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APPENDIX	
  1.	
  	
  AN	
  ATLAS	
  OF	
  MACROINVERTEBRATE	
  FAMILIES	
  OF	
  THE	
  MELBOURNE	
  REGION	
  
(393	
  pp.)	
  is	
  a	
  separate	
  volume.	
  
	
  
	
  
The	
  Cover	
  image	
  shows	
  the	
  predicted	
  LUMaR	
  scores	
  for	
  all	
  reaches	
  of	
  the	
  region	
  under	
  2006	
  land	
  cover	
  and	
  
use.	
  	
  LUMaR	
  is	
  a	
  new	
  index	
  of	
  stream	
  condition	
  for	
  the	
  Melbourne	
  region,	
  derived	
  in	
  this	
  report.	
  	
  See	
  Chapter	
  
6	
  for	
  more	
  information.	
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  report	
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Summary	
  
The	
  composition	
  of	
  macroinvertebrate	
  assemblages	
  is	
  well	
  established	
  as	
  a	
  sensitive	
  indicator	
  
of	
  stream	
  condition;	
  because	
  of	
  their	
  ubiquity,	
  their	
  diversity,	
  their	
  wide	
  range	
  of	
  tolerances	
  to	
  
natural	
  and	
  human-­‐induced	
  environmental	
  variation,	
  and	
  their	
  fundamental	
  importance	
  to	
  the	
  
ecological	
  functioning	
  of	
  stream	
  ecosystems.	
  	
  The	
  large,	
  long-­‐term	
  record	
  of	
  macroinvertebrate	
  
collections	
  from	
  streams	
  of	
  the	
  Melbourne	
  region	
  provides	
  an	
  invaluable	
  resource	
  with	
  which	
  to	
  
develop	
  quantitative	
  predictive	
  models	
  of	
  stream	
  condition	
  to	
  guide	
  strategic	
  planning	
  for	
  river	
  
and	
  water	
  management	
  of	
  the	
  region.	
  
In	
  this	
  study,	
  we	
  used	
  the	
  macroinvertebrate	
  assemblage	
  data	
  of	
  the	
  Melbourne	
  Water	
  
management	
  region,	
  collected	
  from	
  1992	
  to	
  2009,	
  to	
  develop	
  predictive	
  models	
  of	
  stream	
  
ecological	
  condition	
  as	
  a	
  function	
  of	
  catchment	
  land	
  use,	
  physiographic	
  and	
  climatic	
  factors,	
  and	
  
their	
  interactions.	
  	
  We	
  took	
  care	
  to	
  collate	
  and	
  calculate	
  predictor	
  variables	
  that	
  not	
  only	
  
indicate	
  important	
  environmental	
  variables	
  that	
  are	
  likely	
  to	
  differentially	
  affect	
  the	
  occurrence	
  
of	
  different	
  macroinvertebrate	
  species,	
  but	
  also	
  indicate	
  environmental	
  changes	
  that	
  are	
  made	
  
as	
  a	
  result	
  of	
  management	
  activities.	
  	
  The	
  resulting	
  models	
  provide	
  direct	
  predictions	
  of	
  the	
  
response	
  of	
  macroinvertebrate	
  assemblages	
  to	
  management	
  actions,	
  and	
  under	
  potentially	
  
different	
  future	
  climatic	
  conditions.	
  
We	
  ensured	
  that	
  land-­‐use	
  measures	
  were	
  spatially	
  optimized	
  to	
  match	
  the	
  most	
  plausible	
  
mechanistic	
  pathways	
  of	
  influence.	
  	
  Urban	
  impervious	
  surfaces	
  were	
  weighted	
  by	
  distance	
  to	
  
the	
  nearest	
  downslope	
  stormwater	
  drain,	
  indicating	
  the	
  probability	
  that	
  each	
  surface	
  was	
  
connected	
  to	
  the	
  stormwater	
  drainage	
  system.	
  	
  This	
  measure	
  of	
  urban	
  stormwater	
  impacts	
  
(termed	
  attenuated	
  imperviousness,	
  AI)	
  was	
  a	
  substantially	
  stronger	
  predictor	
  of	
  
macroinvertebrate	
  assemblage	
  response	
  than	
  total	
  impervious	
  coverage,	
  which	
  is	
  more	
  
commonly	
  used	
  as	
  a	
  predictor	
  of	
  human	
  impacts.	
  	
  Forest	
  cover	
  was	
  weighted	
  by	
  both	
  overland	
  
distance	
  to	
  the	
  nearest	
  stream,	
  and	
  in-­‐stream	
  distance	
  to	
  a	
  site	
  (and	
  termed	
  attenuated	
  forest	
  
cover,	
  AF):	
  the	
  influence	
  of	
  forest	
  cover	
  declined	
  exponentially	
  with	
  distance	
  from	
  the	
  site,	
  so	
  
that	
  forest	
  cover	
  35	
  m	
  up	
  the	
  bank	
  from	
  the	
  stream	
  was	
  half	
  as	
  influential	
  as	
  forest	
  cover	
  on	
  the	
  
bankside,	
  and	
  bankside	
  vegetation	
  1	
  km	
  upstream	
  of	
  a	
  site	
  was	
  half	
  as	
  influential	
  as	
  bankside	
  
forest	
  cover	
  at	
  the	
  site.	
  	
  This	
  preliminary	
  analysis	
  suggests	
  that	
  riparian	
  corridors	
  of	
  40-­‐100	
  m	
  
width	
  and	
  1-­‐2	
  km	
  upstream	
  are	
  required	
  to	
  protect	
  stream	
  ecosystems.	
  	
  	
  
Boosted-­‐regression-­‐tree	
  models,	
  that	
  allow	
  for	
  non-­‐linear	
  relationships	
  and	
  interactions	
  
between	
  predictor	
  variables	
  predicted	
  macroinvertebrate	
  assemblage	
  composition	
  very	
  well.	
  	
  A	
  
model	
  for	
  SIGNAL	
  score	
  (an	
  index	
  of	
  macroinvertebrate	
  sensitivity	
  to	
  disturbance)	
  predicted	
  
observed	
  SIGNAL	
  scores	
  in	
  a	
  set	
  of	
  independent	
  test	
  samples	
  well	
  (correlation	
  coefficient	
  r	
  =	
  
0.85).	
  	
  The	
  combined	
  prediction	
  of	
  family	
  richness	
  (for	
  60	
  families	
  with	
  sufficient	
  prevalence	
  in	
  
the	
  dataset	
  to	
  permit	
  models	
  of	
  their	
  distributions)	
  was	
  not	
  as	
  strong	
  (r	
  =	
  0.81).	
  	
  However,	
  the	
  
prediction	
  of	
  sensitive	
  families	
  (those	
  that	
  responded	
  negatively	
  to	
  either	
  AI	
  or	
  AF)	
  was	
  
stronger	
  (r	
  =	
  0.87).	
  The	
  predictive	
  power	
  of	
  the	
  combined	
  models	
  is	
  thus	
  strong.	
  
We	
  therefore	
  used	
  the	
  predictions	
  of	
  assemblage	
  composition	
  in	
  the	
  absence	
  of	
  human	
  impacts	
  
(by	
  setting	
  AI	
  to	
  zero	
  and	
  AF	
  to	
  1)	
  as	
  the	
  expected	
  assemblage	
  against	
  which	
  observed	
  
assemblages	
  can	
  be	
  compared	
  to	
  assess	
  degree	
  of	
  impairment.	
  	
  We	
  derived	
  a	
  new	
  index	
  of	
  
stream	
  condition,	
  LUMaR,	
  that	
  combines	
  the	
  observed:expected	
  ratio	
  approach	
  of	
  
bioassessment	
  indices	
  such	
  as	
  AUSRIVAS,	
  with	
  the	
  weighting	
  of	
  taxa	
  by	
  their	
  sensitivity	
  to	
  
human	
  impacts	
  used	
  in	
  biotic	
  indices	
  such	
  as	
  SIGNAL.	
  	
  LUMaR	
  is	
  as	
  strong	
  a	
  correlate	
  with	
  
human	
  impacts	
  across	
  the	
  region	
  as	
  SIGNAL	
  score	
  (and	
  both	
  are	
  much	
  stronger	
  than	
  AUSRIVAS),	
  
but	
  has	
  the	
  advantage	
  of	
  being	
  more	
  sensitive	
  to	
  low-­‐to-­‐moderate	
  levels	
  of	
  impairment,	
  and	
  
having	
  an	
  invariant	
  value	
  in	
  the	
  absence	
  of	
  human	
  impacts	
  across	
  the	
  region	
  (unimpaired	
  
reaches	
  in	
  low-­‐discharge,	
  western	
  streams	
  have	
  lower	
  SIGNAL	
  scores	
  than	
  unimpaired	
  reaches	
  
of	
  high-­‐discharge,	
  eastern	
  streams,	
  while	
  unimpaired	
  LUMaR	
  scores	
  =	
  1	
  in	
  all	
  reaches).	
  
Riparian	
  forest	
  and	
  urban	
  stormwater	
  impacts	
  had	
  similar	
  degrees	
  of	
  influence	
  on	
  
macroinvertebrate	
  assemblage	
  composition,	
  but	
  the	
  influence	
  of	
  riparian	
  forest	
  on	
  
macroinvertebrate	
  assemblages	
  was	
  strongest	
  in	
  streams	
  with	
  little	
  urban	
  stormwater	
  impact.	
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Most	
  invertebrate	
  families	
  show	
  a	
  decline	
  in	
  probability	
  of	
  occurrence	
  at	
  very	
  low	
  levels	
  of	
  AI	
  
and	
  many	
  are	
  absent	
  from	
  streams	
  with	
  more	
  than	
  ~3%	
  AI,	
  suggesting	
  that	
  drainage	
  of	
  
impervious	
  surfaces	
  is	
  a	
  stressor	
  that	
  is	
  not	
  peculiar	
  to	
  substantially	
  urban	
  areas.	
  
