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1. Executive summary 

Study 

This report provides results from two surveys on the mudflat macrofauna at 26 sites along the 
Coorong, Murray Mouth region and Lake Alexandrina, carried out in winter (7th to the 10th 

June) and summer (13th to the 17th December) 2004. The objective was to assess the spatial 
distribution of food availability for migratory shorebirds. Data from bird surveys were provided 
by the DEH, yet the data set was discovered to be incomplete during the analysis. 
Macrobenthic diversity, abundances, biomass, community structure and several sedimentary 
and water quality parameters were determined. This is the first investigation on benthos and 
links between birds and benthos extending from the South Lagoon to the Goolwa barrage, 
and the Murray Mouth region turned out to be the ecologically most valuable region of the 
study area. 

Environmental conditions 

The environmental conditions at the sites ranged from freshwater to hypersaline. The sites with 
highest abundances of macrofauna were located in the marine/estuarine part of the study 
area where salinity ranged from 26 to 32 ppt. The hypersaline lagoons of the Coorong with 
salinities over 100 ppt were almost devoid of macrofauna. Water temperatures were on 
average 15°C in June and 25°C in December. In the Coorong, high salinities coincided with 
temperatures over 30°C, creating a thick and soft brine. Oxygen concentrations in the water 
were low, especially in summer, when oxygen saturation levels were also lower at most sites. 
Sediments were usually fine to medium sands and well sorted, with coarser sediment in the 
South Lagoon and muddier sediment occurring at some lake sites. Contents of organic 
matter in the sediment were low to moderately high (0.13 to 6.7 % d.w.) and varied within 
and between sites. Organic matter contents at the Lake sites were 3 x higher than in the 
other study regions. 

Diversity and abundances 

Diversity in mudflat macrofauna was low. A total of 48 benthic species was distinguished, yet 
19 thereof were insects and no typical estuarine macrobenthos. Species richness was highest 
near the Murray Mouth between the Goolwa Barrage and the northern end of the North 
Lagoon (29 species), where abundances were also high (> 27,000 individuals m-²). 
Abundances in this region are comparable to densities recorded in estuarine mudflats in 
other subtropical locations. Mean abundances of total macrofauna near the Murray Mouth 
were 5 to 37 x higher than in the South Lagoon or at the lake sites. The South Lagoon had the 
lowest number of species and individuals and many sites were devoid of macrofauna. This 
large scale distribution pattern was persistent over both sampling occasions and corroborates 
other findings on the critical state of the Coorong. On a smaller scale, abundances increased 
in the moister sediments towards the water line compared to dryer sediment conditions near 
the shoreline. This is affecting the availability and accessibility of benthic food for waders. 

Indicator functions of macrofauna 

Near the Murray Mouth, the benthos was dominated by amphipods and polychaetes, 
whereas insects prevailed in the South Lagoon and lake. Based on a literature review and this 
study, preference curves were set up for several species. Most species occurring in estuaries 
are tolerant towards a wide range of environmental conditions, complicating their usefulness 
as indicators. Yet, the pronounced boundary in the distribution of marine macrofaunal 
species north and south of site 21 at the northern end of the Coorong coincides with the 
sharp increase in salinity. An extension of the distribution range of the estuarine macrofauna 
into the Coorong could be a useful indication for improved environmental conditions. 
Correspondingly, the decrease in abundances of macrofauna at sites 21 and 22 in 
December could be linked to the northward extension of the unfavourable hypersaline 
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conditions in the Coorong in summer. Yet, further information is required on temporal 
fluctuations in abundances. 

Benthic communities 

Benthic communities in the four regions were significantly different, although fairly dissimilar 
from each other at several sampling sites. Two well defined benthic communities were 
identified, one in the Murray Mouth region, characterised by the polychaete Simplisetia 
aequisetis and the bivalve Arthritica helmsi, and one in the South Lagoon, characterised by 
insects (Chironomidae). The similarities were especially high between sites located in front of 
the barrages (Boundary Creek to Pelican Point), and site 20 (Pelican Point) has to be 
ecologically considered as part of the Murray Mouth region. 

Biomass 

Although abundances of macrofauna were high in the Murray Mouth region, the biomass 
available for bird consumption was low. The average biomass in this region was 2.58 g ash-
free dry weight (afdw) per m², and less than 1 g afdw m-² were recorded in the other regions, 
with the lowest values from the lake sites (0.3 g afdw m-²). Polychaetes, which accounted for 
most of the biomass, were confined in their distribution to the Murray Mouth. Despite for these 
polychaetes with larger individual sizes, most of the potential food items for the waders in the 
study area were small in size. Compared to other estuaries along the flyway of the shorebirds, 
biomass in the study area was about 10 x lower. The benthic food available for migratory 
shorebirds in mudflats of the Coorong as revealed by this study may not sustain their food 
requirements. 

Birds 

The Coorong and estuary of the Murray River is an overwintering site for over 20 species of 
shorebirds, of which more than half are migrating to the northern hemisphere to breed. The 
migration pattern is apparent in the phenology, with highest numbers of waders between 
October and April, and most pronounced in the Murray Mouth region, where wader numbers 
were also higher than in the Coorong. Shorebird numbers around Lake Alexandrina were low, 
irrespective of migration periods. In 2004, waders were concentrated near the Murray Mouth 
and Parnka Point in the Coorong. While macrofaunal food was available in the Murray Mouth 
region, the distribution pattern of the shorebirds did not completely match the spatial pattern 
of macrofauna abundances and biomass. Yet the mere presence of birds gives no indication 
of their foraging activity and further studies are needed on the feeding behaviour and food 
uptake rates. 

Recommendations for future management 

The environmental conditions in the study area are currently characterised by sharp, man-
made environmental gradients. Unlike in natural estuaries, the continuous mixing and 
exchange between sea- and freshwater is inhibited. The resulting salinity gradients are further 
accelerated by low water levels and saline groundwater influx into the Coorong. This study 
demonstrated a link between these environmental conditions and the mudflat macrofauna, 
confining the estuarine species to sites near the Murray Mouth which are still under some 
marine influence. These findings may be an indication that not only further water release over 
the barrages is needed to raise the water level in the Coorong, but an increased water 
exchange between the ocean, Coorong and Lakes is equally important for the health of this 
estuary. 

Recommendations for future monitoring 

With continuing anthropogenic influences in the Murray and Coorong as well as under future 
climate change scenarios, it is important to follow the response in the numbers and 
distribution patterns of macrobenthos and shorebirds. Discussions on the bird data set have 
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already contributed to a revision of the frequency of the bird survey. Synchronous bird counts 
in all regions of the study area should be a future goal. The high similarity in the macrobenthic 
communities between several nearby sites allows a reduction in the number of sampling sites 
in the Murray Mouth and South Lagoon. This study has indicated some variation between 
June and December, yet whether these were due to seasonality, bird predation or other 
factors remains unknown until long-term data with a higher temporal resolution become 
available. To assess the amount of macrobenthic food available for the shorebirds upon 
arrival from the northern hemisphere, it is recommended to carry out an annual monitoring 
on a larger spatial scale in spring. Alternatively or additionally, a survey in autumn after the 
bird departure can provide information on the standing stock of benthic food in the mudflats. 
As to which parameters to assess, the respective objectives have to be considered. 
Shorebirds will not differentiate between single amphipod species as prey; therefore no 
species specific distinction of this taxon is needed for food availability studies. The same 
applies to the various insect larvae which constituted the only macrofauna at sites in the 
Coorong and lakes. Polychaetes on the other hand, which differ in size and depth 
distribution, have to be recorded on species level to evaluate their contribution to the 
harvestable food for certain shorebird species. A separation of sediment horizons is 
recommended for the future to provide information on the amount of food available for 
shorebirds with different bill lengths. Both abundance and biomass determinations are crucial 
for monitoring of food availability for higher trophic levels. Long-term monitoring can be 
combined with further investigations on specific ecological or management questions. 

Macrobenthic Survey 2004 3 



2. Introduction 

Estuaries are critical transition zones between the land and the sea (Levin et al. 2001) and 
worldwide under environmental pressure (Wolff 1990). Modifications of estuaries result from 
urban development, port expansion, and coastal protection (Doornbos & Groenendijk 1986, 
Smaal & Nienhuis 1992). Many estuaries throughout northern Europe have been blocked by 
storm surge barriers to prevent flooding of the hinterland at extreme storm events (Smaal & 
Nienhuis 1992). Other estuaries or bays have been dammed for land reclamation purposes or 
preventing saltwater intrusion into river basins (Doornbos & Groenendijk 1986, Shuttleworth et 
al. 2005). 

Barrages across the estuary of the Murray River were set up in the 1940´s (Shuttleworth et al. 
2005). Years of drought and poor water management further upstream in the Murray-Darling 
river system (Goss 2003), reduced water levels, saltwater incursion in the south-east, and poor 
environmental conditions in the Coorong Lagoon and Murray estuary have raised concerns 
about the health of this wetland and its function as an overwintering site for shorebirds 
(Geddes 2003, 2005a, b, Paton 2003, Gosbell & Christie 2005). Over 20 species of shorebirds 
occur in this wetland, yet shorebird numbers have declined in recent years (Gosbell & Christie 
2005). The Coorong and Lakes Alexandrina and Albert have the status of a Wetland of 
International Importance since 1985 and a review of the Ramsar management plan is 
currently in progress (Phillips et al. 2005). 

Changes in estuarine and wetland habitats, as well as in the benthos as their major food, 
have been shown to effect shorebird numbers and distributions (Raffaelli 1999, Stillman et al. 
2005). Shorebirds can thus be used to indicate the health of a system (Martinez Fernandez et 
al. 2005, West et al. 2005). Coastal wetlands in the southern hemisphere constitute non-
breeding habitats for many species of migratory shorebirds (Piersma et al. 1993a). These 
migratory shorebirds rely on sufficient food supply in the mudflats along their flyways. Coastal 
wetlands containing high (> 100,000) numbers of shorebirds are characterised by extensive 
sand- and mudflats in the vicinity of regions with high coastal zone productivity (Butler et al. 
2001). The estuary of the Murray River, South Australia, is located near the Bonney upwelling in 
an otherwise oligotrophic southern ocean (Kaempf, 2004). The exchange with the adjacent 
southern ocean is, however, obstructed by the closure of the Mouth, which is now kept 
artificially open (Shuttleworth et al. 2005). 

The shores of the Murray estuary and Coorong Lagoon are fringed towards the subtidal by 
sand- and mudflats of several meters to hundreds of meters in width. The extent of these 
habitats varies seasonally, being more subject to wind and evaporation over summer rather 
than tides as in other estuaries or open coastlines. The extent is also subject to artificial 
variations in water level depending on the water release over the barrages. 

For proper management of estuaries, biotic and abiotic variables have been tested as 
indicators for the environmental state or the ecosystem health (Wilson 1994, Hiscock et al. 
2003). Among them are benthic organisms, which proved useful in indicating conditions in 
estuaries and lagoons (Gilliland & Sanderson 2000, Bustos-Baez & Frid 2003). The objective of 
this study was to investigate seasonal variations in food supply for shorebirds and whether the 
abundance and biomass of macrofauna in the mudflats of this estuary would provide 
enough food for shorebirds in comparison to other sites along their flyway. We also examined 
relationships between the distribution patterns of benthos and waders in this complex estuary, 
which is highly modified by barrages. 

Previous studies on birds and benthos were confined to the Coorong and did not include the 
area between the Tauwitchere and Goolwa barrage. Furthermore, no biomass 
determinations had been made to allow comparison with other overwintering and stop-over 
sites for migratory shorebirds, and a comprehensive analysis of macrobenthic assemblages in 
the mudflats of the entire area had not been approached before. 

This study surveyed macrobenthic diversity, abundance and biomass at 26 sites in the area, 
at which concurrent bird surveys were carried out by the DEH (Department for Environment 
and Heritage). Two sampling seasons were chosen, June for a winter perspective and 
December for the summer situation, when migratory birds are overwintering in the area. 
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Environmental characteristics (water temperature, salinity, and oxygen content and 
saturation) were also recorded at the sampling sites and sediment samples were taken to 
determine grain size composition and organic content. A further aim of this investigation was 
to provide recommendations for future monitoring of mudflat macrobenthos in this Ramsar 
site and to analyse links between shorebirds and their benthic prey. 
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3. Study area and sampling sites 

The estuary of the Murray river is located in South Australia (35° 33’ S, 138° 53’ E) and 
composed of the Lower Lakes (Lake Alexandrina and Lake Albert); the Coorong Lagoon of 
~100 km length, which is separated into a North and South Lagoon about halfway at Parnka 
Point; and the Murray Mouth region between the Tauwitchere and Goolwa barrages near 
the mouth of the estuary. Sampling was carried out at 26 sites around the Murray Mouth (8 
sites), Coorong (13 sites) and Lower Lakes (5 sites) (Fig. 1). Details on the sampling sites and 
dates are provided in Appendix 1. The locations of the sites were chosen by their relevance 
for shorebirds, based on ornithological studies in previous years.  

The Murray Mouth and Coorong region is microtidal and water level determined more by 
wind, evaporation, and water release over the barrages than by tides. The mudflats are 
therefore a habitat with strong seasonal fluctuation in extent. Several sites were under water 
during the winter survey, when samples were sometimes taken in up to 30 cm water depth. In 
summer, wide areas of mudflat were exposed, but due to infrequent flooding characterised 
by very dry and compacted sediment. Samples were taken at several locations between the 
shoreline and the water line, referred to here as high, mid or low tide levels. At the low tide 
level, samples were often taken in ~ 10 – 30 cm water depth. Due to the seasonal variation in 
exposure of the mudflats, only one or two locations could be sampled in June, whereas 
samples were taken at all three locations at most sites in December. The distance between 
the shoreline and water line varied with shore profile, tide and water level from 1 to over  
100 m between sites, being narrower near the Murray Mouth (2 to 15 m) and wider (> 100 m) 
throughout most of the Coorong Lagoon. The southernmost site in the Coorong was a 
saltpan, slightly water covered after rainfall during the sampling in June. 

Around Lake Alexandrina, only one location was sampled per site. The sampling sites here 
varied from small embayments, little ponds in paddocks, to an artificial wetland area. 
Following rainfall in winter and spring, the water level was higher at most of the sampling sites 
around the lake in December compared to June. 
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Figure 1: Map of the study area with the location of the sampling sites for surveys in June and 
December 2004. Map courtesy of Russell Seaman, DEH. 
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4. Methods 

Two sampling campaigns were carried out, from the 7th to the 10th of June (winter) and the 
13th to the 16th of December 2004 (summer). Sampling dates and daytime for each site can 
be obtained from Appendix 1. The sampling sites covered a wide area (Fig. 1) and travelling 
time between several sites was substantial, yet was accomplished within several days for 
each survey. 

4.1 Environmental parameters 

Water quality parameters were determined using a hand held YSI 85 electrode for oxygen 
content and saturation, conductivity, salinity and water temperature. The readings were 
taken in shallow water and within 10 cm above the sediment surface near the sampling 
locations. 

Sediment characteristics determined included grain size composition and sorting coefficient 
as well as organic content. For grain size, three replicate samples were taken at each 
location to about 10 cm sediment depths using a corer (surface area of corer used: 
40.72 cm2 in June, 19.63 cm2 in December). Three replicates per tidal level were taken to 
account for small-scale variability, yet they were pooled into one bag (sacrificial 
pseudoreplication). Samples for sediment organic matter were taken using a cut-off syringe 
of 0.64 cm2 surface area. In June, three replicate samples, accounting for spatial variability, 
were pooled into one vial, whereas the replicates were kept separate in the summer 
sampling campaign, as variations between tidal levels had been found in June. All samples 
for sediment characteristics were frozen until further analysis. In addition, verbal descriptions 
were recorded of sediment properties, presence of vegetation or microbial mats and the 
depth of the oxidised sediment layer, roughly indicated by a lighter colouration of the 
sediment. 

To determine grain size, frozen samples were thawed and placed into a bucket. The silt 
fraction (< 63 µm) was separated by wet sieving, applying repeated suspension with fresh 
water and decantation through a 63 µm mesh. The fraction < 63 µm was collected in a 
bucket and allowed two to three days settlement time. Overlying water was then siphoned 
off and the silt fraction transferred to an aluminium tray for drying (see below) and weighing. 
The wet sieving also reduced the salt content in the sediment, preventing clogging of 
particles for later determination. The remaining sediment was dried at 80qC for 24 hours and 
then dry sieved, using a shaker with the mesh sizes 0.063 mm, 0.125 mm, 0.250 mm, 0.5 mm, 
0.71 mm, 1 and 2 mm. After weighing each fraction, the percentage contribution of each 
grain size was calculated. Median and quartiles were obtained from plotting cumulative 
curves. Sediment sorting was calculated according to (M75 – M25)/2. The classifications for 
sorting coefficients are: very well sorted (< 0.35), well sorted (0.35 – 0.5), moderately well 
sorted (0.51–0.7), moderately sorted (0.71–1), poorly sorted (1.01–2). Very or extremely poorly 
sorted sediment was not encountered. 

Sediment organic matter was determined by combustion at 450qC. Samples were dried to 
constant weight at 60–80qC to obtain the dry weight (d.w.) before being placed in a muffle 
furnace at 450qC for 4–6 hours. Samples were allowed to cool in a desiccator before 
weighing. Organic matter is the weight difference between the ash free dry weight and the 
dry weight, expressed in % d.w. 

4.2 Macrofauna 

Macrofauna was sampled using hand-held corers, followed by sieving of the sediment and 
subsequent sorting, identification and counting of the organisms. The corer used in June had 
84 cm2 surface area, whereas corers of either 83.32 cm2 or 19.63 cm² surface area were 
employed in December. The smaller corer was used at several sites in the Murray Mouth and 
Northern Lagoon (sites 4, 5, 6, 7, 20, 21, 22, 23) where the June survey had yielded high 
macrofaunal densities. At these sites, six replicate samples were taken at each tidal location 
with the smaller corer to increase the accuracy and precision of the assessment. At all other 
sites, three replicate samples were taken per location with the large corer. Corers were 
inserted 12-15 cm into the sediment and dug out with a shovel. When the sampling sites were 
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water covered, a lid was placed on the corer before retrieving the sample. All samples were 
sieved in the field through 0.5 mm mesh size and transferred into ziplock bags. In June, all 
samples were preserved in 70% ethanol, while most samples could be sorted alive within 1-2 
days in the December survey. Only for sites 4 to 7 and 20 to 23, where many replicates had to 
be processed, some replicates per location were pickled with 70% ethanol until later sorting. 
Samples from the Lake sites were also pickled due to shortage of time for sorting during the 
field campaign. 

In the lab, specimens were extracted from sorting trays and specimens were identified to the 
lowest possible taxonomic level (sometimes morphospecies) and counted for assessments of 
species diversity and abundance. Specimens from each sample were retained for later 
biomass determination. 

Biomass (AFDW) was determined for higher taxa per site and location. The respective 
specimens are dried at 60qC for 24 h to obtain the dry weight (d.w.) before being placed in a 
muffle furnace at 450qC for 4 hours. At this temperature, molluscs were burned with shell. 
Samples were allowed to cool in a desiccator before weighing. The weight difference 
between the dry and ash weight is the ash-free dry weight (AFDW). 

4.3 Shorebird data 

A dataset with observation records for shorebirds and waterbirds was supplied by the DEH. 
The field observations were carried out by David and Margaret Dadd. Bird surveys were 
carried out fortnightly over summer and at monthly intervals during winter. The surveys were 
point based using a telescope. From this fixed position, a 180° sweep from the left to the right 
shoreline was carried out. Birds could be accurately counted up to 800 m away; at larger 
distances up to 1 km the number, but not the species identity of birds was recorded. 

This dataset covered the time from April 2001 to December 2004, but only since October 200 
more frequent bird surveys were run. Sampling intervals varied between season and region 
and were incomplete, as discovered during the analysis. Interpretations of this dataset 
presented in results and discussions are therefore temporary until the full data set becomes 
available for analysis. 

4.4 Data analysis 

Both abiotic and biotic data are displayed in the results in a north-south sequence from the 
Murray Mouth towards the southern end of the Coorong, followed by the lake sites. 

The following diversity indices were calculated using PRIMER software: Shannon-Wiener 
diversity (H’ = - ƴi pi log(pi), using loge); Margalef’s index (d = (S-1)/log N for species richness, 
with higher values indicating higher species numbers per individual numbers); Pielou’s index 
(J’ = H”/log S for equitability, with J’ = 1 if all species are occurring with the same number of 
individuals and low values for J’ indicating dominance of a few species); and the Simpson 
index (1-lambda’ = 1-{ƴi Ni(Ni-1)}/{N(N-1)}, an eveness index independent of sampling effort 
and adjusted to small sample sizes, with larger values indicating that all species occur with 
the same abundance). 

Tests for significant differences between sites and season were carried out with the non-
parametric U-Test. Multivariate statistics were used to identify macrobenthic assemblages. 
After square root transformation, the Bray-Curtis similarity index was calculated to perform 
cluster analysis or non-metric multidimensional scaling (MDS). Sites where no specimens were 
found had to be deleted for this analysis. Significant differences between assemblages in the 
study regions were tested by one-way ANOSIM and discriminating species analysed using 
SIMPER. All multivariate analyses were performed using the PRIMER software. 
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5. Results 

5.1 Environmental conditions 

The environmental conditions in the study area are characterised by sharp gradients in 
salinity. Seasonal variation between the winter and summer survey were most pronounced for 
water temperature, salinity in the North Lagoon, and oxygen saturation and content at the 
lake sites. Raw data for all environmental parameters recorded are compiled in Appendix 2. 

Water temperature in June ranged from about 11 to 17°C, with slightly higher temperatures 
up to 22°C in the Lower Lakes (Fig. 2). In December, water temperatures were warm to hot 
with a lowest value of 19.6°C recorded at site 22 and a top of 34°C recorded at site 19 
(Fig. 2). Sites 16 and 17 in the South Lagoon, showing lower temperatures than the nearby 
sites, were sampled early in the morning. Temperature variations between the two surveys in 
June and December were on average 8°C in the Murray Mouth, 11°C in the Coorong, and 
6°C at the Lake sites. 
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Figure 2: Temperature in the water overlying the mudflats or in water nearby the sampling sites, during 
the two sampling campaigns in June and December 2004. Sites 1 to 7 are in the Murray Mouth 
region, sites 20 to 13 from north to south in the Coorong, and sites 8 to 12 around Lake 
Alexandrina. 

