of flushing on 
phytoplankton restricted to 
systems with residence times 
<60-100 d. 

Soballe and 
(Kimmel 1987) 

Lake Kastoria, 
Greece 189 0.0053 

Although the flushing rate was 
relatively low (0.53% of the 
lake volume per day), it was 
effective in eliminating 
cyanobacteria.  

Moustaka-Gouni 
et al. (2006) 
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Table 2. Reported relationships between phytoplankton and water residence time or 
flushing rate. Studies reporting asymptotic, negative, or no relationships with residence 
time. 

Study Area 

Residence 
time 

(days) 

Flushing 
rate (per 

day) Notes Reference 

Danube River 
floodplain 2 – 6 0.17 – 0.5 

Maximum phytoplankton 
biomass at medium water ages 
(2-6 days). At water ages 
greater than 19 days, a decrease 
of phytoplankton biomass was 
evident.  

Hein et al. 
(2003)  

Danube River 
floodplain 3 – 10 0.1 – 0.33 

Phytoplankton biomass peaks at 
water ages 3 - 10 days; 
decreases at higher water ages Luef et al. (2007) 

31 Canadian 
rivers 3.3 – 19.4 0.05 – 0.3 

No significant relationship 
between chlorophyll-a and 
residence time 

Basu and Pick 
(1996) 

Canadian 
rivers 1 – 39 0.03 – 1 

Phytoplankton biomass not 
related to water residence time 

Chetelat et al. 
(2006) 

Neuendorfer 
See ~ 2 – 53 ~ 0.02 – 0.5 

Maximum chlorophyll-a at 
residence time 6-8 days 

Walz and Welker 
(1998) 

Des Moines 
River 
reservoirs < 5 – 60 0.02 – >0.2 

Chlorophyll loss rates decrease 
as retention time increases; 
decreases in reservoirs 
attributed to initial 
sedimentation of river-borne 
algae and increases in other 
losses as retention time 
increases  

Soballe and 
Bachmann 
(1984) 

Pampa Plain 
lakes, 
Argentina 1.6 – 268 0.004 – 0.6 

Higher phytoplankton biomass 
in summer with lower water 
residence time 

Rennella and 
Quirós (2006) 

 

III. Flow – Zooplankton relationships 

As with phytoplankton, zooplankton tend to show a negative relationship with water flow and a 
positive relationship with water residence time (Basu and Pick 1996; De Cabo et al. 2003; Lair 
2006; Pace et al. 1992; Strayer et al. 2008). Zooplankton biomasses increase from rivers to 
estuaries to lakes, paralleling changes in residence time (Pace et al. 1992). There are few 
reported quantitative relationships between water residence time and zooplankton biomass. Basu 
and Pick (1996) found a positive relationship between residence time (range 3.3 – 19.4 days) and 
zooplankton biomass in 31 Canadian rivers. 
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The composition of zooplankton in rivers tends to be dominated by rotifers or small-bodied 
microcrustaceans (cladocerans and copepods), which is generally attributed to their shorter 
generation times allowing population growth despite advective losses (Basu and Pick 1996; 
Gosselain et al. 1998; Lair 2006; Pace et al. 1992; Walz and Welker 1998). For example, in the 
Neuendorfer See, Germany, some rotifers reached maximal densities by a residence time of 10 
days, while cyclopoid copepods continued to increase in abundance through residence times of at 
least 53 days (Walz and Welker 1998). It has also been suspected that turbulence limits 
zooplankton and affects their composition in rivers. Zooplankton egg ratios have been reported 
to decrease as current velocities increase (Saunders and Lewis 1989). It has also been shown 
experimentally that rotifers are favored by high turbulence, while microcrustaceans do better 
under low turbulence conditions (Sluss et al. 2008). 