Under	
  current	
  land-­‐use	
  and	
  climatic	
  conditions,	
  local-­‐scale	
  management	
  actions	
  such	
  as	
  the	
  
construction	
  of	
  rock	
  riffles,	
  or	
  revegetation	
  of	
  20-­‐to-­‐40-­‐m-­‐wide	
  riparian	
  forests	
  were	
  predicted	
  
to	
  have	
  minor	
  positive	
  effects	
  on	
  macroinvertebrate	
  assemblages	
  in	
  some	
  rural	
  streams:	
  3–6	
  
additional	
  sensitive	
  families	
  per	
  sample	
  were	
  predicted,	
  but	
  little	
  change	
  in	
  LUMaR	
  score.	
  	
  The	
  
effects	
  of	
  such	
  actions	
  in	
  streams	
  of	
  the	
  metropolitan	
  area	
  or	
  downstream	
  of	
  regional	
  towns	
  
were	
  predicted	
  to	
  be	
  small	
  or	
  zero.	
  	
  	
  
In	
  contrast,	
  widespread	
  change	
  of	
  urban	
  stormwater	
  management	
  practices	
  aimed	
  at	
  mimicking	
  
pre-­‐urban	
  flow	
  and	
  water	
  quality	
  regimes	
  are	
  predicted	
  to	
  have	
  a	
  strong	
  influence	
  on	
  
macroinvertebrate	
  diversity,	
  with	
  >5	
  additional	
  sensitive	
  families	
  predicted	
  in	
  most	
  streams	
  
currently	
  affected	
  by	
  urban	
  stormwater,	
  and	
  11-­‐15	
  families	
  in	
  some	
  areas,	
  such	
  as	
  streams	
  
draining	
  the	
  Dandenong	
  Ranges.	
  	
  	
  
Warmer	
  and	
  drier	
  conditions	
  are	
  predicted	
  to	
  reduce	
  the	
  number	
  of	
  sensitive	
  families	
  per	
  
sample	
  by	
  >8	
  in	
  many	
  rural	
  streams,	
  particularly	
  upland	
  forested	
  streams,	
  or	
  more	
  if	
  future	
  
climate	
  is	
  very	
  dry.	
  	
  The	
  planned	
  urban	
  expansion	
  and	
  infill	
  of	
  Melbourne	
  is	
  predicted	
  to	
  have	
  a	
  
much	
  stronger	
  negative	
  influence	
  than	
  climate	
  change	
  on	
  streams	
  draining	
  the	
  western,	
  
northern	
  and	
  south-­‐eastern	
  growth	
  corridors,	
  with	
  >11	
  fewer	
  sensitive	
  families	
  per	
  sample,	
  and	
  
reductions	
  in	
  LUMaR	
  scores	
  of	
  1–1.35,	
  predicted	
  if	
  they	
  are	
  developed	
  with	
  current	
  stormwater	
  
management	
  practices.	
  
Our	
  models	
  predict	
  that	
  the	
  effects	
  of	
  moderate	
  climate	
  change	
  could	
  be	
  averted,	
  and	
  the	
  effects	
  
of	
  more	
  severe	
  climate	
  change	
  mitigated,	
  by	
  revegetation	
  of	
  riparian	
  forests.	
  	
  The	
  negative	
  
effects	
  of	
  urban	
  expansion	
  could	
  be	
  averted,	
  and	
  those	
  of	
  existing	
  urban	
  land	
  could	
  be	
  mitigated,	
  
by	
  changing	
  urban	
  stormwater	
  practices.	
  	
  The	
  benefits	
  of	
  these	
  changes	
  could	
  be	
  strengthened	
  
by	
  riparian	
  afforestation	
  in	
  urban	
  areas	
  in	
  which	
  urban	
  stormwater	
  impacts	
  have	
  been	
  
effectively	
  mitigated.	
  
The	
  development	
  of	
  our	
  models	
  has	
  resulted	
  in	
  a	
  new	
  index	
  of	
  stream	
  condition	
  that	
  allows	
  
better	
  detection	
  of	
  low-­‐moderate	
  impairment	
  and	
  more	
  consistent	
  estimation	
  of	
  impairment	
  
across	
  the	
  region	
  than	
  the	
  best	
  existing	
  macroinvertebrate	
  index	
  for	
  the	
  region.	
  	
  Our	
  models	
  
also	
  permit	
  the	
  direct	
  prediction	
  of	
  gain	
  or	
  loss	
  of	
  sensitive	
  invertebrate	
  families	
  as	
  a	
  result	
  of	
  
environmental	
  change	
  or	
  management	
  actions,	
  which	
  provides	
  a	
  more	
  intuitive	
  measure	
  of	
  
biotic	
  change	
  than	
  the	
  more	
  commonly	
  used	
  index.	
  	
  However,	
  our	
  analyses	
  of	
  the	
  limited	
  
species-­‐	
  and	
  genus-­‐level	
  data	
  for	
  the	
  region	
  show	
  that	
  family-­‐level	
  models	
  underestimate	
  both	
  
the	
  sensitivity	
  of	
  macroinvertebrate	
  assemblages	
  to	
  landscape-­‐scale	
  human	
  impacts,	
  and	
  the	
  
magnitude	
  of	
  the	
  resulting	
  loss	
  of	
  biodiversity.	
  	
  There	
  is	
  an	
  order	
  of	
  magnitude	
  more	
  
macroinvertebrate	
  species	
  in	
  Melbourne’s	
  streams	
  than	
  there	
  are	
  families.	
  
A	
  guide	
  to	
  this	
  report	
  
This	
  report	
  is	
  structured	
  into	
  seven	
  chapters.	
  
Following	
  an	
  introductory	
  chapter,	
  the	
  biological	
  and	
  spatial	
  data	
  used	
  in	
  the	
  study,	
  and	
  the	
  
steps	
  we	
  took	
  to	
  refine	
  and	
  collate	
  them	
  for	
  use	
  in	
  statistical	
  analyses	
  are	
  described	
  in	
  Chapter	
  2.	
  	
  
An	
  initial	
  objective	
  of	
  this	
  study	
  was	
  to	
  identify	
  differential	
  impacts	
  of	
  different	
  agricultural	
  
practices	
  across	
  the	
  region.	
  	
  This	
  initial	
  analysis	
  identified	
  shortcomings	
  in	
  the	
  classification	
  of	
  
agricultural	
  land-­‐uses	
  across	
  the	
  region,	
  and	
  the	
  rarity	
  and	
  spatially	
  clumped	
  nature	
  of	
  many	
  
agricultural	
  classes,	
  limiting	
  the	
  potential	
  for	
  discrimination	
  of	
  effects	
  among	
  classes.	
  	
  We	
  thus	
  
elected	
  to	
  first	
  concentrate	
  on	
  a	
  spatially	
  explicit	
  analysis	
  of	
  forest	
  cover,	
  as	
  the	
  converse	
  of	
  
other	
  land	
  uses.	
  	
  	
  
Two	
  important	
  data	
  sets	
  have	
  been	
  created	
  as	
  a	
  result	
  of	
  this	
  data	
  collation:	
  a)	
  a	
  corrected	
  land-­‐
use	
  map,	
  with	
  particular	
  attention	
  to	
  tree	
  cover	
  has	
  been	
  produced	
  as	
  a	
  result	
  of	
  this	
  data	
  
collation;	
  and	
  b)	
  this	
  land-­‐use	
  layer	
  was	
  converted	
  to	
  a	
  10m-­‐x-­‐10-­‐m-­‐resolution	
  raster	
  layer	
  that	
  
has	
  permitted	
  attribution	
  of	
  flow-­‐distances	
  to	
  each	
  grid-­‐cell	
  of	
  each	
  land	
  use	
  classification.	
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Chapter	
  3	
  aims	
  to	
  determine	
  the	
  optimal	
  spatial	
  weighting	
  of	
  forest	
  cover,	
  and	
  the	
  optimal	
  
temporal	
  weighting	
  of	
  antecedent	
  flow	
  conditions,	
  as	
  predictors	
  of	
  macroinvertebrate	
  
assemblage	
  composition.	
  	
  This	
  allows	
  a	
  preliminary	
  assessment	
  of	
  the	
  optimal	
  arrangement	
  of	
  
forest	
  cover,	
  particularly	
  with	
  regard	
  to	
  riparian	
  buffers,	
  for	
  the	
  protection	
  of	
  stream	
  
ecosystems.	
  	
  SIGNAL	
  score	
  was	
  used	
  as	
  the	
  dependent	
  variable	
  in	
  linear	
  mixed	
  effect	
  models	
  
(which	
  account	
  for	
  the	
  potential	
  dependence	
  among	
  multiple	
  samples	
  taken	
  from	
  groups	
  of	
  
close	
  neighbouring	
  sites),	
  and	
  the	
  plausibility	
  of	
  models	
  with	
  differently	
  weighted	
  measures	
  of	
  
forest	
  cover	
  were	
  assessed	
  using	
  the	
  Akaike	
  Information	
  Criterion.	
  	
  This	
  process	
  was	
  also	
  used	
  
to	
  test	
  if	
  AI	
  was	
  a	
  more	
  plausible	
  predictor	
  than	
  total	
  imperviousness	
  across	
  the	
  Melbourne	
  
region.	
  	
  The	
  models	
  also	
  included	
  predictor	
  variables	
  indicating	
  physiographic	
  and	
  climatic	
  
factors.	
  	
  	
  
AI	
  (impervious	
  area	
  weighted	
  exponentially	
  to	
  the	
  nearest	
  downslope	
  stormwater	
  drain	
  with	
  a	
  
half-­‐decay	
  distance	
  of	
  9.4	
  m)	
  was	
  a	
  consistently	
  better	
  predictor	
  of	
  SIGNAL	
  score	
  than	
  was	
  total	
  
imperviousness.	
  	
  The	
  most	
  plausible	
  weighting	
  of	
  forest	
  cover	
  was	
  exponential	
  weighting	
  with	
  a	
  
half-­‐decay	
  distance	
  of	
  35	
  m	
  overland	
  and	
  1.0	
  km	
  in-­‐stream.	
  	
  The	
  most	
  plausible	
  measure	
  of	
  
antecedent	
  flow	
  was	
  the	
  last	
  48	
  months	
  of	
  discharge,	
  linearly	
  weighted	
  so	
  that	
  the	
  most	
  recent	
  
month	
  had	
  a	
  full	
  weighting	
  and	
  months	
  >48	
  months	
  in	
  the	
  past	
  had	
  zero	
  weighting.	
  