The prominent environmental factor in the study region is salinity, varying from fresh- or 
brackish water in the Lakes to hypersaline conditions in the South Lagoon (Fig. 3). In the 
Murray Mouth region, salinities were marine at both the winter and summer sampling 
campaign. Salinities rose rapidly in the Coorong to reach hypersaline salinities of > 100 ppt. 
The onset of these hypersaline conditions, which characterised the South Lagoon in winter, 
had shifted northward into the North Lagoon of the Coorong in summer (Fig. 3). At Salt Creek 
(site 15), water entered the South Lagoon with a salinity of 25 ppt, which resulted in a 
localised reduction of hypersaline conditions to marine salinities. 
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Figure 3: Salinity in the water overlying the mudflats or in water nearby the sampling sites, calculated 
from conductivity and temperature measurements, during the two sampling campaigns in 
June and December 2004. Sites 1 to 7 are in the Murray Mouth region, sites 20 to 13 from north 
to south in the Coorong, and sites 8 to 12 around Lake Alexandrina. 

Oxygen concentrations averaged about 8 mg l-1 near the Murray Mouth in both June and 
December, with a high value recorded at site 1 in December, where microphytobenthic 
activity was apparent in the field (Fig. 4). In the Coorong, oxygen concentrations were lower, 
with 5 mg l-1 on average in June and only 3 mg l-1 in December. An even more pronounced 
seasonal decrease in oxygen concentrations was observed at the lake sites, where values in 
summer were about 3 x lower than in winter. 
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Figure 4: Oxygen concentration (mg l-1) in the water overlying the mudflats or in water nearby the 
sampling sites, during the two sampling campaigns in June and December 2004. Sites 1 to 7 
are in the Murray Mouth region, sites 20 to 13 from north to south in the Coorong, and sites 8 to 
12 around Lake Alexandrina. Missing values result from failed readings with the electrode. 
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Oxygen saturation varied between sites and revealed no consistent pattern between seasons 
at single sites or study regions (Fig. 5). Only at the lake sites, O2 saturation was consistently 
lower in summer than winter. Lower O2 saturations in December than June were also 
observed at sites 1 to 4 between the Murray Mouth and Goolwa, and at sites 20 to 23 in the 
North Lagoon. Over-saturation (> 100 %) was detected at several sites near the Murray 
Mouth, Salt Creek in the South Lagoon and some lake sites in June, whereas the water at only 
one site each in the Murray Mouth and South Lagoon respectively reached over-saturation in 
December. 

%
 

O2 saturation 200 

150 

100 

50 

0


1 3 5 7 21 23 25 19 17 15 13 8 10 12


site 

June Dec 

Figure 5: Oxygen saturation (%) in the water overlying the mudflats or in water nearby the sampling sites, 
during the two sampling campaigns in June and December 2004. Sites 1 to 7 are in the Murray 
Mouth region, sites 20 to 13 from north to south in the Coorong, and sites 8 to 12 around Lake 
Alexandrina. 

The sediments at most sites were fine to medium sands, equivalent to a median particle size 
diameter of 125 to 250 µm (Table 1), and very to moderately well sorted. Coarser sediment 
prevailed at some sites in the Coorong Lagoon (sites 21, 22, 15, 16, and 18). Sediments at the 
sites around the lake were inconsistent and less well sorted with either larger components of 
coarse or very fine to mud particles mixed with fine sand. Appendix 2 provides detailed 
sediment characteristics for all sites and sampling locations therein. In June, when water 
levels were higher and sampling was confined closer to the shoreline, variations in grain size 
between tidal levels were encountered for several sites in the Murray Mouth and Coorong, 
with sediment near the high tide line being coarser than further towards the water line. Yet, 
variations in the grain size characteristics with tidal level were in general negligible. 
Compared between winter and summer, sediments were finer in December than June at 
several sites in the Murray Mouth and Coorong, as the median grain size has shifted from 
medium to fine sand at most study sites (Table 1). 
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Table 1: 	 Sediment characteristics at the study sites during the surveys in June (J) and December (D) 
2004, given as the median grain size per site (averaged over all sampling locations). Sites 1 to 7 
are in the Murray Mouth region, sites 20 to 13 from north to south in the Coorong, and sites 8 to 
12 around Lake Alexandrina.

Site 
Mud 
Silt Very fine Fine 

Sand 
Medium Coarse Very 

coarse 
1 
2 
3 
4 
5 
6 
7 

J; D 
D 
D 
D 
D 

J; D 
D 

J 
J 
J 
J 

J 
20 
21 
22 
23 
26 
25 
24 

D 

D 
J; D 
D 
D 

 J; D  
J 

 J; D  
J 

J 
J 

19 
18 
17 
16 
15 
14 
13 D 

J; D 
D 
D 
D 
J 
D 
J 

J 

D 
J 

J 

J 

8 
9 
10 
11 
12 D 

D J 
J; D 

J 
J; D 

J 

D 

The organic matter content in the sediments was variable, with low to moderately high values 
generally between 0.13 to 6.7 %, and no apparent spatial pattern across sites or locations 
within (Appendix 2). The high degree of patchiness in organic matter at all sites was 
inconsistent as to an increase or decrease towards the water line. Site 10, which was a beach 
location at the lake, had the lowest contents of all sampling sites. Sediments at the lake site 9 
(Tulderol Game Reserve) displayed the highest content of organic matter (55 % in June and 
15 % in December). All other lake sites were characterised by higher sediment organic matter 
in December than in June. In the Murray Mouth and Coorong, either higher or lower contents 
in December than June were recorded at sites or locations within, with high organic matter 
content found at site 13 (9.5 %) and at the low tide location of site 4 (23 %) . For the four major 
regions in the study area, mean values were similar for the sites located in the Murray Mouth, 
north and South Lagoon of the Coorong with average per region between 2 and 4 % organic 
matter, but about 3 x higher for the lake sites in both June and December (Table 2). 
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Table 2: 	 Organic matter content in the sediment (% dry weight after combustion) in the four study 
regions MM = Murray Mouth, NL = North Lagoon, SL = South Lagoon and LL = Lower Lakes 
during the surveys in June and December 2004, given as the mean value and standard error 
(SE) and calculated based on mean values per site if several locations were sampled.

 June December 
region mean SE mean SE 

MM 2.21 0.43 2.58 0.95 
NL 2.21 0.47 1.88 0.35 
SL 2.87 0.71 3.84 1.08 
LL 12.49 10.73 10.02 2.82 

Other than sites characterised by coarser sediment, most sites had a very thin layer of 
oxidized sediment with the black, anoxic sediment horizon extending almost to the sediment 
surface. Anoxic spots of the sediment were observed especially in the North Lagoon and in 
front of the barrages, often in combination with decaying macroalgal mats or cow pads. 
Microbial mats and green filamentous algae were found at sites 1 and 2, as at sites 6 and 7. 
At site 1, where the primary productivity by benthic cyanobacteria and diatoms was 
apparent by oxygen bubbles at the sediment surface, high oxygen concentrations were 
recorded. Traces of burrows or tubes by infaunal organisms as well as tracks left by epibenthic 
snails and worms were apparent at most sites in the Murray Mouth, but traces of animal 
activity were rare or absent throughout the Coorong. 

5.2 Benthic diversity 

The number of macrobenthic taxa distinguished in both the June and December survey 
amounted to 48 taxa. Insects were richest in species, with 19 taxa recorded, most of them as 
larval stages. Crustacea were present with 14 taxa, including 10 morphospecies of 
amphipods. The taxonomy of amphipods is difficult and the species identifications made are 
subject to confirmation by experts. Molluscs were represented by nine taxa, with seven of 
them being gastropods. Five polychaetes and one oligochaete were further distinguished. 
Appendix 3A provides an overview on the species found at single sites during the two surveys. 
Key morphological characteristics of the macrofaunal species distinguished are presented in 
Appendix 3B, together with photographs or drawings of specimens. 

The species were not equally distributed in the study region. Sites near the Murray Mouth and 
northern end of the North Lagoon as well as some lake sites contained more species than 
sites along the Coorong (Fig. 6). The total number of taxa recorded in the four study regions 
was 29 in the Murray Mouth, 28 in the North Lagoon, 16 in the South Lagoon, and 27 around 
Lake Alexandrina. On average, however, species densities were lower. The mean number of 
species encountered at the study sites in the Murray Mouth was 14, in the North Lagoon eight, 
four in the South Lagoon and 11 at the lake. These mean values were slightly lower for each 
survey separately.  

While the macrobenthos in the mudflats near the barrages was mainly composed of 
crustaceans, polychaetes and molluscs, insects were prevailing throughout the Coorong and 
Lower Lakes (Appendix 3A). All of these species found have known distributions in estuarine 
and other mudflat or wetland environments. The snail Coxiella striata, which is adapted to 
hypersaline habitats, was found in the South Lagoon. Several insect taxa recorded in June 
(often as larvae) were not found again in December, when further taxa were distinguished. 
This was most pronounced at the lake sites, which were also richer in amphipod taxa in 
December than in June. This seasonal effect of the occurrence of insects or their larvae is also 
reflected in the total number of species found per region in June and December and their 
respective taxonomic composition, which varied most in the South Lagoon and lake (Fig. 7 a 

Macrobenthic Survey 2004 14  



and b). In the Murray Mouth and the two northernmost sites of the North Lagoon, little 
variation in species records occurred between the surveys in June and December. 
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Figure 6: Total number of species of macrofauna recorded at the sampling sites during the surveys in 
June and December 2004. Sites 1 to 7 are in the Murray Mouth region, sites 20 to 13 from north 
to south in the Coorong, and sites 8 to 12 around Lake Alexandrina. 
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Figure 7: Number of species of major macrofaunal taxa recorded at the sampling sites during the 
surveys in a) June and b) December 2004. The study regions are MM = Murray Mouth, NL = 
North Lagoon, SL = South Lagoon, LL = Lower Lakes. 

The low diversity of the macrofauna in the study area is also reflected in the low values for 
Shannon-Wiener diversity and Margalef´s index (Table 3). Diversity values were especially low 
throughout the Coorong, while some of the highest values per site were found near the 
Murray Mouth. Indices for eveness varied between sites, yet the values indicate that several 
sites in the Coorong were dominated by single or a few species in either month. Diversity and 
eveness values for the Lake sites were somewhat in between those for the Murray Mouth and 
Coorong. 
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Table 3: 	 Diversity indices for the sampling sites of the mudflat benthos monitoring in June and 
December (Dec) 2004. H’(loge) = Shannon –Wiener diversity, d = Margalef’s index, j’ = Pielou’s 
index, 1-Lambda’ = Simpson index. Zero or missing values result from no or single specimens 
found only. Sites 1 to 7 are in the Murray Mouth region, sites 20 to 13 from north to south in the 
Coorong, and sites 8 to 12 around Lake Alexandrina.

 H’(loge) d J’ 1-Lambda’ 
site June Dec June Dec June Dec June Dec 
1 0.97 1.01 1.49 1.39 0.44 0.44 0.42 0.47 
2 1.85 1.52 2.73 1.64 0.77 0.85 0.78 0.77 
3 1.56 1.39 1.61 1.38 0.71 0.78 0.74 0.72 
4 1.70 1.78 1.66 1.83 0.66 0.67 0.77 0.78 
5 1.50 1.91 1.09 1.87 0.72 0.72 0.72 0.82 
6 1.74 1.64 1.59 1.51 0.68 0.66 0.77 0.74 
7 1.55 1.45 1.70 1.82 0.59 0.56 0.72 0.62 
20 1.56 0.95 1.52 1.64 0.63 0.37 0.74 0.46 
21 0.53 0.56 1.51 0.72 0.21 0.81 0.20 0.50 
22 0.17 1.07 0.76 1.15 0.09 0.59 0.06 0.59 
23 0 0 0.00 
26 0.87 0.38 0.61 0.48 0.79 0.54 0.55 0.25 
25 0 0 
24 0.94 0 0.91 0.85 0.64  
19 0 0.16 0.25 0.23 0.07 
18 0.69 0.18 1.44 0.67 1.00 0.13 1.00 0.07 
17 1.35 0.45 1.38 0.40 0.84 0.65 0.74 0.30 
16 1.48 0.96 1.17 1.03 0.83 0.87 0.76 0.67 
15 0 0.37 0.65 0.33 0.18 
14 0.36 0 0.76 0.26 0.15  
13  0.66 0.44 0.60 0.38 
8 1.35 2.11 1.69 3.22 0.69 0.78 0.67 0.83 
9 1.10 1.15 0.97 0.97 0.68 0.83 0.63 0.67 
10 1.08 0 0.84 0.60 0.54  
11 0.90 1.52 1.20 1.79 0.56 0.63 0.47 0.67 
12 1.10 1.55 1.61 1.71 0.68 0.65 0.58 0.74 

5.3 Benthic abundances 

Abundances of macrobenthos varied throughout the study area, yet a large-scale 
distribution pattern emerged that was persistent in both surveys (Fig. 8 and Table 4). Few 
organisms were found between the Goolwa barrage and Murray Mouth (mean abundances 
for sites 1 to 3 were 2962.61 ind. m-2 ± 5026.40) and in the Coorong from site 22 (Mulbin Yerrok 
Point) to 13 (Cantara) (mean abundances 1200.48 ind. m-2 ± 3653.98). Samples from several 
sites in both the north and South Lagoon contained no macrofauna at all. At the lake sites, 
abundances were low and more variable between seasons at single sites (Fig. 8 and Table 4). 
Macrofauna was only abundant in the study area between sites 4 and 21 in the vicinity of the 
barrages (mean abundances 37135.89 ind. m-2 ± 38836.10). While abundances were higher 
near the Tauwitchere barrage in June (sites 7 and 20), mudflats near the Ewe Island barrage 
(sites 5 and 6) contained more macrofauna in December. A significant decrease in 
abundances between June and December occurred at site 21 (p<0.001, U-test), while site 5 
contained significantly (p<0.05, U-test) more macrofauna in December than in June. Detailed 
accounts of abundances per site and taxa are provided in Appendix 3C. 
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Table 4: 	 Mean macrobenthic abundances (Ind m-²) and standard deviations (SD) in the four study 
regions MM = Murray Mouth, NL = North Lagoon, SL = South Lagoon and LL = Lower Lakes 
during the surveys in June and December 2004, and over both sampling dates.

 June Dec both months 
region mean SD mean SD mean SD 

MM 19365.08 22038.15 31240.58 38709.7 27177.91 34302.01 
NL 15262.52 37674.87 9567.80 22836.03 11373.44 28354.31 
SL 439.56 1137.01 1018.62 2243.47 729.09 1790.76 
LL 4119.05 9420.87 5688.91 7145.039 4903.98 8254.04 
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Figure 8: Mean abundances and standard deviation of macrofauna recorded at the sampling sites 
during the surveys in June and December 2004. Sites 1 to 7 are in the Murray Mouth region, 
sites 20 to 13 from north to south in the Coorong, and sites 8 to 12 around Lake Alexandrina. 

The high variation at the study sites reflects the sampling design, with two to three locations 
from the high towards the low intertidal. The moister sediment (MT and LT locations) closer to 
the water line contained higher abundances of macrofauna at sites near the Murray Mouth 
and northern end of the Coorong (Fig. 9). At several sites in the South Lagoon, where no 
marine macrofauna occurred, but insect (larvae) prevailed, abundances were higher near 
the shoreline (Table A3Ce in Appendix 3C). The waterlevel varied between the two surveys 
and the exposure of the mudflats in the study area is not only determined by tides (chapter 
3). Due to the topography of sites, a clear arrangement of the sampling locations with tidal 
level was not always possible, and distances between these sampling locations were often 
small (few meters). The increase in abundances from the shoreline towards the water line was 
especially pronounced at sites near the barrages in December (Fig. 9b). 
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Figure 9: Mean abundances and standard deviations of macrofauna recorded at the various intertidal 
locations of the sampling sites during the surveys in June and December 2004. HT = near the 
shoreline, MT = inbetween shoreline and low water line (not sampled in June when water levels 
were higher), LT = low water line. Sites 1 to 7 are in the Murray Mouth region, sites 20 to 13 from 
north to south in the Coorong. Lake sites are not included here as no “tidal” locations could be 
differentiated there. Note the different scales on the y-axis for a) and b). 

Abundances of single taxa varied in the study area (Fig. 10) and the overall abundances  
(Fig. 8) are dominated by certain taxa. Polychaetes were confined to the Murray Mouth and 
northern end of the North Lagoon, where oligochaetes occurred as well, yet these worms 
were also found at the freshwater sites around the lake. Amongst the polychaetes, Capitella 
spp. had the highest abundances (see chapter 5.6), followed by nereid polychaetes 
(Simplisetia aequisetis and Australonereis ehlersi). In June, polychaete abundances were 
highest south of the Tauwitchere barrage (sites 20 to 22), whereas by December polychaete 
abundances were higher towards the Murray Mouth (sites 4 and 20) (Fig. 10). Polychaetes 
were outnumbered by amphipod crustaceans at these sites in front of the barrages. Some  
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Figure 10: Mean abundances and standard deviation of macrofaunal taxa recorded at the sampling 
sites during the surveys in June and December 2004. Sites 1 to 7 are in the Murray Mouth 
region, sites 20 to 13 from north to south in the Coorong, and sites 8 to 12 around Lake 
Alexandrina. Note variations in scale of the y-axis. 

amphipods were also encountered at the lake sites. Despite for amphipods, crustacean were 
rare in the study area. Molluscs were confined to the Murray Mouth region and the northern 
end of the North Lagoon, yet their numbers were low compared to other taxa. At the saltpan 
of site 13, two snail species (Coxiella striata and Hydrobia sp. 1) occurred in low numbers. 
Insects accounted for almost all of the macrofaunal abundances throughout the Coorong 
and at the lake sites, yet the numbers were so low that they are negligible for the overall 
abundance pattern (Fig. 8 and 10). Seasonal differences for most taxa are hard to detect 
given the high variability at single sites in each survey in June and December. 
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5.4 Distribution patterns of selected species 

Macrobenthic organisms may be suitable to indicate estuarine health. An overview on the 
ecological requirements of selected species, based on a literature review and the records of 
this survey, is presented in Appendix 4. Distribution patterns for these species are given in  
Fig. 11–14. The species selected were the most abundant of their respective phylum and their 
abundances and spatial distributions tightly follow the patterns described in the previous 
chapter. 

Amongst the polychaetes, the Capitella capitata species complex is known to occur in 
anoxic, sulphide-rich sediments (Appendix 4), which was encountered at the study sites 
where this species was found (Fig. 11). However, similar sediment conditions prevailed 
throughout most of the Coorong, where capitellids were rarely recorded during this survey. 
This species is adapted to estuarine salinity ranges and single specimens have been found 
under hypersaline conditions. Thus, no match was found between the tolerance range and 
adaptations of Capitella spp. and the distribution pattern in the study area. 
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Figure 11: Mean abundances and standard deviation of Capitella spp., recorded at the sampling sites 
during the surveys in June and December 2004. Sites 1 to 7 are in the Murray Mouth region, 
sites 20 to 13 from north to south in the Coorong, and sites 8 to 12 around Lake Alexandrina. 

A further polychaete, the nereid Simplisetia aequisetis (formerly Ceratonereis 
pseudoerythraeensis) was abundant in the study area (Fig. 12). This species is a known food 
item for migratory shorebirds (Kalejta 1993). Similarly to Capitella spp., it is adapted to 
estuarine conditions (Appendix 4) and was found in similar substrates, yet higher abundances 
were recorded at sites closer to the Murray Mouth and Goolwa Channel (Fig. 12) and it was 
absent throughout the Coorong. 

The second species of the family Nereididae which occurred in the study area, Australonereis 
ehlersi, had a similar distribution patterns as Simplisetia aequisetis, but was not as abundant. 
Both species were encountered from juveniles to mature specimens of several cm lengths. 

The predatory polychaete Nephtys australiensis was locally abundant and more confined to 
sandier mudflats in the Murray Mouth region (Appendix 3). It is adapted to estuarine salinities, 
yet cannot sustain hypoxia as the capitellids and nereids (Appendix 4). This species was also 
found in several size ranges. The scavenging polychaete Phyllodoce novaehollandiae 
occurred with larger specimens at sandier sites near the Murray Mouth and was most 
frequently observed at site 3. The occurrence of the reef building serpulid polychaete 
Ficopomastus enigmaticus was noted in the field, yet this species was not assessed with the 
field methods used in this survey. 
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Figure 12: Mean abundances and standard deviation of Simplisetia aequisetis (Polychaeta, 
Nereididae), recorded at the sampling sites during the surveys in June and December 2004. 
Sites 1 to 7 are in the Murray Mouth region, sites 20 to 13 from north to south in the Coorong, 
and sites 8 to 12 around Lake Alexandrina. 

Of the few molluscs which occurred in the study area, the small estuarine bivalve Arthritica 
helmsi was abundant (Fig. 13). It was confined to sites near the barrages and almost absent 
throughout the Coorong (Fig. 13). This species is also a known food source for waders 
(Appendix 4). 
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Figure 13: Mean abundances and standard deviation of the micromollusc Arthritica helmsi (Bivalvia, 
Galeommatidae), recorded at the sampling sites during the surveys in June and December 
2004. Sites 1 to 7 are in the Murray Mouth region, sites 20 to 13 from north to south in the 
Coorong, and sites 8 to 12 around Lake Alexandrina. 
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Insect larvae are common in aquatic environments and chironomid larvae were abundant 
at several sites along the Coorong and Lower Lakes (Fig. 14). The occurrence of these larvae 
varies seasonally and higher numbers were found in December than June. These larvae are 
often tolerant towards a wide range of environmental conditions (Appendix 4), which is 
reflected in their distribution pattern in the study area (Fig. 14). 
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Figure 14: Mean abundances and standard deviation of Chironomid larvae (Insecta, Chironomidae) 
recorded at the sampling sites during the surveys in June and December 2004. Sites 1 to 7 are 
in the Murray Mouth region, sites 20 to 13 from north to south in the Coorong, and sites 8 to 12 
around Lake Alexandrina. 

5.5 Benthic biomass 

As abundance data are irrespective of the size of the organisms, biomass data provide 
further information on food available for higher trophic levels. Biomass values were low in the 
study area, with a mean biomass in the Murray Mouth region of 2.58 g afdw m-2 and 0.97 g 
afdw m-2 in the North Lagoon. In the South Lagoon (0.40 g afdw m-2) and at the lake sites 
(0.29 g afdw m-2), biomass was negligible. The distribution pattern of biomass follows closely 
the one for abundances (Fig. 8 and Fig. 15), with some exceptions. For example, the few 
specimens of snails found at the salt pan of site 13 account for a relatively high biomass value 
there. 

Polychaetes and crustaceans contribute most to the overall biomass (Fig. 15 and 16). The 
biomass of molluscs and insects was lower and highly variable between sites and season. The 
overall biomass distribution, however, changed little between winter and summer, or is 
obscured by the high variation within sites. Seasonal variations reflecting recruitment may 
account for the higher biomass of polychaetes and molluscs recorded in December. 

