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Photo 1 “Gathering water lilies” (1886) by PH Emerson, showing Phase 2 emergent aquatic
vegetation in a Norfolk Broad

Photo 2 The Brograve level, 1949, under traditional high water level management (Photo:
Jocelyn Gardiner)

In the 1980s and 1990s, vegetation in Hickling Broad started to recover after the closure of the
Martham landfill site and decline of the gull roost. Neomysis integer recovered, and helped to reduce
algal crops (Moss, 2001). In 1998, the lake came back to the clear water Phase 2 state dominated by
charophytes, including the rare Chara intermedia, although salinity remained high. The charophytes
growth caused problems in navigation, and the Broads Authority, who are responsible for navigation
and conservation, implemented a series of cutting trials. However, in 2000 it was not necessary to cut,
as the condition of the plants declined, which continued in 2001. The vegetation showed a slight
recovery to 2003, but has since declined (Table 2).

Table 2 Area and annual increase in dense C. Intermedia lawn coverage in Hickling Broad
(source: Broads Authority)
Year Area (ha) Annual Increase (ha) % of Broad
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006

13.6
17.1
25.8
33.3
39.0
48.5
18.8
No data
No data
31.2
20.5
11.0
0

3.5
8.7
7.5
5.7
9.5
-29.7
-
-
12.4 (since 2000)
-10.7
-9.5
-11.0

11.7
14.7
22.2
28.7
33.6
41.8
16.2
-
-
26.9
17.7
9.5
0
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Figure 3 Conceptual framework linking factors affecting charophytes in Hickling Broad, Norfolk (from Servera-Martinez, 2005).
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Aquatic plant monitoring programme
The Chara intermedia lawns in Hickling Broad have been monitored since the mid 1990s
(Table 2). The Chara lawns developed from the 1994 ‘foci’ in shallower water distant from the
navigation channel, and have expanded only onto silt sediment. Expansion of the lawns
appeared to be largely by vegetative spread, as no germinating oospores or seedlings were
observed. Colonisation of bare sediment also occured by growth from plant fragments which
readily produce new rhizoids and shoots from the branchlet nodes, and were constantly being
generated by bird grazing and recreational activity in the broad. In the later 1990s the dense
lawns increased annually not only in extent, but also in vertical height (Harris, 2000) through a
cycle of lawn overwintering and new summer growth at the top of the lawn.

Despite increasing grazing pressure, especially due to the gradual build-up in coot numbers,
the dense lawns continued tom increase in height annually, reaching greatest heights in 1999
(Harris 2000). However, following the dramatic decline in the Chara lawns from 2000 and
subsequent poor growth vigour attributable to other factors, new growth was not able to keep
pace with removal by localised grazing by coot in Sailing Club Bay (Harris 2004).

Several factors may have been involved in the 1999/2000 die-back, the most obvious of
which were the release of nutrients available for algal growth via bird faeces during the period
of intense coot grazing in autumn 1999 and the observed widespread anoxia in the tall, dense
lawns which was inimical to plant growth. The gradual loss of the dense mono-dominant
lawns of C. intermedia which covered 42% of the broad, resulted in the exposure of 48ha of
unvegetated, highly mobile sediment. The organic-rich sediment is easily disturbed,
especially in shallow water, and lifted into the water column by wave action from where it is
subsequently deposited onto aquatic plants (Harris, 2006). In the deeper parts of the broad,
plant propagules are continually covered by a ‘rain’ of organic sediment which also reduces
light penetration through the already turbid water, and no species have been able to
successfully colonise the sediment (Harris, 2006).

Poor water clarity and sediment disturbance by the strong winds experienced in late summer
2004 are both likely to have contributed to a lack of establishment and further loss of Chara.
The winds were strong enough to uproot large amounts of milfoil, and sediment disturbance
may have been sufficient to dislodge or smother small plants of Chara in areas with patchy
cover (Harris, 2004). In the early 1990s, when milfoil was already abundant in Hickling, plants
of C. intermedia colonised the sediment surface below the milfoil canopy, often using the
stems for support to grow vertically. It is highly likely that milfoil acted as a ‘nurse’ at this
stage, protecting the stonewort from sediment disturbance. In the absence of milfoil, there has
been no recolonisation of the mobile sediment by C. intermedia (Harris, 2006). If this
scenario is correct, with M. spicatum the primary and C. intermedia the secondary coloniser,
Harris (2006) suggests that it may be many years until there is sufficient stonewort biomass in
Hickling to bring about a return to clear water.