Three studies reported a shift in zooplankton composition with changes in water residence time. 
In the Danube River floodplain, microcrustacean biomass increased over a range of water ages 
from 0 – 39 days, while rotifer biomass increased up to a water age of about 10 days, but 
decreased at older water age (Baranyi et al. 2002). The decrease in rotifers at greater water age 
was attributed primarily to competition from the microcrustaceans. Unspecified biotic 
interactions were suggested to explain decreases of rotifers as crustaceans increased at longer 
residence times in the Neuendorfer See (Walz and Welker 1998). In two lakes in the Pampa 
Plain, Argentina, rotifer biomass was not strongly affected by decreased water residence time, 
but microcrustacean biomass was strongly reduced, particularly that of larger-bodied Daphnia 
(Rennella and Quirós 2006). 

Other things being equal, low flows and long water residence times would be expected to lead to 
increased zooplankton biomass, particularly of larger-bodied cladocerans and copepods, in 
freshwater-oligohaline sections of the St. Johns River. This, in turn, would be expected to lead to 
increased transfer of primary production to higher trophic levels, because larger-bodied 
zooplankton are considered to be more efficient grazers and because larger-bodied zooplankton 
are generally preferred food for post-larval planktivorous fish (Brooks and Dodson 1965; 
Carpenter and Kitchell 1993; Elser 1999; Jeppesen et al. 2003; Scheffer 1998). 

However, one factor which could prevent low flows from leading to increased trophic transfer is 
detrimental effects of cyanobacterial blooms. Cyanobacterial blooms are often associated with 
decreases in abundance of large cladocerans and increases in importance of smaller cladocerans, 
rotifers and copepods (Leonard and Paerl 2005; Paerl and Fulton 2006; Paerl et al. 2001). 
Inhibitory effects of cyanobacteria on grazing zooplankton may be due to interference with 
feeding as a result of awkward size or shape of filaments or colonies, chemical factors (toxicity, 
poor taste, poor nutritional value), or high abundances (i.e., blooms), which displace more 
nutritious non-bloom-forming algae or limit the ability of herbivores to utilize coexisting algae. 
In the Lower St. Johns River, blooms of Cylindrospermopsis were associated with low numbers 
of microcrustaceans, dominance of the zooplankton by rotifers, and high grazing by 
microzooplankton, although that grazing was apparently primarily on edible algae, not on the 
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Cylindrospermopsis (Leonard and Paerl 2005). Thus, cyanobacterial blooms stimulated by low 
flows in the St. Johns River could potentially lead to reductions in zooplankton biomass, size 
structure, and transfer of primary production to higher trophic levels. 

Although there is limited available information, zooplankton-flow relationships are likely to be 
different in lower estuaries and adjacent coastal areas. Locations of zooplankton in an estuarine 
system shift upstream or downstream in response to freshwater inflows. In the tidal Alafia River, 
Florida, abundances of freshwater-dependent zooplankton are reported to decrease during low 
freshwater flow periods, while the abundances of marine-dependent zooplankton show the 
opposite trend (Flannery et al. 2002). Estuarine and marine zooplankton may be expected to 
decrease during prolonged periods of low freshwater inflows, paralleling reductions in 
phytoplankton biomass and productivity. In a number of estuaries, prolonged droughts have 
resulted in decreases in phytoplankton, zooplankton and fish populations (Baptista et al. 2010; 
Bennett et al. 1995; Cloern et al. 1983; Kimmerer 2002; Martino and Houde 2010; Wetz et al. 
2011). Thus, reductions in freshwater flows could lead to reductions in productivity at multiple 
trophic levels in lower estuaries and coastal areas.  

IV. Flow – nutrient relationships 

Bioavailable nutrient concentrations show opposite trends to plankton populations, tending to 
decrease as residence times increase (Moss and Balls 1989; Van Den Brink et al. 1994; Walz and 
Welker 1998). These decreased nutrient levels likely reflect assimilation by increasing 
phytoplankton populations. Increased denitrification at longer residence times also contributes to 
reduced nitrogen concentrations and reduced downstream export (Dettmann 2001; Nixon et al. 
1996). These decreases in bioavailable nutrient concentrations may contribute to lower 
phytoplankton growth rates at long residence times. For example, chlorophyll accumulation rates 
in the Neuendorfer See decreased substantially as residence time increased over a range of about 
8 to 50 days (Walz and Welker 1998). Low silicate inputs to Chesapeake Bay in low river flow 
years are thought to diminish spring diatom blooms (Conley and Malone 1992). Also, as 
previously noted, a prolonged drought resulted in a decline in diatom populations in San 
Francisco Bay (Cloern et al. 1983). 