While most of the amphipods remain small-sized as adults, polychaetes can increase in size 
with growth from less than a centimetre as juveniles to over 10 cm in length. The higher 
biomass of polychaetes recorded in the Murray Mouth region in summer results from the 
occurrence of more large sized nereids than in June (Fig. 12 and Fig. 16). The molluscs 
occurring in the study area, especially the bivalve Arthritica helmsi, were largely small-sized 
species, which did not account for much of the biomass, except for some snails. 
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Figure 15: Mean biomass (ash-free dry weight afdw) values and standard deviation of macrofauna 

recorded at the sampling sites during the surveys in June and December 2004. Sites 1 to 7 are 

in the Murray Mouth region, sites 20 to 13 from north to south in the Coorong, and sites 8 to 12 

around Lake Alexandrina.
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Figure 16: Mean biomass values and standard deviation of major macrofaunal taxa recorded at the 
sampling sites during the surveys in June and December 2004. See Fig. 15 for details. 
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5.6 Benthic communities 

Based on the species and abundance data, multivariate statistics can find and test for 
similarities between assemblages at study sites. These analyses revealed significant 
differences between all regions. The benthos found in the mudflats in front of the barrages 
forms one community, which is distinct from the benthos found in the lake and South Lagoon, 
while some similarity exists with the North Lagoon. This pattern was more pronounced in 
December than in June. The hydrodynamically based demarcation between the Murray 
Mouth and North Lagoon at the southern end of the Tauwitchere barrage is not reflected in 
the benthic communities, as sites 20 and 21 (in June only) formed part of the benthic 
community in the Murray Mouth. Ecologically, site 20 (Pelican Point) should be classified as 
part of the Murray Mouth region. 

In June, benthic assemblages at the study sites in the Murray Mouth region and North Lagoon 
revealed higher similarities to each other and formed a distinct cluster, with one lake site 
(LL10) mixed in (Fig. 17). The highest similarity was found between sites 4, 6 and 7 in front of 
the barrages. Most of the sites from the lake and South Lagoon were similar to each other, yet 
at a lower level, as several sites in the lagoons deviated from other sites. ANOSIM test results 
gave significant differences between assemblages in the four regions (R=0. 364, p=0.001). This 
was even clearer when sites 20 and 21 were grouped to the Murray Mouth (R=0.578, p=0.001). 
In pairwise comparisons, benthic assemblages found at the Murray Mouth were well 
separated from the Lower Lakes (R=0.776, p=0.002), the South Lagoon (R=0.791, p=0.002), 
and the North Lagoon (R=0.699, p=0.001), whereas the other groups were not as well 
separated. 
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Figure 17: Dendrogram of macrofaunal assemblages in June 2004, based on mean values per site. Site 
13 was deleted from the analysis as no organisms were found there. Square root 
transformation. Site codes with MM=Murray Mouth region, NL=North Lagoon, SL=South 
Lagoon, LL=Lower Lakes 

To analyse similarity in the benthos in the saltwater regions of the study area only, 
multidimensional scalings (MDS) were carried out without the lake sites. This showed a well 
defined benthic assemblage at all sites between Boundary Creek (site 4) and the northern 
end of the North Lagoon (site 21) (Fig. 18). 
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Figure 18: MDS plot (Multidimensional scaling) of macrofaunal assemblages in the Murray Mouth and 
Coorong in June 2004, based on mean values per site. Site 13 was deleted from the analysis 
as no organisms were found there. Square root transformation. Site codes with MM=Murray 
Mouth region, NL=North Lagoon, SL=South Lagoon 

In December, the pattern was generally the same, with clearly distinct benthic communities 
in the Murray Mouth region and South Lagoon (Fig. 19). Some sites of the North Lagoon fell 
into the same cluster with the Murray Mouth region, yet at a low similarity. Only site 20 was 
again very similar to the benthic assemblages found along the barrages. Lake sites were 
more similar to the South Lagoon, and some outliers occurred. Differences between 
assemblages in the four regions were significant (R=0.487, p=0.001, ANOSIM). This was even 
clearer when site 20 (Pelican Point) was grouped to the Murray Mouth (R=0.568, p=0.001). In 
pairwise comparisons, benthic assemblages found at the Murray Mouth were well separated 
from the South Lagoon (R=0.852, p=0.001) and clearly different from the Lower Lakes 
(R=0.614, p=0.001) and North Lagoon (R=0.566, p=0.003). Benthic communities in the North 
and South Lagoon were also different from each other (R=0.539, p=0.003).  

The MDS analysis without the lake sites revealed the similarity of benthic assemblages in the 
Murray Mouth region and South Lagoon further (Fig. 20). Several North Lagoon sites are 
unrelated to either community. The southernmost sampling site (site 13, Cantara) and the sites 
opposite to the Murray Mouth (sites 2 and 3) are also distinct and furthest apart from each 
other. 
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Figure 19: Dendrogram of macrofaunal assemblages in December 2004, based on mean values per 
site. Site 23 was deleted from the analysis as no organisms were found there. Square root 
transformation. Site codes with MM=Murray Mouth region, NL=North Lagoon, SL=South 
Lagoon, LL=Lower Lakes 
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Figure 20: MDS plot (Multidimensional scaling) of macrofaunal assemblages in the Murray Mouth and 
Coorong in December 2004, based on mean values per site. Site 23 was deleted from the 
analysis as no organisms were found there, and sites 24 and 25, were outliers and omitted. 
Square root transformation. Site codes with MM=Murray Mouth region, NL=North Lagoon, 
SL=South Lagoon 

The analysis of similarity (SIMPER) reveals species typical for a benthic assemblages or 
discriminating between groups. The most typical species for the Murray Mouth were 
Simplisetia aequisetis and in December Arthritica helmsi as well. Capitella, and the insect 
Cafius sp. were most typical for the North Lagoon. Chironomid larvae, and in December also 
insects (Corixidae), were typical for the South Lagoon. Typical for the lake were oligochaeta 
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and in December chironomid larvae. Species discriminating benthic assemblages between 
the Murray Mouth and the South Lagoon and Lake were S. aequisetis, Capitella, and the 
amphipod species 1 and 10. In December, A. helmsi contributed to the distinctions of these 
communities as well. Thus, the same species that were typical for certain assemblages also 
discriminated between the different benthic communities. 

5.7 Shorebird phenology and distribution pattern 

Out of 65 bird species listed in the aquatic bird counts, 22 species of shorebirds (waders) were 
recorded in the study area between 2001 and 2004. Ten species thereof were resident to 
Australia and New Zealand, and 12 migrate between breeding grounds in the northern 
hemisphere and over-wintering sites in Australia. For each of 2002 and 2004, the total number 
of migratory shorebirds was higher than of resident shorebirds. The three most abundant 
migratory wader species are red necked stints, Sharp-tailed sandpiper and curlew sandpiper. 
The three most abundant resident shorebirds were banded stilts, red necked avocet and 
black-winged stilts. 

The migratory pattern is evident in the phenology of shorebirds (Fig. 21). Shorebirds arrive in 
the Coorong and Murray Mouth in October/November and depart again to their breeding 
sites on the northern hemisphere by April/May. Slight variation as to the arrival and departure 
of the shorebirds occurred between years, but the overall number of waders visiting the study 
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Figure 21: Phenology of waders at all bird survey sites in the study area, from October 2002 to 
December 2004. The figure is based on an incomplete data set. 
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Figure 22: Phenology of waders at all bird survey sites in the four major regions of the study area, from 
October 2002 to December 2004. The figure is based on an incomplete data set. 
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area also varies between years (Fig. 21). Shorebird numbers were higher during the summer 
season 2003/2004 than in the previous and following year, especially at the onset of the over-
wintering time. 

The sampling dates for the winter and summer campaign of the benthic survey fell into the 
end of over-wintering season 2003/2004 with low shorebird numbers in June. The summer 
survey in December occurred about two months into the new over-wintering season (Fig. 21). 

The number of waders and the phenology varies between regions and years. The migratory 
pattern is most pronounced in the Murray Mouth region of the study area, and to a small 
degree in the North and South Lagoon of the Coorong (Fig. 22), whereas no seasonal 
variations were apparent at the lake sites, where shorebird numbers were low. Shorebird 
numbers were also low in the North Lagoon. The phenology in the South Lagoon and 
shorebird numbers recorded there were closer to those found in the Murray Mouth. 

The spatial distribution of waders in the study area in 2004 showed concentrations in the 
Murray Mouth region and around Parnka Point, which is separating the North and South 
Lagoon (Fig 23). The bird data for that year were split into numbers recorded between 
January - June and July - December, as the mid year period separates the over-wintering 
seasons (Fig. 21). At most sites shorebird numbers varied little between the first and second 
half of the year, yet near the Goolwa Channel and south of Parnka Point numbers were lower 
in the second half of the year. Sites with high shorebird numbers throughout the year were the 
Ewe Is. Barrage, Tauwitchere Island, Pelican Point, and Villa del Yumpa. 

0 

2000 

4000 

6000 

8000 

10000 
Jan

B
ir

d
 n

u
m

b
e

rs
 

 - Jun Jul - Dec 

B
A

R
L
A

K
E

1
4
0
1

 

B
A

R
L
A

K
E

1
2
0
1

 

B
A

R
L
A

K
E

1
0
0
1

 

B
A

R
L
A

K
E

0
8
0
1

 

B
A

R
L
A

K
E

0
6
0
1

 

B
A

R
L
A

K
E

0
4
0
1

 

B
A

R
L
A

K
E

0
2
0
1

 

N
O

R
T

H
L
A

G
0
1
0
1
 

N
O

R
T

H
L
A

G
0
3
0
1
 

N
O

R
T

H
L
A

G
0
5
0
1
 

N
O

R
T

H
L
A

G
0
7
0
1
 

N
O

R
T

H
L
A

G
0
9
0
1
 

S
O

U
T

H
L
A

G
0
1
0
1
 

S
O

U
T

H
L
A

G
0
3
0
1
 

S
O

U
T

H
L
A

G
0
5
0
1
 

S
O

U
T

H
L
A

G
0
7
0
1
 

S
O

U
T

H
L
A

G
0
9
0
1
 

L
A

K
E

D
A

0
1
0
1

 

L
A

K
E

D
A

0
4
0
1

 

L
A

K
E

D
A

0
6
0
1

 

L
A

K
E

D
A

0
8
0
1

 

L
A

K
E

D
A

1
0
0
1

 

L
A

K
E

D
A

1
2
0
1

 

L
A

K
E

E
C

0
1
0
1

 

L
A

K
E

E
C

0
3
0
1

 

L
A

K
E

E
C

0
5
0
1

 

L
A

K
E

E
C

0
7
0
1

 

L
A

K
E

E
C

1
0
0
1

 

Figure 23: Spatial distribution of waders at bird survey sites in the study area in 2004, covering the two 
separate over-wintering seasons separately. The figure is based on an incomplete data set. 

The sites for the benthic survey adequately covered the spatial distribution patters of the 
shorebirds, with an overlap of 21 sites (Fig. 24). Five sites along the Coorong which were 
surveyed for benthos were not included in the regular bird monitoring. 
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Figure 24: Spatial distribution of waders at benthic survey sites area in 2004. The figure is based on an 
incomplete data set. No bird data were recorded at the missing sites. 

The distribution pattern of the shorebirds did not follow the distribution of macrofaunal 
abundances and biomass in the area (Figures 8, 15 and 24), as the sites along the Coorong 
where larger numbers of waders were recorded, provided no benthic food in the mudflats 
there. 

As the harvestable food fraction is linked to the burial depth of benthic prey and the bill 
length of the birds, we classified waders by their bill length into three groups and correlated 
their abundance and distribution pattern to the distribution of benthic prey. Curlews, godwits 
and oystercatchers with a longer bill were low in numbers and confined to the Murray Mouth 
region, where deeper burying larger polychaetes occurred (Fig. 25). Plovers, red-necked 
stints and avocets who are feeding in the top sediment layer, occurred mainly in this region, 
too, where amphipods were available as prey items (Fig. 10). The majority of the sandpipers, 
stints, stilts, turnstones, knots and greenshanks with a medium bill length were found in the 
Coorong near Parnka Point. This pattern was especially due to banded stilts. 
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Figure 25: Spatial distribution of waders classified by bill length at benthic survey sites area in 2004. The 
figure is based on an incomplete data set. No bird data were recorded at the missing sites. 
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6. 	Discussion 

6.1 	 The state of benthic communities in the Murray Mouth, Coorong and Lower 

Lakes 

Diversity, abundance and biomass of benthic communities in estuaries 

Diversities are generally lower in estuaries than in open coastal environments, while 
abundances and productivity can be high (Costanza et al. 1993, Attrill 2002, Ysebaert et al. 
2003). Benthic macrofauna in estuaries is mainly composed of polychaetes, amphipods and 
molluscs (Hutchings 1999, Vivier & Cyrus 1999, Ysebaert et al. 2003, Dye & Barros 2005). 
Oligochaetes, insect larvae and molluscs are becoming more typical with a higher 
freshwater component (Vivier & Cyrus 1999, Ysebaert et al. 2003). Our findings agree with 
those patterns. 

No organisms were recorded at several sampling sites in our study, especially in the Coorong. 
While high variations are known for benthos, and samples containing no species have been 
reported from other estuaries (Ysebaert et al. 2003), the diversity of macrofauna in the Murray 
Mouth and Coorong found in this study and by Geddes (1987, 2005b, a) is low. Yet, the 
diversity is comparable to low diversities found in other estuaries, such as seasonally closed 
estuaries or lagoons in Tasmania (Edgar et al. 1999) or Western Australia (Kanandjembo et al. 
2001) (Table 5). Barrages have been reported to reduce diversities in estuaries (Vivier & Cyrus 
1999) and are likely to have contributed to the low benthic species richness in the Murray 
Mouth and Coorong. 

Several macrobenthic species have been described as common in estuaries of southeast 
Australia and Tasmania (Edgar et al. 1999, Hirst 2004). This includes the polychaetes 
Australonereis ehlersi and Nephtys australiensis, which were both frequently encountered in 
the Murray Mouth during this study. The bivalve Arthritica helmsi (syn. A. semen) is common in 
estuaries along the entire south Australian coast (Edgar et al. 1999, Cresswell et al. 2000, 
Kanandjembo et al. 2001) and occurred in the Murray Mouth as well. Thus, the polychaete 
and mollusc species recorded in the area (this study and Geddes 1987, 2005a) are common 
inhabitants of temperate Australian estuaries. A similar taxonomic composition (on the genus 
level) occurs in estuaries in South Africa (Kalejta & Hockey 1991). For amphipods, further 
taxonomic studies are needed here as in other estuaries to ensure identifications and allow 
comparisons of distribution ranges. Chironomids and larvae of coleopteran are commonly 
recorded in estuaries and were the only macrofauna found at several sites in the Coorong 
(Geddes 1987, Edgar et al. 1999). Isopods have been recorded near the high tide level in 
Tasmanian estuaries, reflecting their more terrestrial affinities (Edgar et al. 1999). 
Correspondingly, they were found in the drier parts of the exposed sandflats in the Coorong 
in the December survey of this study. 

Our sampling design reached across the estuarine salinity gradient and vertically from the 
high tide line towards the low water level (if mudflats were exposed). Faunal differences 
along the salinity gradient were pronounced. Variations were high along the vertical 
gradient, seen in the high standard deviations of all figures, yet no consistent pattern as to 
higher diversity, abundance or biomass at the high, mid or low ‘tide’ level was apparent. In 
an estuary in the Netherlands, Ysebaert et al. (2003) carried out a large-scale survey 
extending their vertical gradient into the subtidal. They found highest diversity, abundance 
and biomass in the intertidal, with highest diversity and biomass in the polyhaline (salinity > 18 
ppt) lower reaches of the estuary. In our study, diversity, abundance and biomass were also 
higher in the polyhaline area near the Murray Mouth. 

Mean abundances of macrobenthos in the Murray Mouth and northern Coorong fall within 
the size range of densities recorded from other estuarine mudflats in temperate and 
subtropical latitudes (Table 5). Our biomass values are, however, much lower than most 
values reported in the literature, which could reflect the poor health of the system. Different 
methodologies are used to determine biomass (wet weight, dry weight, or ash-free dry 
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weight AFDW). Biomass determinations can also be affected by the preservation method 
used, although it has been debated whether the type of fixation causes significant variations 
in biomass values (Brey 1986, Gaston et al. 1996). We did not pre-fix specimens in formalin to 
avoid contact with this carcinogenic substance. To test the correctness of our values, 
biomass measurements should be carried out on specimens from the various taxa found 
using different fixation methods. This exercise could also be used to set up correlation curves 
between various biomass calculations to develop conversion factors from dry and wet 
weight to AFDW, which could avoid time consuming AFDW determinations.  

The annual migration takes shorebirds across several biogeographic zones. Latitudinal 
changes in diversity, abundance and biomass are documented (Ricciardi & Bourget 1999, 
Attrill et al. 2001, Cusson & Bourget 2005). However, as Table 5 shows, abundances and 
biomass are also highly variable at single sites. 

Benthic communities in estuaries are transitional (Attrill & Rundle 2002) and their composition 
and distribution can be explained by salinity and sediment characteristics (Ysebaert et al. 
2003). Correspondingly, our study showed a defined community in the Murray Mouth region 
and another well defined community in the South Lagoon, while the benthos of the North 
Lagoon was more transitional. 
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Table 5: 	 Comparison of macrofaunal characteristics in intertidal mudflats of estuaries and open coasts 
around Australia and the West Pacific flyway. Further examples of estuaries from South Africa 
and northern Europe are included. Biomass values are AFDW unless indicated otherwise (DW). 
Some values are derived from figures in the respective reference and those values are 
indicated by ~. ICOLL = Intermittently Open and Closed Lake or Lagoon 

Location Habitat Species Abundance Biomass Other Reference 

type number (ind. m-2) (g m-2 ) characteristics 

Tasmania Estuaries ~20 -  42.5 Species richness (Edgar et al. 1999) 
~60 1.7 on highest in coastal 

west inlets, lowest in 

coast coastal lagoons & 
seasonally closed 
bar estuaries 

Coorong Lagoon 21 (Geddes 1987, 
2005b) 

Coorong & Estuary 40 440 – 19365 0.4 – 2.6 Values lowest in the This study 
Murray 
Mouth 

and 
lagoon 

(total) 

0-14 per 
site 

(mean values 
per region) 

(mean 
values 
per 
region) 

Coorong South 
Lagoon & highest 
near the Murray 
Mouth 

Perth Estuary 37 ~10000 (Kanandjembo et 
al. 2001) 

Roebuck Mudflat 161 1287, 12.5, High patchiness of (Pepping et al. 
Bay range 40 – range benthos  1999) 

16280 0.07 - 167 

Malaysia Tidal flat 6.7 – 69.4 Biomass dominated (Sasekumar & 
by one bivalve Chong 1986) 
species 

Java Bay 463 1.5 Inter- & subtidal (Warwick & 
sites Ruswahyuni 1987) 

Korea Estuarine 40 3.1 – 51.9 Biomass dominated (Doornbos & 
tidal flat by molluscs Groenendijk 1986) 

Korea Tidal 3 – 24, 550 (mean), Inter- & subtidal (Shin et al. 1989) 
bay 87 in 40 (min) -1730 sites, higher 

total (max) diversity & density 
in intertidal 

West Africa Tidal 111 1401 (mean), 17 (Wolff et al. 1993a, 
flats 152 (min) – 

5635 (max) 

Wolff et al. 1993b, 
Wijnsma et al. 1999) 

South Africa ICOLL 24 18567 (Vivier & Cyrus 1999) 
with 
barrage 

South Africa Estuaries  4.7 – Variations in (Scharler & Baird 
20.35 relation to 2005) 

freshwater inflow 

South Africa Estuary 25 17332 (min)– 19.4 Densities varied (Kalejta & Hockey 
197000 (max) (DW) with seasons & sites 1991) 

Netherlands Estuary 0-25 ~13000 ~25 Values are for (Ysebaert et al. 
polyhaline zone, 2003) 
biomass lower in 
mesohaline zone 

Germany Tidal 50 (Scheiffarth & Nehls 
flats 1997) 
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Faunal gradients in estuaries 

The fauna in estuaries is following the strong environmental gradients in these systems (Attrill & 
Rundle 2002). Salinity is the most important environmental factor in estuaries, and together 
with temperature and accompanying physico-chemical properties, it determines species 
distribution and abundances (Kinne 1966, Mackay & Cyrus 2001, Ysebaert et al. 2003). The 
faunal distribution in the various regions of our study agrees with this. The sharp salinity 
gradients enforced by the barrages and the hypersaline conditions prevailing throughout 
most of the Coorong (Geddes 2005a) are, however, extreme in comparison to most other 
estuaries and coastal lagoons. Earlier studies have already demonstrated effects following 
varying episodes of environmental conditions on marine biota in the Coorong (Geddes & 
Butler 1984, Geddes 1987). The data from the survey presented here corroborate these earlier 
findings and substantiate concerns about the environmental health of the study area.  

Some polychaete species recorded in this study have been reported from other estuarine 
locations under a variety of salinity values. The nereid polychaete Simplisetia aequisetis 
(synonymous with Ceratonereis pseudoerythraeensis) was reported to occur in salinities from 
10 – 35 ppt (Hutchings & Glasby 1985), yet its distribution was negatively correlated with 
salinity in southeast Australian estuaries (Hirst 2004), which can be corroborated by our study. 
Geddes (1987) also observed a decline in abundance of this species and several other 
polychaetes as salinities fell below 5 ppt, but has later reported their occurrence in subtidal 
sediment of the Coorong up to salinities of about 70 ppt (Geddes 2003). Further polychaetes 
in the study area Australonereis ehlersi and Nephtys australiensis have been collected from 
salinities of 5 – 39 ppt (Hutchings & Murray 1984). Other polychaetes, like Phyllodoce 
novaehollandiae are reported from marine habitats (33.8 ppt), which corresponds to its 
occurrence near the Murray Mouth. In spite of such tolerances to lower salinities, the 
distribution patterns found in our study clearly indicate preferences of the mudflat fauna to 
more marine conditions. 

We measured salinity in the water overlying the sampling locations near the water edge. 
While this gives a good reflection of the overall and large scale salinity gradients in the study 
area, the porewater salinities in the mudflats could have been different. Hirst (2004) reports 
less variation in sediment porewater than water salinity between several estuaries along the 
southeast coast. Porewater salinity can also be more characteristic of the environmental 
conditions at the scale of the benthic organisms and should be included in future studies, 
especially as mudflats in the Coorong are exposed for prolonged durations and salinities in 
the sediment could increase.  

