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Abstract	
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The	
  vegetation	
  indices	
  Normalized	
  Difference	
  Vegetation	
  Index	
  (NDVI)	
  and	
  Photochemical	
  18	
  

Reflectance	
  Index	
  (PRI)	
  provide	
  indicators	
  of	
  pigmentation	
  and	
  photosynthetic	
  activity	
  that	
  can	
  19	
  

be	
  used	
  to	
  model	
  photosynthesis	
  from	
  remote	
  sensing	
  with	
  the	
  light-­‐use	
  efficiency	
  model.	
  	
  To	
  20	
  

help	
  develop	
  and	
  validate	
  this	
  approach,	
  reliable	
  proximal	
  NDVI	
  and	
  PRI	
  sensors	
  have	
  been	
  21	
  

needed.	
  	
  We	
  tested	
  new	
  NDVI	
  and	
  PRI	
  sensors,	
  “SRS”	
  sensors	
  recently	
  developed	
  by	
  Decagon	
  22	
  

Devices,	
  during	
  spring	
  activation	
  of	
  photosynthetic	
  activity	
  in	
  evergreen	
  and	
  deciduous	
  stands.	
  23	
  

We	
  also	
  evaluated	
  two	
  methods	
  of	
  sensor	
  cross-­‐calibration,	
  one	
  that	
  considered	
  sky	
  conditions	
  24	
  

(cloud	
  cover)	
  at	
  midday	
  only,	
  and	
  the	
  other	
  that	
  also	
  considered	
  diurnal	
  sun	
  angle	
  effects.	
  25	
  

Cross-­‐calibration	
  clearly	
  affected	
  sensor	
  agreement	
  with	
  independent	
  measurements,	
  with	
  the	
  26	
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best	
  method	
  dependent	
  upon	
  the	
  study	
  aim	
  and	
  time	
  frame	
  (seasonal	
  vs.	
  diurnal).	
  	
  The	
  27	
  

seasonal	
  patterns	
  of	
  NDVI	
  and	
  PRI	
  differed	
  for	
  evergreen	
  and	
  deciduous	
  species,	
  demonstrating	
  28	
  

the	
  complementary	
  nature	
  of	
  these	
  two	
  indices.	
  	
  Over	
  the	
  spring	
  season,	
  PRI	
  was	
  most	
  strongly	
  29	
  

influenced	
  by	
  changing	
  chlorophyll:carotenoid	
  pool	
  sizes,	
  while	
  over	
  the	
  diurnal	
  time	
  scale	
  PRI	
  30	
  

was	
  most	
  affected	
  by	
  the	
  xanthophyll	
  cycle	
  epoxidation	
  state.	
  This	
  finding	
  demonstrates	
  that	
  31	
  

the	
  SRS	
  PRI	
  sensors	
  can	
  resolve	
  different	
  processes	
  affecting	
  PRI	
  over	
  different	
  time	
  scales.	
  	
  The	
  32	
  

advent	
  of	
  small,	
  inexpensive,	
  automated	
  PRI	
  and	
  NDVI	
  sensors	
  offers	
  new	
  ways	
  to	
  explore	
  33	
  

environmental	
  and	
  physiological	
  constraints	
  on	
  photosynthesis,	
  and	
  may	
  be	
  particularly	
  well-­‐34	
  

suited	
  for	
  use	
  at	
  flux	
  tower	
  sites.	
  	
  Wider	
  application	
  of	
  automated	
  sensors	
  could	
  lead	
  to	
  35	
  

improved	
  integration	
  of	
  flux	
  and	
  remote	
  sensing	
  approaches	
  to	
  studying	
  photosynthetic	
  carbon	
  36	
  

uptake,	
  and	
  could	
  help	
  define	
  the	
  concept	
  of	
  contrasting	
  vegetation	
  optical	
  types.	
  	
  37	
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  carotenoids,	
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  39	
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1	
   Introduction	
  42	
  

	
  43	
  

The	
  Photochemical	
  Reflectance	
  Index	
  (PRI)	
  was	
  originally	
  derived	
  as	
  a	
  measure	
  of	
  44	
  

xanthophyll	
  cycle	
  activity	
  determined	
  using	
  proximal	
  remote	
  sensing	
  of	
  leaves	
  and	
  canopies	
  on	
  45	
  

a	
  diurnal	
  time	
  scale	
  (Gamon	
  et	
  al.	
  1992,	
  1997).	
  	
  In	
  this	
  context,	
  the	
  xanthophyll	
  cycle	
  is	
  a	
  46	
  

facultative	
  response	
  that	
  changes	
  readily	
  as	
  a	
  means	
  of	
  dissipating	
  extra	
  light	
  energy	
  non-­‐47	
  

destructively	
  (Demmig-­‐Adams	
  and	
  Adams,	
  1992).	
  	
  Because	
  this	
  xanthophyll	
  response	
  reflects	
  48	
  

changing	
  light	
  energy	
  distribution	
  within	
  the	
  photosynthetic	
  system,	
  it	
  can	
  provide	
  a	
  useful	
  49	
  

measure	
  of	
  short-­‐term	
  changes	
  in	
  photosynthetic	
  light-­‐use	
  efficiency,	
  typically	
  expressed	
  as	
  the	
  50	
  

photosynthetic	
  rate	
  normalized	
  by	
  the	
  incident	
  or	
  absorbed	
  photosynthetically	
  active	
  radiation	
  51	
  

(Gamon	
  et	
  al.,	
  1992;Gamon	
  et	
  al.,	
  1997;Penuelas	
  et	
  al.,	
  1995).	
  	
  However,	
  studies	
  at	
  larger	
  scales	
  52	
  

spanning	
  species	
  or	
  seasons	
  often	
  reveal	
  a	
  different	
  story;	
  when	
  sampled	
  at	
  these	
  larger	
  spatial	
  53	
  

or	
  temporal	
  scales,	
  PRI	
  is	
  strongly	
  influenced	
  by	
  evolving	
  carotenoid:chlorophyll	
  ratios	
  (Sims	
  54	
  

and	
  Gamon,	
  2002;Stylinski	
  et	
  al.,	
  2002;Filella	
  et	
  al.,	
  2009;Garrity	
  et	
  al.,	
  2011;Gamon	
  and	
  Berry,	
  55	
  

2012;Porcar-­‐Castell	
  et	
  al.,	
  2012;Wong	
  and	
  Gamon,	
  2015a)	
  Unlike	
  the	
  diurnal	
  xanthophyll	
  cycle	
  56	
  

activity,	
  these	
  pigment	
  pool	
  size	
  adjustments	
  comprise	
  a	
  constitutive	
  response	
  to	
  chronic	
  57	
  

stress,	
  ontogeny,	
  or	
  phenology,	
  determined	
  by	
  more	
  slowly	
  changing	
  physiological	
  states	
  in	
  58	
  

response	
  to	
  time-­‐integrated	
  environmental	
  conditions.	
  	
  For	
  example,	
  during	
  seasonal	
  59	
  

transitions	
  from	
  a	
  dormant	
  to	
  an	
  active	
  growth	
  phase,	
  evergreen	
  plants	
  adjust	
  their	
  chlorophyll	
  60	
  

carotenoid	
  ratios	
  over	
  many	
  weeks	
  in	
  response	
  to	
  changing	
  temperatures	
  (Adams	
  et	
  al.,	
  2002)	
  61	
  

and	
  this	
  adjustment	
  can	
  be	
  readily	
  detected	
  by	
  PRI	
  (Stylinski	
  et	
  al.,	
  2002;Filella	
  et	
  al.,	
  62	
  

2009;Porcar-­‐Castell	
  et	
  al.,	
  2012;Wong	
  and	
  Gamon,	
  2015a).	
  	
  Both	
  the	
  facultative	
  and	
  63	
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constitutive	
  PRI	
  responses	
  are	
  strongly	
  correlated	
  with	
  photosynthetic	
  activity,	
  but	
  over	
  64	
  

different	
  time	
  scales	
  and	
  using	
  different	
  mechanisms,	
  both	
  of	
  which	
  involve	
  photoprotective	
  65	
  

carotenoid	
  pigments.	
  	
  66	
  

The	
  Normalized	
  Difference	
  Vegetation	
  Index	
  (NDVI)	
  was	
  developed	
  as	
  a	
  measure	
  of	
  67	
  

vegetation	
  greenness.	
  Typically,	
  it	
  is	
  used	
  to	
  evaluate	
  seasonal	
  phenology	
  or	
  productivity	
  of	
  68	
  

vegetation	
  as	
  it	
  changes	
  gradually	
  with	
  the	
  growth	
  and	
  senescence	
  of	
  vegetation	
  (Gamon	
  et	
  al.,	
  69	
  

1995).	
  	
  NDVI	
  is	
  also	
  a	
  common	
  product	
  of	
  many	
  satellite	
  sensors	
  and	
  is	
  widely	
  used	
  for	
  tracking	
  70	
  

vegetation	
  phenology,	
  and	
  mapping	
  potential	
  photosynthetic	
  activity	
  or	
  productivity	
  (Defries	
  71	
  

and	
  Townshend,	
  1994;Running	
  et	
  al.,	
  2004).	
  	
  However,	
  NDVI-­‐based	
  approaches	
  often	
  miss	
  72	
  

more	
  subtle,	
  short-­‐term	
  responses	
  to	
  stress	
  that	
  can	
  determine	
  how	
  much	
  of	
  the	
  73	
  

photosynthetic	
  potential	
  is	
  actually	
  realized,	
  particularly	
  for	
  species	
  showing	
  little	
  structural	
  74	
  

responses	
  to	
  stress.	
  	