Chapter	
  4	
  aims	
  to	
  develop	
  a	
  BRT	
  model	
  of	
  SIGNAL	
  score	
  using	
  the	
  optimal	
  variables	
  determined	
  
in	
  Chapter	
  3.	
  	
  The	
  BRT	
  model	
  was	
  constructed	
  to	
  permit	
  the	
  assessment	
  of	
  non-­‐linear	
  
relationships	
  and	
  interactions	
  among	
  predictor	
  variables.	
  The	
  two	
  human	
  land-­‐use	
  variables	
  in	
  
the	
  model	
  were	
  AI	
  and	
  attenuated	
  forest	
  cover	
  (AF)	
  (each	
  using	
  the	
  optimal	
  weighting	
  function	
  
from	
  Chapter	
  3).	
  We	
  also	
  assessed	
  the	
  degree	
  to	
  which	
  individual	
  agricultural	
  land-­‐use	
  classes	
  
explained	
  residual	
  variation	
  unexplained	
  by	
  the	
  BRT	
  model.	
  
The	
  model	
  predicted	
  SIGNAL	
  score	
  very	
  well	
  (r	
  =	
  0.85	
  for	
  an	
  independent	
  test	
  dataset),	
  with	
  
mean	
  annual	
  discharge,	
  AI,	
  AF,	
  and	
  antecedent	
  flow	
  being	
  the	
  most	
  influential	
  predictor	
  
variables.	
  	
  Other	
  agricultural	
  land-­‐use	
  classes	
  did	
  not	
  explain	
  residual	
  variation	
  in	
  the	
  model	
  
well.	
  
In	
  Chapter	
  5	
  we	
  synthesise	
  and	
  summarise	
  BRT	
  models	
  of	
  occurrence	
  for	
  each	
  of	
  60	
  families	
  
(described	
  in	
  detail	
  in	
  Appendix	
  1).	
  We	
  classified	
  the	
  families	
  into	
  4	
  groups:	
  3	
  “sensitive”	
  groups	
  
that	
  were	
  variably	
  negatively	
  associated	
  by	
  one	
  or	
  both	
  of	
  AI	
  or	
  AF,	
  and	
  a	
  “weedy”	
  group	
  that	
  
were	
  positively	
  associated	
  with	
  AI	
  and	
  AF.	
  	
  We	
  assessed	
  if	
  combining	
  the	
  predictions	
  of	
  the	
  
models	
  for	
  all	
  families	
  and	
  for	
  each	
  class	
  allows	
  a	
  good	
  prediction	
  of	
  response	
  of	
  family	
  richness	
  
and	
  assemblage	
  composition.	
  The	
  combined	
  models	
  predicted	
  the	
  richness	
  of	
  sensitive	
  families	
  
more	
  strongly	
  (r	
  =	
  0.87)	
  than	
  SIGNAL	
  was	
  predicted.	
  
In	
  chapter	
  6,	
  we	
  use	
  the	
  limited	
  species-­‐	
  and	
  genus-­‐level	
  records	
  in	
  the	
  macroinvertebrate	
  data	
  
to	
  assess	
  the	
  adequacy	
  of	
  family-­‐level	
  models	
  for	
  portraying	
  assemblage	
  response	
  to	
  human	
  
impacts	
  and	
  resulting	
  biodiversity	
  loss.	
  	
  While	
  family-­‐level	
  models	
  are	
  effective	
  at	
  detecting	
  
ecological	
  change	
  to	
  human	
  impacts,	
  family-­‐level	
  indices	
  underestimate	
  the	
  sensitivity	
  of	
  most	
  
species,	
  and	
  the	
  scale	
  of	
  biodiversity	
  loss	
  resulting	
  from	
  human	
  impacts.	
  We	
  use	
  the	
  model	
  
predictions	
  to	
  derive	
  a	
  new	
  index	
  of	
  stream	
  condition,	
  LUMaR,	
  which	
  provides	
  improved	
  
detection	
  of	
  low-­‐to-­‐moderate	
  levels	
  of	
  impairment	
  and	
  a	
  more	
  consistent	
  estimation	
  of	
  
impairment	
  across	
  the	
  region	
  than	
  SIGNAL	
  score.	
  
Finally	
  in	
  Chapter	
  7,	
  we	
  use	
  these	
  models	
  and	
  LUMaR	
  score	
  to	
  present	
  predictions	
  of	
  
macroinvertebrate	
  assemblage	
  response	
  to	
  a	
  range	
  of	
  management	
  actions,	
  future	
  land-­‐use	
  
change	
  and	
  potential	
  future	
  climate	
  change.	
  	
  We	
  use	
  maps	
  of	
  the	
  region’s	
  streams	
  to	
  portray	
  
predicted	
  losses	
  or	
  gains	
  of	
  sensitive	
  families,	
  and	
  changes	
  in	
  LUMaR	
  score	
  resulting	
  from	
  three	
  
types	
  of	
  management	
  action:	
  in-­‐channel	
  riffle	
  restoration,	
  riparian	
  afforestation	
  (of	
  three	
  buffer	
  
widths),	
  and	
  removal	
  of	
  urban	
  stormwater	
  impacts	
  through	
  flow-­‐regime	
  management.	
  	
  We	
  
further	
  explore	
  the	
  predicted	
  interactions	
  of	
  these	
  management	
  actions	
  with	
  expansion	
  and	
  
infill	
  of	
  urban	
  land	
  use	
  in	
  the	
  region,	
  and	
  combinations	
  of	
  potentially	
  drier	
  and	
  warmer	
  future	
  
climates.	
  



	
  6	
  

Urban	
  expansion	
  is	
  the	
  most	
  severe	
  threat	
  to	
  streams	
  draining	
  the	
  western,	
  northern	
  and	
  south-­‐
eastern	
  growth	
  boundaries,	
  with	
  substantial	
  biodiversity	
  loss	
  predicted	
  if	
  current	
  urban	
  
stormwater	
  management	
  practices	
  are	
  used	
  in	
  their	
  development.	
  	
  Warmer	
  and	
  drier	
  
conditions	
  are	
  predicted	
  to	
  reduce	
  biodiversity	
  in	
  rural	
  streams,	
  particularly	
  upland	
  streams.	
  	
  
The	
  effects	
  of	
  urban	
  development	
  could	
  be	
  averted	
  and	
  reversed	
  by	
  new	
  approaches	
  to	
  
stormwater	
  management,	
  and	
  the	
  effects	
  of	
  climate	
  change	
  mitigated	
  through	
  widespread	
  
riparian	
  afforestation.	
  

	
  

Abbreviations	
  
AI:	
   Attenuated	
  imperviousness	
  
AICc:	
   Akaike	
  Information	
  Criterion	
  adjusted	
  for	
  small	
  sample	
  size	
  (Burnham	
  &	
  Anderson,	
  

2002)	
  
AF:	
   Attenuated	
  forest	
  cover	
  
BRT:	
   Boosted	
  regression	
  trees	
  
catign:	
   Percentage	
  of	
  catchment	
  area	
  underlain	
  by	
  igneous	
  rock,	
  derived	
  from	
  the	
  BOM	
  

geofabric	
  (Bureau	
  of	
  Meteorology,	
  2011)	
  
CV:	
   Cross-­‐validation	
  
DEM:	
   Digital	
  elevation	
  model	
  
meanQ:	
   mean	
  annual	
  discharge	
  depth,	
  derived	
  from	
  the	
  BOM	
  geofabric	
  (Bureau	
  of	
  

Meteorology,	
  2011)	
  
LUMaR:	
   a	
  new	
  biotic	
  index	
  (Land	
  Use	
  Macroinvertebrate	
  Response	
  index)	
  based	
  on	
  the	
  

presence	
  of	
  macroinvertebrate	
  families	
  in	
  the	
  Melbourne	
  region,	
  developed	
  in	
  this	
  
report	
  

nriff:	
   number	
  of	
  riffle	
  samples	
  (a	
  predictor	
  variable	
  in	
  models	
  using	
  sample	
  pairs)	
  
nspring:	
   number	
  of	
  spring	
  samples	
  (a	
  predictor	
  variable	
  in	
  models	
  using	
  sample	
  pairs)	
  
SIGNAL:	
   a	
  biotic	
  index	
  based	
  on	
  the	
  presence	
  of	
  macroinvertebrate	
  families	
  (Chessman,	
  1995)	
  

	
  
	
   	
  



	
   7	
  

Acknowledgements	
  
This	
  study	
  was	
  funded	
  by	
  Melbourne	
  Water.	
  	
  The	
  source	
  data	
  in	
  the	
  Melbourne	
  Water	
  
macroinvertebrate	
  database	
  has	
  been	
  collected,	
  processed	
  and	
  identified	
  by	
  many	
  people	
  over	
  
the	
  almost	
  20-­‐year	
  period	
  of	
  record,	
  and	
  includes	
  data	
  from	
  Melbourne	
  Water’s	
  biological	
  
monitoring	
  program	
  and	
  many	
  other	
  Melbourne	
  Water	
  studies,	
  EPA	
  Victoria’s	
  monitoring	
  
program,	
  several	
  projects	
  of	
  the	
  Cooperative	
  Research	
  Centre	
  for	
  Freshwater	
  Ecology,	
  and	
  the	
  
current	
  Little	
  Stringybark	
  Creek	
  study.	
  	
  The	
  army	
  of	
  people	
  who	
  have	
  contributed	
  to	
  the	
  
database	
  are	
  warmly,	
  if	
  anonymously,	
  thanked.	
  	