Salinity and ochre

Introduction
The unusual saline nature of the surface waters in the River Thurne catchment has been
recorded since at least the 1892 High Court (Chancery Division) case of Micklethwait v
Vincent (1892), the 'Hickling Broad Case' (Innes, 1911). The source of the salinity was
thought to be "probably due to salt springs" within Hickling Broad and Horsey Mere (Gurney,
1904), a view supported by Innes (1911). Following the work of Pallis (1911), it is generally
recognised that the source of the salinity within the Brograve sub-catchment is by direct
underground communication between the sea and the dykes.

The Thurne valley has the highest proportion of acidified soils in Broadland; occurring mainly
on drained land, which produce both acidic drainage water and the brown, orange brown or
yellow `ochre', Fe(OH)3. The lowering of water levels as a consequence of the drainage
improvement to the Brograve and Somerton Level, which lead to increased salinity, also
increased the formation of ochre significantly. White et al. (2005) estimated an ochre-derived
sediment load of 800 t year-1 from the Brograve and Somerton New Pumps.



7

Ecological effects of the salinity
Replicated laboratory experiments by Lambert (2007) to investigate the effects on growth of
Chara connivens, C. intermedia and N. obtusa to salinity variations in Hickling Broad showed
that Chara connivens and Nitellopsis obtusa growth was significantly inhibited (p< 0.01) at
median salinities between 1996 and 2006 of 6.1 mS cm-1. Chara intermedia growth rate was
significantly higher than these two species at this salinity range and appeared to show
accelerated growth rate at (as shown by mean relative growth rate) at 12.5 – 50% addition of
seawater to Hickling water. However, the increased growth response of the Chara intermedia
was not statistically significant across the range due to wide variation in individual plant
response. The experiments also demonstrated that all three species would suffer stress, as
indicated by a reduction of photosynthetic efficiency at 25% addition of seawater to recent
median Hickling Broad salinities. The experiment results suggest that changes in salinity
within the Broad are likely to change the charophyte species assemblage.

Lambert also carried out a three-year survey (2004-06) of 26 environmental variables at 124
historical chara-holding water bodies which supported 18 charophyte species. The purpose of
which was to evaluate the environmental ranges of charophytes in the field. The electrical
conductivity data appears to have an almost trimodal distribution with the Hickling Broad data
exhibiting a distribution with a lower conductivity limit of around 3600 µS cm-1, although
another statistical test (Waller-Duncan ‘k’ test) placed the charophyte species recorded in
Hickling Broad into a brackish range of 5456 - 6112µS cm-1. Certain chara species show
clear salinity tolerance with Chara hispida being recorded growing over the widest chloride
range, and Chara intermedia at the highest mean and median concentration. However, the
chloride ion concentration clearly shows the Thurne sites (Hickling Broad and Horsey Mere)
as outliers within all charophyte species’ chloride data.

Barker et al (2007) describes a two-year mesocosm experiment, based on 48 tanks of 3 m
diameter containing around 3m3 of water when full. The experiment had four salinity
treatments, of around 600 mg Cl L-1 (as in the early years of the 20th century), 1000 mg L-1

(which is about half the current value), 1600 mg L-1 and around 2500mg L-1, the latter two
spanning current salinity values in Hickling Broad. To each pond were added three packages
each (25-50 g wet weight) of Chara intermedia, Chara hispida L, Chara globularis Thuill.
Myriophyllum spicatum, Potamogeton pectinatus, Hippuris vulgaris, Callitriche sp., Elodea
canadensis Michx., Ranunculus circinatus Sibth., Lemna trisulca L. and Ceratophyllum
demersum L.; mixed innocula of zooplankton from Hickling Broad and Daphnia species and
two male stickleback. Nitrate and Phosphate were added in excess of current loadings in
Hickling Broad to ensure that responses seen were not due to nutrient shortage. In the
second year, two further males and two female sticklebacks were added and reproduction
allowed the fish community to rise to the carrying capacity.

Although Barker et al. report statistical analyses from the first year of data, they acknowledge
that the first year was not strictly intended to be an experimental year, and that the effects of
low versus normal populations of fish in the two years are statistically not comparable.
Therefore focusing on the results from the second year of the experiment, a number of
findings were made:

1. In the presence of fish predation, cladocera declined greatly and copepods
increased in proportion as salinities increased. Daphnia generally
disappeared in the mesocosms above Low (600 mg Cl L-1) salinities, despite
laboratory tests showing greater resilience to higher salinities;