  For	
  example,	
  in	
  annual	
  or	
  deciduous	
  canopies,	
  NDVI	
  is	
  highly	
  correlated	
  75	
  

with	
  morphological	
  changes	
  (green	
  biomass	
  or	
  leaf	
  area	
  index)	
  that	
  affect	
  seasonally	
  changing	
  76	
  

photosynthetic	
  capacity.	
  In	
  evergreens	
  where	
  canopy	
  structure	
  is	
  relatively	
  stable	
  over	
  the	
  77	
  

year,	
  NDVI	
  changes	
  little	
  with	
  season,	
  and	
  fails	
  to	
  detect	
  the	
  onset	
  and	
  cessation	
  of	
  78	
  

photosynthesis	
  early	
  and	
  late	
  in	
  the	
  growing	
  season	
  (Gamon	
  et	
  al.,	
  1995).	
  So,	
  while	
  NDVI	
  is	
  79	
  

well-­‐suited	
  for	
  detecting	
  photosynthetic	
  potential	
  defined	
  by	
  light	
  absorption	
  and	
  canopy	
  80	
  

structure,	
  it	
  misses	
  many	
  of	
  the	
  more	
  subtle	
  photosynthetic	
  dynamics	
  arising	
  from	
  alterations	
  81	
  

in	
  physiological	
  activity	
  (e.g.	
  photosynthetic	
  downregulation	
  during	
  short-­‐term	
  stress).	
  For	
  this,	
  82	
  

PRI	
  is	
  often	
  a	
  useful	
  counterpart.	
  	
  83	
  

When	
  combined,	
  NDVI	
  and	
  PRI	
  can	
  provide	
  complementary	
  information	
  regarding	
  84	
  

photosynthetic	
  activity.	
  Together,	
  NDVI	
  and	
  PRI	
  can	
  be	
  used	
  to	
  estimate	
  photosynthetic	
  rate,	
  85	
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typically	
  using	
  a	
  light-­‐use	
  efficiency	
  model,	
  with	
  NDVI	
  providing	
  a	
  means	
  to	
  estimate	
  light	
  86	
  

absorption	
  by	
  green	
  vegetation	
  and	
  PRI	
  providing	
  a	
  measure	
  of	
  the	
  efficiency	
  with	
  which	
  that	
  87	
  

absorbed	
  light	
  is	
  converted	
  to	
  fixed	
  carbon	
  (Gamon	
  and	
  Qiu,	
  1999;Gamon	
  et	
  al.,	
  2001).	
  	
  When	
  88	
  

integrated	
  over	
  time	
  (typically	
  a	
  growing	
  season)	
  the	
  photosynthetic	
  rate	
  estimated	
  from	
  89	
  

vegetation	
  indices	
  can	
  provide	
  a	
  good	
  measure	
  of	
  net	
  primary	
  production,	
  NPP	
  (Goward	
  et	
  al.,	
  90	
  

1985).	
  	
  Singly	
  or	
  in	
  combination,	
  these	
  two	
  indices	
  provide	
  a	
  means	
  to	
  estimate	
  photosynthetic	
  91	
  

phenology	
  and	
  activity,	
  with	
  the	
  exact	
  use	
  depending	
  upon	
  the	
  particular	
  application	
  and	
  time	
  92	
  

frame.	
  	
  93	
  

Originally,	
  most	
  field	
  studies	
  employing	
  these	
  vegetation	
  indices	
  were	
  conducted	
  with	
  94	
  

portable	
  spectrometers	
  capable	
  of	
  measuring	
  reflectance	
  in	
  many	
  wavebands	
  simultaneously.	
  	
  95	
  

While	
  these	
  instruments	
  represent	
  the	
  “gold	
  standard”	
  for	
  field	
  reflectance	
  measurements,	
  96	
  

many	
  are	
  bulky,	
  expensive,	
  and	
  are	
  not	
  well-­‐suited	
  to	
  long-­‐term,	
  automated	
  deployment	
  in	
  the	
  97	
  

field	
  without	
  additional	
  modifications	
  for	
  unattended	
  use	
  (e.g.	
  Hilker	
  et	
  al.,	
  2008;	
  Rossini	
  et	
  al.,	
  98	
  

2012;	
  Drolet	
  et	
  al.,	
  2014).	
  	
  Given	
  the	
  relationship	
  between	
  NDVI,	
  PRI	
  and	
  photosynthetic	
  carbon	
  99	
  

uptake	
  or	
  NPP,	
  there	
  is	
  a	
  growing	
  interest	
  in	
  monitoring	
  these	
  vegetation	
  indices	
  within	
  the	
  100	
  

footprint	
  of	
  flux	
  towers	
  that	
  measure	
  the	
  gas	
  exchange	
  of	
  whole	
  ecosystems.	
  	
  PRI	
  101	
  

measurements	
  are	
  particularly	
  problematic	
  because	
  they	
  require	
  high	
  instrument	
  sensitivity	
  102	
  

(signal-­‐to-­‐noise)	
  and	
  stability	
  (Castro-­‐Esau	
  et	
  al.,	
  2006),	
  and	
  because	
  of	
  the	
  many	
  factors	
  that	
  103	
  

can	
  confound	
  PRI	
  interpretation	
  (Barton	
  and	
  North,	
  2001).	
  	
  Furthermore,	
  automated	
  sensors	
  104	
  

typically	
  require	
  dual-­‐view	
  configurations	
  with	
  up-­‐	
  and	
  down-­‐facing	
  detectors	
  that	
  must	
  be	
  105	
  

well-­‐matched	
  spectrally	
  and	
  radiometrically	
  if	
  they	
  are	
  to	
  be	
  comparable	
  (Harris	
  et	
  al.,	
  2014).	
  	
  106	
  

To	
  address	
  the	
  need	
  for	
  automated	
  field	
  measurements,	
  new	
  small	
  and	
  inexpensive	
  optical	
  107	
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sensors	
  are	
  emerging	
  that	
  can	
  monitor	
  dynamic	
  vegetation	
  indices	
  such	
  as	
  PRI	
  and	
  NDVI	
  108	
  

(Garrity	
  et	
  al.,	
  2010;Ryu	
  et	
  al.,	
  2010;Eklundh	
  et	
  al.,	
  2011;Harris	
  et	
  al.,	
  2014).	
  These	
  automated	
  109	
  

sensors	
  need	
  to	
  be	
  tested	
  and	
  evaluated	
  against	
  field	
  spectrometers,	
  particularly	
  if	
  data	
  are	
  to	
  110	
  

be	
  compared	
  across	
  sites	
  and	
  research	
  deployments	
  employing	
  different	
  instruments. 111	
  

The	
  goals	
  of	
  this	
  study	
  were	
  to	
  (1)	
  develop	
  field	
  measurement	
  protocols	
  for	
  inexpensive,	
  112	
  

automated	
  sensors;	
  2)	
  compare	
  the	
  NDVI	
  and	
  PRI	
  measured	
  by	
  these	
  sensors	
  to	
  independent	
  113	
  

spectrometer	
  measurements;	
  3)	
  explore	
  the	
  complementary	
  behaviour	
  of	
  PRI	
  and	
  NDVI	
  in	
  114	
  

deciduous	
  and	
  evergreen	
  canopies;	
  and	
  4)	
  evaluate	
  whether	
  the	
  PRI	
  signals	
  obtained	
  in	
  this	
  115	
  

way	
  can	
  distinguish	
  the	
  facultative	
  and	
  constitutive	
  pigment	
  responses.	
  Because	
  of	
  the	
  116	
  

challenges	
  with	
  obtaining	
  meaningful	
  PRI	
  measurements,	
  our	
  particular	
  focus	
  was	
  on	
  evaluating	
  117	
  

PRI	
  sensors	
  (SRS,	
  Decagon	
  Devices	
  Inc.,	
  Pullman	
  Washington,	
  USA),	
  in	
  part	
  by	
  comparing	
  them	
  118	
  

to	
  the	
  response	
  of	
  established	
  “industry-­‐standard”	
  field	
  spectrometers	
  (UniSpec	
  and	
  UniSpec	
  119	
  

DC,	
  PP	
  Systems,	
  Amesbury	
  MA,	
  USA),	
  but	
  also	
  by	
  characterizing	
  their	
  responses	
  to	
  120	
  

environmental	
  and	
  physiological	
  factors	
  known	
  to	
  influence	
  PRI.	
  	
  We	
  compared	
  the	
  results	
  of	
  121	
  

the	
  new	
  PRI	
  sensors	
  to	
  leaf	
  pigments	
  measured	
  over	
  different	
  time	
  scales	
  in	
  evergreen	
  conifers	
  122	
  

as	
  a	
  means	
  of	
  evaluating	
  the	
  facultative	
  and	
  constitutive	
  components	
  of	
  the	
  PRI	
  signals.	
  123	
  

	
  124	
  
	
  125	
  

2	
   Methods	
  126	
  

2.1	
  Study	
  Design	
  and	
  Plant	
  Culture	
  	
  127	
  

Over	
  a	
  two-­‐month	
  period	
  (3	
  May	
  –	
  21	
  June,	
  2013),	
  automated	
  SRS	
  sensors	
  were	
  used	
  to	
  128	
  

monitor	
  two	
  single-­‐species	
  stands,	
  and	
  these	
  data	
  were	
  compared	
  to	
  measurements	
  from	
  field	
  129	
  

spectrometers.	
  	
  This	
  two-­‐month	
  period	
  covered	
  the	
  spring	
  transition	
  from	
  late	
  winter	
  to	
  early	
  130	
  



Gamon_etal_MonitoringPigmentsWithAutomatedSensors.docx	
  

	
   7	
  

summer.	
  	