  	
  
The	
  long-­‐term	
  macroinvertebrate	
  data	
  for	
  the	
  seven	
  streams	
  of	
  eastern	
  Melbourne	
  used	
  to	
  
validate	
  predictions	
  of	
  family-­‐level	
  models	
  in	
  chapters	
  5	
  and	
  6	
  (specifically	
  Figs.	
  5.7,	
  6.3,	
  6.5	
  and	
  
6.6)	
  were	
  collected	
  with	
  funding	
  from	
  the	
  Cooperative	
  Research	
  Centre	
  for	
  Freshwater	
  Ecology	
  
(project	
  D210,	
  2000-­‐2002),	
  Melbourne	
  Water	
  (2004-­‐2005),	
  and	
  an	
  Australian	
  Research	
  Council	
  
Linkage	
  grant	
  (LP0883610)	
  in	
  collaboration	
  with	
  Melbourne	
  Water	
  and	
  Yarra	
  Ranges	
  Council	
  
(2006-­‐2012).	
  	
  The	
  views	
  expressed	
  herein	
  are	
  those	
  of	
  the	
  authors	
  and	
  not	
  necessarily	
  those	
  of	
  
the	
  funding	
  bodies.	
  	
  	
  
We	
  thank	
  Edward	
  Tsyrlin	
  and	
  Rhys	
  Coleman	
  for	
  commissioning	
  the	
  work,	
  and	
  for	
  their	
  support	
  
and	
  patience.	
  	
  
Alistair	
  Danger	
  worked	
  with	
  us	
  to	
  compile	
  the	
  land	
  use	
  data	
  (he	
  is	
  a	
  co-­‐author	
  of	
  Chapter	
  2),	
  
and	
  provided	
  helpful	
  comments	
  on	
  the	
  entire	
  report.	
  	
  
We	
  thank	
  Joshphar	
  Kunapo	
  for	
  compiling	
  the	
  digital	
  elevation	
  models	
  used	
  in	
  our	
  analyses.	
  	
  
We	
  thank	
  our	
  colleagues	
  Tim	
  Fletcher	
  and	
  Nick	
  Bond	
  for	
  useful	
  discussions	
  on	
  many	
  aspects	
  of	
  
this	
  report	
  over	
  its	
  long	
  genesis.	
  
Edward	
  Tsyrlin,	
  Matthew	
  Burns	
  and	
  Michael	
  Sammonds	
  provided	
  helpful	
  comments	
  on	
  early	
  
versions	
  of	
  chapter	
  3.	
  	
  Marion	
  Urrutiaguer	
  made	
  the	
  useful	
  suggestion	
  to	
  present	
  predictions	
  of	
  
a	
  regionally	
  consistent	
  index	
  such	
  as	
  LUMaR	
  in	
  addition	
  to	
  those	
  of	
  family	
  richness.	
  
The	
  following	
  kindly	
  checked	
  and	
  corrected	
  taxonomic	
  errors	
  in	
  the	
  species-­‐level	
  records	
  
reported	
  and	
  mapped	
  in	
  the	
  appendix:	
  Alena	
  Glaister	
  (Elmidae),	
  Edward	
  Tsyrlin	
  (families	
  of	
  
Plectopera),	
  and	
  Ros	
  St.	
  Clair	
  (families	
  of	
  Trichoptera	
  and	
  Ephemeroptera).	
  	
  	
  



	
  8	
  

This	
  document	
  contains	
  only	
  the	
  table	
  of	
  contents,	
  summary,	
  and	
  references	
  section	
  of	
  the	
  full	
  
report.	
  	
  If	
  you	
  would	
  like	
  a	
  copy	
  of	
  the	
  full	
  report	
  and	
  its	
  appendix,	
  please	
  email	
  Chris	
  Walsh	
  
cwalsh@unimelb.edu.au.	
   	
  



	
   9	
  

References	
  
ABS	
  (2011)	
  32180:	
  regional	
  population	
  growth,	
  Australia,	
  2011.	
  Australian	
  Bureau	
  of	
  Statistics,	
  

Canberra.	
  
http://www.abs.gov.au/AUSSTATS/abs@.nsf/Lookup/3218.0Main+Features12011?Op
enDocument.	
  

Allan,	
  J.D.	
  (2004)	
  Landscapes	
  and	
  riverscapes:	
  the	
  influence	
  of	
  land	
  use	
  on	
  stream	
  ecosystems.	
  
Annual	
  Review	
  of	
  Ecology,	
  Evolution	
  and	
  Systematics,	
  35,	
  257–284.	
  

Allan,	
  J.D.,	
  Erickson,	
  D.L.	
  &	
  Fay,	
  J.	
  (1997)	
  The	
  influence	
  of	
  catchment	
  land	
  use	
  on	
  stream	
  integrity	
  
across	
  multiple	
  spatial	
  scales.	
  Freshwater	
  Biology,	
  37,	
  149–161.	
  

Anon.	
  (1994)	
  National	
  River	
  Processes	
  and	
  Management	
  Program.	
  	
  Monitoring	
  River	
  Health	
  
Initiative.	
  River	
  Bioassessment	
  Manual.	
  	
  Version	
  1.0.	
  Department	
  of	
  the	
  Environment,	
  
Sport	
  and	
  Territories;	
  Land	
  and	
  Water	
  Resources	
  Research	
  and	
  Development	
  
Corporation;	
  Commonwealth	
  Environment	
  Protection	
  Authority,	
  Canberra.	
  

Anon.	
  (2011)	
  Guidelines	
  for	
  the	
  development	
  of	
  a	
  water	
  supply	
  demand	
  strategy.	
  Department	
  of	
  
Sustainability	
  and	
  Environment,	
  Victoria,	
  Melbourne.	
  

ANZECC	
  &	
  ARMCANZ	
  (2000)	
  National	
  Water	
  Quality	
  Management	
  Strategy.	
  	
  Australian	
  and	
  New	
  
Zealand	
  Guidelines	
  for	
  Fresh	
  and	
  Marine	
  Water	
  Quality.	
  Vol.	
  1	
  The	
  Guidelines,	
  Australian	
  
and	
  New	
  Zealand	
  Environment	
  and	
  Conservation	
  Council,	
  and	
  Agriculture	
  and	
  Resource	
  
Management	
  Council	
  of	
  Australia	
  and	
  New	
  Zealand,	
  Canberra,	
  Australia.	
  

Arango,	
  C.P.	
  &	
  Tank,	
  J.L.	
  (2008)	
  Land	
  use	
  influences	
  the	
  spatiotemporal	
  controls	
  on	
  nitrification	
  
and	
  denitrification	
  in	
  headwater	
  streams.	
  Journal	
  of	
  the	
  North	
  American	
  Benthological	
  
Society,	
  27,	
  90–107.	
  

Baker,	
  M.E.,	
  Weller,	
  D.E.	
  &	
  Jordan,	
  T.E.	
  (2007)	
  Effects	
  of	
  stream	
  map	
  resolution	
  on	
  measures	
  of	
  
riparian	
  buffer	
  distribution	
  and	
  nutrient	
  retention	
  potential.	
  Landscape	
  Ecology,	
  22,	
  
973–992.	
  

Bernhardt,	
  E.S.	
  &	
  Palmer,	
  M.A.	
  (2011)	
  River	
  restoration:	
  the	
  fuzzy	
  logic	
  of	
  repairing	
  reaches	
  to	
  
reverse	
  catchment	
  scale	
  degradation.	
  Ecological	
  Applications,	
  21,	
  1926–1931.	
  

Bernhardt,	
  E.S.,	
  Palmer,	
  M.A.,	
  Allan,	
  J.D.,	
  Alexander,	
  G.,	
  Barnas,	
  K.,	
  Brooks,	
  S.,	
  et	
  al.	
  (2005)	
  
Synthesizing	
  U.S.	
  river	
  restoration	
  efforts	
  (supporting	
  online	
  material).	
  Science,	
  38,	
  636–
637.	
  

Bond,	
  N.,	
  Thomson,	
  J.	
  &	
  Reich,	
  P.	
  (2012)	
  Macroinvertebrate	
  responses	
  to	
  antecedent	
  flow,	
  long-­‐
term	
  flow	
  regime	
  characteristics	
  and	
  landscape	
  context	
  in	
  Victorian	
  rivers.	
  National	
  Water	
  
Commission,	
  Canberra.	
  

Bond,	
  N.R.,	
  Lake,	
  P.	
  &	
  Arthington,	
  A.H.	
  (2008)	
  The	
  impacts	
  of	
  drought	
  on	
  freshwater	
  ecosystems:	
  
an	
  Australian	
  perspective.	
  Hydrobiologia,	
  600,	
  3–16.	
  

Booth,	
  D.B.,	
  Kraseski,	
  K.A.	
  &	
  Jackson,	
  C.R.	
  (2013)	
  Local	
  and	
  watershed-­‐scale	
  determinants	
  of	
  
summertime	
  urban	
  stream	
  temperatures.	
  Hydrological	
  Processes,	
  in	
  press.	
  

Brown,	
  L.R.,	
  May,	
  J.T.,	
  Rehn,	
  A.C.,	
  Ode,	
  P.R.,	
  Waite,	
  I.R.	
  &	
  Kennen,	
  J.G.	
  (2012)	
  Predicting	
  biological	
  
condition	
  in	
  southern	
  California	
  streams.	
  Landscape	
  and	
  Urban	
  Planning,	
  108,	
  17–27.	
  

Bureau	
  of	
  Meteorology	
  (2011)	
  Australian	
  hydrological	
  geospatial	
  fabric	
  (geofabric)	
  product	
  
guide.	
  Version	
  2.0	
  –	
  November	
  2011,	
  Australian	
  Government,	
  Bureau	
  of	
  Meteorology,	
  
Canberra.	
  

Bureau	
  of	
  Meteorology	
  (2012)	
  Australian	
  climate	
  averages:	
  maximum,	
  minimum	
  and	
  mean	
  
temperature	
  maps.	
  Bureau	
  of	
  Meteorology,	
  Melbourne,	
  Australia.	
  
http://www.bom.gov.au/jsp/ncc/climate_averages/temperature/index.jsp?maptype=6
&period=sum	
  -­‐	
  maps.	
  

Burnham,	
  K.P.	
  &	
  Anderson,	
  D.R.	
  (2002)	
  Model	
  selection	
  and	
  multimodel	
  inference:	
  a	
  practical	
  
information-­‐theoretic	
  approach,	
  Springer,	
  New	
  York.	
  