In the hypersaline South Lagoon, oxygen concentrations in the water were below the 
detection limit. Very high salinities are accompanied by low levels of dissolved oxygen, 
critical for respiration of most aquatic invertebrates (Williams 1998). Hypoxic conditions  
(< 2 mg l-1 O2) were shown to cause low diversity and biomass of macrobenthos in 
Chesapeake Bay (Dauer et al. 1992). Our oxygen measurements in the Coorong and Lake in 
December gave values slightly above hypoxia and could have already contributed to the 
lack of macrofauna at most sites. The lake sites in our study were characterised by more 
limnic fauna, although brackish conditions occurred at some sites. Distributions of these 
organisms in the system would also be determined by their salinity tolerances (Kefford et al. 
2003, Kefford et al. 2005).  

Sediment compositions are a further determinant of benthic communities in estuaries 
(Ysebaert et al. 2003). In ICOLLs (Intermittently closed or open lakes and lagoons) in NSW, the 
sediment was getting finer and more variable into the lagoon and lakes and the organic 
content of the sediment increased correspondingly with this increase in silt content towards 
the inner reaches (Dye & Barros 2005). Such a clear pattern was not apparent in our study 
area, where most of the sediments were fine to medium fine sands, with coarser sediment 
found in the South Lagoon in June, probably due to sampling sites closer to the high tide level 
when water levels were higher. The contents of organic matter were three- to fourfold higher 
in the Lake site sediments than the estuary and lagoon, and slightly higher in the South 
Lagoon. Similarly, Vivier & Cyrus (1999) report very high organic matter contents at their lake 
sites which were characterised by detrital mud. 
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While high abundances of macrobenthos were recorded at sampling sites around the Murray 
Mouth and the northern end of the Coorong lagoon, most other sites were almost devoid of 
fauna. Paton et al. (2000) and Geddes (2005a) describe a similar distribution for macrofauna 
in the area. The dominance of polychaetes and amphipods in the estuarine part of the study 
area corresponds with investigations in other estuaries (for example Vivier & Cyprus 1999). 
Links between environmental conditions and macrobenthos are, however, not always 
straightforward. Dye & Barros (2005) could not find clear relationships in ICOLLs in New South 
Wales. Statistical tools like multiple logistic regression and other numerical modelling 
techniques have been used to predict macrobenthic distributions in estuaries and lagoons 
with strong coupling of benthic, sedimentary and physicochemical processes (Millet & 
Guelorget 1994, Ysebaert et al. 2002, Thrush et al. 2005). Based on an extensive data set 
stretching over several decades and hundreds of sampling sites, Ysebaert et al. (2002) 
present response surfaces which may be useful for evaluating effects of different 
management, although they cannot explain controlling processes. The literature survey 
presented in this study (see appendix) and the records from the field survey are stepping 
stones for such future models for the Coorong. 

Spatial and temporal distribution patterns of benthic fauna in estuaries 

Abundances are known to vary spatially within estuaries, reflecting the changing 
environmental conditions described above. In the study area, highest abundances were 
recorded in the estuarine section, with abundances decreasing with increasing distances 
from the mouth. Although this was extreme and the hypersaline conditions in the South 
Lagoon are unparalleled, a similar decrease in abundance with distance from the mouth has 
been found by Dye & Barros (2005). 

Patchy distributions in relation to salinities were observed for molluscs in an estuarine inlet in 
Western Australia (Cresswell et al. 2000, Semeniuk & Wurm 2000). The micromollusc Arthritica 
semen (syn. A. helmsi) was the most abundant mollusc in their study and found throughout 
the study area, yet highly variable in space and time. Geddes (2005b) reports this bivalve as 
widespread in the Coorong and Murray Mouth, yet we found it confined to the more marine 
conditions, and highly variable between sites, especially in winter. 

Spatial patterns in the distribution of benthic fauna can vary with season and between years, 
which was found to be further complicated as these changes were site specific in an estuary 
in South Africa (Kalejta & Hockey 1991). Spatial and temporal patterns of macrofauna can 
be tightly linked and vary on several scales, which needs to be considered for the data 
interpretation and future sampling designs (Hewitt et al. 1998).  

Temporal variations in estuarine habitats and biota result from seasonal changes in rainfall 
and freshwater discharge rates or drought periods (Attrill et al. 1996, Attrill & Power 2000, 
Kanandjembo et al. 2001, Rozas et al. 2005). The amount of rainfall affects salinity, 
stratification, and turbidity in estuaries, and can regulate the opening or closure of the mouth 
in ICOLLs. In addition, barrages can cause closure of the mouth, as in the case of the Murray 
(Vivier & Cyrus 1999). Low salinities after winter flooding have been shown to cause mass 
mortalities of a bivalve in estuaries in Victoria (Matthews & Fairweather 2004, Matthews 2005). 
In a long-term study of a sub-tropical estuary on Australia’s east coast, freshwater flows also 
proved critical for estuarine production (Currie & Small 2005). Although floods triggered the 
initial decline, a series of drought years was characterised by low benthic abundances and 
diversity. Currie & Small (2005) observed a recovery after the onset of rains, yet the structure 
of the benthic assemblage had changed. The reduced water discharge across the barrages 
resembles such a period of prolonged drought for the Murray estuary and the poor 
conditions of the benthic communities reported in this study and by Geddes (2003, 2005b, a) 
and Paton (2003) indicate the necessity to increase flows. Following the long periods of 
barrage closure in the past decade, small water releases in 2003 and 2004 did not cause an 
increase in macrobenthos (Geddes 2005b). 

Discharge from the rivers also regulates the seasonal input of sediments and nutrients into the 
estuary and nearby sea (Lillebo et al. 2005, Rozas et al. 2005). In the Coorong, the barrages 
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prevent the natural flow of river Murray water. In the year this study was carried out, no water 
release had occurred prior to the winter sampling in June nor the summer sampling in 
December. The observed variations between those two sampling occasions are therefore 
largely due to temperature and the larger extent of the mudflats in summer due to 
evaporation, as well as to life cycles and recruitment patterns of the benthic fauna.  Infaunal 
records by Geddes (2005b) also indicate some seasonal variation. Yet, whether these 
variations in benthic abundances are truly seasonal, or follow other temporal fluctuations, or 
result from predation pressure, has not yet been investigated in this area. In December ,the 
sediment at most of the mudflats in the Coorong was dry and solid, unsuitable both for 
benthic life and foraging by waders. 

Species interactions and animal-sediment relationships of benthic fauna in estuaries 

Distribution patterns of benthic fauna are not only determined by environmental conditions, 
such as sediment properties, but by modifications of the sediment caused by organisms 
themselves, as well as by interactions between species (Olafsson et al. 1994, Reise 2002, 
Ysebaert et al. 2003). Such interactions include sediment disturbance by burrowing activity, 
predation or competition. Amphipods and nereid polychaetes can secrete mucous that 
binds sediment particles together and raises the erosion threshold, while reducing the 
sedimentation of previously resuspended particles (Meadows et al. 1990). On the other hand, 
their burrowing activity can increase sediment reworking and biogeochemical fluxes 
(Sayama & Kurihara 1983, Mermillod-Blondin et al. 2005) and polychaetes of the families 
Nereidae and Capitellidae affect the flux of O2 and CO2 across the sediment-water interface 
(Kikuchi 1986, 1987). Related species were abundant in the mudflats near the Murray Mouth 
and could have similar effects on sediment properties and biogeochemistry here.  

Most capitellids are deposit feeders while nereid polychaetes display flexibility in their feeding 
modes (Fauchald & Jumars 1979, Riisgard & Kamermans 2001). Members of the other 
polychaete families encountered are scavengers (Phyllodocidae) and predators 
(Nephtyidae). Nephtyidae are important endobenthic predators in mudflats (Schubert & 
Reise 1986) and amphipods are among their prey items (Redmond & Scott 1989). Yet, in the 
Murray Mouth, the low numbers of Nephtys australiensis (Redmond & Scott 1989) in relation to 
the high abundance of amphipods does not indicate to a strong predation pressure by this 
endobenthic predator. 

Amphipods are important food items for fish and birds in marine and freshwater systems 
(Raffaelli et al. 1991, Wooster 1998) and subject to episodic predation by migratory shorebirds 
(Wilson 1991), which can influence their life history strategy (Hilton et al. 2002). Macroalgal 
mats, which were observed at several sites in the Murray Mouth, can reduce amphipod 
numbers, as has been shown in an estuary in Scotland (Raffaelli et al. 1991, Raffaelli 1999), 
which could affect higher trophic levels. 

Shorebirds preying on the polychaete Simplisetia aequisetis (syn. Ceratonereis 
pseudoerythraeensis) affected the population structure of their prey (Kent & Day 1983). In a 
series of experiments these authors could show that the density-dependant adult - juvenile 
interaction of the polychaetes was reduced, as birds preyed on the larger worms, which thus 
affected the recruitment success of the worms. This should, however, be studied further, as S. 
aequisetis in the Murray Mouth is brooding its young (own observations). 

Although the Coorong and Murray Mouth are characterised by few species and strong 
environmental gradients, no simplistic approach can be taken to understand ecological 
processes and the effects of different management scenarios in this system. 

Estuarine benthos in relation to estuarine geomorphology and mouth opening/closure 

Recent comparisons of benthic fauna in estuaries around Tasmania (Edgar et al. 1999) and 
the southeast of Australia (Hirst 2004, Dye & Barros 2005, Dye 2005) have shown geographic 
variations with the prevailing type of estuary. The geomorphological characteristic most 
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important for explaining difference in the biota was the presence of a bar. Macrofaunal 
assemblages differed between closed and open ICOLLs, with higher diversities found in open 
situations (Dye & Barros 2005). The macrofauna in open estuaries along the southeast coast of 
Australia were also characterised by having more ‘singletons’, species that were confined to 
single sites (Hirst 2004). For the Coorong and Murray Mouth, diversities are low in comparison 
to other estuaries in Australia and elsewhere (Table 5). With the lack of historical records on 
benthic fauna it cannot be explained whether the more recent man-induced closure of the 
mouth has contributed to this depauperated state. 

The conditions of an open or closed estuary have several implications for benthic fauna. 
Changes in the water stratification, salinity, tidal range and oxygen availability affect the 
benthos (Edgar et al. 1999, Dye & Barros 2005). The presence of a bar can also restrict the 
movement of the more mobile species and inhibit their recruitment (Teske & Wooldride 2001). 
Few bivalve species were found in coastal lagoons and seasonally closed estuaries in 
Tasmania (Edgar et al. 1999), which might reflect the reliance of this taxon on a pelagic larval 
stage, subject to exchange with the nearby ocean. Comparisons of the fauna in Danish 
estuaries and coastal areas have shown that the estuarine macrofauna relies on colonization 
from the adjacent sea and are not self-reproducing systems (Josefson & Hansen 2004). The 
importance of uninhibited exchange between the Murray estuary and the open ocean 
cannot be underestimated. 

In the Oosterschelde (Netherlands), a storm surge barrier installed in the 1980´s remains open 
unless storm events occur. The closure of the barrier lead to hydrodynamic changes and 
prolonged emersion of the intertidal habitats. In a series of experiments, the tolerance of 
benthic macrofauna was tested towards various scenarios of submergence and emergence, 
showing mortality following several days of continuous emersion (Hummel et al. 1986, Hummel 
et al. 1988). In the Coorong, the low water levels following the closure of the Murray Mouth 
and low flow across the barrages causes extended periods of emergence, especially in the 
summer months. This would have contributed to the scarcity of macrobenthos recorded in 
this region during our survey in December. 

6.2 Recommendations on the monitoring of benthic communities and indicator species 

Indicators 

Based on the tolerance and life history characteristics, attributes of certain species may be 
useful indicators for specific environmental conditions, and their presence, absence or a 
certain reference range of abundance can indicate changes in ecosystems (Grizzle 1984, 
Pocklington & Wells 1992, Ward 2000, Bustos-Baez & Frid 2003, Hiscock et al. 2003). In estuaries, 
characterised by high natural variations, species are tolerant towards a wide range of 
environmental conditions (Wilson 1994), which complicates the search for bioindicators. 
Wilson (1994) also points out that no single indicator should be used and that it is necessary to 
specify which conditions an indicator is supposed to indicate. Selection criteria and identifiers 
have to be carefully chosen by managers and scientists together (Hiscock et al. 2003). 
Depending on the required level of distinction, different taxonomic levels may be sufficient as 
indicators (Chessman et al. 2002) 

The Capitella capitata species complex has been widely used to indicate eutrophication 
and pollution effects (Bustos-Baez & Frid 2003). Capitella spp. were among the most 
abundant benthic organisms in this study, esp. in the Murray Mouth region. However, we 
could not find a link between Capitella spp. and organic matter in sediments. 

A more suitable indicator for sedimentary conditions and food availability for shorebirds might 
be the nereid polychaete Simplisetia aequisetis, which has to be explored further. A high 
sensitivity of nereid polychaetes to marine pollution has been shown before (Reish 1970). This 
species completes its life cycle within the estuary, as juveniles were found in the burrows of 
adults. Such adaptations in the reproductive mode of Nereididae in brackish waters have 
been documented before (Sato 1999). 

Practical aspects have to be considered for the choice of indicators as well. Amphipod 
species distributions for example, can be indicative of certain sedimentary conditions (Grant 
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1981). They were richest in abundance at several sites near the Murray Mouth and at lake 
sites, yet at present, detailed knowledge on these species is not available in Australia. 
Furthermore, the distinction of amphipod species is taxonomically very difficult. Ten 
morphospecies were distinguished (Appendix 3) and every specimen requires a detailed 
identification under the microscope. This excludes their potential usefulness as indicators. 
Arthritica helmsi is a micromollusc that was abundant at certain sites and is known from 
estuaries in all of southern Australia. Its use as an indicator demands life sorting, to separate 
life from dead shells. This poses constraints on the number of samples that can be processed. 

It has also been suggested that abiotic variables can be used to indicate the health or stress 
of benthic systems (Maher et al. 1999, Caeiro et al. 2005, Hyland et al. 2005), although the 
usefulness is critically discussed by these authors. We measured the content of organic matter 
in the sediments and found little variation between the estuarine and hypersaline regions with 
values only slightly higher than those reported for an estuary in South Africa (Vivier & Cyrus 
1999). High organic contents were found at some of our lake sites and eutrophication cannot 
be excluded as a cause. As discussed above, benthic distribution patterns are not 
determined by environmental conditions alone and abiotic variables as indicators cannot 
establish causality of responses. 

Site selection and sampling frequency 

In this study, the sites were selected by the DEH on the basis of covering representative areas 
and coinciding with sites of bird surveys. Community analyses have shown that little variation 
exists between benthic communities in the Murray Mouth region and South Lagoon. This has 
already allowed to reduce the number of sites in each region for further surveys. In a similar 
approach using multivariate statistics to analyse their biomass data, Durell et al. (2005) 
mapped habitat patches in an estuary in northwest Europe and could reduce sampling effort 
to monitor food supplies for overwintering shorebirds.  A reduction of the number of sites while 
increasing the number of replicates taken per site is recommendable to increase the 
accuracy and precision. The growing data set available for macrobenthos in the Coorong 
and Murray Mouth can be used to determine optimal sample sizes and power (Bros & Cowell 
1987). 

 In our study, variation was high at single sites, largely due to the spread of samples between 
the high tide level and water line. As the mudflats were exposed further in December than in 
June, the “high tide” samples shifted a bit further into the actual mudflats, whereas in June 
these samples were partly obtained from supratidal locations. With a low tidal range and 
irregular tidal rhythm in the Coorong and Murray Mouth region, the distinction of sites by tidal 
level has to be questioned. 

Spatial and temporal fluctuations are intrinsic to estuarine and coastal ecosystems, which 
poses methodological challenges (Morrisey et al. 1992a, b, Kendall & Widdicombe 1999, 
Warwick et al. 2002). Thrush et al. (1994) found that species and site specific spatial patterns 
can vary more than temporal patterns and pose the question as to what density estimates 
are needed for a site to prevent spatial variations confounding the temporal sequence. Most 
of the variability in macrobenthic species in a long-term data set from an estuary in the 
Netherlands could be explained by variations at the scale of stations and local 
environmental variables (Ysebaert & Herman 2002). These studies indicate that sufficient pilot 
data over a wider spatial and temporal scale are required to develop a monitoring design 
able to detect changes resulting from disturbance events or impacts.  

Careful consideration has to be given to the chosen variables and the spatial and temporal 
scale of monitoring coastal ecosystems to address the objectives (Comin et al. 2004). Based 
on this report and ongoing studies, a monitoring scheme for the Coorong and Murray Mouth 
can be discussed with the DEH in relation to their management needs. 
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6.3 	 The value of the Coorong and Murray Mouth as a feeding ground for 

overwintering waders 

The Coorong and Murray Mouth are an overwintering site for shorebirds, which frequent the 
area between November and April. The phenologies showed slight variations in the 
beginning and end of the overwintering period between years. The records also indicated 
variations in shorebird numbers within and between migration periods of 2002/2003, 
2003/2004 and the beginning of 2005. While this could partly be due to the bird survey 
method and incompleteness of the data set at this stage, it cannot be ruled out that it hints 
to bird movements during their overwintering time in South Australia. The phenology was most 
pronounced in the Murray Mouth region, where overall shorebird numbers were also highest. 
A continuation of bird and benthos surveys in this area is therefore warranted, as it is of 
highest ecological value albeit needing careful management. 

Food availability 

Migratory shorebirds are exposed to differences in prey availability and prey risks along their 
flyways (Zwarts et al. 1990, Wolff 1991, Piersma et al. 1993a, Elner & Seaman 2003). Worldwide, 
total biomass in intertidal sand- and mudflats is about 24 g AFDW m-² on average (range 5 – 
80 g AFDW m-²), with no apparent latitudinal trend (Piersma et al. 1993a). Compared to that, 
biomass in the Coorong is substantially lower (Table 5). Even in the Murray Mouth region, 
which had the highest biomass values within the study area, the biomass was 10 times lower 
than the average from other mudflats. The low biomass values recorded in this study give rise 
to concern whether the Coorong and Murray Mouth can provide enough food for the 
fattening of the waders overwintering here. 

The composition of taxa contributing to benthic biomass varies between tidal flats worldwide, 
with bivalves, gastropods, polychaetes and crustaceans accounting for most of the biomass 
(Piersma et al. 1993a). Molluscs and polychaetes are the preferred prey item for several 
shorebirds and the birds often prefer certain size classes of prey (Kalejta 1993, Piersma et al. 
1993b, Stillman et al. 2005). In the Murray estuary, it is mainly polychaetes and amphipods 
which make up the biomass, while molluscs were underrepresented. As discussed above, a 
scarcity of molluscs has been found in other semi-closed estuaries. Geddes (2003, 2005b) 
recorded several specimens of the bivalve Notospisula trigonella. However, we only found 
shell remains in the flotsam, indicating their higher abundance in past times. A continuous 
opening of the Murray Mouth may facilitate the re-establishment of their populations and 
thus increase the food supply for shorebirds. 

Shorebirds are flexible in their diet (Skagen & Oman 1996) and in the study area, they had to 
switch from marine to limnic food items between the Murray Mouth, Coorong and Lake. 
Chironomid and other insect larvae were abundant in the South Lagoon and the Lake sites, 
where they constituted the main food source for the shorebirds. Insect larvae abounded in 
an inland mudflat in Hungary, where waders caused an 87 % reduction in prey densities 
(Szekely & Bamberger 1992). 

Shorebirds can deplete their invertebrate prey in their overwintering grounds, depending on 
the available foraging area and seasonal population dynamics of their preferred prey 
(Kalejta 1993, Mercier & McNeill 1994). If intense predation coincides with the time of 
reproduction of the prey, possible prey depletion cannot be detected (Kalejta 1993). In the 
tidal flats of the northern Wadden Sea, birds consume 15-25 % of the mean annual biomass of 
macrozoobenthos (Scheiffarth & Nehls 1997). It has been debated whether shorebirds are 
food limited (Petersen & Exo 1999, Morris & Keough 2003). For the Coorong and Murray 
Mouth, studies on foraging behaviour and uptake rates are needed to evaluate whether 
food limitation exists. 
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Foraging 

Shorebird feeding in mudflats is also subject to variations in sediment properties (Gerritsen & 
van Heezik 1985). The foraging efficiency of shorebirds feeding on polychaetes and 
oligochaetes can be higher in muddy than sandy sediments, as sand grains can interfere with 
the detection and or capture of prey (Quammen 1982, 1984). Most of the sites with high 
densities of polychaetes and oligochaetes were fine sand and well sorted. At several sites in 
the Coorong, however, the sorting coefficients indicated poor sorting and this mix of particles 
of various grain sizes could have implications to the foraging ability of birds. 

The mud- and sandflats in the Coorong are exposed for long periods of time following 
reduced water level in the area and evaporation in summer. The surfaces were very solid and 
signs of activity of benthic organisms were absent (own observations). The water content of 
the sediment can affect the habitat selection and foraging success of shorebirds, as peck 
depth and prey detection depend on the penetrability of the sediment (Myers et al. 1980, 
Mouritsen & Jensen 1992). In the Coorong, only the moister sediments near the water line are 
suitable for foraging by shorebirds, yet even here the foraging effort is paired with low prey 
densities. 

The quality of a feeding habitat for shorebirds is determined by the attainable intake rate, 
which depends on the burial depth and size of prey items in relation to the reach of the bill 
(Piersma et al. 1993a, Zwarts & Wanink 1993, Dann 1999, Elner & Seaman 2003). A suitable 
feeding habitat for shorebirds is not only characterised by sufficient harvestable food, but as 
well by low risk of predation, low density of competitors and low costs of thermoregulation 
(Piersma et al. 1993a, Piersma et al. 1993b). While nothing is known on the latter factors in the 
study area, some indication on harvestable food fraction was obtained by classifying the 
shorebirds into three categories of different bill length. Shorebirds with long bills were confined 
to sites near the Murray Mouth were larger polychaetes, which live deeper in the sediment, 
were more abundant. Shorebirds with medium length bill, especially banded stilts, were 
common south of Parnka Point. Those shorebirds having short bills occurred throughout the 
study area and would have preyed on amphipods, smaller polychaetes like capitellids, and 
insect larvae, which live in the top 2-3 cm of the sediment. A study in Port Phillip Bay has 
shown that red-necked stints, curlew and sharp-tailed sandpiper preferred different prey sizes 
each and that larger worms (S. aequisetis) were more accessible for the curlew sandpipers 
(Kent & Day 1983). Preferences of birds preying on specific sizes of these worms can vary with 
site and season (Kalejta 1993). Further studies in the Murray Mouth and Coorong are taking 
the vertical distribution of benthic fauna into account to allow a detailed differentiation of 
bird distributions with harvestable prey fractions. 