  The	
  study	
  was	
  conducted	
  on	
  a	
  rooftop	
  common	
  garden	
  located	
  at	
  the	
  University	
  of	
  131	
  

Alberta	
  campus,	
  Edmonton,	
  Alberta,	
  Canada.	
  	
  Two	
  plant	
  species	
  were	
  used:	
  lodgepole	
  pine	
  132	
  

(Pinus	
  contorta,	
  an	
  evergreen	
  conifer)	
  and	
  aspen	
  (Populus	
  tremuloides,	
  a	
  winter-­‐deciduous	
  133	
  

tree).	
  During	
  the	
  study	
  period,	
  the	
  aspen	
  leaves	
  emerged	
  from	
  dormant	
  buds	
  and	
  the	
  pine	
  134	
  

species	
  recovered	
  its	
  photosynthetic	
  activity	
  following	
  winter	
  downregulation.	
  	
  We	
  used	
  135	
  

midday	
  measurements	
  to	
  focus	
  on	
  the	
  seasonal	
  transition.	
  	
  On	
  July	
  25,	
  2013,	
  we	
  performed	
  a	
  136	
  

diurnal	
  study	
  to	
  detect	
  variations	
  in	
  PRI	
  and	
  NDVI	
  with	
  time	
  of	
  day	
  or	
  sky	
  conditions,	
  and	
  to	
  137	
  

understand	
  the	
  effect	
  of	
  sensor	
  cross-­‐calibration	
  methods	
  on	
  the	
  temporal	
  patterns	
  of	
  these	
  138	
  

sensor	
  index	
  values.	
  	
  We	
  compared	
  PRI	
  measurements	
  from	
  both	
  seasonal	
  and	
  diurnal	
  studies	
  139	
  

to	
  changing	
  pigment	
  composition	
  to	
  evaluate	
  the	
  facultative	
  and	
  constitutive	
  pigment	
  140	
  

contributions	
  to	
  the	
  PRI	
  signal.	
  141	
  

The	
  pine	
  seedlings	
  were	
  approximately	
  four	
  years	
  old	
  and	
  the	
  aspen	
  was	
  approximately	
  142	
  

three	
  years	
  old	
  at	
  the	
  time	
  the	
  study	
  began	
  (2013).	
  	
  Plants	
  were	
  potted	
  in	
  large,	
  6.23	
  L	
  pots,	
  143	
  

using	
  a	
  1:2	
  mix	
  of	
  sandy	
  loam	
  and	
  commercial	
  potting	
  soil	
  (Sunshine	
  Mix	
  4,	
  Sun	
  Gro	
  144	
  

Horticulture,	
  Agawam,	
  MA,	
  USA)	
  supplemented	
  with	
  slow	
  release	
  fertilizer	
  (Nutricote	
  14-­‐14-­‐14,	
  145	
  

Sun	
  Gro	
  Horticulture,	
  Agawam,	
  MA,	
  USA).	
  	
  All	
  plants	
  were	
  fertilized	
  periodically	
  and	
  watered	
  146	
  

regularly	
  to	
  avoid	
  nutrient	
  and	
  drought	
  stress	
  during	
  the	
  measurement	
  period.	
  Potted	
  seedlings	
  147	
  

were	
  arranged	
  into	
  1.5	
  x	
  1.5	
  m	
  arrays	
  comprising	
  two	
  synthetic	
  plant	
  stands,	
  providing	
  closed	
  148	
  

canopy	
  monocultures	
  for	
  viewing	
  by	
  the	
  sensors.	
  	
  149	
  

2.2	
  Optical	
  measurements	
  150	
  

The	
  automated	
  sensors	
  consisted	
  of	
  five	
  PRI	
  sensors	
  and	
  five	
  NDVI	
  Spectral	
  Reflectance	
  Sensors	
  151	
  

(SRS,	
  Decagon	
  Inc,	
  Pullman	
  WA,	
  USA).	
  	
  These	
  were	
  early	
  prototypes	
  of	
  the	
  SRS	
  sensors	
  currently	
  152	
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available	
  from	
  Decagon	
  Devices,	
  Inc.	
  	
  The	
  detectors	
  of	
  the	
  prototype	
  PRI	
  sensors	
  were	
  153	
  

photodiodes	
  paired	
  with	
  interference	
  filters	
  centered	
  at	
  the	
  532	
  and	
  570	
  nm	
  PRI	
  wavelengths,	
  154	
  

similar	
  to	
  those	
  used	
  by	
  Garrity	
  et	
  al.	
  (2010).	
  The	
  interference	
  filters	
  have	
  a	
  bandpass	
  of	
  10	
  nm	
  155	
  

at	
  full	
  width	
  half	
  maximum	
  (FWHM).	
  	
  Following	
  Ryu	
  et	
  al.	
  (2010),	
  prototype	
  NDVI	
  sensors	
  used	
  156	
  

light	
  emitting	
  diodes	
  (LEDs).	
  LEDs	
  had	
  peak	
  sensitivity	
  at	
  630	
  and	
  800	
  nm	
  with	
  bandpass	
  widths	
  157	
  

of	
  50	
  and	
  40	
  nm,	
  respectively.	
  	
  Note	
  that	
  since	
  our	
  study	
  was	
  completed,	
  the	
  manufacturer	
  has	
  158	
  

changed	
  the	
  NDVI	
  sensor	
  to	
  be	
  based	
  on	
  a	
  photodiode	
  design.	
  159	
  

Of	
  the	
  five	
  PRI	
  (“P”)	
  sensors,	
  three	
  were	
  downward-­‐looking	
  sensors	
  (“Pr1”,	
  “Pr2”,	
  and	
  160	
  

“Pr3”,	
  where	
  “r”	
  indicates	
  radiance),	
  with	
  a	
  field-­‐of-­‐view	
  of	
  approximately	
  20	
  degrees	
  full	
  angle,	
  161	
  

and	
  two	
  were	
  upward-­‐looking	
  hemispherical	
  sensors	
  (“Pi4”	
  and	
  “Pi5”,	
  where	
  “i”	
  indicates	
  162	
  

irradiance),	
  with	
  a	
  field	
  of	
  view	
  of	
  approximately	
  180	
  degrees	
  (full	
  angle).	
  	
  Of	
  the	
  five	
  NDVI	
  163	
  

(“N”)	
  sensors,	
  three	
  were	
  downward-­‐looking	
  sensors	
  (“Nr1”,	
  “Nr2”,	
  and	
  “Nr3”,	
  where	
  “r”	
  164	
  

indicates	
  radiance)	
  and	
  two	
  were	
  upward-­‐looking	
  sensors	
  (“Nr4”	
  and	
  “Nr5”,	
  where	
  “I”	
  indicates	
  165	
  

irradiance).	
  	
  The	
  upward-­‐looking	
  hemispherical	
  sensors	
  provided	
  reference	
  values	
  of	
  sky	
  166	
  

irradiance	
  against	
  which	
  we	
  normalized	
  the	
  downward	
  looking	
  sensor	
  values	
  of	
  canopy	
  167	
  

radiance	
  using	
  a	
  cross-­‐calibration	
  procedure	
  described	
  in	
  section	
  2.3.	
  	
  	
  168	
  

The	
  ten	
  SRS	
  sensors	
  were	
  positioned	
  above	
  the	
  two	
  plant	
  stands	
  at	
  a	
  height	
  of	
  169	
  

approximately	
  2	
  m	
  above	
  the	
  ground.	
  	
  Due	
  to	
  differences	
  in	
  canopy	
  height,	
  the	
  exact	
  distance	
  170	
  

between	
  the	
  sensors	
  and	
  the	
  tops	
  of	
  the	
  canopies	
  varied	
  as	
  follows:	
  	
  45	
  cm	
  for	
  lodgepole	
  pine,	
  171	
  

and	
  50	
  cm	
  for	
  aspen.	
  In	
  all	
  cases,	
  downward-­‐looking	
  canopy	
  radiance	
  sensors	
  were	
  positioned	
  172	
  

over	
  the	
  center	
  of	
  the	
  plant	
  stands	
  to	
  avoid	
  possible	
  edge	
  effects.	
  	
  The	
  upward-­‐looking	
  sensors	
  173	
  

were	
  mounted	
  above	
  the	
  middle	
  of	
  the	
  canopies	
  to	
  monitor	
  sky	
  irradiance.	
  	
  174	
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Each	
  sensor	
  was	
  logged	
  every	
  5	
  s	
  and	
  expressed	
  as	
  1-­‐min	
  averages	
  by	
  a	
  datalogger	
  175	
  

(CR1000,	
  Campbell	
  Scientific,	
  Logan	
  UT,	
  USA).	
  To	
  calculate	
  reflectance,	
  data	
  from	
  each	
  of	
  the	
  176	
  

three	
  downward-­‐looking	
  PRI	
  and	
  NDVI	
  (radiance)	
  sensors	
  were	
  compared	
  to	
  the	
  average	
  of	
  the	
  177	
  

coincident	
  measurements	
  made	
  by	
  the	
  two	
  upward-­‐looking	
  PRI	
  and	
  NDVI	
  (irradiance)	
  sensors,	
  178	
  

respectively.	
  For	
  each	
  waveband,	
  uncorrected	
  reflectance	
  was	
  first	
  calculated	
  by	
  dividing	
  the	
  179	
  

radiance	
  by	
  the	
  irradiance	
  values:	
  	
  180	
  

!"!"#$%
!"!"#$%

	
  	
   (1a)	
  181	
  

!"!"#$%
!"!"#$%

	
  	
   (1b)	
  182	
  

!"!"#$%
!"!"#$%

	
  	
   (1c)	
  183	
  

!"!""#$
!"!""#$

	
  	
   (1d)	
  184	
  

	
  185	
  

These	
  uncorrected	
  reflectance	
  values	
  (Pr/Pi	
  and	
  Nr/Ni)	
  calculated	
  for	
  each	
  waveband	
  were	
  186	
  

then	
  used	
  to	
  calculate	
  uncorrected	
  PRI	
  (using	
  Eqn.	
  2)	
  and	
  NDVI	
  (using	
  Eqn.	
  3),	
  respectively.	
  	