Burns,	
  M.J.,	
  Fletcher,	
  T.D.,	
  Duncan,	
  H.P.,	
  Hatt,	
  B.E.,	
  Ladson,	
  A.R.	
  &	
  Walsh,	
  C.J.	
  (2012a)	
  The	
  
stormwater	
  retention	
  performance	
  of	
  rainwater	
  tanks	
  at	
  the	
  land-­‐parcel	
  scale.	
  In:	
  7th	
  
International	
  Conference	
  on	
  Water	
  Sensitive	
  Urban	
  Design	
  Eds	
  T.H.F.	
  Wong	
  &	
  D.T.	
  
McCarthy).	
  Engineering	
  Australia,	
  Melbourne	
  Australia.	
  



	
  10	
  

Burns,	
  M.J.,	
  Fletcher,	
  T.D.,	
  Walsh,	
  C.J.,	
  Ladson,	
  A.R.	
  &	
  Hatt,	
  B.E.	
  (2012b)	
  Hydrologic	
  shortcomings	
  
of	
  conventional	
  urban	
  stormwater	
  management	
  and	
  opportunities	
  for	
  reform.	
  
Landscape	
  and	
  Urban	
  Planning,	
  105,	
  230–240.	
  

Buston,	
  P.M.	
  &	
  Elith,	
  J.	
  (2011)	
  Determinants	
  of	
  reproductive	
  success	
  in	
  dominant	
  pairs	
  of	
  
clownfish:	
  a	
  boosted	
  regression	
  tree	
  analysis.	
  Journal	
  of	
  Animal	
  Ecology,	
  80,	
  528–538.	
  

Carpenter,	
  S.R.,	
  Caraco,	
  N.F.,	
  Correll,	
  D.L.,	
  Howarth,	
  R.W.,	
  Sharpley,	
  A.N.	
  &	
  Smith,	
  V.H.	
  (1998)	
  
Nonpoint	
  pollution	
  of	
  surface	
  waters	
  with	
  phosphorus	
  and	
  nitrogen.	
  Ecological	
  
Applications,	
  8,	
  559–568.	
  

Chessman,	
  B.C.	
  (1995)	
  Rapid	
  assessment	
  of	
  rivers	
  using	
  macroinvertebrates:	
  a	
  procedure	
  based	
  
on	
  habitat-­‐specific	
  sampling,	
  family	
  level	
  identification	
  and	
  a	
  biotic	
  index.	
  Australian	
  
Journal	
  of	
  Ecology,	
  20,	
  122–129.	
  

Chessman,	
  B.C.	
  (2009)	
  Climatic	
  changes	
  and	
  13-­‐year	
  trends	
  in	
  stream	
  macroinvertebrate	
  
assemblages	
  in	
  New	
  South	
  Wales,	
  Australia.	
  Global	
  Change	
  Biology,	
  15,	
  2791–2802.	
  

Chessman,	
  B.C.	
  &	
  Royal,	
  M.J.	
  (2004)	
  Bioassessment	
  without	
  reference	
  sites:	
  use	
  of	
  
environmental	
  filters	
  to	
  predict	
  natural	
  assemblages	
  of	
  river	
  macroinvertebrates.	
  
Journal	
  of	
  the	
  North	
  American	
  Benthological	
  Society,	
  23,	
  599–615.	
  

Clapcott,	
  J.E.,	
  Collier,	
  K.J.,	
  Death,	
  R.G.,	
  Goodwin,	
  E.O.,	
  Harding,	
  J.S.,	
  Kelly,	
  D.,	
  et	
  al.	
  (2012)	
  
Quantifying	
  relationships	
  between	
  land-­‐use	
  gradients	
  and	
  structural	
  and	
  functional	
  
indicators	
  of	
  stream	
  ecological	
  integrity.	
  Freshwater	
  Biology,	
  57,	
  74–90.	
  

Clapcott,	
  J.E.,	
  Young,	
  R.G.,	
  Goodwin,	
  E.O.	
  &	
  Leathwick,	
  J.R.	
  (2010)	
  Exploring	
  the	
  response	
  of	
  
functional	
  indicators	
  of	
  stream	
  health	
  to	
  land-­‐use	
  gradients.	
  Freshwater	
  Biology,	
  55,	
  
2181-­‐2199.	
  

CSIRO	
  (2007)	
  Climate	
  change	
  in	
  Australia,	
  CSIRO	
  and	
  Bureau	
  of	
  Meteorology,	
  Canberra,	
  
Australia.	
  

Cuffney,	
  T.F.,	
  Brightbill,	
  R.A.,	
  May,	
  J.T.	
  &	
  Waite,	
  I.R.	
  (2010)	
  Responses	
  of	
  benthic	
  
macroinvertebrates	
  to	
  environmental	
  changes	
  associated	
  with	
  urbanization	
  in	
  nine	
  
metropolitan	
  areas.	
  Ecological	
  Applications,	
  20,	
  1384–1401.	
  

Cuffney,	
  T.F.	
  &	
  Falcone,	
  J.A.	
  (2009)	
  Derivation	
  of	
  nationally	
  consistent	
  indices	
  representing	
  urban	
  
intensity	
  within	
  and	
  across	
  nine	
  metropolitan	
  areas	
  of	
  the	
  conterminous	
  United	
  States,	
  US	
  
Geological	
  Survey.	
  

Cuffney,	
  T.F.,	
  Qian,	
  S.S.,	
  Brightbill,	
  R.A.,	
  May,	
  J.T.	
  &	
  Waite,	
  I.R.	
  (2011)	
  Response	
  to	
  King	
  and	
  
Baker:	
  limitations	
  on	
  threshold	
  detection	
  and	
  characterization	
  of	
  community	
  thresholds.	
  
Ecological	
  Applications,	
  21,	
  2840–2845.	
  

Davies,	
  P.,	
  Harris,	
  J.,	
  Hillman,	
  T.	
  &	
  Walker,	
  K.	
  (2008)	
  A	
  report	
  on	
  the	
  ecological	
  health	
  of	
  rivers	
  in	
  
the	
  Murray-­‐Darling	
  Basin.	
  Prepared	
  by	
  the	
  Independent	
  Sustainable	
  Rivers	
  Audit	
  Group	
  
for	
  the	
  Murray-­‐Darling	
  Basin	
  Ministerial	
  Council,	
  Canberra,	
  ACT,	
  Australia.	
  

De'ath,	
  G.	
  (2002)	
  Multivariate	
  regression	
  trees:	
  a	
  new	
  technique	
  for	
  modeling	
  species-­‐
environment	
  relationships.	
  Ecology,	
  83,	
  1105–1117.	
  

De'ath,	
  G.	
  (2007)	
  Boosted	
  trees	
  for	
  ecological	
  modeling	
  and	
  prediction.	
  Ecology,	
  88,	
  243–251.	
  
Durance,	
  I.	
  &	
  Ormerod,	
  S.J.	
  (2009)	
  Trends	
  in	
  water	
  quality	
  and	
  discharge	
  confound	
  long-­‐term	
  

warming	
  effects	
  on	
  river	
  macroinvertebrates.	
  Freshwater	
  Biology,	
  54,	
  388–405.	
  
Elith,	
  J.,	
  Graham,	
  C.H.,	
  Anderson,	
  R.P.,	
  Dudik,	
  M.,	
  Ferrier,	
  S.,	
  Guisan,	
  A.,	
  et	
  al.	
  (2006)	
  Novel	
  

methods	
  improve	
  prediction	
  of	
  species'	
  distributions	
  from	
  occurrence	
  data.	
  Ecography,	
  
29,	
  129–151.	
  

Elith,	
  J.,	
  Leathwick,	
  J.R.	
  &	
  Hastie,	
  T.	
  (2008)	
  A	
  working	
  guide	
  to	
  boosted	
  regression	
  trees.	
  Journal	
  
of	
  Animal	
  Ecology,	
  77,	
  802–813.	
  

EPA	
  Victoria	
  (2004)	
  Biological	
  objectives	
  for	
  rivers	
  and	
  streams–ecosystem	
  protection,	
  
Information	
  Bulletin,	
  Publication	
  No.	
  793.2.	
  Environment	
  Protection	
  Authority	
  Victoria,	
  
Melbourne,	
  Australia.	
  

Fabricius,	
  K.	
  &	
  De'ath,	
  G.	
  (2008)	
  Photosynthetic	
  symbionts	
  and	
  energy	
  supply	
  determine	
  
octocoral	
  biodiversity	
  in	
  coral	
  reefs.	
  Ecology,	
  89,	
  3163-­‐3173.	
  

Fletcher,	
  T.D.,	
  Walsh,	
  C.J.,	
  Bos,	
  D.,	
  Nemes,	
  V.,	
  RossRakesh,	
  S.,	
  Prosser,	
  T.,	
  et	
  al.	
  (2011)	
  Restoration	
  
of	
  stormwater	
  retention	
  capacity	
  at	
  the	
  allotment-­‐scale	
  through	
  a	
  novel	
  economic	
  
instrument.	
  Water	
  Science	
  and	
  Technology,	
  64.2,	
  494–502.	
  



	
   11	
  

Freeman,	
  E.A.	
  &	
  Moisen,	
  G.	
  (2008)	
  PresenceAbsence:	
  An	
  R	
  package	
  for	
  presence	
  absence	
  
analysis.	
  Journal	
  of	
  Statistical	
  Software,	
  23,	
  1–31.	
  

Government	
  of	
  Victoria	
  (2003)	
  Variation	
  to	
  state	
  environment	
  protection	
  policy	
  (Waters	
  of	
  
Victoria).	
  

Harding,	
  J.S.,	
  Benfield,	
  E.F.,	
  Bolstad,	
  P.V.,	
  Helfman,	
  G.S.	
  &	
  Jones,	
  E.B.D.	
  (1998)	
  Stream	
  
biodiversity:	
  the	
  ghost	
  of	
  land	
  use	
  past.	
  Proceedings	
  of	
  the	
  National	
  Academy	
  of	
  Sciences	
  
of	
  the	
  United	
  States	
  of	
  America,	
  95,	
  14843–14847.	
  

Hastie,	
  T.,	
  Tibshirani,	
  R.	
  &	
  Friedman,	
  J.H.	
  (2009)	
  The	
  elements	
  of	
  statistical	
  learning	
  :	
  data	
  mining,	
  
inference,	
  and	
  prediction,	
  Springer,	
  New	
  York.	
  