Spatial and temporal distribution of shorebirds 

The spatial distribution pattern for waders in the first and second half of 2004 did not match 
the distribution pattern of benthic macrofauna. Although benthic abundances were highest 
in the Murray Mouth region, where most shorebirds were counted, high shorebird counts 
around Parnka Point were unrelated to benthic food available in the area. The shorebirds 
there must either use different food items, like remaining turions of Ruppia spp. (Paton 2001, 
2002, 2003) or use the area mainly as resting places. More detailed observations and studies 
are needed to explain the spatial pattern of shorebird distribution in the Coorong. Yet several 
possible explanations can be discussed. 

Predator-prey relationships between shorebirds and benthos are very site-specific, depending 
on the type of prey available. Cummings et al. (1997) observed no response by shorebirds to 
experimental modifications of prey density, yet discuss whether their patches were on a scale 
too small for the birds to detect and respond to in relation to a mobile prey. Prey mobility 
could have also caused that predator exclusion did not affect invertebrate numbers in a 
mudflat in Scotland, although size-selective predation was observed on the amphipod 
Corophium (Raffaelli & Milne 1987). Ribeiro et al. (2004) could show that shorebirds foraging 
on certain prey (polychaetes, crabs) made specific use of mudflat habitats to follow the 
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spatial distribution of their prey, and certain areas of the mudflat were frequented by a 
greater diversity of shorebirds than others. These finding asks for much finer scaled 
observations of birds and benthos at selected sites in the Coorong and Murray Mouth in order 
to understand causal links between their spatial distributions. 

We surveyed benthic food availability two times in 2004 and found little variation in the large-
scale pattern of abundances and biomass, although variations were significantly different at 
single sites. The species composition of the benthic assemblages was also different between 
June and December as was the share of the major taxa on the biomass. Could such 
differences affect the value of the Coorong and Murray Mouth as a feeding ground for 
shorebirds? Seasonal changes in food choice have been reported for dunlins, who also 
changed their habitat preferences for foraging sites with season (Nehls & Tiedemann 1993). 
Zwarts & Wanink (1993) found differences in burying depth with season, which were larger for 
some species than others and affected the accessibility and profitability of benthic prey to 
shorebirds. In the Coorong, the prolonged exposure of mudflats with low water levels can 
affect the depth distribution and hence the prey availability for shorebirds, especially over 
summer (see above). Fluctuations in benthic food availability within and between years have 
been shown in the Wadden Sea (North Sea) (Zwarts & Wanink 1993). Differences in food 
availability between years will affect the shorebirds, yet whether this has occurred in the 
Coorong and Murray Mouth cannot be evaluated as no long-term data on benthic biomass 
are available. 

Eutrophication and disturbances 

An increase in benthic abundances following experimental nutrient additions did not result in 
increased bird predation rates in Port Phillip Bay, Victoria (Morris & Keough 2003). Nutrient 
additions can also cause defaunation following the development of anoxic conditions in the 
sediment, often enhanced by macroalgal growth smothering the sediment (Heip 1995). Fresh 
macroalgal cover can increase prey availability for shorebirds, as benthic fauna moves to 
the surface to avoid the developing anoxic conditions. Metzmacher & Reise (1994) found 
that birds were attracted to experimental macroalgal additions, whereas they avoided the 
established algal mats where all benthic food was depleted. Anoxic sediment reaching to 
the surface was common at most study sites and near the barrages, decaying macroalgal 
mats and cow pads covered areas near the high tide line. The high numbers of capitellids 
found in this region is an indication to such eutrophication, as these polychaetes can tolerate 
anoxic conditions with high concentrations of hydrogen sulphides (Grassle & Grassle 1976). 
Although their abundance was a sign for the poor ecological health of the area, they did 
provide food for foraging waders. 

Disturbances from human activities can reduce the suitability of a feeding site for shorebirds 
(Pfister et al. 1992, Thomas et al. 2003), although effects of human disturbances are not 
always easily detected (Gill et al. 2001). Shorebirds use mudflats for feeding, yet rely on the 
availability of suitable undisturbed sites for resting and other behavioural activities (Burger et 
al. 1997). Shorebirds have also been shown to switch habitats if food supplies cannot be met 
in their preferred foraging area (Smart & Gill 2003). Thus further site requirements or alternative 
feeding areas in addition to intertidal foraging grounds could affect the distribution patterns 
of shorebirds in the Coorong and Murray Mouth. 

Barrage effects 

Changes to the hydrodynamics in an estuary can further affect benthos and birds (Smaal & 
Nienhuis 1992, Ravenscroft & Beardall 2003). The Oosterschelde in the Netherlands was 
converted from an estuary to a tidal bay following the construction of storm surge barrier 
(Smaal & Nienhuis 1992). Although the main barrier stays open unless severe storm conditions 
occur, substantial changes to the ecosystem have been documented. Benthic communities 
changed in composition and prevailing trophic groups, but abundances and biomass varied 
little to pre-barrier conditions (Meire et al. 1994b, Seys et al. 1994). Bird numbers declined, 
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however, which was largely attributed to a decline in the area available for foraging (Smaal 
& Nienhuis 1992, Meire et al. 1994a). 

In our study area, the challenge exists to provide more freshwater to the Coorong Lagoon to 
reduce the hypersaline conditions there, while at the same time maintaining marine 
conditions at the mouth of the estuary. Water release over the barrages should be a 
continuous rather than pulse release that could cause a sudden salinity drop and reduce 
macrofauna, which would directly affect the shorebirds, as the Murray Mouth region was 
their richest feeding ground in the entire area. 

Dredging operations as those carried out in the Murray Mouth cause further disturbances to 
benthic fauna (Newell et al. 1998). While this is currently vital to keep the mouth open, the 
implications for macrobenthos and birds should be evaluated. Our sampling sites 2 and 3, 
which were closest to the mouth, had the lowest abundances and biomass for this region. A 
study on a recreated mudflat in England indicates that it can take several years until benthic 
abundances and the value of the habitat as a feeding ground for shorebirds are restored 
(Evans et al. 1998). The Murray estuary and Coorong may have a long way to go to return to 
their natural conditions. 
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3KRWRV�DQG�RU�VNHWFKHV��DV�ZHOO�DV�NH\�IHDWXUHV�DUH�JLYHQ�WR�GLVWLQJXLVK�VSHFLHV�RU�PRUSKRVSHFLHV�� 
$GGLWLRQDO�LQIRUPDWLRQ�RQ�KDELWDW�DQG�IHHGLQJ�LV�LQFOXGHG�ZKHUH�DYDLODEOH��/LWHUDWXUH�UHIHUHQFHV�IRU� 
IXUWKHU�WD[RQRPLF�RU�HFRORJLFDO�LQIRUPDWLRQ�DUH�LQFOXGHG��� 

6HFWLRQ����$QQHOLGD� 
.H\�IHDWXUHV�LQFOXGLQJ�SKRWRV�IRU�WKH�LGHQWLILHG�DQQHOLG�VSHFLHV��3RO\FKDHWD�DQG�2OLJRFKDHWD��� 
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7D[D��3RO\FKDHWD�

)DPLO\��&DSLWHOOLGDH�

6SHFLHV��&DSLWHOOD�VS��

�

%RG\�F\OLQGULFDO��UHVHPEOLQJ�DQ�HDUWKZRUP��

3URVWRPLXP�VKRUW�DQG�ZLWKRXW�DSSHQGDJHV��)LJ��

$�D�DQG�E���&DSLWHOOLGV�DUH�GHSRVLW�IHHGHUV�DQG�OLYH�

LQ�VHPL�SHUPDQHQW�PXFXV�WXEHV�LQ�WKH�PXG��+LJK�

KDHPRJORELQ�FRQWHQW�RI�WKH�EORRG�DOORZV�&DSLWHOOLGV�

WR�OLYH�LQ�ORZ�R[\JHQ�HQYLURQPHQWV�DQG�DFFRXQWV�

IRU�WKH�QRUPDOO\�UHG�FRORXUDWLRQ�RI�WKH�DQLPDO�ZKHQ�

DOLYH��


+XWFKLQJV��3��$����������$Q�LOOXVWUDWHG�JXLGH�WR�WKH�

HVWXDULQH�SRO\FKDHWH�ZRUPV�RI�1HZ�6RXWK�:DOHV�� )LJXUH�$�D��&DSLWHOOD�VS��


&RDVW�DQG�:HWODQGV�6RFLHW\���

�

.H\�IHDWXUHV�� 
3URVWRPLXP�EOXQW��H\H�VSRWV�DEVHQW����WKRUDFLF�

VHJPHQWV��6HWDH�EHDULQJ�KRRNV�RQ�GLVWDO�HQG�

SUHVHQW�RQ�HDFK�VHJPHQW���
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)LJXUH�$�E��&DSLWHOOD�VS���DQWHULRU�HQG� 
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)DPLO\��1HUHLGLGDH� 
6SHFLHV��$XVWUDORQHUHLV�HKOHUVL��$XJHQHU������� 
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7KLV�VSHFLHV�LV�ZLGHVSUHDG�WKURXJKRXW�$XVWUDOLDQ� 
HVWXDULHV�DQG�SURWHFWHG�VKRUHV��%RG\�GRUVR� 
YHQWUDOO\�IODWWHQHG��VKHDWKHG�LQ�D�OLPS��VDQG\�WXEH�� 
3KDU\Q[�ZLWKRXW�DQ\�SDUDJQDWKV��/DPHOODH�RQ� 
YHQWUDO�VLGH�RI�DQWHULRU�VHJPHQWV��)LJ��$���� 

+XWFKLQJV��3��$����������$Q�LOOXVWUDWHG�JXLGH�WR�WKH� 
HVWXDULQH�SRO\FKDHWH�ZRUPV�RI�1HZ�6RXWK�:DOHV�� 
&RDVW�DQG�:HWODQGV�6RFLHW\��� 
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6SHFLHV��6LPSOLVHWLD�DHTXLVHWLV��&HUDWRQHUHLV�

SVHXGRHU\WKUDHHQVLV��$XJHQHU������
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7KLV�VSHFLHV�LV�ZLGHVSUHDG�WKURXJKRXW�$XVWUDOLDQ�

HVWXDULHV�LQ�PXGG\�VDQG�RIWHQ�DVVRFLDWHG�ZLWK�

VHDJUDVV�EHGV��%RG\�IODWWHQHG��WDSHULQJ��UREXVW�

DQWHULRUO\��7ZR�SDLUV�RI�H\H�VSRWV��)RXU�SDLUV�RI�

WHQWDFXODU�FLUUL��)LJ��$�D���7ZR�VKRUW�SDLUV��RQH�

PHGLXP��RQH�ORQJ��(YHUVLEOH�SKDU\Q[�ZLWK�VWRXW��

FXUYHG�MDZV��3DUDJQDWKV�DUUDQJHG�DURXQG�WKH�

GLVWDO�HQG�RI�H[WHQGHG�SKDU\Q[��)LJ��$�E����
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1HUHLGLGDH�RI�6RXWK�$XVWUDOLD��7UDQVDFWLRQV�RI�WKH� HQG� 

5R\DO�6RFLHW\�RI�6RXWK�$XVWUDOLD��9RO�������3W����� 
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.H\�IHDWXUHV�� 
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7KLV�VSHFLHV�LV�ZLGHVSUHDG�WKURXJKRXW�HVWXDULHV�RI� 
6RXWK�$XVWUDOLD��7DVPDQLD��9LFWRULD��1HZ�6RXWK� 
:DOHV�DQG�6RXWKHUQ�4XHHQVODQG��/RQJ�VOHQGHU� 
ZRUPV��TXDGUDQJXODU�LQ�FURVV�VHFWLRQ��)LJ��$�D��� 
9HU\�VKRUW�DQWHQQDH�DQG�RUDO�SDOSV��(YHUVLEOH� )LJXUH�$�D��1HSKW\V�DXVWUDOLHQVLV��DQWHULRU� 

SKDU\Q[�ZLWK�ODWHUDO�MDZV��3DUDSRGLD�KDYH�GHILQHG� HQG� 

XSSHU�DQG�ORZHU�OREHV�� 

+XWFKLQJV��3��$���0XUUD\��$����������7D[RQRP\�RI� 
SRO\FKDHWHV�IURP�WKH�+DZNHVEXU\�5LYHU�DQG�WKH� 
VRXWKHUQ�HVWXDULHV�RI�1HZ�6RXWK�:DOHV��$XVWUDOLD�� 
5HFRUGV�RI�WKH�$XVWUDOLDQ�0XVHXP��9RO������VXSS�� 
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SLJPHQW�EDQGV��)LJ��$�D�����EXFFDO�DQWHQQDH�SOXV� 
IRXU�SDLUV�RI�WHQWDFXODU�FLUUL��)LJ��$�D���7ZR�URXQG� 
H\H�VSRWV��3KDU\Q[�ZLWK�QXPHURXV�HORQJDWH� 
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$�E��� 
� 

� 

� 
)LJXUH�$�D��3K\OORGRFH�QRYDHKROODQGLDH�� 
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XVXDOO\�ODFNV�DSSHQGDJHV�RU�REYLRXV�VHQVH�RUJDQV� 
�)LJ��$�D�DQG�E���7\SLFDOO\�HDFK�VHJPHQW�DIWHU�WKH� 
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.QLJKW�-RQHV��(��:���.QLJKW�-RQHV��3���1HOVRQ� 
6PLWK��$����������&KDSW�����$QQHOLGV��,Q��+D\ZDUG�� 
3��-��	�5\ODQG��-��6���+DQGERRN�RI�WKH�0DULQH� � 
)DXQD�RI�1RUWK�ZHVW�(XURSH��2[IRUG�8QLYHUVLW\� )LJXUH�$�D��2OLJRFKDHWD�LQGHW�� 

3UHVV��� 
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.H\�IHDWXUHV�� 
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6XEFKHODWH��QR�H[WHQVLRQ�RQ�DUWLFOH����

�

8URSRGV��� 
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%RWK�ORQJHU�WKDQ�JQDWKRSRGV� 
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8URSRGV��� 
$OO�ELUDPRXV� 
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$OO�ELUDPRXV� 
8��ORQJHU� 
� 
� 
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6XEFKHODWH� 
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$OO�ELUDPRXV� 
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� 
� 
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7D[D��&UXVWDFHD� 
)DPLO\��1RWRWDQDLGDH� 
6SHFLHV��0\VLG�LQGHW�� 
� 
6PDOO��VKULPS�OLNH�FUXVWDFHDQV�� 
&DUDSDFH�H[WHQGV�RYHU�PRVW�RI�WKH� 
WKRUD[�EXW�IXVHV�ZLWK�RQO\�WKH�ILUVW�WKUHH� 
RU�IRXU�VHJPHQWV�� 
)LUVW�DQWHQQDH�DUH�EUDQFKHG�LQWR�WZR�� 
DQG�VHFRQG�DQWHQQDH�ZLWK�ODUJH�OHDI� 
OLNH�SURMHFWLRQ�QHDU�WKH�EDVH�� 
� 
(GJDU��*����������$XVWUDOLDQ�0DULQH� 
/LIH��UHYLVHG�HGLWLRQ���7KH�3ODQWV�DQG� 
$QLPDOV�RI�7HPSHUDWH�:DWHUV��5HHG� 
1HZ�+ROODQG��6\GQH\�� 
� )LJXUH�$��D��0\VLGDFHD�LQGHW�� 
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7D[D��&UXVWDFHD� 
6SHFLHV��,VRSRG�LQGHW�� 
� 
$YHUDJH�VL]H������PP��%RG\�SODQ�DGDSWDEOH�� 
HQDEOLQJ�WKHP�WR�LQKDELW�ODUJH�UDQJH�RI�KDELWDWV�� 
1XPHURXV�VSHFLHV�IRXQG�LQ�IUHVKZDWHU��DPRQJ�OHDI� 
OLWWHU�RQ�ODQG��DV�SDUDVLWHV�RI�ILVKHV�DQG� 
FUXVWDFHDQV��DQG�DV�ERUHUV�LQ�ZRRG��DV�ZHOO�RQ�VHD� 
IORRU�ZKHUH�WKH\�UHDFK�WKHLU�JUHDWHVW�QXPEHUV�� 
,Q�WKH�&RRURQJ��LVRSRGV�ZHUH�IRXQG�LQ�WKH�GU\� 
VDQGV�RI�WKH�XSSHU�LQWHUWLGDO�� 
0RVW�DUH�GHWULWLYRUHV��VKUHGGHUV�RI�OHDYHV�DQG�RWKHU� 
RUJDQLF�PDWWHU�� 

+D\ZDUG��3�-���5\ODQG��-�6���(G������������ 
+DQGERRN�RI�WKH�0DULQH�)DXQD�RI�1RUWK�:HVW� 
(XURSH��2[IRUG�8QLYHUVLW\�3UHVV�� 
� 
.H\�IHDWXUHV�� 
'RUVR�YHQWUDOO\�IODWWHQHG��ODFNV�FDUDSDFH�� 
&RPSULVHV�RI�KHDG��WKRUD[�RI�VHYHQ�VHJPHQWV��DQG� 

)LJXUH�$����,VRSRG�LQGHW�� 
DQ�DEGRPHQ�RI�VL[�VHJPHQWV�� 
8QLUDPRXV�SHUHRSRGV��SOHRQ�DQG�WHOVRQ�ZKROO\�RU� 
SDUWO\�IXVHG��IRUPLQJ�D�SOHRWHOVRQ�ZLWK�ILYH�SDLUV�RI� 
ELUDPRXV�SOHRSRGV�DQG�D�SDLU�RI�XQLUDPRXV�RU� 
ELUDPRXV�XURSRGV�� 
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7D[D��&UXVWDFHD� 
)DPLO\��*UDSVLGDH� 
6SHFLHV�3DUDJUDSVXV�JDLPDUGLL�+��0LOQH� 
(GZDUGV������� 
� 
$EXQGDQW�LQ�VKHOWHUHG�ED\V�DQG�HVWXDULHV��8VXDOO\� 
IRXQG�XQGHU�URFNV�RU�LQ�VKDOORZ�EXUURZV��/DUJH� 
QXPEHUV�PRYH�DURXQG�DW�QLJKW�LQ�VKDOORZ�ZDWHU�� 
RIWHQ�IROORZLQJ�WKH�WLGH�� 

(GJDU��*����������$XVWUDOLDQ�0DULQH�/LIH��UHYLVHG� 
HGLWLRQ���7KH�3ODQWV�DQG�$QLPDOV�RI�7HPSHUDWH� 
:DWHUV��5HHG�1HZ�+ROODQG��6\GQH\�� 

3RRUH��*�&�3����������0DULQH�'HFDSRG�&UXVWDFHD� 
RI�6RXWKHUQ�$XVWUDOLD��$�*XLGH�WR�,GHQWLILFDWLRQ�� 
&6,52�3XEO���&ROOLQJZRRG�� 
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.H\�IHDWXUHV�� 
5HFRJQLVHG�E\�WKH�WZR�WHHWK�RQ�WKH�VLGH�RI�WKH� )LJXUH�$����3DUDJUDSVXV�JDLPDUGLL� 
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FXUYHV�DURXQG�VKHOO��)LJ��$��E���*UH\�ZKLWH� 
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6XSHURUGHU��3XOPRQDWD� 
)DPLO\��*ODFLGRUELGDH� 
6SHFLHV��*ODFLGRUELG�VS�� 
� 
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FRORXU��ZLWK�GDUNHU�VWULSHV��6SLUDOO\�UDGLDWLQJ�ULGJHV� 
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DEGRPHQ��3DLUHG�KRRNV�RQ�WKH�GLVWDO�HQG�RI�HDFK� 
OHJ�� 
� 

� 

� 



'DYLV�-��	�&KULVWLGLV��)����������$�*XLGH�WR�:HWODQG� 

2UGHU��'LSWHUD� 
)DPLO\��&KLURQRPLGDH��1RQ�ELWLQJ�PLGJHV�� 
/DUYDH� 
� 
/DUYDH�KDYH�HORQJDWHG��ZKLWH��IOHVK\�ERGLHV�ZLWK� 
VFOHURWL]HG�KHDG�FDSVXOHV��)LJ��$��D���$�SDLU�RI� 
IOHVK\�SUR�OHJV�ZLWK�VPDOO�KRRNV�LV�SUHVHQW�RQ�WKH� 
VW 
� �VHJPHQW�DIWHU�WKH�KHDG��)LJ��$��E��DQG�RQ�WKH� 
ILQDO�VHJPHQW��)LJ��$��F���&KLURQRPLGV�PRYH�ZLWK� 
D�UDSLG�FRLOLQJ�DQG�XQFRLOLQJ�WKUDVKLQJ�PRWLRQ�� 
&KLURQRPLG�ODUYDH�DUH�GHWULWLYRURXV�RU�KHUELYRURXV�� 
2FFXU�LQ�DOPRVW�DOO�ZHWODQGV�� 

,QYHUWHEUDWHV�RI�6RXWKZHVWHUQ�$XVWUDOLD��:HVWHUQ� 
$XVWUDOLDQ�0XVHXP��3HUWK� 

*RRGHUKDP��-��	�7V\UOLQ��(����������7KH�:DWHUEXJ� 
%RRN��&6,52�3XEO��&ROOLQJZRRG�� 

,QJUDP��%��$���+DZNLQJ��-��+��	�6KLHO��5��-���������� 
$TXDWLF�/LIH�LQ�)UHVKZDWHU�3RQGV��$�*XLGH�WR�WKH� 
,GHQWLILFDWLRQ�DQG�(FRORJ\�RI�/LIH�LQ�$TXDFXOWXUH� 
3RQGV�DQG�)DUP�'DPV�LQ�6RXWK�(DVWHUQ�$XVWUDOLD�� 
&R�RSHUDWLYH�5HVHDUFK�&HQWUH�IRU�)UHVKZDWHU� 
(FRORJ\��$OEXU\��16:�� 
� 

.H\�IHDWXUHV�RI�ODUYDH�� 
(ORQJDWH��PRVWO\�ZLWKRXW�VSLQHV��)OHVK\�ZKLWH�ERG\�� 
6FOHURWLVHG�KHDG�FDSVXOH��QRQ�UHWUDFWLOH��$�SDLU�RI� 

VW
SUR�OHJV�RQ�WKH�� �DQG�ODVW�VHJPHQWV��HTXLSSHG� 
ZLWK�ILQH�KRRNV�� 

)LJXUH�$��D��&KLURQRPLG�ODUYDH�� 

)LJXUH�$��E��$QWHULRU�HQG�RI�FKLURQRPLG� 
ODUYDH��VKRZLQJ�VFOHURWLVHG�KHDG�DQG�SUR� 
OHJV�� 

)LJXUH�$��F��3RVWHULRU�HQG�RI�FKLURQRPLG� 
ODUYDH�� 

� 
� 
2UGHU��'LSWHUD� 
)DPLO\��'ROLFKRSRGLDH��'ROOLHV��/DUYDH� 
� 
(ORQJDWH��SDUDOOHO�VLGHG��+HDG�UHWUDFWDEOH�LQWR� 
WKRUD[��)LJ��$�����:HOWV�RQ�DOO�VHJPHQWV��� 
$�YHU\�GLYHUVH�DQG�ZLGHO\�GLVWULEXWHG�IDPLO\��7KH� 
ODUYDH�DUH�FRPPRQO\�SUHGDWRU\�DQG�LQKDELW�WKH� 
VHGLPHQW�RI�VORZ�IORZLQJ�ZDWHU�ERGLHV��� 