  187	
  

𝑃𝑅𝐼 =    !"/!"  !"#$%  –  !"/!"  !"#$%  
!"/!"  !"#$%!  !"/!"  !"#$%

	
  	
   	
   	
   (2)	
  188	
  

𝑁𝐷𝑉𝐼 = !"/!"  !""#$  –  !"/!"  !"#$%
!"/!"  !""#$  !  !"/!"  !"#$%

	
   	
   	
   (3)	
  189	
  

	
  190	
  

Each	
  uncorrected	
  reflectance	
  measurement	
  was	
  further	
  modified	
  by	
  a	
  sensor	
  cross-­‐calibration	
  191	
  

coefficient	
  (see	
  below),	
  yielding	
  corrected	
  reflectance,	
  and	
  allowing	
  us	
  to	
  evaluate	
  the	
  effect	
  of	
  192	
  

this	
  coefficient	
  on	
  the	
  PRI	
  or	
  NDVI	
  signals.	
  193	
  

	
  194	
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2.3	
   Sensor	
  Cross-­‐Calibration	
  195	
  

Previous	
  studies	
  (Gamon	
  et	
  al.,	
  2006)	
  have	
  illustrated	
  the	
  need	
  for	
  cross-­‐calibration	
  to	
  properly	
  196	
  

match	
  radiance	
  and	
  irradiance	
  sensor	
  outputs	
  when	
  calculating	
  reflectance	
  from	
  dual-­‐detector	
  197	
  

(radiance	
  and	
  irradiance)	
  optical	
  sensors.	
  This	
  need	
  arises	
  from	
  the	
  different	
  sensor	
  responses	
  198	
  

and	
  foreoptics,	
  which	
  must	
  be	
  normalized	
  to	
  yield	
  correct	
  reflectance	
  and	
  index	
  values.	
  	
  In	
  this	
  199	
  

study,	
  a	
  similar	
  cross-­‐calibration	
  was	
  performed	
  by	
  correcting	
  each	
  radiance	
  sensor	
  against	
  the	
  200	
  

matching	
  pair	
  of	
  irradiance	
  sensors	
  used	
  for	
  raw	
  reflectance	
  calculation.	
  The	
  cross	
  calibration	
  201	
  

procedure	
  involved	
  the	
  insertion	
  of	
  a	
  25	
  x	
  25	
  cm,	
  99%	
  reflective	
  white	
  panel	
  (Spectralon,	
  202	
  

Labsphere	
  Inc.,	
  North	
  Sutton,	
  NH,	
  USA)	
  covering	
  the	
  field-­‐of-­‐view	
  of	
  each	
  downward-­‐looking	
  203	
  

sensor	
  while	
  the	
  upward-­‐looking	
  sensors	
  sampled	
  sky	
  irradiance.	
  	
  For	
  each	
  cross-­‐calibration,	
  204	
  

the	
  panel	
  was	
  held	
  under	
  the	
  downward-­‐looking	
  sensors	
  at	
  an	
  approximate	
  distance	
  of	
  20	
  cm	
  205	
  

for	
  5	
  consecutive	
  minutes	
  and	
  the	
  measurements	
  made	
  during	
  this	
  period	
  were	
  averaged	
  to	
  206	
  

obtain	
  a	
  single	
  cross-­‐calibration	
  for	
  that	
  sensor	
  at	
  that	
  time	
  for	
  those	
  particular	
  sky	
  conditions	
  207	
  

(cloud	
  cover	
  and	
  sun	
  angle).	
  	
  This	
  procedure	
  yielded	
  a	
  cross	
  calibration	
  ratio	
  (“cross	
  208	
  

calibration”),	
  expressed	
  as	
  Prpanel/Pisky	
  and	
  Nrpanel/Nisky	
  for	
  each	
  band	
  and	
  sensor	
  pair.	
  	
  209	
  

To	
  explore	
  the	
  effect	
  of	
  cloud	
  cover	
  on	
  seasonally	
  changing	
  indices,	
  mid-­‐day	
  210	
  

measurements	
  from	
  11:00	
  –	
  15:00	
  local	
  time	
  (where	
  solar	
  noon	
  was	
  approximately	
  13:30)	
  were	
  211	
  

used.	
  	
  These	
  midday	
  cross-­‐calibration	
  ratios	
  were	
  plotted	
  as	
  a	
  function	
  of	
  cloud	
  cover	
  212	
  

(expressed	
  as	
  the	
  ratio	
  of	
  sun	
  visibility),	
  to	
  evaluate	
  the	
  relationship	
  between	
  the	
  cross-­‐213	
  

calibration	
  ratios	
  and	
  cloud	
  cover.	
  The	
  sun	
  visibility	
  ratio	
  was	
  calculated	
  by	
  comparing	
  the	
  214	
  

actual	
  PPFD	
  (PAR	
  irradiance)	
  measured	
  on	
  several	
  dates	
  (9,	
  15,	
  28,	
  and	
  30	
  May	
  and	
  4	
  and	
  5	
  215	
  

June,	
  2013)	
  to	
  a	
  modeled	
  PPFD	
  assuming	
  perfectly	
  sunny	
  conditions.	
  Actual	
  PPFD	
  was	
  sampled	
  216	
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with	
  a	
  quantum	
  sensor	
  (model	
  S-­‐LIA-­‐M003,	
  Onset	
  Computer	
  Corporation,	
  Bourne,	
  MA,	
  USA)	
  217	
  

and	
  datalogger	
  (HOBO	
  U30,	
  Onset	
  Computer	
  Corporation,	
  Bourne,	
  MA,	
  USA).	
  	
  Modeled	
  PPFD	
  218	
  

was	
  calculated	
  with	
  the	
  Solar	
  Radiation	
  Calculator	
  (SolRad),	
  using	
  the	
  Ryan-­‐Stolzenbach	
  219	
  

modelled	
  global	
  solar	
  radiation	
  on	
  a	
  horizontal	
  surface	
  220	
  

(http://www.ecy.wa.gov/programs/eap/models.html).	
  	
  Theoretically,	
  the	
  resulting	
  sun	
  visibility	
  221	
  

ratio	
  values	
  varied	
  between	
  zero	
  (complete	
  darkness)	
  and	
  one	
  (clear,	
  sunny	
  skies),	
  with	
  values	
  222	
  

falling	
  in	
  between	
  indicating	
  varying	
  degrees	
  of	
  cloudiness.	
  	
  223	
  

Using	
  Eqs.	
  (4)	
  and	
  (5),	
  midday	
  cross-­‐calibration	
  ratios	
  were	
  calculated	
  for	
  a	
  range	
  of	
  sun	
  224	
  

visibility	
  conditions	
  encountered	
  on	
  typical	
  sunny	
  and	
  cloudy	
  days.	
  	
  The	
  resulting	
  functions	
  225	
  

were	
  used	
  to	
  generate	
  empirical	
  equations	
  for	
  each	
  sensor	
  and	
  waveband,	
  normalizing	
  the	
  226	
  

uncorrected	
  reflectance	
  values	
  for	
  each	
  channel	
  by	
  their	
  cross	
  calibration	
  ratios.	
  227	
  

𝑃𝑟 𝑃𝑖!"##$!%$& =
!"!"#$%! !"!"#
!"!"#$% !"!"#

=    !"!"#$%! !"!"#
!"#$$  !"#$%&"'$()  !"#$%

	
   	
   (4)	
  228	
  

𝑁𝑟 𝑁𝑖!"##$!%$& =
!"!"#$%! !"!"#
!"!"#$% !"!"#

=    !"!"#$%! !"!"#
!"#$$  !"#$%!"#$%&  !"#$%

	
  	
  	
   	
   (5)	
  229	
  

	
  230	
  

Where	
  the	
  subscripts	
  “target”	
  and	
  “panel”	
  indicate	
  radiance	
  measurements	
  of	
  the	
  canopy	
  and	
  231	
  

irradiance	
  measurements	
  of	
  the	
  sky,	
  respectively.	
  	
  The	
  corrected	
  signal	
  was	
  then	
  used	
  to	
  232	
  

calculate	
  a	
  midday	
  corrected	
  PRI	
  (Eq.	
  6)	
  and	
  NDVI	
  (Eq.	
  7)	
  for	
  evaluation	
  of	
  seasonal	
  trends.	
  	