Humphrey,	
  C.L.,	
  Storey,	
  A.W.	
  &	
  Thurtell,	
  L.	
  (2000)	
  AUSRIVAS:	
  operator	
  sample	
  processing	
  errors	
  
and	
  temporal	
  variability	
  -­‐	
  implications	
  for	
  model	
  sensitivity.	
  In:	
  Assessing	
  the	
  Biological	
  
Quality	
  of	
  Fresh	
  Waters:	
  RIVPACS	
  and	
  Other	
  Techniques	
  Eds	
  J.F.	
  Wright,	
  D.W.	
  Sutcliffe	
  &	
  
M.T.	
  Furse),	
  pp.	
  143–163.	
  Freshwater	
  Biological	
  Association,	
  Ambleside,	
  UK.	
  

Hunsaker,	
  C.T.	
  &	
  Levine,	
  D.A.	
  (1995)	
  Hierarchical	
  approaches	
  to	
  the	
  study	
  of	
  water	
  quality	
  in	
  
rivers.	
  BioScience,	
  45,	
  193–203.	
  

Hynes,	
  H.B.N.	
  (1975)	
  The	
  stream	
  and	
  its	
  valley.	
  Verhandlungen	
  Internationale	
  Vereinigung	
  für	
  
Theoretische	
  und	
  Angewandte	
  Limnologie,	
  19,	
  1–15.	
  

Johnson,	
  L.	
  &	
  Gage,	
  S.	
  (1997)	
  Landscape	
  approaches	
  to	
  the	
  analysis	
  of	
  aquatic	
  ecosystems.	
  
Freshwater	
  Biology,	
  37,	
  113–132.	
  

Jones,	
  R.N.	
  &	
  Durak,	
  P.J.	
  (2005)	
  Estimating	
  the	
  impacts	
  of	
  climate	
  change	
  on	
  Victoria's	
  runoff	
  
using	
  a	
  hydrological	
  sensitivity	
  model.	
  CSIRO	
  atmospheric	
  research,	
  Melbourne.	
  

Karr,	
  J.R.	
  (1991)	
  Biological	
  integrity:	
  a	
  long-­‐neglected	
  aspect	
  of	
  water	
  resource	
  management.	
  
Ecological	
  Applications,	
  1,	
  66–84.	
  

King,	
  R.S.	
  &	
  Baker,	
  M.E.	
  (2011)	
  An	
  alternative	
  view	
  of	
  ecological	
  community	
  thresholds	
  and	
  
appropriate	
  analyses	
  for	
  their	
  detection:	
  comment.	
  Ecological	
  Applications,	
  21,	
  2833–
2839.	
  

King,	
  R.S.,	
  Baker,	
  M.E.,	
  Kazyak,	
  P.F.	
  &	
  Weller,	
  D.E.	
  (2010)	
  How	
  novel	
  is	
  too	
  novel?	
  Stream	
  
community	
  thresholds	
  at	
  exceptionally	
  low	
  levels	
  of	
  catchment	
  urbanization.	
  Ecological	
  
Applications,	
  21,	
  1659–1678.	
  

King,	
  R.S.,	
  Baker,	
  M.E.,	
  Whigham,	
  D.F.,	
  Weller,	
  D.E.,	
  Jordan,	
  T.E.,	
  Kazyak,	
  P.F.,	
  et	
  al.	
  (2005)	
  Spatial	
  
considerations	
  for	
  linking	
  watershed	
  land	
  cover	
  to	
  ecological	
  indicators	
  in	
  streams.	
  
Ecological	
  Applications,	
  15,	
  137–153.	
  

Lake,	
  P.S.,	
  Bond,	
  N.	
  &	
  Reich,	
  P.	
  (2007)	
  Linking	
  ecological	
  theory	
  with	
  stream	
  restoration.	
  
Freshwater	
  Biology,	
  52,	
  597–615.	
  

Lammert,	
  M.	
  &	
  Allan,	
  J.D.	
  (1999)	
  Assessing	
  biotic	
  integrity	
  of	
  streams:	
  Effects	
  of	
  scale	
  in	
  
measuring	
  the	
  influence	
  of	
  land	
  use/cover	
  and	
  habitat	
  structure	
  on	
  fish	
  and	
  
macroinvertebrates.	
  Environmental	
  Management,	
  23,	
  257–270.	
  

Landis,	
  J.R.	
  &	
  Koch,	
  G.G.	
  (1977)	
  The	
  measurement	
  of	
  observer	
  agreement	
  for	
  categorical	
  data.	
  
Biometrics,	
  33,	
  159–174.	
  

Lester,	
  R.E.	
  &	
  Boulton,	
  A.J.	
  (2008)	
  Rehabilitating	
  agricultural	
  streams	
  in	
  Australia	
  with	
  wood:	
  a	
  
review.	
  Environmental	
  Management,	
  42,	
  310–326.	
  

Lloyd,	
  N.J.,	
  Mac	
  Nally,	
  R.	
  &	
  Lake,	
  P.S.	
  (2005)	
  Spatial	
  autocorrelation	
  of	
  assemblages	
  of	
  benthic	
  
invertebrates	
  and	
  its	
  relationship	
  to	
  environmental	
  factors	
  in	
  two	
  upland	
  rivers	
  in	
  
southeastern	
  Australia.	
  Diversity	
  and	
  Distributions,	
  11,	
  375–386.	
  

Lowe,	
  L.,	
  Nathan,	
  R.J.	
  &	
  Morden,	
  R.	
  (2005)	
  Assessing	
  the	
  impact	
  of	
  farm	
  dams	
  on	
  streamflows.	
  
Part	
  II:	
  regional	
  characterisation.	
  Australian	
  Journal	
  of	
  Water	
  Resources,	
  9,	
  13.	
  

Maloney,	
  K.O.,	
  Schmid,	
  M.	
  &	
  Weller,	
  D.E.	
  (2012a)	
  Applying	
  additive	
  modelling	
  and	
  gradient	
  
boosting	
  to	
  assess	
  the	
  effects	
  of	
  watershed	
  and	
  reach	
  characteristics	
  on	
  riverine	
  
assemblages.	
  Methods	
  in	
  Ecology	
  and	
  Evolution,	
  3,	
  116–128.	
  

Maloney,	
  K.O.,	
  Weller,	
  D.E.,	
  Michaelson,	
  D.E.	
  &	
  Ciccotto,	
  P.J.	
  (2012b)	
  Species	
  distribution	
  models	
  
of	
  freshwater	
  stream	
  fishes	
  in	
  Maryland	
  and	
  their	
  implications	
  for	
  management.	
  
Environmental	
  Modeling	
  and	
  Assessment,	
  1–12.	
  



	
  12	
  

Mayer,	
  B.,	
  Boyer,	
  E.W.,	
  Goodale,	
  C.,	
  Jaworski,	
  N.A.,	
  Van	
  Breemen,	
  N.,	
  Howarth,	
  R.W.,	
  et	
  al.	
  (2002)	
  
Sources	
  of	
  nitrate	
  in	
  rivers	
  draining	
  sixteen	
  watersheds	
  in	
  the	
  northeastern	
  US:	
  Isotopic	
  
constraints.	
  Biogeochemistry,	
  57,	
  171–197.	
  

McMahon,	
  G.	
  &	
  Cuffney,	
  T.F.	
  (2000)	
  Quantifying	
  urban	
  intensity	
  in	
  drainage	
  basins	
  for	
  assessing	
  
ecological	
  conditions.	
  Journal	
  of	
  the	
  American	
  Water	
  Resources	
  Association,	
  36,	
  1247–
1261.	
  

Miller,	
  S.W.,	
  Budy,	
  P.	
  &	
  Schmidt,	
  J.C.	
  (2010)	
  Quantifying	
  macroinvertebrate	
  responses	
  to	
  in-­‐
stream	
  habitat	
  restoration:	
  applications	
  of	
  meta-­‐analysis	
  to	
  river	
  restoration.	
  
Restoration	
  Ecology,	
  18,	
  8–19.	
  

Moisen,	
  G.G.,	
  Freeman,	
  E.A.,	
  Blackard,	
  J.A.,	
  Frescino,	
  T.S.,	
  Zimmermann,	
  N.E.	
  &	
  Edwards,	
  T.C.	
  
(2006)	
  Predicting	
  tree	
  species	
  presence	
  and	
  basal	
  area	
  in	
  Utah:	
  A	
  comparison	
  of	
  
stochastic	
  gradient	
  boosting,	
  generalized	
  additive	
  models,	
  and	
  tree-­‐based	
  methods.	
  
Ecological	
  Modelling,	
  199,	
  176–187.	
  

Moore,	
  A.A.	
  &	
  Palmer,	
  M.A.	
  (2005)	
  Invertebrate	
  biodiversity	
  in	
  agricultural	
  and	
  urban	
  
headwater	
  streams:	
  implications	
  for	
  conservation	
  and	
  management.	
  Ecological	
  
Applications,	
  15,	
  1169–1177.	
  

Morley,	
  S.A.	
  &	
  Karr,	
  J.R.	
  (2002)	
  Assessing	
  and	
  restoring	
  the	
  health	
  of	
  urban	
  streams	
  in	
  the	
  Puget	
  
Sound	
  Basin.	
  Conservation	
  Biology,	
  16,	
  1498–1509.	
  

New,	
  T.R.	
  (2008)	
  Legislative	
  inconsistencies	
  and	
  species	
  conservation	
  status:	
  understanding	
  or	
  
confusion?	
  The	
  case	
  of	
  Riekoperla	
  darlingtoni	
  (Plecoptera)	
  in	
  Australia.	
  Journal	
  of	
  Insect	
  
Conservation,	
  12,	
  1-­‐2.	
  

Nilsson-­‐Örtman,	
  V.,	
  Stoks,	
  R.,	
  De	
  Block,	
  M.,	
  Johansson,	
  H.	
  &	
  Johansson,	
  F.	
  (2013)	
  Latitudinally	
  
structured	
  variation	
  in	
  the	
  temperature	
  dependence	
  of	
  damselfly	
  growth	
  rates.	
  Ecology	
  
Letters,	
  16,	
  64-­‐71.	
  