*RRGHUKDP��-��	�7V\UOLQ��(����������7KH�:DWHUEXJ� 
%RRN��&6,52�3XEO��&ROOLQJZRRG�� 
� 

.H\�IHDWXUHV�RI�ODUYDH�� 
)LJXUH�$����'ROLFKRSRGLDH�ODUYDH�� 

+HDG�FDSVXOH�VFOHURWLVHG�DQG�UHWUDFWDEOH��6KRUW� 
� 

SURMHFWLRQV�RQ�KLQG�HQGV�� 
� 

� 

� � � 



2UGHU��'LSWHUD� 
)DPLO\��6WUDWLRP\LGDH��VROGLHU�IOLHV�� 
/DUYDH� 
� 
9HU\�VLPSOH�ERG\��QR�SUR�OHJV��)XOO\�IRUPHG�� 
XQUHWUDFWDEOH�KHDG�FDSVXOH��+\GURSKRELF�KDLUV� 
DURXQG�D�VSLUDFOH�RQ�KLQG�HQG��)LJ��$�����,QKDELW� 
VWLOO�RU�VORZ�PRYLQJ�ZDWHU��6WUDWLRP\LGV�IHHG�RQ� 
GHFD\LQJ�RUJDQLF�PDWWHU�DQG�PLFURDOJDH��� 

*RRGHUKDP��-��	�7V\UOLQ��(����������7KH�:DWHUEXJ� 
%RRN��&6,52�3XEO��&ROOLQJZRRG�� 
�� )LJXUH�$����/DUYDH�RI�6WUDWLRP\LGDH� 

�.H\�IHDWXUHV�RI�ODUYDH�� � 

%RG\�GRUVR�YHQWUDOO\�IODWWHQHG��PRVW�VHJPHQWV� 
VFOHURWLVHG��3RVWHULRU�VSLUDFOH�VXUURXQGHG�E\� 
K\GURSKRELF�VHWDH��� 
� 

� 
� 
2UGHU��'LSWHUD� 
)DPLO\��&HUDWRSRJRQLGDH��ELWLQJ�PLGJHV�� 
VDQGIOLHV�� 
/DUYDH� 
� 
6FOHURWLVHG�KHDG�FDSVXOH��QRQ�UHWUDFWDEOH��� 
&HUDWRSRJRQLGV�GLIIHU�IURP�FKLURQRPLGV�E\�ODFN�WKH� 
SUROHJV��2FFXU�LQ�HVWXDULHV��VWUHDPV�RU� 
GLVFRQQHFWHG�ZDWHU�ERGLHV�� 

*RRGHUKDP��-��	�7V\UOLQ��(����������7KH�:DWHUEXJ� 
%RRN��&6,52�3XEO��&ROOLQJZRRG�� 
� 

.H\�IHDWXUHV�RI�ODUYDH�� 
6RIW��VHJPHQWHG�ERG\��QR�SUR�OHJV��2QH�SDLU�RI�H\H� 
VSRWV��6FOHURWLVHG�KHDG�FDSVXOH��QRQ�UHWUDFWDEOH��	 ���� � 

)LJXUH�$����6NHWFK�RI�DQWHULRU�HQG�RI�ODUYD� 
RI�&HUDWRSRJRQLGDH�� 

� 

� 



2UGHU��'LSWHUD�

)DPLO\��&XOLFLGDH��0RVTXLWRHV���/DUYDH�

�

0RVTXLWR�ODUYDH�DUH�HORQJDWH�ZLWK�WKH�ILUVW�WKUHH�

VHJPHQWV�EHKLQG�WKH�KHDG�VOLJKWO\�ZLGHU�WKDQ�WKH�

DEGRPHQ��0RVW�PRVTXLWR�ODUYDH�DUH�ILOWHU�IHHGLQJ�

RQ�PLFURDOJDH��XVLQJ�EULVWOHV�RQ�WKH�KHDG�IRU�

VZHHSLQJ�PLFURDOJDH�LQWR�WKH�PRXWK��6RPH�

PRVTXLWR�ODUYDH�DUH�SUHGDWRU\��IHHGLQJ�RQ�VPDOOHU�

ODUYDH��$OO�PRVTXLWR�ODUYDH�DUH�UHVWULFWHG�WR�

VWDJQDQW�RU�VORZ�PRYLQJ�ZDWHU��


'DYLV�-��	�&KULVWLGLV��)����������$�*XLGH�WR�:HWODQG�

,QYHUWHEUDWHV�RI�6RXWKZHVWHUQ�$XVWUDOLD��:HVWHUQ�

$XVWUDOLDQ�0XVHXP��3HUWK�


*RRGHUKDP��-��	�7V\UOLQ��(����������7KH�:DWHUEXJ�

%RRN��&6,52�3XEO��&ROOLQJZRRG��


0DWWKHZV��(��*���4XHDOH��/��)���������&KDSWHU�����

/LWWRUDO�LQVHFWV��3K\OXP�$UWKURSRGD��&ODVV�,QVHFWD���

LQ��6�$���6KHSKHUG�DQG�0��'DYLHV���HGV���0DULQH�

LQYHUWHEUDWHV�RI�6RXWKHUQ�$XVWUDOLD�3DUW�,,,��6RXWK�

$XVWUDOLDQ�*RYHUQPHQW�SULQWLQJ�GLYLVLRQ��$GHODLGH���

�


.H\�IHDWXUHV�RI�ODUYDH�� 
/DUYDH�ZLWK�VWLII�HUHFW�KDLU��)LJ��$�����)LQDO� �

VHJPHQW�VFOHURWLVHG��/DUJH�EULVWOH�FRYHUHG�KHDG�� )LJXUH�$����6NHWFK�RI�&XOLFLGDH�ODUYDH��


%UHDWKLQJ�VLSKRQ�DW�WKH�SRVWHULRU�HQG��0RYH�ZLWK�D�

WKUDVKLQJ�RU�ZULJJOLQJ�PRWLRQ�DQG�KDQJ�IURP�ZDWHU�

VXUIDFH�E\�VLSKRQ��

�


6LSKRQ� 

� 
2UGHU��'LSWHUD� 
)DPLO\��(PSLGLGDH��/DUYDH� 
(PSLGLGDH�LQGHW���VS���� 
� 
+HDG�LQFRQVSLFXRXV�DQG�UHWUDFWDEOH��)LJ��$��D��� 
/DUYDH�ZLWK�����SDLUV�RI�ZHOO�GHYHORSHG�SUR�OHJV�� 
3RVWHULRU�HQG�ZLWK�UDLVHG�SURFHVV��)LJ��$���E��� 
/DUYDH�IHHG�E\�XVLQJ�UHFWUDFWDEOH�VFOHURWLVHG�KRRN� 
OLNH�PRXWKSDUWV��SUHGDWRU\��+RRN�FRYHUHG�SUROHJV� 
IDFLOLWDWH�RFFXUUHQFH�LQ�IDVWHU�IORZLQJ�ZDWHUV�� 

*RRGHUKDP��-��	�7V\UOLQ��(����������7KH�:DWHUEXJ� 
%RRN��&6,52�3XEO��&ROOLQJZRRG�� 

,QJUDP��%��$���+DZNLQJ��-��+��	�6KLHO��5��-���������� 
$TXDWLF�/LIH�LQ�)UHVKZDWHU�3RQGV��$�*XLGH�WR�WKH� 
,GHQWLILFDWLRQ�DQG�(FRORJ\�RI�/LIH�LQ�$TXDFXOWXUH� 
3RQGV�DQG�)DUP�'DPV�LQ�6RXWK�(DVWHUQ�$XVWUDOLD�� 
&R�RSHUDWLYH�5HVHDUFK�&HQWUH�IRU�)UHVKZDWHU� 
(FRORJ\��$OEXU\��16:�� 
� 

.H\�IHDWXUHV�RI�ODUYDH�VS����� 
3DLUHG�SUR�OHJV�RQ�VHJPHQWV�����DQG�WZR�SUR�OHJV� 
RQ�VHJPHQW����DOO�ZLWK�KRRNV��5DLVH�SURFHVV�ZLWK� 
VSLFXOHV�RQ�SRVWHULRU�HQG��&DWHUSLOODU�OLNH� 
DSSHDUDQFH�� 
� 

)LJXUH�$��D��(PSLGLGDH�ODUYDH��VS������ 
KHDG�RQ�WKH�ULJKW�VLGH�� 

)LJXUH�$��E��SRVWHULRU�HQG�RI�HPSLGLG�ODUYD�� 
�VS�����ZLWK�VSLFXOHV�RQ�UDLVHG�SURFHVV�� 

� � � 



2UGHU��'LSWHUD� 
)DPLO\��(PSLGLGDH��ODUYDH�� 
(PSLGLGDH�LQGHW���VS���� 
� 
+HDG�LQFRQVSLFXRXV�DQG�UHWUDFWDEOH��)LJ��$����� 
/DUYDH�ZLWK�����SDLUV�RI�ZHOO�GHYHORSHG�SUR�OHJV�� 
3RVWHULRU�HQG�ZLWK�UDLVHG�SURFHVV��/DUYDH�IHHG�E\� 
XVLQJ�UHFWUDFWDEOH�VFOHURWLVHG�KRRNOLNH�PRXWKSDUWV�� 
SUHGDWRU\��+RRN�FRYHUHG�SUROHJV�IDFLOLWDWH� 
RFFXUUHQFH�LQ�IDVWHU�IORZLQJ�ZDWHUV�� 

*RRGHUKDP��-��	�7V\UOLQ��(����������7KH�:DWHUEXJ� 
%RRN��&6,52�3XEO��&ROOLQJZRRG�� 

,QJUDP��%��$���+DZNLQJ��-��+��	�6KLHO��5��-���������� 
$TXDWLF�/LIH�LQ�)UHVKZDWHU�3RQGV��$�*XLGH�WR�WKH� 
,GHQWLILFDWLRQ�DQG�(FRORJ\�RI�/LIH�LQ�$TXDFXOWXUH� 
3RQGV�DQG�)DUP�'DPV�LQ�6RXWK�(DVWHUQ�$XVWUDOLD�� 
&R�RSHUDWLYH�5HVHDUFK�&HQWUH�IRU�)UHVKZDWHU� 
(FRORJ\��$OEXU\��16:�� 
� 

.H\�IHDWXUHV�RI�ODUYDH�VS����� 
3DLUHG�SUR�OHJV�RQ�VHJPHQWV������EXW�QR�SUR�OHJV� ������� � 
RQ�VHJPHQW����)OHVK\�ERG\�ZLWK�QR�ODWHUDO� )LJXUH�$����6NHWFK�RI�HPSLGLG�ODUYD��VS����� 

SURMHFWLRQV�� 
� 

� 
� 
2UGHU��'LSWHUD� 
)DPLO\��7DEDQLGDH��0DUFK�IOLHV���/DUYDH� 
� 
(ORQJDWH��SDUDOOHO�VLGHG��ZLWK�WDSHULQJ�RU�URXQGHG� 
HQGV��/DUYDH�ZLWKRXW�SUR�OHJV��+HDG�UHWUDFWDEOH� 
LQWR�ILUVW�VHJPHQW�DQG�EHDULQJ�WZR�KRRNV��:HOWV�RQ� 
DOO�VHJPHQWV��,Q�VKDOORZ��PXGG\�DTXDWLF� 
HQYLURQPHQWV�� 
� 
*RRGHUKDP��-��	�7V\UOLQ��(����������7KH�:DWHUEXJ� 
%RRN��&6,52�3XEO��&ROOLQJZRRG�� 

,QJUDP��%��$���+DZNLQJ��-��+��	�6KLHO��5��-���������� 
$TXDWLF�/LIH�LQ�)UHVKZDWHU�3RQGV��$�*XLGH�WR�WKH� 
,GHQWLILFDWLRQ�DQG�(FRORJ\�RI�/LIH�LQ�$TXDFXOWXUH� 
3RQGV�DQG�)DUP�'DPV�LQ�6RXWK�(DVWHUQ�$XVWUDOLD�� 
&R�RSHUDWLYH�5HVHDUFK�&HQWUH�IRU�)UHVKZDWHU� 
(FRORJ\��$OEXU\��16:�� 
� 

.H\�IHDWXUHV�RI�ODUYDH�� 
/DUYDH�WDSHULQJ�DW�ERWK�HQGV��6HJPHQWV�ZLWK� 
ZHOWV��6LPSOH�KLQG�HQG��:RUP�OLNH�DSSHDUDQFH�� 

�������������������� 
)LJXUH�$����6NHWFK�RI�7DEDQLG�ODUYD�� 

� 
� 

� 



2UGHU��2GRQDWD��

6XERUGHU��=\JRSWHUD��'DPVHOIOLHV��

)DPLO\��FI��&RHQDJULRQLGDH��

�

/DUYDH�

=\JRSWHUD�ODUYDH�DUH�ORQJ�DQG�VOHQGHU��ZLWK�WKUHH�

SRVWHULRU�OHDI�OLNH�JLOOV��PLVVLQJ�LQ�VSHFLPHQ�VKRZQ�

LQ�)LJ��$��D���$OO�2GRQDWD�ODUYDH�DUH�SUHGDWRUV��

7KH�MDZV�DUH�H[WHQVLEOH��)LJ��$��E��IRU�FDWFKLQJ�

RWKHU�DTXDWLF�LQYHUWHEUDWHV��7KH\�W\SLFDOO\�RFFXU�LQ�

VORZ�PRYLQJ�ZDWHUV�ZLWK�DTXDWLF�YHJHWDWLRQ��


'DYLV�-��	�&KULVWLGLV��)����������$�*XLGH�WR�:HWODQG�

,QYHUWHEUDWHV�RI�6RXWKZHVWHUQ�$XVWUDOLD��:HVWHUQ� )LJXUH�$��D��=\JRSWHUD�ODUYDH��7HUPLQDO�

$XVWUDOLDQ�0XVHXP��3HUWK� JLOOV�PLVVLQJ��


*RRGHUKDP��-��	�7V\UOLQ��(����������7KH�:DWHUEXJ�

%RRN��&6,52�3XEO��&ROOLQJZRRG��

�


.H\�IHDWXUHV�RI�ODUYDH�� 
/RQJ�VOHQGHU�ERG\�ZLWK�YHUWLFDOO\�KHOG�JLOOV��PLVVLQJ�

LQ�VSHFLPHQ�VKRZQ�LQ�)LJ��$��D���([WHQVLEOH�

PRXWKSDUWV��/DELXP�NLWH�VKDSHG��0RYDEOH�KRRN�RI�

ODELDO�SDOSV�ZLWKRXW�VHWDH���

�

�


� 
)LJXUH�$��E��'HWDLO�RI�H[WHQGHG�MDZ�RI� 
=\JRSWHUD�ODUYD�� 

� 
� 
2UGHU��7K\VDQRSWHUD� � 
)DPLO\��3KODHRWKULSLGDH� 
� 
6PDOO����PP���VOHQGHU��GRUVR�YHQWUDOO\� 
FRPSUHVVHG�ZLWK�DV\PPHWULF�VXFNLQJ�PRXWK�SDUWV�� 
7HUUHVWULDO��VXFN�RQ�SODQWV��:LQJV�QDUURZ�ZLWK� 
IULQJH�RI�ORQJ�PDUJLQDO�VHWDH�RU�FLOLD��$GXOWV� 
GLVSHUVH�RYHU�ORQJ�GLVWDQFHV�YLD�ZLQGV��� 

0RXQG��/��$���+HPLQJ��%��6����������&KDSW������ 
7K\VDQRSWHUD��7KULSV���LQ��7KH�,QVHFWV�RI�$XVWUDOLD�� 
SS�����������0HOERXUQH�8QLYHUVLW\�3UHVV�� 
� 

.H\�IHDWXUHV�� 
��DEGRPLQDO�VHJPHQWV����SDLUV�RI�OHJV�RQ��

QG
� 

VHJPHQW��+DLUV�RQ�PDUJLQDO�IULQJH�RI�ZLQJV�DQG� 
DEGRPHQ��)LJ��$�����:LQJV�RYHUODS�RQ�GRUVXP�DW� 
UHVW�� )LJXUH�$����6NHWFK�RI�3KODHRWKULSLGDH�� 

� 

� � � 



� 
� 
7DEOH�$�&H��0DFURIDXQDO�DEXQGDQFHV��LQGLYLGXDOV�P

��
��DQG�VWDQGDUG�GHYLDWLRQ��6'��IRU�WRWDO�PDFUREHQWKRV�UHFRUGHG�DW�WKH�YDULRXV�VDPSOLQJ�ORFDWLRQV�SHU�VLWH� 

LQ�-XQH�DQG�'HFHPEHU�������+7 +LJK�WLGH��QHDU�VKRUHOLQH��RU�LI�RQH�ORFDWLRQ�VDPSOHG�RQO\�DV�DW�WKH�ODNH��07 PLG�WLGDO�OHYHO��LQWHULP�EHWZHHQ�WKH�VKRUHOLQH 

DQG�WKH�ZDWHU�OLQH��GLIIHUHQWLDWHG�RQO\�LQ�'HFHPEHU��ZKHQ�PXGIODWV�ZHUH�IXUWKHU�H[SRVHG��/7 ORZ�WLGH�OHYHO�QHDU�WKH�ZDWHU�OLQH��VDPSOHV�SDUWO\�WDNHQ�XS�WR 

���FP�ZDWHU�GHSWK��6DPSOLQJ�VLWHV������0XUUD\�0RXWK���������1RUWK�/DJRRQ���������6RXWK�/DJRRQ��������/DNH�$OH[DQGULQD� 

-XQH 'HFHPEHU
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$SSHQGL[����/LWHUDWXUH�5HYLHZ�RI�VHOHFWHG�VSHFLHV� 
� 

� 

7KH�WHPSODWH�ZLWK�FULWHULD�XVHG�IRU�WKHVH�SUHIHUHQFH�FXUYHV�ZDV�SURYLGHG�E\�WKH�'(+�� 

,QIRUPDWLRQ�ZDV�VRXUFHG�PDLQO\�IURP�MRXUQDO�DUWLFOHV��LGHQWLILFDWLRQ�PDQXDOV�DQG�SUHYLRXV�VWXGLHV� 

DURXQG�WKH�&RRURQJ�UHJLRQV��5HIHUHQFH�GHWDLOV�DUH�LQFOXGHG�LQ�WKH�UHIHUHQFH�OLVW�RI�WKH�ILQDO�UHSRUW�� 

:KHUH�LQIRUPDWLRQ�LV�QRW�DYDLODEOH�HLWKHU�IURP�WKH�OLWHUDWXUH�RU�IURP�WKH�&RRURQJ�DUHD�WKLV�LV�LGHQWLILHG� 

E\��1�$� 

� 

6\PEROV� � 
'DWD�FROOHFWHG�GXULQJ�WKH�SURMHFW�DURXQG�WKH�0XUUD\�0RXWK��&RRURQJ�DQG�/RZHU�/DNHV�LQ� 
-XQH�DQG�'HFHPEHU�������7KHVH�GDWD�DUH�SUHVHQWHG�DV�D�UDQJH�IURP�ORZHVW�WR�KLJKHVW� 


� YDOXHV�IURP�VLWHV�ZKHUH�WKH�VSHFLHV�ZDV�IRXQG��VLWH�QXPEHUV�IURP�WKH�VXUYH\�JLYHQ�LQ� 
EUDFNHWV���7KH�VXUYH\�SHULRG�IURP�ZKLFK�WKH�YDOXHV�RULJLQDWH�LV�DOVR�LQGLFDWHG�� 

� 
'DWD�FROOHFWHG�IURP�SUHYLRXV�VWXGLHV�LQ�VDPH�UHJLRQ��PDLQO\�*HGGHV�DQG�%XWWOHU��������� 



� � 

:DWHU�TXDOLW\�GDWD�FROOHFWHG�E\�'(+���1RW�DOO�VLWHV�VDPSOHG�LQ�WKH������SURMHFW�ZHUH� 
UHSUHVHQWHG�LQ�WKH�ZDWHU�VDPSOLQJ�VXUYH\V�� 

A� 
7KH�UDQJH�LV�SURYLGHG�ZLWK�WKH�VLWH�DQG�VHDVRQ�LQ�EUDFNHWV�� 

� 
� 
� 

� � � 



6SHFLHV��&DSLWHOOD�FDSLWDWD��3RO\FKDHWD��&DSLWHOOLGDH�� 
� 
&RRURQJ�RFFXUUHQFHV��6LWHV��������������������������� 

'HVFULSWLRQ�WD[RQRPLF�IHDWXUHV��5HVHPEOH�HDUWKZRUPV��+DYH�D�SRLQWHG�RU�URXQGHG�KHDG�ZKLFK� 
ODFNV�DSSHQGDJHV�DQG�D�ORQJ�F\OLQGULFDO�ERG\��3DUDSRGLD�DUH�SRRUO\�GHYHORSHG��2IWHQ�UHGGLVK�LQ� 
FRORXU�DQG�PD\�EH�WLJKWO\�FRLOHG�RQ�WKH�VLHYH��+XWFKLQJV�������� 
/DUJH�GLIIHUHQFHV�LQ�OLIH�KLVWRU\�RI�VLEOLQJ�VSHFLHV��VLPLODU�DGXOW�PRUSKRORJLHV�EXW�GLVWLQFW�UHSURGXFWLYH� 
PRGHV���6HYHUDO�VLEOLQJ�VSHFLHV�DUH�NQRZQ�DQG�HDFK�LV�HFRSK\VLRORJLFDOO\�GLYHUVH�LQ�UHVSRQVHV�WR� 
WR[LFDQW�DQG�HQYLURQPHQWDO�H[SRVXUH��WKHUHIRUH�JHQHWLF�EDVLV�KDV�WR�EH�FRQVLGHUHG�ZKHQ�XVLQJ� 
VSHFLHV�DV�LQGLFDWRU��� 
7KLV�VSHFLHV�LV�W\SLFDOO\�IRXQG�LQ�GLVWXUEHG�RU�FKDQJHDEOH�HQYLURQPHQWV�VXFK�DV�HVWXDULHV�RU�ODJRRQV� 
ZKHUH�VDOLQLW\�LV�VXEMHFW�WR�VXGGHQ�FKDQJHV�RQ�D�VHDVRQDO�EDVLV��DQG�DOVR�XQGHU�SROOXWHG�FRQGLWLRQV� 
ZKHUH�D�QRUPDOO\�GLYHUVH�EHQWKLF�FRPPXQLW\�LV�DEVHQW��� 
7KLV�VSHFLHV�KDV�EHHQ�UHJDUGHG�DV�DQ�H[FHOOHQW�LQGLFDWRU�RI�RUJDQLF�SROOXWLRQ�RU�HQYLURQPHQWDO� 
GLVWXUEDQFH�� 
�VHH�$SSHQGL[�$�%��IRU�SKRWRV�VNHWFKHV�DQG�IXUWKHU�NH\�IHDWXUHV�� 