  233	
  

𝑃𝑅𝐼!"##$!%$& =   
!"/!"  !"##$!%$&!"#$%  –  !"/!"  !"##$!%$&!"#$%  
!"/!"  !"##$!%$&!"#$%!  !"/!"  !"##$!%$&!"#$%

	
  	
   	
   (6)	
  234	
  

𝑁𝐷𝑉𝐼!"##$!%$& =
!"/!"  !"##$!%$&!""#$  –  !"/!"  !"##!"#!$!"#$%
!"/!"  !"##$!%$&!""#$  !  !"/!"  !"##$!%$&!"#$%

	
   	
   (7)	
  235	
  

	
  236	
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Diurnal	
  cross-­‐calibration	
  proved	
  more	
  challenging	
  because	
  it	
  was	
  affected	
  by	
  sun	
  angle	
  and	
  237	
  

cloud	
  cover,	
  and	
  both	
  changed	
  in	
  complex	
  ways	
  over	
  the	
  course	
  of	
  a	
  typical	
  day.	
  To	
  explore	
  the	
  238	
  

effect	
  of	
  these	
  diurnal	
  changes,	
  the	
  cross-­‐calibration	
  of	
  each	
  Decagon	
  SRS	
  sensor	
  was	
  239	
  

performed	
  approximately	
  once	
  an	
  hour	
  from	
  06:30	
  to	
  18:30	
  LT.	
  Consequently,	
  corrected	
  240	
  

reflectance	
  and	
  indices	
  for	
  diurnal	
  experiments	
  used	
  an	
  empirical	
  cross-­‐calibration	
  derived	
  for	
  241	
  

each	
  sensor	
  using	
  the	
  hourly	
  cross-­‐calibration	
  ratios	
  collected	
  closest	
  in	
  time	
  to	
  that	
  sample,	
  242	
  

incorporating	
  the	
  combined	
  effects	
  of	
  both	
  sun	
  angle	
  and	
  sky	
  conditions	
  on	
  the	
  cross-­‐243	
  

calibration.	
  	
  These	
  empirical,	
  whole-­‐day	
  corrections	
  were	
  compared	
  to	
  corrections	
  using	
  244	
  

midday	
  cross-­‐calibrations	
  (Eqs.	
  6	
  &	
  7)	
  and	
  to	
  “raw”	
  sensor	
  index	
  values	
  uncorrected	
  by	
  cross-­‐245	
  

calibration	
  (Eqs.	
  2	
  &	
  3).	
  	
  For	
  plotting,	
  the	
  corrected	
  one	
  minute	
  PRI	
  and	
  NDVI	
  samples	
  were	
  246	
  

averaged	
  over	
  15	
  min	
  (for	
  diurnal	
  studies)	
  or	
  1	
  h	
  (for	
  seasonal	
  studies),	
  creating	
  a	
  single	
  value	
  247	
  

for	
  each	
  time	
  period	
  with	
  the	
  error	
  estimate	
  expressed	
  as	
  the	
  standard	
  error	
  of	
  the	
  mean	
  248	
  

during	
  that	
  time	
  period.	
  	
  	
  	
  	
  	
  249	
  

2.4.	
  Spectrometer	
  readings	
  	
  250	
  

To	
  provide	
  independent	
  measures	
  of	
  PRI	
  and	
  NDVI,	
  spectral	
  reflectance	
  was	
  calculated	
  from	
  251	
  

measurements	
  made	
  by	
  a	
  dual-­‐detector	
  spectrometers	
  (UniSpec	
  DC,	
  PP	
  Systems,	
  Amesbury	
  252	
  

MA,	
  USA).	
  For	
  the	
  downward-­‐looking	
  (radiance)	
  detector,	
  the	
  spectrometer	
  spectrometer	
  253	
  

foreoptics	
  consisted	
  of	
  a	
  fiber	
  optic	
  (Uni-­‐684,	
  PP	
  Systems,	
  Amesbury,	
  MA,	
  USA)	
  with	
  a	
  FOV	
  254	
  

restrictor	
  (Hypo-­‐Tube,	
  PP	
  Systems,	
  Amesbury,	
  MA,	
  USA).	
  	
  This	
  yielded	
  a	
  nominal	
  20°	
  FOV,	
  but	
  255	
  

our	
  measurements	
  of	
  the	
  actual	
  FOV	
  yielded	
  estimates	
  closer	
  to	
  15°,	
  providing	
  a	
  smaller	
  view	
  256	
  

of	
  the	
  canopy	
  than	
  the	
  SRS	
  sensors	
  having	
  a	
  20°	
  FOV.	
  	
  	
  For	
  the	
  upward-­‐looking	
  (irradiance)	
  257	
  

detector,	
  the	
  spectrometer	
  foreoptics	
  consisted	
  of	
  a	
  similar	
  fiber	
  optic	
  (Uni-­‐686,	
  PP	
  Systems,	
  258	
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Amesbury,	
  MA,	
  USA)	
  with	
  a	
  cosine	
  head	
  (Uni-­‐435,	
  PP	
  Systems,	
  Amesbury,	
  MA,	
  USA).	
  For	
  259	
  

seasonal	
  studies,	
  12	
  canopy	
  reflectance	
  spectra	
  were	
  sampled	
  over	
  each	
  plant	
  stand	
  near	
  solar	
  260	
  

noon	
  at	
  the	
  same	
  height	
  as	
  the	
  SRS	
  sensors,	
  covering	
  the	
  canopy	
  regions	
  sampled	
  by	
  the	
  SRS	
  261	
  

sensors,	
  and	
  these	
  12	
  scans	
  were	
  expressed	
  as	
  averages	
  (+SEM).	
  	
  	
  262	
  

Reflectance	
  was	
  calculated	
  by	
  referencing	
  the	
  downward-­‐looking	
  (radiance)	
  detector	
  to	
  263	
  

the	
  upward-­‐looking	
  (irradiance)	
  detector	
  (calculating	
  uncorrected	
  reflectance),	
  and	
  then	
  264	
  

correcting	
  this	
  ratio	
  by	
  a	
  cross-­‐calibration	
  procedure	
  using	
  panel	
  measurements	
  similar	
  to	
  that	
  265	
  

described	
  above	
  (see	
  Gamon	
  et	
  al.	
  2006	
  for	
  further	
  details).	
  	
  	
  A	
  standard	
  reference	
  panel	
  266	
  

(Spectralon,	
  LabSphere,	
  North	
  Sutton,	
  NH,	
  USA)	
  was	
  used	
  as	
  the	
  reference	
  for	
  all	
  reflectance	
  267	
  

and	
  cross-­‐calibration	
  calculations.	
  	
  To	
  facilitate	
  comparison	
  with	
  the	
  index	
  values	
  of	
  the	
  SRS	
  268	
  

sensors,	
  identical	
  wavelengths	
  were	
  selected	
  (532	
  and	
  570	
  nm	
  for	
  PRI,	
  and	
  630	
  and	
  800	
  for	
  269	
  

NDVI).	
  270	
  

2.5	
  Leaf	
  reflectance	
  	
  271	
  

The	
  PRI	
  and	
  NDVI	
  were	
  also	
  measured	
  at	
  the	
  leaf	
  level	
  using	
  a	
  spectrometer	
  (UniSpec	
  SC,	
  PP	
  272	
  

Systems,	
  Amesbury,	
  MA,	
  USA)	
  configured	
  for	
  leaf	
  reflectance	
  measurements.	
  In	
  this	
  273	
  

configuration,	
  the	
  spectrometer	
  foreoptics	
  consisted	
  of	
  a	
  bifurcated	
  fiber	
  optic	
  (UNI-­‐410,	
  PP	
  274	
  

Systems,	
  Amesbury	
  MA,	
  USA)	
  equipped	
  with	
  a	
  needle	
  leaf	
  clip	
  (UNI-­‐501,	
  PP	
  Systems,	
  Amesbury	
  275	
  

MA,	
  USA)	
  to	
  hold	
  the	
  fiber	
  tip	
  at	
  a	
  fixed	
  angle	
  and	
  position	
  relative	
  to	
  the	
  leaf	
  surface.	
  Six	
  plants	
  276	
  

were	
  randomly	
  selected	
  for	
  leaf	
  reflectance.	
  Five	
  random	
  leaves	
  per	
  plant	
  from	
  the	
  illuminated	
  277	
  

upper-­‐canopy	
  regions	
  were	
  measured	
  weekly	
  near	
  13:00	
  LT	
  (solar	
  noon).	
  Dark	
  measurements	
  278	
  

and	
  white	
  reference	
  scans	
  (Spectralon,	
  LabSphere,	
  North	
  Sutton,	
  NH,	
  USA)	
  were	
  taken	
  before	
  279	
  

each	
  sample.	
  	
  280	
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2.6	
  Pigment	
  assays	
  281	
  

For	
  pigment	
  assays,	
  leaf	
  tissue	
  samples	
  were	
  collected	
  periodically	
  over	
  the	
  course	
  of	
  the	
  study,	
  282	
  

during	
  midday	
  (for	
  seasonal	
  experiments),	
  and	
  over	
  the	
  course	
  of	
  a	
  single	
  day	
  (for	
  diurnal	
  283	
  

experiments).	
  For	
  seasonal	
  studies,	
  leaf	
  samples	
  were	
  collected	
  from	
  the	
  same	
  six	
  plants	
  as	
  the	
  284	
  

leaf	
  reflectance	
  and	
  1	
  cm	
  long	
  segments	
  from	
  each	
  of	
  the	
  six	
  plants	
  were	
  pooled	
  together	
  for	
  285	
  

each	
  date	
  and	
  analyzed	
  as	
  a	
  single	
  average.	
  	
  For	
  diurnal	
  studies,	
  four	
  plants	
  from	
  the	
  corners	
  of	
  286	
  

the	
  plot	
  were	
  selected	
  and	
  two	
  leaves	
  from	
  each	
  plant	
  were	
  obtained	
  in	
  3	
  cm	
  long	
  segments	
  287	
  

and	
  analyzed	
  as	
  a	
  single	
  average	
  (+	
  SEM).	
   	
  288	
  

For	
  seasonal	
  studies,	
  needle	
  segments	
  were	
  excised	
  within	
  30	
  minutes	
  of	
  leaf	
  289	
  

reflectance	
  (Sect.	
  2.5),	
  measured	
  with	
  calipers	
  for	
  diameter,	
  and	
  stored	
  in	
  liquid	
  nitrogen	
  until	
  290	
  

transferred	
  to	
  a	
  -­‐80	
  °C	
  freezer	
  for	
  long-­‐term	
  storage.	
  	