Nolan,	
  B.T.	
  &	
  Stoner,	
  J.D.	
  (2000)	
  Nutrients	
  in	
  groundwaters	
  of	
  the	
  conterminous	
  United	
  States	
  
1992-­‐1995.	
  Environmental	
  Science	
  &	
  Technology,	
  34,	
  1156–1165.	
  

Palmer,	
  M.A.,	
  Menninger,	
  H.L.	
  &	
  Bernhardt,	
  E.	
  (2010)	
  River	
  restoration,	
  habitat	
  heterogeneity	
  
and	
  biodiversity:	
  a	
  failure	
  of	
  theory	
  or	
  practice?	
  Freshwater	
  Biology,	
  55	
  (Supplement	
  1),	
  
205–222.	
  

Peterson,	
  E.E.,	
  Sheldon,	
  F.,	
  Darnell,	
  R.,	
  Bunn,	
  S.E.	
  &	
  Harch,	
  B.D.	
  (2011)	
  A	
  comparison	
  of	
  spatially	
  
explicit	
  landscape	
  representation	
  methods	
  and	
  their	
  relationship	
  to	
  stream	
  condition.	
  
Freshwater	
  Biology,	
  56,	
  590–610.	
  

Poff,	
  N.L.	
  (1997)	
  Landscape	
  filters	
  and	
  species	
  traits:	
  towards	
  mechanistic	
  understanding	
  and	
  
prediction	
  in	
  stream	
  ecology.	
  Journal	
  of	
  the	
  North	
  American	
  Benthological	
  Society,	
  16,	
  
391–409.	
  

R	
  Development	
  Core	
  Team	
  (2012)	
  R:	
  a	
  language	
  and	
  environment	
  for	
  statistical	
  computing.	
  R	
  
Foundation	
  for	
  Statistical	
  Computing,	
  Vienna,	
  Austria.	
  http://www.R-­‐project.org.	
  

Rahel,	
  F.J.	
  &	
  Olden,	
  J.D.	
  (2008)	
  Assessing	
  the	
  effects	
  of	
  climate	
  change	
  on	
  aquatic	
  invasive	
  
species.	
  Conservation	
  Biology,	
  22,	
  521-­‐533.	
  

Richardson,	
  J.S.,	
  Naiman,	
  R.J.	
  &	
  Bisson,	
  P.A.	
  (2012)	
  How	
  did	
  fixed-­‐width	
  buffers	
  become	
  
standard	
  practice	
  for	
  protecting	
  freshwaters	
  and	
  their	
  riparian	
  areas	
  from	
  forest	
  
harvest	
  practices?	
  Freshwater	
  Science,	
  31,	
  232–238.	
  

Rolls,	
  R.J.,	
  Leigh,	
  C.	
  &	
  Sheldon,	
  F.	
  (2012)	
  Mechanistic	
  effects	
  of	
  low-­‐flow	
  hydrology	
  on	
  riverine	
  
ecosystems:	
  ecological	
  principles	
  and	
  consequences	
  of	
  alteration.	
  Freshwater	
  Science,	
  
1163–1186.	
  

Roth,	
  N.E.,	
  Allan,	
  J.D.	
  &	
  Erickson,	
  D.L.	
  (1996)	
  Landscape	
  influences	
  on	
  stream	
  biotic	
  integrity	
  
assessed	
  at	
  multiple	
  spatial	
  scales.	
  Landscape	
  Ecology,	
  11,	
  141–156.	
  

Schlosser,	
  I.J.	
  &	
  Karr,	
  J.R.	
  (1981)	
  Riparian	
  vegetation	
  and	
  channel	
  morphology	
  impact	
  on	
  spatial	
  
patterns	
  of	
  water-­‐quality	
  in	
  agricultural	
  watersheds.	
  Environmental	
  Management,	
  5,	
  
233–243.	
  

Sheldon,	
  F.,	
  Peterson,	
  E.E.,	
  Boone,	
  E.,	
  Sippel,	
  S.,	
  Bunn,	
  S.E.	
  &	
  Harch,	
  B.D.	
  (2012)	
  Identifying	
  the	
  
spatial	
  scale	
  of	
  land	
  use	
  that	
  most	
  strongly	
  influences	
  overall	
  river	
  ecosystem	
  health	
  
score.	
  Ecological	
  Applications,	
  doi:	
  10.1890/1811–1792.1891.	
  



	
   13	
  

Simpson,	
  J.C.	
  &	
  Norris,	
  R.H.	
  (2000)	
  Biological	
  assessment	
  of	
  river	
  quality:	
  development	
  of	
  
AUSRIVAS	
  models	
  and	
  outputs.	
  In:	
  Assessing	
  the	
  Biological	
  Quality	
  of	
  Fresh	
  Waters:	
  
RIVPACS	
  and	
  Other	
  Techniques	
  Eds	
  J.F.	
  Wright,	
  D.W.	
  Sutcliffe	
  &	
  M.T.	
  Furse),	
  pp.	
  125–142.	
  
Freshwater	
  Biological	
  Association,	
  Ambleside,	
  Cumbria,	
  UK.	
  

Somers,	
  K.A.,	
  Bernhardt,	
  E.S.,	
  Grace,	
  J.B.,	
  Hassett,	
  B.A.,	
  Sudduth,	
  E.B.,	
  Wang,	
  S.,	
  et	
  al.	
  (2013)	
  
Streams	
  in	
  the	
  urban	
  heat	
  island:	
  spatial	
  and	
  temporal	
  variability	
  in	
  temperature.	
  
Freshwater	
  Science,	
  32,	
  309-­‐326.	
  

Stephenson,	
  J.M.	
  &	
  Morin,	
  A.	
  (2009)	
  Covariation	
  of	
  stream	
  community	
  structure	
  and	
  biomass	
  of	
  
algae,	
  invertebrates	
  and	
  fish	
  with	
  forest	
  cover	
  at	
  multiple	
  spatial	
  scales.	
  Freshwater	
  
Biology,	
  54,	
  2139–2154.	
  

Strayer,	
  D.L.,	
  Beighley,	
  R.E.,	
  Thompson,	
  L.C.,	
  Brooks,	
  S.,	
  Nilsson,	
  C.,	
  Pinay,	
  G.,	
  et	
  al.	
  (2003)	
  Effects	
  
of	
  land	
  cover	
  on	
  stream	
  ecosystems:	
  Roles	
  of	
  empirical	
  models	
  and	
  scaling	
  issues.	
  
Ecosystems,	
  6,	
  407–423.	
  

Thomson,	
  J.R.,	
  Bond,	
  N.R.,	
  Cunningham,	
  S.C.,	
  Metzeling,	
  L.,	
  Reich,	
  P.,	
  Thompson,	
  R.M.,	
  et	
  al.	
  
(2012)	
  The	
  influences	
  of	
  climatic	
  variation	
  and	
  vegetation	
  on	
  stream	
  biota:	
  lessons	
  from	
  
the	
  Big	
  Dry	
  in	
  southeastern	
  Australia.	
  Global	
  Change	
  Biology,	
  18,	
  1582–1596.	
  

Townsend,	
  C.R.,	
  Doledec,	
  S.,	
  Norris,	
  R.,	
  Peacock,	
  K.	
  &	
  Arbuckle,	
  C.	
  (2003)	
  The	
  influence	
  of	
  scale	
  
and	
  geography	
  on	
  relationships	
  between	
  stream	
  community	
  composition	
  and	
  landscape	
  
variables:	
  description	
  and	
  prediction.	
  Freshwater	
  Biology,	
  48,	
  768–785.	
  

Townsend,	
  C.R.,	
  Downes,	
  B.J.,	
  Peacock,	
  K.	
  &	
  Arbuckle,	
  C.J.	
  (2004)	
  Scale	
  and	
  the	
  detection	
  of	
  land-­‐
use	
  effects	
  on	
  morphology,	
  vegetation	
  and	
  macroinvertebrate	
  communities	
  of	
  grassland	
  
streams.	
  Freshwater	
  Biology,	
  49,	
  448–462.	
  

Tyrrel,	
  S.F.	
  &	
  Quinton,	
  J.N.	
  (2003)	
  Overland	
  flow	
  transport	
  of	
  pathogens	
  from	
  agricultural	
  land	
  
receiving	
  faecal	
  wastes.	
  Journal	
  of	
  Applied	
  Microbiology,	
  94,	
  87S–93S.	
  

Urrutiaguer,	
  M.,	
  Rossrakesh,	
  S.,	
  Potter,	
  M.,	
  Ladson,	
  A.	
  &	
  Walsh,	
  C.J.	
  (2012)	
  Using	
  directly	
  
connected	
  imperviousness	
  mapping	
  to	
  inform	
  stormwater	
  management	
  strategies.	
  In:	
  
7th	
  International	
  Conference	
  on	
  Water	
  Sensitive	
  Urban	
  Design	
  Eds	
  T.H.F.	
  Wong	
  &	
  D.T.	
  
McCarthy),	
  Melbourne.	
  

Utz,	
  R.M.,	
  Hilderbrand,	
  R.H.	
  &	
  Boward,	
  D.M.	
  (2009)	
  Identifying	
  regional	
  differences	
  in	
  threshold	
  
responses	
  of	
  aquatic	
  invertebrates	
  to	
  land	
  cover	
  gradients.	
  Ecological	
  Indicators,	
  9,	
  556–
567.	
  

van	
  Dijk,	
  A.,	
  Evans,	
  R.,	
  Hairsine,	
  P.,	
  Khan,	
  S.,	
  Nathan,	
  R.,	
  Paydar,	
  Z.,	
  et	
  al.	
  (2006)	
  The	
  shared	
  water	
  
resources	
  of	
  the	
  Murray-­‐Darling	
  Basin.	
  Part	
  II,	
  Publication	
  No.	
  22/06.	
  Murray	
  Darling	
  
Basin	
  Commission,	
  Canberra,	
  Australia.	
  