2. Salinity was significantly positively correlated with both Total Phosphorus
(TP) and phytoplankton chlorophyll a (Figure 4). The highest salinity level
was associated with a marked increase in the TP, due to the reduction of
sulphate to sulphides which remove iron, allowing phosphate to move from
the sediment into the overlying water. Due to the loss of cladocera at this
highest salinity, the remaining grazing community (which was dominated by
copepods) could not effectively control the increase in algal populations,
measured as chlorophyll a. The soluble phosphorus released from sediment
was taken up rapidly by phytoplankton, measured as chlorophyll a, keeping
SRP low, but allowing TP, which includes the P incorporated into living [algal]
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cells to increase. The uptake of SRP was greater with increasing salinity as
salinity decreased the production of the more efficient zooplankton grazers
(daphnids first, then other Cladocera, followed by calanoid copepods, which
are relatively inefficient grazers, but more tolerant of salinity)- reduced
grazing resulted in more algae and more efficient use of available SRP
released from the sediment;

3. Salinity did not influence periphyton chlorophyll a (which would affect the light
climate at the plant surface) but did have some effects on the invertebrates
likely to graze periphyton, as Gammarus duebeni became very abundant,
suggesting that potential increased periphyton growth (due to higher P) was
counterbalanced by a salinity-induced increased grazing pressure.

4. In addition to effects of salinity manifested through phosphorus availability
and effects on the zooplankton community, it was also associated with
reduced submerged plant species richness and a reduction in macrophyte
PVI (Figure 5);

Figure 4 Changes in (left) Total Phosphorus and (right) phytoplankton chlorophyll a in
relation to salinity treatment in a mesocosm experiment. Light dotted line, low salinity;
light dashed line, moderate salinity; heavy dashed line, sub-present salinity; heavy
line, high salinity [Aquatic conservation: marine and freshwater ecosystems, Control of ecosystem state in a
shallow, brackish lake: implications for the conservation of stonewort communities, Barker T, Hatton K, O’Connor M,
Connor L, Bagnell L and Moss B, Copyright © 2007. John Wiley & Sons Limited. Reproduced with permission]

Figure 5 Total plant abundance in relation to salinity in a mesocosm experiment.
Dotted line, low salinity; light continuous line, moderate salinity; heavy dashed line,
sub-present salinity; heavy line, high salinity. [Aquatic conservation: marine and freshwater
ecosystems, Control of ecosystem state in a shallow, brackish lake: implications for the conservation of stonewort
communities, Barker T, Hatton K, O’Connor M, Connor L, Bagnell L and Moss B, Copyright © 2007. John Wiley &
Sons Limited. Reproduced with permission]

Barker et al propose a framework for the relationships linking salinity to plant performance in
the mesocosms (Figure 6). Increasing salinity inhibits reproduction of different zooplankters
at different concentrations, but the threshold of salinity on reproduction depends on the
predation by fish - more predation, leading to greater vulnerability to salinity. A normal fish
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population will reduce the numbers of the bigger zooplankters first, such that the large, visible
and vulnerable Daphnia magna cannot coexist with fish. Fish will thus eliminate D. magna,
the most efficient potential grazer, leaving the smaller, less efficient species. Although these
smaller daphnids can co-exist with fish, given the availability of refuges such as plant
structures or dark water, they are much more susceptible to increased salinity. Hence the
combination of salinity plus predation leads to lower zooplankton biomass, which coupled with
the chemical effect of salinity on phosphorus release from the sediment (which enables
increased potential phytoplankton growth) produces more actual phytoplankton growth.
Whilst the effect of salinity-induced increased phytoplanktyon chlorophyll a causing reduced
light availability is clear, the case for increased periphyton shading is less apparent in the
experimental data, but the overall effect of salinity on macrophyte dry weight is a statistically
significant reduction.

Figure 6 Summary of main relationships linking salinity to plant performance in a
mesocosm experiment on the Hickling Broad ecosystem [Aquatic conservation: marine and
freshwater ecosystems, Control of ecosystem state in a shallow, brackish lake: implications for the conservation of
stonewort communities, Barker T, Hatton K, O’Connor M, Connor L, Bagnell L and Moss B, Copyright © 2007. John
Wiley & Sons Limited. Reproduced with permission]

Causes of surface water salinity
Pallis (1911) mapped salinities in parts of the Upper Thurne long before the drainage
improvements of the 1950s to 1980s. The Brograve Level is shown as having a high salinity
of 15-24% that of seawater, as the freshwater from the Lessingham Valley was not providing
dilution to the Brograve Level at this time (as occurs now) but was being discharged by
Ingham Mill into the head of the Waxham Cut.