Nutrient ratios can change with variations in discharge and residence times, which can affect 
phytoplankton composition. Nitrogen:phosphorus ratios tend to decrease when residence times 
are long (Van Den Brink et al. 1994; Walz and Welker 1998). A decrease in available nitrogen as 
residence times increase can lead to prominence by nitrogen-fixing cyanobacteria (Moss and 
Balls 1989; Phlips et al. 2007).  

Although pristine rivers deliver excess silicate to coastal areas, eutrophication increases inputs of 
nitrogen and phosphorus relative to silicate, leading to silicate limitation of coastal primary 
production (Justic et al. 1995). Decreases in silicate inputs resulting from water diversion from 
coastal rivers could result in shifts in coastal phytoplankton composition from diatoms to 
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potentially toxic flagellates or cyanobacteria (Ittekkot et al. 2000). However, silicate 
concentrations or silicate to nutrient ratios do not show consistent responses to flows, sometimes 
increasing with residence time (Moss and Balls 1989; Van Den Brink et al. 1994) or being 
weakly related to flushing rate (Lionard et al. 2008). 

V. Flow – salinity - oxygen relationships 

Discharge rates will affect the positioning of the salinity isohalines in estuarine systems. As a 
result, the locations of the freshwater and estuarine plankton communities will shift up- or down-
stream as freshwater discharges change (Flannery et al. 2002; Paerl et al. 2006; Valdes-Weaver 
et al. 2006). Freshwater phytoplankton taxa rapidly disappear near the freshwater-estuarine 
interface (Filardo et al. 1985). In Danish brackish lagoons, the cladoceran Daphnia was replaced 
above a low salinity threshold by rotifers and estuarine copepods, and there was a parallel 
increase in chlorophyll concentrations, which was attributed to reduced grazing. It was suggested 
that improved water quality can be obtained by reducing the nutrient loading or enhancing the 
freshwater input to a level triggering a shift to Daphnia dominance (Jeppesen et al. 2007). 

Low freshwater discharge rates can contribute to development of salinity stratification in 
estuarine systems (Paerl 2006) as well as thermal stratification in freshwater riverine systems 
(Sherman et al. 1998). Conversely, high freshwater discharges can contribute to salinity 
stratification in lower estuaries and coastal areas (Cloern et al. 1985; Hagy et al. 2004; Rabalais 
et al. 2002). Water column stratification can lead to algal blooms and hypoxia or anoxia of 
bottom waters in rivers and estuaries (Hagy et al. 2004; Paerl 2006; Rabalais et al. 2002; 
Sherman et al. 1998). Reductions in nutrient loading may be necessary to reduce water column 
anoxia induced by flow changes (Hagy et al. 2004; Paerl 2006; Rabalais et al. 2002).  

VI. Summary 

Available literature indicates that effects of low flows on plankton and water quality in the St. 
Johns River may vary in different parts of the system. In freshwater-oligohaline parts of the 
system, potential effects of low flows include: 

• Increased phytoplankton biomass and algal blooms, primarily of cyanobacteria 
• Zooplankton responses dependent on the balance of conflicting effects: 

o Increased zooplankton abundance and compositional shifts from rotifers to larger 
microcrustaceans due to increases in water residence time and algal biomass 

o Reduced zooplankton abundance and rotifer dominance due to deleterious effects 
of cyanobacterial blooms  

• Higher trophic levels dependent on planktonic production may benefit or be adversely 
affected, depending on the zooplankton response 

• Upstream shifts of salinity isohalines and associated plankton communities 
• Increased potential for water column stratification and hypoxia/anoxia 
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In the lower estuary/coastal zone, potential effects of low flows include: 

• Decreased nutrient export (nitrogen, phosphorus, silicon, carbon) from the river 
• Reductions in primary production 
• Shifts of the phytoplankton community from diatom to flagellate dominance 
• Decreased productivity of higher trophic levels dependent on planktonic production or 

organic carbon exported from the river 
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