Van	
  Sickle,	
  J.	
  (2008)	
  An	
  index	
  of	
  compositional	
  dissimilarity	
  between	
  observed	
  and	
  expected	
  
assemblages.	
  Journal	
  of	
  the	
  North	
  American	
  Benthological	
  Society,	
  27,	
  227–235.	
  

Van	
  Sickle,	
  J.	
  &	
  Johnson,	
  C.B.	
  (2008)	
  Parametric	
  distance	
  weighting	
  of	
  landscape	
  influence	
  on	
  
streams.	
  Landscape	
  Ecology,	
  23,	
  427–438.	
  

Vörösmarty,	
  C.J.,	
  Green,	
  P.,	
  McIntyre,	
  P.B.,	
  Gessner,	
  M.O.,	
  Dudgeon,	
  D.,	
  Prusevich,	
  A.,	
  et	
  al.	
  (2010)	
  
Global	
  threats	
  to	
  human	
  water	
  security	
  and	
  river	
  biodiversity.	
  Nature,	
  467,	
  555–561.	
  

Waite,	
  I.R.,	
  Kennen,	
  J.G.,	
  May,	
  J.T.,	
  Brown,	
  L.R.,	
  Cuffney,	
  T.F.,	
  Jones,	
  K.A.,	
  et	
  al.	
  (2012)	
  Comparison	
  
of	
  Stream	
  Invertebrate	
  Response	
  Models	
  for	
  Bioassessment	
  Metrics.	
  Journal	
  of	
  the	
  
American	
  Water	
  Resources	
  Association,	
  48,	
  570–583.	
  

Walsh,	
  C.J.	
  (2004a)	
  Impacts	
  of	
  stormwater	
  treatment	
  wetlands	
  on	
  stream	
  macroinvertebrates:	
  a	
  
study	
  of	
  four	
  wetlands	
  constructed	
  by	
  Melbourne	
  Water	
  on	
  streams	
  in	
  eastern	
  Melbourne.,	
  
Report	
  for	
  Melbourne	
  Water.	
  Water	
  Studies	
  Centre,	
  Monash	
  University,	
  Melbourne.	
  

Walsh,	
  C.J.	
  (2004b)	
  Protection	
  of	
  in-­‐stream	
  biota	
  from	
  urban	
  impacts:	
  minimise	
  catchment	
  
imperviousness	
  or	
  improve	
  drainage	
  design?	
  Marine	
  and	
  Freshwater	
  Research,	
  55,	
  317–
326.	
  

Walsh,	
  C.J.	
  (2006)	
  Biological	
  indicators	
  of	
  stream	
  health	
  using	
  macroinvertebrate	
  assemblage	
  
composition:	
  a	
  comparison	
  of	
  sensitivity	
  to	
  an	
  urban	
  gradient.	
  Marine	
  and	
  Freshwater	
  
Research,	
  57,	
  37–47.	
  



	
  14	
  

Walsh,	
  C.J.,	
  Fletcher,	
  T.D.	
  &	
  Burns,	
  M.J.	
  (2012)	
  Urban	
  stormwater	
  runoff:	
  a	
  new	
  class	
  of	
  
environmental	
  flow	
  problem.	
  PLoS	
  ONE,	
  7(9),	
  e45814.	
  
doi:45810.41371/journal.pone.0045814.	
  

Walsh,	
  C.J.,	
  Fletcher,	
  T.D.	
  &	
  Ladson,	
  A.R.	
  (2005a)	
  Stream	
  restoration	
  in	
  urban	
  catchments	
  
through	
  re-­‐designing	
  stormwater	
  systems:	
  looking	
  to	
  the	
  catchment	
  to	
  save	
  the	
  stream.	
  
Journal	
  of	
  the	
  North	
  American	
  Benthological	
  Society,	
  24,	
  690–705.	
  

Walsh,	
  C.J.,	
  Fletcher,	
  T.D.	
  &	
  Ladson,	
  A.R.	
  (2009)	
  Retention	
  capacity:	
  a	
  metric	
  to	
  link	
  stream	
  
ecology	
  and	
  storm-­‐water	
  management.	
  Journal	
  of	
  Hydrologic	
  Engineering,	
  14,	
  399–406.	
  

Walsh,	
  C.J.	
  &	
  Kunapo,	
  J.	
  (2009)	
  The	
  importance	
  of	
  upland	
  flow	
  paths	
  in	
  determining	
  urban	
  
effects	
  on	
  stream	
  ecosystems	
  Journal	
  of	
  the	
  North	
  American	
  Benthological	
  Society,	
  28,	
  
977–990.	
  

Walsh,	
  C.J.,	
  Papas,	
  P.J.,	
  Crowther,	
  D.,	
  Sim,	
  P.T.	
  &	
  Yoo,	
  J.	
  (2004)	
  Stormwater	
  drainage	
  pipes	
  as	
  a	
  
threat	
  to	
  a	
  stream-­‐dwelling	
  amphipod	
  of	
  conservation	
  significance,	
  Austrogammarus	
  
australis,	
  in	
  southeastern	
  Australia.	
  Biodiversity	
  and	
  Conservation,	
  13,	
  781–793.	
  

Walsh,	
  C.J.,	
  Roy,	
  A.H.,	
  Feminella,	
  J.W.,	
  Cottingham,	
  P.D.,	
  Groffman,	
  P.M.	
  &	
  Morgan,	
  R.P.	
  (2005b)	
  
The	
  urban	
  stream	
  syndrome:	
  current	
  knowledge	
  and	
  the	
  search	
  for	
  a	
  cure.	
  Journal	
  of	
  the	
  
North	
  American	
  Benthological	
  Society,	
  24,	
  706–723.	
  

Walsh,	
  C.J.,	
  Sharpe,	
  A.K.,	
  Breen,	
  P.F.	
  &	
  Sonneman,	
  J.A.	
  (2001)	
  Effects	
  of	
  urbanization	
  on	
  streams	
  
of	
  the	
  Melbourne	
  region,	
  Victoria,	
  Australia.	
  I.	
  Benthic	
  macroinvertebrate	
  communities.	
  
Freshwater	
  Biology,	
  46,	
  535–551.	
  

Walsh,	
  C.J.,	
  Waller,	
  K.A.,	
  Gehling,	
  J.	
  &	
  Mac	
  Nally,	
  R.	
  (2007)	
  Riverine	
  invertebrate	
  assemblages	
  are	
  
degraded	
  more	
  by	
  catchment	
  urbanization	
  than	
  by	
  riparian	
  deforestation.	
  Freshwater	
  
Biology,	
  52,	
  574–587.	
  

Walters,	
  C.J.	
  (1986)	
  Adaptive	
  Management	
  of	
  Renewable	
  Resources,	
  McGraw	
  Hill,	
  New	
  York,	
  NY.	
  
Water	
  Technology	
  (2012)	
  Melbourne	
  Water	
  capital	
  works	
  monitoring	
  program.	
  Linked	
  site	
  

summary	
  tool.	
  Melbourne	
  Water,	
  Melbourne.	
  
Webb,	
  J.A.	
  &	
  King,	
  E.L.	
  (2009)	
  A	
  Bayesian	
  hierarchical	
  trend	
  analysis	
  finds	
  strong	
  evidence	
  for	
  

large-­‐scale	
  temporal	
  declines	
  in	
  stream	
  ecological	
  condition	
  around	
  Melbourne,	
  
Australia.	
  Ecography,	
  32,	
  215–225.	
  

Webb,	
  J.A.,	
  Walsh,	
  C.J.,	
  Rice,	
  P.	
  &	
  Breen,	
  P.F.	
  (in	
  prep)	
  Local	
  habitat	
  restoration	
  improves	
  urban	
  
macroinvertebrate	
  assemblages,	
  but	
  only	
  in	
  streams	
  with	
  lower	
  imperviousness.	
  

Whiles,	
  M.R.,	
  Brock,	
  B.L.,	
  Franzen,	
  A.C.	
  &	
  Dinsmore,	
  S.C.	
  (2000)	
  Stream	
  invertebrate	
  
communities,	
  water	
  quality,	
  and	
  land-­‐use	
  patterns	
  in	
  an	
  agricultural	
  drainage	
  basin	
  of	
  
northeastern	
  Nebraska,	
  USA.	
  Environmental	
  Management,	
  26,	
  563–576.	
  

Wilcock,	
  R.J.,	
  Betteridge,	
  K.,	
  Shearman,	
  D.,	
  Fowles,	
  C.R.,	
  Scarsbrook,	
  M.R.,	
  Thorrold,	
  B.S.,	
  et	
  al.	
  
(2009)	
  Riparian	
  protection	
  and	
  on-­‐farm	
  best	
  management	
  practices	
  for	
  restoration	
  of	
  a	
  
lowland	
  stream	
  in	
  an	
  intensive	
  dairy	
  farming	
  catchment:	
  a	
  case	
  study.	
  New	
  Zealand	
  
Journal	
  of	
  Marine	
  and	
  Freshwater	
  Research,	
  43,	
  803–818.	
  

Wood,	
  S.N.	
  (2006)	
  Generalised	
  Additive	
  Models:	
  An	
  Introduction	
  with	
  R,	
  Chapman	
  and	
  Hall	
  ⁄	
  CRC	
  
Press,	
  Boca	
  Raton,	
  Florida,	
  USA.	
  

Wright,	
  J.F.	
  (2000)	
  An	
  introduction	
  to	
  RIVPACS.	
  In:	
  Assessing	
  the	
  Biological	
  Quality	
  of	
  Fresh	
  
Waters:	
  RIVPACS	
  and	
  Other	
  Techniques	
  Eds	
  J.F.	
  Wright,	
  D.W.	
  Sutcliffe	
  &	
  M.T.	
  Furse),	
  pp.	
  
1–24.	
  Freshwater	
  Biological	
  Association,	
  Ambleside,	
  Cumbria,	
  UK.	
  

Zuur,	
  A.F.,	
  Ieno,	
  E.N.,	
  Walker,	
  N.,	
  Saveliev,	
  A.A.	
  &	
  Smith,	
  G.M.	
  (2009)	
  Mixed	
  effects	
  models	
  and	
  
extensions	
  in	
  Ecology	
  with	
  R,	
  Springer	
  Science+Business	
  Media.	
  
	
  

	
  