  For	
  diurnal	
  studies,	
  needles	
  were	
  frozen	
  291	
  

within	
  a	
  minute	
  of	
  leaf	
  reflectance.	
  To	
  estimate	
  sample	
  area,	
  each	
  segment	
  length	
  was	
  292	
  

multiplied	
  by	
  the	
  diameter	
  and	
  analyzed	
  with	
  high-­‐performance	
  liquid	
  chromatography	
  (HPLC,	
  293	
  

1260	
  Infinity,	
  Agilent	
  Technologies,	
  Santa	
  Clara,	
  CA,	
  USA).	
  	
  To	
  quantify	
  the	
  concentrations	
  of	
  294	
  

various	
  carotenoid	
  and	
  chlorophyll	
  pigments,	
  we	
  used	
  the	
  method	
  of	
  Thayer	
  and	
  Björkman	
  295	
  

(1990).	
  The	
  chlorophyll:carotenoid	
  ratio	
  was	
  calculated	
  as	
  the	
  sum	
  of	
  chlorophyll	
  a	
  and	
  b	
  296	
  

divided	
  by	
  the	
  sum	
  of	
  all	
  carotenoids	
  including	
  neoxanthin,	
  violaxanthin	
  (V),	
  antheraxanthin	
  (A),	
  297	
  

lutein,	
  zeaxanthin	
  (Z)	
  and	
  β-­‐carotene.	
  The	
  epoxidation	
  state	
  (EPS),	
  a	
  measure	
  of	
  xanthophyll	
  298	
  

cycle	
  activity,	
  was	
  calculated	
  as:	
  299	
  

𝐸𝑃𝑆 = !!!.!!
!!!!!

	
   	
   (8)	
  300	
  

	
  301	
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where	
  V,	
  A,	
  and	
  Z	
  represent	
  the	
  area-­‐based	
  concentrations	
  of	
  violaxanthin,	
  antheraxanthin,	
  and	
  302	
  

zeaxanthin,	
  respectively.	
  303	
  

	
  304	
  

3	
   Results	
  305	
  

3.1	
   Cross-­‐Calibrations	
  306	
  

For	
  each	
  sensor,	
  cross-­‐calibration	
  ratios	
  varied	
  with	
  sun	
  visibility,	
  which	
  ranged	
  from	
  near-­‐zero	
  307	
  

under	
  heavy	
  cloud	
  conditions	
  to	
  approximately	
  one	
  under	
  sunny	
  conditions	
  (Fig.	
  1).	
  	
  In	
  cases	
  of	
  308	
  

sunny	
  conditions	
  with	
  cumulus	
  clouds,	
  sun	
  visibility	
  values	
  typically	
  exceeded	
  one	
  due	
  to	
  the	
  309	
  

additional	
  skylight	
  reflected	
  from	
  clouds.	
  	
  On	
  average,	
  cross-­‐calibration	
  ratios	
  approximated	
  the	
  310	
  

theoretical	
  expectation	
  for	
  radiance/irradiance	
  values	
  of	
  1/π,	
  or	
  0.318	
  (Monteith,	
  1973),	
  but	
  311	
  

clearly	
  varied	
  with	
  sky	
  conditions.	
  	
  Typically,	
  the	
  resulting	
  cross-­‐calibration	
  ratios	
  were	
  higher	
  312	
  

during	
  sunny	
  than	
  during	
  cloudy	
  conditions	
  and	
  exhibited	
  strong	
  linearly	
  relationships	
  with	
  sun	
  313	
  

visibility	
  (Fig.	
  1).	
  From	
  these	
  responses,	
  we	
  derived	
  an	
  empirical	
  equation	
  for	
  each	
  sensor	
  band,	
  314	
  

enabling	
  automatic	
  correction	
  of	
  the	
  mid-­‐day	
  PRI	
  and	
  NDVI	
  values.	
  	
  These	
  equations	
  were	
  315	
  

subsequently	
  applied	
  to	
  all	
  midday	
  index	
  calculations	
  involving	
  seasonal	
  trends.	
  316	
  

	
   	
   	
   	
   	
   [Figure	
  1]	
  317	
  

3.2	
  	
  Seasonal	
  trends:	
  NDVI	
  and	
  PRI	
  during	
  spring	
  recovery	
  318	
  

The	
  NDVI	
  and	
  PRI	
  were	
  monitored	
  during	
  spring	
  photosynthetic	
  recovery	
  for	
  both	
  species,	
  319	
  

illustrating	
  the	
  complementary	
  nature	
  of	
  these	
  two	
  indices	
  (Fig.	
  2).	
  During	
  this	
  time,	
  air	
  320	
  

temperature	
  increased	
  from	
  a	
  daily	
  average	
  of	
  approximately	
  0°	
  C	
  in	
  late	
  April	
  to	
  approximately	
  321	
  

15°	
  C	
  by	
  early	
  June	
  (not	
  shown).	
  	
  In	
  P.	
  contorta	
  (lodgepole	
  pine),	
  PRI	
  showed	
  an	
  initial	
  increase	
  322	
  

coincident	
  with	
  a	
  period	
  of	
  increasing	
  chlorophyll:carotenoid	
  ratios	
  and	
  photosynthetic	
  activity	
  323	
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(Wong	
  &	
  Gamon	
  2015	
  a&b).	
  On	
  the	
  other	
  hand,	
  in	
  the	
  P.	
  tremuloides	
  (aspen)	
  canopy,	
  PRI	
  for	
  324	
  

was	
  relatively	
  flat,	
  with	
  the	
  exception	
  of	
  a	
  slight	
  rise	
  in	
  canopy-­‐level	
  PRI	
  in	
  May	
  during	
  leaf	
  325	
  

expansion,	
  followed	
  by	
  a	
  slight	
  decline	
  toward	
  mid-­‐June	
  as	
  leaves	
  matured.	
  	
  This	
  pattern	
  of	
  PRI	
  326	
  

rise	
  and	
  fall	
  was	
  more	
  apparent	
  in	
  the	
  spectrometer	
  PRI	
  than	
  in	
  the	
  SRS	
  sensor	
  PRI	
  (Figure	
  2C),	
  327	
  

in	
  part	
  due	
  to	
  the	
  greater	
  short-­‐term	
  dynamics	
  in	
  the	
  SRS	
  sensor	
  values.	
  SRS	
  sensor	
  cross-­‐328	
  

calibration	
  improved	
  the	
  agreement	
  with	
  spectrometer	
  PRI	
  for	
  P.	
  contorta,	
  but	
  slightly	
  329	
  

decreased	
  the	
  agreement	
  for	
  P.	
  tremuloides	
  (different	
  sensor	
  pairs	
  were	
  used	
  for	
  each	
  species).	
  	
  330	
  

For	
  the	
  pine	
  species,	
  the	
  NDVI	
  trend	
  was	
  nearly	
  flat,	
  but	
  for	
  the	
  aspen	
  stand	
  it	
  showed	
  a	
  331	
  

marked	
  increase	
  during	
  initial	
  bud	
  burst	
  and	
  leaf	
  expansion.	
  	
  For	
  the	
  pine,	
  these	
  patterns	
  were	
  332	
  

consistent	
  across	
  instruments	
  and	
  sampling	
  scale	
  (leaf	
  vs.	
  stand).	
  	
  For	
  the	
  aspen,	
  leaf	
  NDVI	
  333	
  

showed	
  a	
  relatively	
  flat	
  response	
  during	
  the	
  sudden	
  increase	
  in	
  stand	
  NDVI	
  during	
  leaf	
  334	
  

expansion	
  in	
  early	
  May.	
  Earlier	
  leaf-­‐level	
  sampling	
  was	
  not	
  possible	
  in	
  the	
  aspen	
  because	
  leaves	
  335	
  

had	
  not	
  yet	
  emerged	
  from	
  the	
  buds.	
  	
  Unlike	
  the	
  effect	
  on	
  PRI,	
  cross-­‐calibration	
  of	
  SRS	
  sensors	
  336	
  

yielded	
  little	
  change	
  in	
  the	
  SRS	
  NDVI	
  values.	
  337	
  

[Figure	
  2]	
  338	
  

	
  339	
  

The	
  strong	
  rise	
  in	
  midday	
  PRI	
  for	
  P.	
  contorta	
  during	
  spring	
  photosynthetic	
  activation	
  is	
  340	
  

shown	
  in	
  more	
  detail,	
  along	
  with	
  midday	
  PPFD	
  and	
  pigment	
  trends	
  (Fig	
  3).	
  	
  Because	
  the	
  SRS	
  341	
  

sensors	
  were	
  not	
  available	
  for	
  the	
  early	
  part	
  of	
  this	
  period,	
  PRI	
  values	
  from	
  a	
  spectrometer	
  342	
  

were	
  added	
  to	
  the	
  plot	
  to	
  show	
  the	
  full	
  period	
  of	
  spring	
  transition	
  associated	
  with	
  343	
  

photosynthetic	
  activation	
  (for	
  detailed	
  information	
  on	
  these	
  spring	
  physiological	
  changes,	
  see	
  344	
  

Wong	
  and	
  Gamon	
  2015	
  a&b).	
  	
  In	
  this	
  case,	
  cross-­‐calibration	
  of	
  the	
  SRS	
  PRI	
  improved	
  the	
  345	
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agreement	
  with	
  spectrometer	
  PRI	
  (Fig	
  3a).	
  The	
  spring	
  rise	
  in	
  PRI	
  was	
  coincident	
  with	
  a	
  rise	
  in	
  346	
  

chlorophyll:carotenoid	
  pigment	
  ratios	
  but	
  not	
  with	
  the	
  xanthophyll	
  cycle	
  epoxidation	
  state	
  347	
  

(EPS),	
  which	
  increased	
  about	
  three	
  weeks	
  earlier	
  than	
  either	
  the	
  PRI	
  or	
  pigment	
  ratios	
  (Fig.	
  3b).	
  	