&RQILGHQFH�5DWLQJ�� 

� 
�� $%,27,&�5(48,5(0(176� 

3DUDPHWHUV� 3UHIHUHQFH� 5HIHUHQFH� 

&RRURQJ�������Å��VLWH���6XPPHU�����������Å��VLWH���� +HQULNVRQ������� 

6DOLQLW\�WROHUDQFH� 
:LQWHU��
� 
6DOLQLWLHV�XS�WR����Å�

� 

*HGGHV�DQG�%XWOHU� 
����� 

� 
/LWHUDWXUH��)URP�DUHDV�FROOHFWHG��������������Å� 

7HUUHVWULDO�VKRUHOLQH�� 
&RRURQJ��6KRUHOLQH���,QXQGDWHG�
� +XWFKLQJV������ 

LQXQGDWHG� 
� 
/LWHUDWXUH��6KRUHOLQH���,QXQGDWHG� 
&RRURQJ���,QWHUWLGDO��ORZ�WR�KLJK�WLGH�OHYHO�
� *UDVVOH�DQG�*UDVVOH� 

:DWHU�GHSWK� � ������+XWFKLQJV����� 
/LWHUDWXUH��(VWXDULHV�WR�GHHS�VHD�� 
&RRURQJ����������:LQWHU��������178�����:LQWHU�6SULQJ��A� *UDVVOH�DQG�*UDVVOH� 

7XUELGLW\��VXQOLJKW�� 
� 
/LWHUDWXUH��.QRZQ�IURP�SDUWV�RI�HVWXDULHV�ZKHUH�WKH� 

����� 

JUHDWHVW�PL[LQJ�DQG�KHDY\�VHGLPHQWDWLRQ�RFFXUV�� 
&RRURQJ��1�$� �� 

)ORZ� ��� 
/LWHUDWXUH��1�$� 
&RRURQJ������� 

R
&��VLWH���:LQWHU��������� 

R
&��VLWH���� 0HQGH]�HW�DO�������� 

6XPPHU��
� 6KXOO������ 

7HPSHUDWXUH�� 
� 
/LWHUDWXUH��+DV�EHHQ�FXOWXUHG�DW����

R
&�DQG�IRXQG�LQ�WKH� 

ILHOG�DW������� 
R
&�7HPSHUDWXUH�VKRZQ�WR�DIIHFW�PDWXULW\� 

UDQJH�� 
&RRURQJ�������VLWH����:LQWHU����������VLWH����6XPPHU��A� +HQULNVRQ������ 

S+� � 
/LWHUDWXUH��)URP�VHGLPHQWV����������� 

� 



&RRURQJ�������PJ�/
��
��VLWH����6XPPHU�������PJ�/

��
��VLWH��� 

6XPPHU��

� 

+HQULNVRQ������� 
5HLVK�������*UDVVOH� 

� DQG�*UDVVOH������� 
/LWHUDWXUH��2��XSWDNH�VKRZQ�WR�GHFUHDVH�ZLWK�GHFUHDVH�LQ� )RUEHV�HW�DO�������� 
DPELHQW�2��WHQVLRQ��6SHFLHV�LV�NQRZQ�IURP�DUHDV�RI� /LQNH�*DPHQLFN�HW�DO�� 
QRUPDO�GLVWXUEDQFH�VXFK�DV�EDVLQV�IROORZLQJ�D�SHULRG�RI� ����� 

'2� R[\JHQ�GHSOHWLRQ���ZHOO�DGDSWHG�WR�H[SORLW�ORZ�2��SHULRGV�� 
���GD\�WROHUDQFH�OLPLW�WR�GHFUHDVHG�GLVVROYHG�2������������� 
PJ�/

�����
)URP�ORFDWLRQV�VSHFLHV�FROOHFWHG���������� 

VDWXUDWLRQ��:KHQ�H[SRVHG�WR�2��FRQFHQWUDWLRQV�EHORZ� 
DSSUR[LPDWHO\����VDWXUDWLRQ��WKH\�FHDVHG�IHHGLQJ�DQG� 
EHFDPH�TXLHVFHQW��+LJKHU�2��FRQFHQWUDWLRQ�FDXVHG�D� 
GHFUHDVHG�JURZWK�UDWH�� 
&RRURQJ��1�$� *UDVVOH�DQG�*UDVVOH� 
� ������������4LDQ�DQG� 
/LWHUDWXUH��*URZWK�UDWH�UHODWHG�WR�IRRG�TXDOLW\��GLHW�W\SH� &KLD�������0HQGH]� 
LQIOXHQFHV�QR��RI�HJJV��QR��RI�VSDZQV��DJH�RI�VH[XDO� HW�DO��������+XWFKLQJV� 
PDWXULW\�DQG�OLIH�WLPH�IHFXQGLW\�RI�SODQNWRWURSKLF�ODUYDH�� ������0HQGH]�HW�DO�� 
9DULDWLRQ�DOVR�GHWHUPLQHG�E\�JHQHWLFV�DQG�HQYLURQPHQWV�� ������0DULQHOOL�DQG� 

5HFUXLWPHQW� 'LVWXUEDQFHV�FDQ�QHJDWLYHO\�DIIHFW�UHFUXLWPHQW�DQG�WKLV�LV� :RRGLQ������ 
UHTXLUHPHQWV� PRUH�SURQRXQFHG�LQ�PXGG\�HQYLURQPHQWV��6PDOO�VFDOH� 

JHRFKHPLFDO�SURFHVVHV�DIIHFW�UHFUXLWPHQW�GHFLVLRQV�� 
-XYHQLOH�PRUWDOLW\�RQ�PXGIODWV�LV�KLJK��3UHGLFWHG�OLIHVSDQ� 
EHWZHHQ�����DQG�����PRQWKV��6LEOLQJ�VSHFLHV�YDU\�LQ� 
UHSURGXFWLYH�PRGHV��+LJK�JURZWK�UDWHV�LQ�QLWURJHQ�ULFK� 
HQYLURQPHQWV��3RSXODWLRQ�VL]H�LV�FRQWUROOHG�ERWK�E\�GHQVLW\� 
GHSHQGHQW�DQG�GHQVLW\�LQGHSHQGHQW�FDXVHV�� 
&RRURQJ��0HDQ�PHGLDQ�SDUWLFOH�VL]H�����DW�VLWHV�IRXQG�� *UDVVOH�DQG�*UDVVOH� 
������VLWH����6XPPHU����������VLWH���6XPPHU���YHU\�ILQH� ������)DXFKDOG�DQG� 
VDQG�WR�PHGLXP�VDQG��YHU\�ZHOO�VRUWHG�WR�SRRUO\�VRUWHG��
� -XPDUV������� 
0HDQ�RUJDQLF�PDWWHU����$)':��DW�VLWHV�IRXQG��������VLWH� +XWFKLQJV������� 
���6XPPHU����������VLWH���6XPPHU���
� /LQNH�*DPHQLFN�HW�DO�� 
� ������0DULQHOOL�DQG� 
/LWHUDWXUH��/LYHV�LQ�PXFXV�OLQHG�EXUURZV�RU�WXEHV� :RRGLQ������ 

6XEVWUDWH�W\SH� FRPSULVLQJ�GHWULWXV�DQG�PXG�LQ�ILQH�VDQG�PXG�VHGLPHQWV�� 
RIWHQ�DVVRFLDWHG�ZLWK�VHDJUDVV�EHGV��%XLOGV�WXEHV�DW�RU� 
QHDU�WKH�VXUIDFH�RI�WKH�VHGLPHQW�ZKLFK�DOORZV�ZRUPV�WR� 
IHHG�LQ�EODFN�DQR[LF�PXGV��3DUWLFOH�VL]H�DQG�FRPSRVLWLRQ� 
PD\�EH�LPSRUWDQW�HQYLURQPHQWDO�SDUDPHWHUV�IRU�OHVV� 
RSSRUWXQLVWLF�VSHFLHV��2IWHQ�DVVRFLDWHG�ZLWK�RUJDQLFDOO\� 
HQULFKHG�HQYLURQPHQWV���SUHIHUHQFH�IRU�VROXWH�ULFK�PXGV� 
UHODWLYH�WR�FOHDQ�VDQGV�� 

�� %,27,&�5(48,5(0(176� 
3DUDPHWHUV� 3UHIHUHQFH� 5HIHUHQFH� 

&RRURQJ��1�$� 5HLVK�������)DXFKDOG� 
� DQG�-XPDUV�������� 
/LWHUDWXUH��1RQ�VHOHFWLYH�PRWLOH�GHSRVLW�IHHGHUV�� )RUEHV�HW�DO�������� 

)RRG� 2SSRUWXQLVWLF�VSHFLHV��)HHG�RQ�DOJDH�DQG�GLVVROYHG� +XWFKLQJV������� 
SULPDU\�DPLQHV�IURP�VXUURXQGLQJ�ZDWHUV��&DQ�EH�IHG�RQ�D� 
GLHW�RI�(QWHURPRUSKD�VS��,Q�ODERUDWRU\��)HHG�UDSLGO\�DW� 
KLJKHU�IRRG�DQG�R[\JHQ�OHYHOV�� 
&RRURQJ��1�$� 0HQGH]�HW�DO�������� 

%LRWLF�LQWHUDFWLRQV�� 
FRPSHWLWLRQ� 

� 
/LWHUDWXUH��3UHGDWLRQ�PDMRU�IDFWRU�DIIHFWLQJ�UHFUXLWPHQW� 
DQG�SRSXODWLRQ�G\QDPLFV��&DQ�UDSLGO\�FRORQLVH�QHZ� 

+XWFKLQJV������ 

KDELWDWV� 
� 

� � � 



6SHFLHV��6LPSOLVHWLD�DHTXLVHWLV��3RO\FKDHWD��1HUHLGLGDH�� 
�IRUPHUO\�&HUDWRQHUHLV�SVHXGRHU\WKUDHHQVLV�� 
� 
&RRURQJ�RFFXUUHQFHV��6LWHV���������������� 

'HVFULSWLRQ�WD[RQRPLF�IHDWXUHV��(ORQJDWH�ZLWK�QXPHURXV�VHJPHQWV������FP�LQ�OHQJWK����SDLUV�RI� 
XQHTXDO�VL]HG�H\HV��VKRUW�VWRXW�SDOSV�DQG�DQWHQQDH��QR�SDUDJQDWKV�RQ�ORZHU�ULQJ�RI�HYHUVLEOH� 
SKDU\Q[�ZLWK�RQH�SDLU�RI�MDZV�DQG�XVXDOO\�DFFHVVRU\�SDSLOODH�RU�GHQWLFOHV�LQ�D�UHJXODU�SDWWHUQ� 
�+XWFKLQJV�������:LOVRQ�������� 
&RPPRQ��ZLGHVSUHDG�EHQWKLF�SRO\FKDHWH��IRXQG�LQ�ZLGH�UDQJH�RI�PDULQH�KDELWDWV��6HDJUDVV�EHGV�� 
PXGG\�WR�ILQH�VHGLPHQWV��:LGH�JHRJUDSKLF�DQG�HFRORJLFDO�GLVWULEXWLRQ��2FFXUV�ZLGHO\�WKURXJKRXW� 
HVWXDULQH�DQG�VKDOORZ�SURWHFWHG�FRDVWDO�ZDWHUV�LQ�6RXWKHUQ�$XVWUDOLD��:HVWHUQ�$XVWUDOLD��6RXWK� 
$XVWUDOLD��9LFWRULD��1HZ�6RXWK�:DOHV��4XHHQVODQG�� 
�VHH�$SSHQGL[�$�%��IRU�SKRWRV�VNHWFKHV�DQG�IXUWKHU�NH\�IHDWXUHV�� 

&RQILGHQFH�5DWLQJ�� 

� 
�� $%,27,&�5(48,5(0(176� 

3DUDPHWHUV� 3UHIHUHQFH� 5HIHUHQFH� 

&RRURQJ��������Å��VLWH���6XPPHU��±�������Å��VLWH���� *HGGHV�DQG�%XWOHU� 

6DOLQLW\�WROHUDQFH� 
6XPPHU��
� 
6DOLQLWHV�XS�WR����Å�

� 

������+XWFKLQJV�DQG� 
0XUUD\������� 

� 
/LWHUDWXUH�����������Å� 

+XWFKLQJV�DQG� 
*ODVE\������ 

7HUUHVWULDO�VKRUHOLQH�� 
&RRURQJ��,QWHUWLGDO�
� �� 

LQXQGDWHG� 
� 
/LWHUDWXUH��1�$� 
&RRURQJ��,QWHUWLGDO��ORZ�WR�KLJK�WLGDO�OHYHO
� +XWFKLQJV������ 

:DWHU�GHSWK� � 
/LWHUDWXUH��/RZ�WR�GHHS�ZDWHUV� 
&RRURQJ������178��VLWH����:LQWHU��������178��VLWH���� �� 

7XUELGLW\��VXQOLJKW�� 
:LQWHU�6SULQJ��A� 
� 
/LWHUDWXUH���1�$� 
&RRURQJ��1�$� �� 

)ORZ� � 
/LWHUDWXUH��1�$� 
&RRURQJ������� 

R
&��VLWH���:LQWHU��������� 

R
&��VLWH��� �� 

7HPSHUDWXUH�� 
6XPPHU� 

� 

 
� 

� 


/LWHUDWXUH��1�$� 
&RRURQJ�������VLWH����:LQWHU���������VLWH����6SULQJ��A� �� 

S+� � 
/LWHUDWXUH��1�$� 

'2� 

&RRURQJ�������PJ�/
��
��VLWH���6XPPHU�������PJ�/

��
��VLWH��� 

6XPPHU� 
�
� 

� 

�� 

/LWHUDWXUH��1�$� 
&RRURQJ��1�$��-XYHQLOHV�REVHUYHG�LQ�EXUURZ�OLQLQJ�RI� :LOVRQ�����E� 
DGXOW� 
� 

5HFUXLWPHQW� 
UHTXLUHPHQWV� 

/LWHUDWXUH��6HSDUDWH�VH[HV��DGXOWV�GLH�DIWHU�VSDZQLQJ�� 
&RPSOHWH�OLIH�F\FOH�LQ�������\HDUV��(QYLURQPHQWDO�IDFWRUV� 
�WHPSHUDWXUH��OXQDU�F\FOH��VHFRQGDULO\�GD\�OHQJWK�DQG� 
VDOLQLW\��DQG�HQGRJHQRXV�IDFWRUV��QHXURVHFUHWRU\� 
KRUPRQHV�DQG�UHOHDVH�RI�VH[XDO�SKHUHPRQHV�LQWR�WKH� 
ZDWHU��DUH�UHVSRQVLEOH�IRU�WKH�WLPLQJ�DQG�V\QFKURQ\�RI� 
UHSURGXFWLRQ��5HSURGXFWLYH�SDWWHUQV�YDU\�DFFRUGLQJ�WR� 
KDELWDW�� 

� 



&RRURQJ��0HDQ�PHGLDQ�SDUWLFOH�VL]H�����DW�VLWHV�IRXQG�� 
������VLWH����:LQWHU����������VLWH���6XPPHU���)LQH���FRDUVH� 
VDQG��SRRUO\�VRUWHG���YHU\�ZHOO�VRUWHG��
� 

+XWFKLQJV�DQG� 
7XUYH\�������.HQW� 
DQG�'D\������ 

6XEVWUDWH�W\SH� 
0HDQ�RUJDQLF�PDWWHU����$)':��DW�VLWHV�IRXQG��������VLWH� 
��6XPPHU����������VLWH���6XPPHU���
� 
� 
/LWHUDWXUH��0XGG\�VDQG�RIWHQ�DVVRFLDWHG�ZLWK�VHDJUDVV� 
EHGV��&KDQJHV�LQ�RUJDQLF�FRQWHQW�PD\�EH�LPSRUWDQW�IRU� 
WKH�VSHFLHV�DV�LW�LV�D�GHSRVLW�IHHGHU�� 

�� %,27,&�5(48,5(0(176� 
3DUDPHWHUV� 3UHIHUHQFH� 5HIHUHQFH� 

)RRG� 

&RRURQJ��1�$� 
� 
/LWHUDWXUH��6XUIDFH�GHSRVLW�IHHGHU�DQG�KHUELYRUH�� 
6FDYHQJH�RQ�SODQW�PDWWHU�DQG�RWKHU�ZRUPV�� 

)DXFKDOG�DQG�-XPDUV� 
������.HQW�DQG�'D\� 
������:LOVRQ�����E� 

6FDYHQJHV�RQ�GHDG�PLFURFUXVWDFHDQV�DQG�VHOHFWLYH� 
GHSRVLW�IHHGLQJ��DYRLG�LQJHVWLQJ�ILQHVW�PXG�VLOW�SDUWLFOHV�� 
&RRURQJ��1�$� .HQW�DQG�'D\������� 

%LRWLF�LQWHUDFWLRQV�� 
FRPSHWLWLRQ� 

� 
/LWHUDWXUH��3UHIHUUHG�SUH\�RI�JUHHQEDFN�IORXQGHU�DQG� 
ZDGLQJ�ELUGV��3UHGDWLRQ�SUREDEO\�VLJQLILFDQW�LQIOXHQFH�RQ� 
VL]H�VWUXFWXUH�RI�SRSXODWLRQ��8QGHU�SUHVVXUH�IURP�EDLW� 
FROOHFWRUV��5HGXFHG�DGXOW�GHQVLW\�OHDGV�WR�LQFUHDVHG� 

:LOVRQ�����E� 

UHFUXLWPHQW�RI�MXYHQLOHV�� 
� 
� 

� � � 



6SHFLHV��1HSKW\V�DXVWUDOLHQVLV��3RO\FKDHWD��1HSKW\LGDH�� 
� 
&RRURQJ�RFFXUUHQFHV��6LWHV�������������� 

'HVFULSWLRQ�WD[RQRPLF�IHDWXUHV��/RQJ�VOHQGHU�ERGLHV��TXDGUDQJXODU�LQ�FURVV�VHFWLRQ��RQH�SDLU�RI� 
DQWHQQDH�DQG�RQH�SDLU�RI�VKRUW�SDOSV�SUHVHQW��HYHUVLEOH�SKDU\Q[��GLVWLQJXLVKHG�E\�SUHVHQFH�RI�LQWHU� 
UDPDO�EUDQFKLD�DWWDFKHG�WR�WKH�YHQWUDO�QRWRSRGLDO�PDUJLQ��+XWFKLQJV�������:LOVRQ�����D���� 
0RVW�FRPPRQ�DQG�HQGHPLF�HVWXDULQH�VSHFLHV�LQ�VRXWK�HDVW�$XVWUDOLD��)DPLO\�WD[RQRPLFDOO\�ZHOO� 
NQRZQ�LQ�$XVWUDOLD��)RXQG�LQ�D�ZLGH�UDQJH�RI�HQYLURQPHQWV��LQWHUWLGDO�VHGLPHQWV�WR�GHHS�VHD��VKHOI� 
DQG�LQVKRUH�GHSWKV��,Q�$XVWUDOLD�PDLQO\�IRXQG�LQ�PXGG\�DQG�VDQG\�VHGLPHQWV��1R�VWXGLHV�RQ�ELRORJ\� 
RI�1HSKW\LGDH�LQ�$XVWUDOLD��:LOVRQ�����D���2FFXUUHQFH�LV�UDUH�ZLWK�IHZ�VSHFLPHQV�FROOHFWHG�DQG�QR� 
VHDVRQDO�SUHIHUHQFH�VKRZQ��+XWFKLQJV�DQG�0XUUD\�������� 
�VHH�$SSHQGL[�$�%��IRU�SKRWRV�VNHWFKHV�DQG�IXUWKHU�NH\�IHDWXUHV�� 

&RQILGHQFH�5DWLQJ�� 

� 
�� $%,27,&�5(48,5(0(176� 

3DUDPHWHUV� 3UHIHUHQFH� 5HIHUHQFH� 

&RRURQJ��������Å��VLWH���6XPPHU����������Å��VLWH��� *HGGHV�DQG�%XWOHU� 

6DOLQLW\�WROHUDQFH� 
6XPPHU���
� 
6DOLQLWLHV�XS�WR���Å�

� 

������+XWFKLQJV�DQG� 
0XUUD\�������.LQJ�HW� 

� DO������� 
/LWHUDWXUH������Å� 

7HUUHVWULDO�VKRUHOLQH�� 
LQXQGDWHG� 

&RRURQJ��6KRUHOLQH���LQXQGDWHG�
� 
� 
/LWHUDWXUH��6KRUHOLQH���LQXQGDWHG� 

.LQJ�HW�DO�������� 
:LOVRQ�����D� 

&RRURQJ���,QWHUWLGDO��ORZ�WR�KLJK�WLGH�OHYHO� :LOVRQ�����D� 
:DWHU�GHSWK� � 

/LWHUDWXUH��6KDOORZ�ZDWHU�KDELWDWV�� 
&RRURQJ������178��VLWH����:LQWHU��������178��VLWH���� �� 

7XUELGLW\��VXQOLJKW�� 
:LQWHU�6SULQJ��A� 
� 
/LWHUDWXUH��1�$� 
&RRURQJ��1�$� �� 

)ORZ� � 
/LWHUDWXUH��1�$� 
&RRURQJ������� 

R
&��VLWH���:LQWHU��������� 

R
&��VLWH��� .LQJ�HW�DO������� 

7HPSHUDWXUH�� 
6XPPHU��
� 
� 

/LWHUDWXUH��/DERUDWRU\�FRQGLWLRQV���� 

R
&�������� 

R
&� 

&RRURQJ�������VLWH����6XPPHU���������VLWH����6SULQJ��A� .LQJ�HW�DO������� 

S+� 
� 
/LWHUDWXUH��GXULQJ�ZDWHU�DQG�ZKROH�VHGLPHQW�WHVWV�S+� 
UDQJHG�IURP���������� 
&RRURQJ�������PJ�/

��
��VLWH���6XPPHU����������PJ�/

��
��VLWH� 

��6XPPHU��

� 

:LOVRQ�����D� 

'2� 
� 
/LWHUDWXUH��0RUWDOLW\�VHYHUH�XQGHU�K\SR[LD�� 
'XULQJ�ZDWHU�DQG�ZKROH�VHGLPHQW�WHVWV�VXUYLYDO�DW�!����� 
VDWXUDWLRQ� 
&RRURQJ��1�$� :LOVRQ�����D��2OLYH� 
� DQG�0RUJDQ������� 