Driscoll (1984) showed that drainage improvement in the West Somerton Level in the 1980's
lead to a significant increase in dyke water salinity, as dyke deepening penetrated the
underlying clay, removing the impediment to saline seepage (Holman, 1994; Holman &
Hiscock, 1998). Within all of the brackish drainage systems (e.g. Brograve, Somerton,
Horsey, Eastfield and Stubb), the distribution of salinities is not uniform. Holman (1994)
showed that the salinity within individual ditches varied from essentially zero to over 60%
seawater-equivalent (Figure 7), dependent on a number of topographical, geological and
hydrogeological factors. The progressive drainage improvements and associated lowering of
water levels have caused an increase in the salt load being discharged into the Thurne river
and Broad system (Moss, 2001).
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zooplankton data and sediment lithology coincided with the TBT contamination. As a result,
Sayer et al. (2006) postulate that TBT caused a chronic reduction of periphyton- and
phytoplankton-grazing invertebrates, particularly molluscs and zooplankton, breaking down a
strong feedback loop reinforcing plant dominance, thereby precipitating (with other
environmental stressors) a regime shift and the substantial loss of aquatic plants.

Smith (2003) looked at the effect of the newer biocides directly in field and laboratory studies,
and indirectly through investigating the presence of copper in sediment within Hickling Broad.
Smith (2003) found that total copper content of the top 5 cm of sediment in Hickling Broad
exponentially increased towards the boat channel, reaching around 20 mg/kg and a
porewater concentration of 100 µg/l nearest to the channel. Evans (2004), cited by Lambert
(2007) recorded maximum copper concentrations of filtered water drained from sediment
samples taken near the boat channel of 27 mg/l, sufficiently high to affect molluscs (LaBreche
et al., 2002). The chlorophyll fluorescence ratio (Fv/Fm), which is used as a measure of
photosynthetic function and therefore stress, had a negative relationship with the total copper
content of the sediment and was also depressed by Irgarol 1051 and Diuron in field and
laboratory tests. The temperature effects of Irgarol 1051 on C. vulgaris in laboratory tests
were significant as freshly painted boats would have been entering the broads around the
time of greatest apparent temperature sensitivity to the active ingredient;

Lambert et al. (2006) studied the effects of Irgarol 1051 and Diuron on UK freshwater
macrophytes. Within a survey of rivers and broads of East Anglia in May, June and
September 2001, Irgarol 1051 was detected in the Hickling area at concentrations from below
detectable limits to 2430 ng/l; GS26575 (the principle metabolite of Irgarol) from below
detectable limits to 36 ng/l, and Diurone from below detectable limits to 86 ng/l. The
concentrations detected by Lambert in the Hickling area, with the exception of Irgarol (for
which the maximum observed concentration was double the previous highest recorded level
in UK freshwaters) were generally in the middle range of the data range. Laboratory-based
toxicity tests on Apium. nodiflorum, Myriophyllum spicatum and Chara. vulgaris showed that
Measured Environmental Concentrations were consistently significantly greater than the
calculated No Observed Effect Concentration and that Chara vulgaris was the most sensitive
of the species tested.

Barker et al. (2007) dismiss the effects of boat antifouling paints on the grounds of the
“innocuous use of the same presumably TBT-contaminated sediments in the mesocosms”.
However, while the previous studies have demonstrated the high concentrations of copper
and TBT-contaminated sediment at shallow depth, the methodology used by Barker et al.
(2007) to collect and prepare the sediment had the potential to significantly affect the
sediment chemistry, mixing sediment of different depth/ages, changing the redox condition of
the sediment (by introducing oxygen) and removing contaminants that might have been
mobilised from the sediment or porewater.

Lambert (2007) surveyed 70 sample points throughout Hickling Broad in August 2005
investigating the relationship between macrophyte distribution and abundance and the
chemical properties of the interstitial water from the top 2 cm of sediment and the shallow and
slightly deeper sediment (5 cm depth). A key finding was that copper was ubiquitous
throughout the samples of interstitial water. Only one site contained an MEC of less than 50
µgl-1, 50 sites contained an MEC of between 50 µgl-1 and 90 µgl-1, 13 sites contained an MEC
of between 90 and 200 µgl-1, four sites contained an MEC of between 200 µgl-1 and 300 µgl-1,
and one site contained an MEC in excess of 300 µgl-1. The two highest concentrations of
copper were ascribed by Lambert (2007) to locations in the proximity of the two inflow points
to the Broad at the Hickling drainage mill (>300 µgl-1) and the Catfield dyke (>200 µgl-1),
although there were three samples near Catfield dyke and one sample within it which had
much lower MEC of between 50 µgl-1 and 90 µgl-1, while other samples from around the
Hickling drainage mill had MEC of less than 150 µgl-1. Two further high concentrations were
found in the vicinity of the boat house (>150 µgl-1), in addition to a larger number of lower
concentrations. Lambert suggests that the highest copper values located close to Catfield
Dyke, Hickling Mill and the boat house might be caused by either bioaccumulation and
deposition by algae from the water column or anthropogenic sources, and states that further