  348	
  

The	
  considerable	
  short-­‐term	
  variability	
  in	
  the	
  SRS	
  PRI	
  signal	
  (particularly	
  visible	
  in	
  late-­‐May	
  to	
  349	
  

early	
  June)	
  was	
  largely	
  attributable	
  to	
  the	
  day-­‐to-­‐day	
  variation	
  in	
  midday	
  PPFD,	
  with	
  PRI	
  350	
  

declining	
  during	
  sunny	
  days,	
  and	
  rising	
  during	
  cloudy	
  days	
  (Fig.	
  3a).	
  	
  	
  	
  351	
  

	
   	
   	
   	
   [Figure3]	
  352	
  

3.3	
  Diurnal	
  experiments	
  353	
  

Next,	
  we	
  explored	
  the	
  ability	
  of	
  the	
  SRS	
  PRI	
  sensors	
  to	
  resolve	
  diurnal	
  patterns	
  related	
  354	
  

to	
  xanthophyll	
  cycle	
  activity,	
  as	
  affected	
  by	
  diurnal	
  irradiance.	
  Both	
  xanthophyll	
  cycle	
  EPS	
  and	
  355	
  

PRI	
  declined	
  towards	
  midday	
  as	
  PPFD	
  increased	
  and	
  recovered	
  in	
  the	
  afternoon	
  as	
  PPFD	
  356	
  

declined	
  (Fig.	
  4).	
  At	
  very	
  low	
  sun	
  angles,	
  when	
  PPFD	
  values	
  were	
  low	
  and	
  the	
  sun	
  was	
  357	
  

sometimes	
  partly	
  obscured	
  by	
  objects	
  near	
  the	
  horizon	
  (before	
  8	
  a.m.	
  and	
  after	
  7	
  p.m.),	
  PRI	
  358	
  

values	
  were	
  extremely	
  noisy	
  (indicated	
  by	
  the	
  erratic	
  pattern	
  and	
  large	
  error	
  bars).	
  To	
  test	
  the	
  359	
  

effect	
  of	
  cross-­‐calibrations	
  on	
  diurnal	
  PRI	
  responses,	
  we	
  first	
  applied	
  midday	
  cross-­‐calibration	
  360	
  

equations	
  (Fig.	
  1)	
  using	
  the	
  sun	
  visibility	
  values	
  prevailing	
  during	
  each	
  sample.	
  	
  We	
  also	
  applied	
  361	
  

empirical	
  cross	
  calibrations	
  closest	
  in	
  time	
  to	
  each	
  sample,	
  considering	
  both	
  sky	
  conditions	
  and	
  362	
  

sun	
  angle.	
  	
  The	
  exact	
  PRI	
  pattern	
  was	
  strongly	
  influenced	
  by	
  which	
  of	
  the	
  two	
  cross-­‐calibration	
  363	
  

methods	
  were	
  applied.	
  	
  The	
  most	
  noticeable	
  effect	
  of	
  the	
  midday	
  cross-­‐calibration	
  was	
  a	
  364	
  

downward	
  shift	
  in	
  the	
  absolute	
  PRI	
  values,	
  similar	
  to	
  the	
  effect	
  seen	
  in	
  the	
  seasonal	
  PRI	
  365	
  

patterns	
  for	
  P.	
  contorta	
  (Fig.	
  4c,	
  solid	
  black	
  line).	
  	
  Application	
  of	
  empirical	
  cross-­‐calibrations	
  366	
  

(using	
  the	
  values	
  closest	
  in	
  time	
  to	
  each	
  sample)	
  further	
  changed	
  the	
  shape	
  of	
  the	
  diurnal	
  PRI	
  367	
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pattern,	
  leading	
  to	
  a	
  more	
  pronounced	
  dip	
  and	
  recovery	
  in	
  PRI	
  (Fig.	
  4c,	
  solid	
  red	
  line)	
  that	
  more	
  368	
  

closely	
  matched	
  the	
  diurnal	
  pattern	
  of	
  the	
  xanthophyll	
  cycle	
  pigment	
  epoxidation	
  state	
  (EPS)	
  369	
  

(Fig.	
  4b).	
  	
  	
  370	
  

	
   	
   	
   	
   [Figure	
  4]	
  371	
  

3.4	
  Comparing	
  PRI	
  to	
  pigments	
  over	
  diurnal	
  and	
  seasonal	
  time	
  scales	
  372	
  

To	
  evaluate	
  the	
  cause	
  of	
  PRI	
  variation	
  over	
  diurnal	
  and	
  seasonal	
  time	
  periods,	
  PRI	
  values	
  373	
  

recorded	
  by	
  the	
  SRS	
  sensors	
  were	
  compared	
  to	
  pigment	
  data	
  (chlorophyll:carotenoid	
  ratios	
  and	
  374	
  

xanthophyll	
  cycle	
  epoxidation	
  state).	
  	
  Seasonal	
  measurements	
  spanned	
  the	
  period	
  of	
  spring	
  375	
  

recovery	
  of	
  photosynthesis	
  in	
  P.	
  contorta	
  (3	
  May,	
  2013	
  –	
  4	
  June,	
  2013)	
  (Fig.	
  3)	
  and	
  diurnal	
  376	
  

measurements	
  were	
  collected	
  from	
  a	
  single	
  experiment	
  on	
  25	
  July,	
  2013	
  (Fig.	
  4).	
  	
  377	
  

These	
  comparisons	
  illustrated	
  that	
  over	
  the	
  seasonal	
  time	
  scale,	
  PRI	
  was	
  correlated	
  with	
  378	
  

the	
  chlorophyll:	
  carotenoid	
  pigment	
  ratios,	
  but	
  not	
  with	
  the	
  xanthophyll	
  cycle	
  EPS	
  (Fig.	
  5a	
  and	
  379	
  

b).	
  	
  Time	
  trends	
  showed	
  that	
  spring	
  recovery	
  of	
  EPS	
  occurs	
  3-­‐4	
  weeks	
  before	
  the	
  increase	
  of	
  380	
  

chlorophyll:carotenoid	
  pigment	
  ratios	
  (Fig.	
  3),	
  and	
  it	
  is	
  these	
  pigment	
  ratios	
  (not	
  EPS)	
  that	
  best	
  381	
  

corresponded	
  to	
  the	
  spring	
  increase	
  in	
  PRI	
  (Fig.	
  5).	
  	
  However,	
  the	
  reverse	
  was	
  true	
  over	
  the	
  382	
  

diurnal	
  time	
  scale,	
  when	
  PRI	
  was	
  clearly	
  correlated	
  with	
  the	
  xanthophyll	
  cycle	
  EPS	
  (Figs.	
  4	
  and	
  383	
  

5d),	
  and	
  not	
  the	
  chlorophyll:carotenoid	
  pigment	
  ratios	
  (Figs.	
  4	
  and	
  5c).	
  	
  This	
  result	
  was	
  384	
  

consistent	
  with	
  the	
  similar	
  diurnal	
  patterns	
  of	
  both	
  PRI	
  and	
  EPS,	
  combined	
  with	
  the	
  relatively	
  385	
  

flat	
  diurnal	
  pattern	
  of	
  the	
  pigment	
  pool	
  ratios	
  (Fig.	
  4b).	
  386	
  

	
   	
   	
   	
   	
   [Figure	
  5]	
  387	
  

4.	
  Discussion	
  388	
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As	
  expected,	
  NDVI	
  and	
  PRI	
  showed	
  complementary	
  behaviour	
  in	
  evergreen	
  and	
  389	
  

deciduous	
  canopies	
  in	
  early	
  spring.	
  	
  In	
  this	
  sense,	
  evergreens	
  and	
  deciduous	
  species	
  represent	
  390	
  

distinct	
  optical	
  types,	
  as	
  revealed	
  by	
  their	
  contrasting	
  NDVI	
  and	
  PRI	
  behaviour.	
  	
  Stand-­‐level	
  391	
  

NDVI	
  increased	
  in	
  deciduous	
  canopies	
  during	
  leaf	
  emergence	
  and	
  expansion	
  in	
  early	
  spring,	
  but	
  392	
  

not	
  in	
  evergreen	
  canopies	
  that	
  did	
  not	
  add	
  new	
  leaves	
  during	
  this	
  period.	
  	
  	
  By	
  contrast,	
  PRI	
  393	
  

detected	
  the	
  changing	
  pigment	
  pool	
  sizes	
  during	
  spring	
  in	
  the	
  evergreen	
  stands,	
  and	
  showed	
  394	
  

relatively	
  little	
  change	
  in	
  the	
  deciduous	
  stands	
  during	
  this	
  period.	
  	
  These	
  complementary	
  395	
  

patterns	
  emerged	
  both	
  with	
  the	
  SRS	
  sensors	
  and	
  with	
  the	
  field	
  spectrometer,	
  and	
  demonstrate	
  396	
  

that	
  automated	
  NDVI	
  and	
  PRI	
  sensors	
  can	
  provide	
  useful	
  information	
  on	
  the	
  contrasting	
  397	
  

photosynthetic	
  phenology	
  of	
  evergreen	
  and	
  deciduous	
  species.	
  	
  Particularly	
  intriguing	
  is	
  the	
  398	
  

ability	
  of	
  PRI	
  to	
  detect	
  changing	
  chlorophyll:carotenoid	
  ratios	
  in	
  the	
  evergreen	
  pine	
  stands.	
  	