5HFUXLWPHQW� 
/LWHUDWXUH��6HSDUDWHG�VH[HV��IHUWLOLVDWLRQ�RI�JDPHWHV� 
RFFXUV�LQ�ZDWHU�FROXPQ�DQG�ODUYDH�DUH�SODQNWRQLF�� 

UHTXLUHPHQWV� 5HSURGXFWLYH�VXFFHVV�LQ�(XURSHDQ�VSHFLHV�YDULHV� 
DFFRUGLQJ�WR�VHDVRQDO�FRQGLWLRQV�DQG�JHRJUDSK\��EXW�QR� 
VWXGLHV�RI�UHSURGXFWLYH�ELRORJ\�LQ�1HSKW\WLGDH�IURP� 
$XVWUDOLD�� 

� 



&RRURQJ��0HDQ�PHGLDQ�SDUWLFOH�VL]H�����DW�VLWHV�IRXQG�� 
������VLWH���:LQWHU����������VLWH���6XPPHU���ILQH�VDQG�WR� 
PHGLXP�VDQG��YHU\�ZHOO�VRUWHG�WR�PRGHUDWHO\�ZHOO�VRUWHG�
� 

+XWFKLQJV������� 
:LOVRQ�����D��.LQJ� 
HW�DO������� 

6XEVWUDWH�W\SH� 

0HDQ�RUJDQLF�PDWWHU����$)':��DW�VLWHV�IRXQG��������VLWH� 
��6XPPHU����������VLWH���:LQWHU��
� 
� 
/LWHUDWXUH��%XUURZV�WR�GHSWKV�RI�a����PP��EXW�QR� 
SHUPDQHQW�WXEHV�� 
+LJK�WROHUDQFH�WR�IXOO�UDQJH�RI�VHGLPHQW�SDUWLFOH�VL]HV������ 
��VLOW�WR�������VDQG��� 
1HSKW\LGV�YHU\�FRPPRQ�LQ�VDQG\�PXG�� 

�� %,27,&�5(48,5(0(176� 
3DUDPHWHUV� 3UHIHUHQFH� 5HIHUHQFH� 

)RRG� 

&RRURQJ��1�$� 
� 
/LWHUDWXUH��1HSKW\LGV�XVXDOO\�FRQVLGHUHG�YDJLOH� 
FDUQLYRUHV��IHHGLQJ�RQ�VPDOO�PROOXVFV��FUXVWDFHDQV�DQG� 

)DXFKDOG�DQG�-XPDUV� 
������:LOVRQ�����D�� 
.LQJ�HW�DO������� 

RWKHU�SRO\FKDHWHV��$OVR�GHSRVLW�IHHGLQJ�LQ�VXEVXUIDFH� 
VHGLPHQW�OD\HU�ZKHQ�SUH\�LWHPV�DUH�VFDUFH�� 
&RRURQJ��1�$� :LOVRQ�����D� 

%LRWLF�LQWHUDFWLRQV�� 
FRPSHWLWLRQ� 

� 
/LWHUDWXUH��6HHN�RWKHU�PRWLOH�LQYHUWHEUDWHV��PROOXVFV�� 
FUXVWDFHDQV� 

� 
� 
� 

� � � 



6SHFLHV��)LFRSRPDWXV�HQLJPDWLFXV��3RO\FKDHWD��6HUSXOLGDH�� 

� 

&RRURQJ�RFFXUUHQFHV��6LWH����VSHFLHV�QRW�LQFOXGHG�LQ�EHQWKLF�VXUYH\V�EXW�ZHUH�REVHUYHG�� 

'HVFULSWLRQ�WD[RQRPLF�IHDWXUHV��5HFRJQLVHG�E\�FKDUDFWHULVWLF�WHQWDFXODU�FURZQ�DQG�SUHVHQFH�RI� 
FDOFDUHRXV�WXEH��0DUNHG�WKRUDFLF�DQG�DEGRPLQDO�UHJLRQV��KDYH�D�SDLU�RI�H[FUHWRU\�QHSKULGLD�ZLWK�D� 
VLQJOH�H[LW��5RXVH�������� 
,QWURGXFHG�IDQ�ZRUP��:RUOG�ZLGH�GLVWULEXWLRQ�LQ�WHPSHUDWH�DQG�WURSLFDO�HVWXDULHV��DQG�QHDUO\�DOZD\V� 
DVVRFLDWHG�ZLWK�KDUG�VXEVWUDWD��XVXDOO\�URFNV�� 
6L]H�UDQJH���PP�WR�!����PP�LQ�OHQJWK��KRXVHG�LQ�WXEH�VHYHUDO�WLPHV�ORQJHU�WKDQ�WKH�ZRUP�� 

&RQILGHQFH�5DWLQJ�� 

� 
�� $%,27,&�5(48,5(0(176� 

3DUDPHWHUV� 3UHIHUHQFH� 5HIHUHQFH� 

&RRURQJ��������Å��VLWH���6XPPHU����������Å��VLWH��� 7KRUS�������*HGGHV� 
:LQWHU��
� 
6DOLQLWLHV�XS�WR���Å��QHZO\�VHWWOHG�VROLWDU\�LQGLYLGXDOV�DW� 

DQG�%XWOHU������� 
'DYLHV�HW�DO�������� 

KLJKHU�VDOLQLWHV�

� 7KRPDV�DQG�7KRUS� 

6DOLQLW\�WROHUDQFH� 
� 
/LWHUDWXUH��:LQWHU�6SULQJ�ERWWRP�VDOLQLWHV������Å�� 
6XPPHU�$XWXPQ�������Å�� 
���������Å� 

����� 

$EOH�WR�VXUYLYH�LQ�YDULDEOH�VDOLQLW\�DQG�ORQJ�SHULRGV�LQ� 
IUHVKZDWHU�� 

7HUUHVWULDO�VKRUHOLQH�� 
&RRURQJ��6KRUHOLQH���,QXQGDWHG�
� 'DYLHV�HW�DO������� 

LQXQGDWHG� 
� 
/LWHUDWXUH��,QXQGDWHG� 
&RRURQJ��,QWHUWLGDO���6XEWLGDO�
� 'DYLHV�HW�DO������� 

:DWHU�GHSWK� � 
/LWHUDWXUH��6XEOLWWRUDO� 
&RRURQJ��1�$� �� 

7XUELGLW\��VXQOLJKW�� � 
/LWHUDWXUH��3UHIHUDEOH�KDELWDW�EUDFNLVK�ZDWHUV�� 
&RRURQJ��1�$� �� 

)ORZ� � 
/LWHUDWXUH��1�$� 
&RRURQJ������� 

R
&��VLWH���:LQWHU�������� 

R
&��VLWH���6XPPHU�� 'DYLHV�HW�DO�������� 

� 7KRUS������ 
7HPSHUDWXUH�� 
/LWHUDWXUH��5DQJH�RI�ERWWRP�ZDWHUV��(QJODQG�ODJRRQV�� 

0D\�2FWREHU���������� 
R
&��1RY�$SULO������ 

R
&�5DQJH������� 

R
&� 

&RRURQJ��1�$� �� 
S+� � 

/LWHUDWXUH��1�$� 

'2� 

&RRURQJ��������PJ�/
��
��VLWH���:LQWHU����������PJ�/

��
��VLWH� 

��6XPPHU��
�
� 

� 

�� 

/LWHUDWXUH��1�$� 

� 



5HFUXLWPHQW� 
UHTXLUHPHQWV� 

6XEVWUDWH�W\SH� 

&RRURQJ��1�$� 
� 

R
/LWHUDWXUH��0LQLPXP�WHPSHUDWXUH�RI���� &�IRU� 
UHSURGXFWLRQ�VSDZQLQJ��/DWHU�VWDJHV�RI�JDPHWRJHQHVLV� 
UHTXLUH�LQFUHDVH�LQ�ZDWHU�WHPSHUDWXUH��$VH[XDO�DQG�VH[XDO� 
UHSURGXFWLRQ��)HUWLOLVDWLRQ�H[WHUQDO��HLWKHU�IUHHO\�LQ�WKH�ZDWHU 
RU�WKH�ZDWHU�RI�WKH�WXEH��/DUYDO�GHYHORSPHQW�SODQNWRWURSKLF� 
RU�OHFLWKRWURSKLF��/DUYDO�VHWWOHPHQW�UHTXLUH�PLQLPXP�RI���� 
R
&��'HYHORSPHQW�WLPH�������GD\V��/DUYDO�VHWWOHPHQW� 

R
�(QJODQG����0D\��ZDWHU�WHPSHUDWXUHV�!��� &�LQLWLDWH� 
VSDZQLQJ�E\�LQIOX[�RI�KLJKHU�VDOLQLW\�ZDWHU��VSULQJ�WLGHV��� 
+LJK�SK\WRSODQNWRQ�OHYHOV�IDYRXUHG�IRU�VHWWOHPHQW�� 
6HWWOHPHQW�LQWHQVLW\�H[KLELWV�OXQDU�WLGDO�SHULRGLFLW\��6HWWOLQJ� 
ODUYDH�DWWUDFWHG�E\�ROG�WXEHV�� 
&RRURQJ��0HDQ�PHGLDQ�SDUWLFOH�VL]H�����DW�VLWH�REVHUYHG�� 
������VLWH���:LQWHU���������VLWH���6XPPHU���ILQH�VDQG��YHU\� 
ZHOO�WR�ZHOO�VRUWHG�
� 
0HDQ�RUJDQLF�PDWWHU����$)':��DW�VLWH�REVHUYHG�������VLWH� 
��6XPPHU����������VLWH���:LQWHU���
� 
� 
/LWHUDWXUH��3UHIHUUHG�SDUWLFOH�VL]H�UDQJH�������P�� 
6XEVWUDWXP�FRPSRVHG�RI�VLOW\�PXGV��PHGLDQ�������PP��� 
������PP���+LJK�OHYHOV�RI�RUJDQLF�PDWWHU������������� 
&OHDUDQFH�DQG�LQJHVWLRQ�UDWHV�DSSHDU�WR�LQFUHDVH�ZLWK� 
SDUWLFOH�FRQFHQWUDWLRQ�� 

'L[RQ��������7KRUS� 
������'DYLHV�HW�DO�� 
������7KRUS������� 
5RXVH������� 
.XSUL\DQRYD�HW�DO������ 

'DYLHV�HW�DO�������� 
7KRUS�������7KRPDV� 
DQG�7KRUS�������5RXVH 
����� 

�� %,27,&�5(48,5(0(176� 
3DUDPHWHUV� 3UHIHUHQFH� 5HIHUHQFH� 

&RRURQJ��1�$� 
� 

)DXFKDOG�DQG�-XPDUV� 
������7KRUS������� 

)RRG� 
/LWHUDWXUH��)LOWHU�IHHGHU�XVLQJ�WHQWDFXODU�FURZQ�� 
)HHG�RQ�SK\WRSODQNWRQ�DQG�PD\�DOVR�IHHG�RQ�SHODJLF� 
GLDWRPV��GLQRIODJHOODWHV��DQG�RWKHU�XQLFHOOXODU�ODJH��DV�ZHOO� 

5RXVH������ 

DV�VPDOO�LQYHUWHEUDWHV�LQFOXGLQJ�ODUYDH�� 
&RRURQJ��1�$� 7KRPDV�DQG�7KRUS� 
� ������5RXVH������ 
/LWHUDWXUH��6HUSXOLGV�DUH�SDUDVLWLVHG�E\�FRSHSRGV�DQG�D� 
YDULHW\�RI�XQLFHOOXODU�RUJDQLVPV��� 

%LRWLF�LQWHUDFWLRQV�� 
FRPSHWLWLRQ� 

0RVW�FRPPRQ�RFFXUULQJ�VSHFLHV�LQ�VRXWK�(QJODQG�ODJRRQ�� 
WXELFRORXV�DPSKLSRGV�� 
)OXFWXDWLRQV�LQ�DVVRFLDWHG�VSHFLHV�UHODWHG�WR�DELOLW\�RI�)�� 
HQLJPDWLFXV�WR�SUHYHQW�GHSRVLWLRQ�DQG�DFFXPXODWLRQ�RI� 
VHGLPHQW�DQG�RUJDQLF�PDWHULDO��/LWWOH�FRPSHWLWLRQ�IURP�RWKHU 
VHUSXOLGV�� 

� 
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6SHFLHV��6DOLQDWRU�IUDJLOLV��*DVWURSRGD��$PSKLSKLEROLGDH�� 
� 
&RRURQJ�RFFXUHQFHV��6LWHV�����������������DQG����� 

'HVFULSWLRQ�WD[RQRPLF�IHDWXUHV��7KLQ�JORERVH�VKHOO�ZLWK�QDUURZ�EURZQ�EDQG�DURXQG�SHULSKHU\�� 
/DUJH�DSHUWXUH�RQ�ULJKW��2SHUFXOXP��SUHVHQW��KDV�D�QXFOHXV�DQG�\HOORZLVK�FRORXU��'HSUHVVHG�VSLUH� 
DQG�DQ�LQIODWHG�ODVW�ZKRUO��6KHOO�KHLJKW�XVXDOO\�OHVV�WKDQ����PP��DQG�VKHOO�VFXOSWXUH�YDULHV�IURP�ILQH� 
WR�FRDUVH���6WDQLVLF�������� 
5HVWULFWHG�WR�HVWXDULHV�DQG�FRDVWDO�ODJRRQV��2Q�VDQG�PXG�IODWV�DPRQJVW�PDQJURYHV�DQG�LQ�VDOW� 
PDUVK��XVXDOO\�LQ�VWDQGLQJ�ZDWHU��/LWWOH�NQRZQ�DERXW�OLIH�KLVWRULHV�RI�$XVWUDOLDQ�SXOPRQDWHV�DQG�RQ� 
ORQJHYLW\��(QGHPLF�WR�$XVWUDOLD��$XVWUDOLDQ�GLVWULEXWLRQ��$OO�VWDWHV��2IWHQ�DEXQGDQW� 
�VHH�$SSHQGL[�$�%��IRU�SKRWRV�DQG�IXUWKHU�NH\�IHDWXUHV�� 

&RQILGHQFH�5DWLQJ�� 

� 
�� $%,27,&�5(48,5(0(176� 

3DUDPHWHUV� 3UHIHUHQFH� 5HIHUHQFH� 

&RRURQJ��������Å��VLWH���6XPPHU��±�������Å��VLWH���� 6P\WKH�������:HOOV� 
6XPPHU��
� 	�7KUHOIDOO������� 
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� 
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7HUUHVWULDO�VKRUHOLQH�� � 
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� 
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RQ�VKRUH��LQGLFDWLYH�RI�GLIIHUHQFHV�LQ�SRSXODWLRQ� 

������5RDFK�	�/LP� 
����� 

GHPRJUDSKLFV��JURZWK��PRUWDOLW\�DQG�DJH�VWUXFXWXUH��� 
2\VWHU�+DUERXU��:$��SRSXODWLRQ�FHQWHUHG�LQ�PLG�WLGH� 
UHJLRQ� 
&RRURQJ�������178��VLWH����:LQWHU��������178��VLWH���� 6P\WKH������ 

7XUELGLW\��VXQOLJKW�� 
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� 
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&RRURQJ������� 
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R
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6XPPHU��

� 
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/LWHUDWXUH��$YHUDJH�WHPSHUDWXUH�RI���� 
R
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&RRURQJ��1�$� 6P\KWH������� 
� 6WDQLVLF�������5RDFK� 

5HFUXLWPHQW� 
UHTXLUHPHQWV� 

/LWHUDWXUH��+HUPDSKURGLWHV��/D\V�HJJ�VWULQJV�RQ�WKH� 
VXUIDFH�RI�PXG�ZKLFK�EHFRPH�FRYHUHG�ZLWK�ILQH�FRDWLQJ�RI� 
VLOW��������GD\V�WR�KDWFK�� 

	�/LP������ 

3HDNV�LQ�HJJ�PDVVHV�VHHQ�LQ�6��VROLGD�UHVWULFWHG�WR� 
SDUWLFXODU�EUHHGLQJ�VHDVRQ�� 
&RRURQJ��0HGLDQ�SDUWLFOH�VL]H��0HDQ�PHGLDQ�SDUWLFOH�VL]H� 6P\WKH�������:HOOV� 
����DW�VLWHV�IRXQG��������VLWH����:LQWHU����������VLWH��� DQG�7KUHOIDOO������ 
6XPPHU���ILQH�WR�PHGLXP�VDQG��YHU\�ZHOO�VRUWHG��� 
PRGHUDWHO\�ZHOO�VRUWHG��
� 

6XEVWUDWH�W\SH� 
0HDQ�RUJDQLF�PDWWHU����$)':��DW�VLWHV�IRXQG��������VLWH� 
���:LQWHU����������VLWH���:LQWHU���
� 
� 
/LWHUDWXUH��0XG��DSSURSULDWH�SDUWLFOH�VL]H�DQG�RUJDQLF� 
FRQWHQW�LV�HVVHQWLDO��0HDQ�SDUWLFOH�GLDPHWHU�����RI�2\VWHU� 
+DUERXU��:$������������ 

�� %,27,&�5(48,5(0(176� 
3DUDPHWHUV� 3UHIHUHQFH� 5HIHUHQFH� 

&RRURQJ��1�$� 6P\WKH������ 
)RRG� � 

/LWHUDWXUH��2EVHUYHG�WR�IHHG�RQ�(QWHURPRUSKD�VS���DOJDH�� 

%LRWLF�LQWHUDFWLRQV�� 
FRPSHWLWLRQ� 

&RRURQJ��1�$� 
� 
/LWHUDWXUH��1�$� 

�� 

� 
� 
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6SHFLHV��$UWKULWLFD�KHOPVL��%LYDOYLD��*DOHRPPDWLGDH�� 
� 
&RRURQJ�RFFXUUHQFHV��6LWHV�������������������� 

'HVFULSWLRQ�7D[RQRPLF�IHDWXUHV��0LFURPROOXVF��6KHOO��RXWOLQH�RYDO��RU�EURDGO\�WULDQJXODU��:KLWH� 
VKHOO�ZLWK�SXUSOLVK�IODPHV�DQG�SXQFWXDWH�PLFURVFXOWSWXUH��2SDTXH��XQLIRUP�FRORXU��RU�UDGLDO�VWULSHV�RU� 
UD\V��RU�VLPSOH�IOHFNV�RU�VSRWV��RU�FRPSOH[��H�J��]LJ�]DJ����/DPSUHOO�DQG�+HDO\�������3RQGHU�������� 
(QGHPLF�WR�$XVWUDOLD��$XVWUDOLDQ�GLVWULEXWLRQ��16:�DQG�VRXWKHUQ�$XVWUDOLD�WR�VRXWK�:HVWHUQ�$XVWUDOLD�� 
5HVWULFWHG�WR�HVWXDULHV�DQG�FRDVWDO�ODJRRQV��:LGH�GLVSHUVDO�JUDGLHQW��6KDOORZ�EXUURZHU��RU�FUDZOLQJ� 
RQ�VHGLPHQW��RQ�PXG�VDQG��VHDJUDVV�EHGV�DQG�WKH�ORZHU�HGJH�RI�PDQJURYHV��9HU\�FRPPRQ�� 
VRPHWLPHV�DEXQGDQW�� 
�VHH�$SSHQGL[�$�%��IRU�SKRWRV�DQG�IXUWKHU�NH\�IHDWXUHV�� 

&RQILGHQFH�5DWLQJ��


�

�� $%,27,&�5(48,5(0(176�


3DUDPHWHUV� 3UHIHUHQFH� 5HIHUHQFH� 
&RRURQJ�������Å��VLWH���VXPPHU��±�������Å��VLWH���� :HOOV�DQG�7KUHOIDOO� 
6XPPHU��
� �����:HOOV�DQG� 
� 7KUHOIDOO�����E��:HOOV� 

6DOLQLW\�WROHUDQFH� 

/LWHUDWXUH��:LQWHU�������Å��6XPPHU�������Å�� 
6DOLQLW\�UDQJH�RI�3HHO�+DUYH\�HVWXDULQH�V\VWHP������Å� 
ZLWK�DQQXDO�VDOLQLW\�UDQJH�RI�2\VWHU�KDUERXU�������Å�� 
%XUURZLQJ�DFWLYLW\�FHDVHG�DW����Å�EXW�VKRZQ�WR�VXUYLYH� 
VDOLQLWLHV�����Å� 

DQG�7KUHOIDOO�����F�� 
3RQGHU������� 
6HPHQLXN�DQG�:XUP� 
������ 

8QVWDEOH�ZLWK�ODUJH�GDLO\�RU�VHDVRQDO�UDQJHV�LQ�VDOLQLW\�� 
LQFUHDVHG�PRUWDOLW\�GXULQJ�FRQGLWLRQV�RI�LQFUHDVHG�VDOLQLW\�� 
'HQVLWLHV�FDQ�EH�KLJK�DW�ORZ�VDOLQLW\�OHYHOV�� 

7HUUHVWULDO�VKRUHOLQH�� 
&RRURQJ��,QWHUWLGDO�
� 3RQGHU������ 
� 

LQXQGDWHG� 
/LWHUDWXUH��,QWHUWLGDO���VXEWLGDO� 
&RRURQJ��,QWHUWLGDO��ORZ�WR�KLJK�WLGH�OHYHOV��
� :HOOV�DQG�7KUHOIDOO� 
� ������3RQGHU������ 
/LWHUDWXUH��'HQVLWLHV�LQFUHDVH�ZLWK�GHSWK�� 

:DWHU�GHSWK� 2\VWHU�+DUERXU��:$���PD[LPXP�GHQVLW\�LQ�XSSHU�WLGDO� 
OHYHOV�DERYH������P��GHFUHDVLQJ�EHORZ�WKDW�OHYHO��GLG�QRW� 
RFFXU�EHORZ������P�� 
3HHO�,QOHW���GRHV�QRW�H[WHQG�EH\RQG�PLG�WLGH�UHJLRQ�� 
&RRURQJ������178��VLWH����:LQWHU��������178��VLWH���� �� 

7XUELGLW\��VXQOLJKW�� 
:LQWHU�6SULQJ��A� 
� 
/LWHUDWXUH��1�$� 
&RRURQJ��1�$� 3RQGHU������ 
� 

)ORZ� /LWHUDWXUH��*URZ�EHVW�LQ�UHODWLYHO\�UDSLG�FXUUHQWV��WKLV� 
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