  399	
  

Recent	
  work	
  (Wong	
  &	
  Gamon	
  2015	
  a&b)	
  has	
  shown	
  that	
  these	
  changing	
  pigments	
  (and	
  hence	
  400	
  

PRI)	
  can	
  provide	
  an	
  indicator	
  of	
  evergreen	
  spring	
  physiological	
  activation,	
  a	
  process	
  that	
  is	
  hard	
  401	
  

to	
  detect	
  with	
  the	
  eye	
  or	
  with	
  conventional	
  optical	
  remote	
  sensing.	
  On	
  the	
  other	
  hand,	
  NDVI	
  402	
  

readily	
  captures	
  the	
  changing	
  photosynthetic	
  capacity	
  associated	
  with	
  bud	
  burst	
  and	
  leaf	
  403	
  

development,	
  but	
  not	
  the	
  less	
  visible	
  evergreen	
  pigment	
  changes	
  during	
  spring.	
  	
  Based	
  on	
  these	
  404	
  

findings,	
  we	
  would	
  expect	
  that	
  ecosystems	
  from	
  different	
  biomes	
  having	
  contrasting	
  evergreen	
  405	
  

and	
  deciduous	
  stand	
  composition	
  would	
  show	
  contrasting	
  behaviour	
  of	
  NDVI	
  and	
  PRI	
  406	
  

(Garbulsky	
  et	
  al.,	
  2011).	
  	
  Due	
  to	
  the	
  lack	
  of	
  suitable	
  sensors,	
  this	
  hypothesis	
  has	
  been	
  hard	
  to	
  407	
  

test	
  extensively,	
  and	
  the	
  advent	
  of	
  automated	
  NDVI	
  and	
  PRI	
  sensors	
  could	
  now	
  enable	
  such	
  408	
  

comparative	
  tests	
  across	
  contrasting	
  ecosystems.	
  	
  Since	
  these	
  two	
  indices	
  relate	
  to	
  the	
  two	
  409	
  

terms	
  of	
  the	
  light-­‐use	
  efficiency	
  model	
  (Gamon	
  and	
  Qiu,	
  1999),	
  better	
  understanding	
  of	
  their	
  410	
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complementary	
  behaviour	
  could	
  help	
  improve	
  the	
  application	
  of	
  the	
  light-­‐use	
  efficiency	
  model	
  411	
  

for	
  prediction	
  of	
  ecosystem	
  photosynthesis.	
  412	
  

In	
  the	
  evergreen	
  lodgepole	
  pine	
  stand,	
  the	
  SRS	
  PRI	
  was	
  clearly	
  affected	
  by	
  two	
  different	
  413	
  

processes	
  operating	
  over	
  different	
  time	
  scales.	
  	
  Over	
  the	
  diurnal	
  time	
  scale,	
  the	
  SRS	
  PRI	
  414	
  

followed	
  the	
  changing	
  xanthophyll	
  cycle	
  epoxidation	
  state	
  (EPS),	
  as	
  has	
  been	
  reported	
  before	
  415	
  

(Gamon	
  et	
  al.	
  1992).	
  	
  Over	
  a	
  longer	
  time	
  period	
  of	
  several	
  weeks,	
  the	
  midday	
  PRI	
  values	
  416	
  

followed	
  the	
  changing	
  chlorophyll:carotenoid	
  pool	
  sizes	
  associated	
  with	
  spring	
  photosynthetic	
  417	
  

activation.	
  	
  Thus,	
  PRI	
  provided	
  a	
  sensitive	
  indicator	
  of	
  pigment	
  changes	
  associated	
  with	
  418	
  

photosynthetic	
  activity,	
  but	
  in	
  different	
  ways	
  and	
  with	
  different	
  mechanisms.	
  	
  These	
  419	
  

contrasting	
  mechanisms	
  have	
  been	
  termed	
  the	
  “facultative”	
  (diurnal	
  xanthophyll	
  activity)	
  and	
  420	
  

“constitutive”	
  (longer-­‐term	
  pigment	
  pool	
  size	
  shifts)	
  responses	
  (Gamon	
  and	
  Berry,	
  2012;	
  Wong	
  421	
  

and	
  Gamon	
  2015a).	
  	
  Recently,	
  Wong	
  &	
  Gamon	
  (2015a)	
  reported	
  similar	
  findings	
  for	
  evergreens;	
  422	
  

during	
  seasonal	
  transitions,	
  the	
  PRI	
  signal	
  primarily	
  reflects	
  changing	
  pigment	
  pool	
  sizes,	
  while	
  423	
  

over	
  the	
  course	
  of	
  a	
  day,	
  PRI	
  detects	
  the	
  diurnal	
  activity	
  of	
  the	
  xanthophyll	
  cycle.	
  	
  This	
  finding	
  is	
  424	
  

relevant	
  to	
  remote	
  sensing	
  studies	
  that	
  use	
  PRI	
  as	
  an	
  indicator	
  of	
  photosynthetic	
  activity	
  or	
  425	
  

light-­‐use	
  efficiency,	
  and	
  indicates	
  that	
  the	
  meaning	
  of	
  PRI	
  changes	
  with	
  the	
  temporal	
  context	
  of	
  426	
  

the	
  study.	
  	
  For	
  most	
  remote	
  sensing	
  studies	
  that	
  rely	
  on	
  a	
  single,	
  midday	
  overpass,	
  it	
  is	
  more	
  427	
  

likely	
  that	
  pigment	
  pool	
  sizes	
  changes,	
  and	
  not	
  xanthophyll	
  cycle	
  activity,	
  are	
  the	
  primary	
  428	
  

drivers	
  of	
  PRI	
  changes.	
  	
  Consequently,	
  the	
  interpretation	
  of	
  PRI	
  in	
  a	
  remote	
  sensing	
  context	
  429	
  

should	
  be	
  re-­‐thought	
  to	
  consider	
  the	
  constitutive	
  response	
  of	
  pigment	
  pools.	
  	
  The	
  advent	
  of	
  430	
  

automated	
  sensors	
  capable	
  of	
  resolving	
  these	
  two	
  causes	
  of	
  PRI	
  variation	
  in	
  time	
  could	
  be	
  very	
  431	
  

useful	
  in	
  validating	
  interpretations	
  of	
  PRI	
  detected	
  by	
  airborne	
  and	
  satellite	
  sensors.	
  	
  432	
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The	
  similar	
  responses	
  of	
  PRI	
  observed	
  on	
  a	
  leaf	
  and	
  stand	
  scale	
  (Fig.	
  2)	
  agrees	
  with	
  433	
  

several	
  previous	
  studies	
  showing	
  parallel	
  leaf-­‐	
  and	
  stand-­‐level	
  PRI	
  responses,	
  at	
  least	
  for	
  closed-­‐434	
  

canopy	
  stands	
  (Stylinski	
  et	
  al.,	
  2002;	
  Gamon	
  &	
  Qiu	
  1999;	
  Wong	
  and	
  Gamon	
  2015b).	
  	
  This	
  435	
  

parallel	
  behaviour	
  indicates	
  that	
  dynamic	
  leaf	
  PRI	
  responses	
  are	
  clearly	
  detectable	
  at	
  larger	
  436	
  

stand	
  scales.	
  	
  	
  Recently,	
  there	
  has	
  been	
  some	
  controversy	
  over	
  whether	
  leaf	
  optical	
  traits	
  are	
  437	
  

indeed	
  detectable	
  at	
  larger	
  scales	
  with	
  remote	
  sensing,	
  with	
  some	
  authors	
  suggesting	
  that	
  the	
  438	
  

dominant	
  effect	
  of	
  canopy	
  structure	
  renders	
  leaf	
  traits	
  difficult	
  to	
  detect	
  (Knyazikhin	
  et	
  al.,	
  439	
  

2013).	
  In	
  response,	
  Townsend	
  et	
  al.	
  (	
  2013)	
  have	
  argued	
  that	
  leaf	
  traits	
  are	
  indeed	
  remotely	
  440	
  

detectable,	
  but	
  that	
  canopy	
  structure	
  can	
  confound	
  the	
  interpretation	
  of	
  such	
  traits.	
  	
  While	
  our	
  441	
  

findings	
  of	
  parallel	
  leaf	
  and	
  canopy-­‐level	
  PRI	
  responses	
  suggest	
  that	
  leaf	
  traits	
  are	
  detectable	
  at	
  442	
  

stand	
  scales,	
  the	
  slightly	
  different	
  patterns	
  emerging	
  from	
  the	
  two	
  contrasting	
  species	
  having	
  443	
  

contrasting	
  canopy	
  structures	
  suggest	
  that	
  canopy	
  structure	
  may	
  indeed	
  confound	
  these	
  signals	
  444	
  

to	
  some	
  degree,	
  as	
  has	
  been	
  predicted	
  before	
  for	
  PRI	
  (Barton	
  and	
  North,	
  2001).	
  	
  It	
  is	
  likely	
  that	
  445	
  

the	
  interpretation	
  of	
  the	
  PRI	
  becomes	
  far	
  more	
  difficult	
  in	
  mixed	
  stands	
  having	
  both	
  evergreen	
  446	
  

and	
  deciduous	
  species,	
  or	
  in	
  landscapes	
  with	
  varying	
  degrees	
  of	
  canopy	
  cover.	
  	
  However,	
  at	
  447	
  

least	
  for	
  closed-­‐canopy	
  monocultures,	
  the	
  temporal	
  patterns	
  of	
  PRI	
  are	
  clearly	
  detectable	
  at	
  448	
  

both	
  leaf	
  and	
  canopy	
  scales,	
  offering	
  some	
  promise	
  for	
  plans	
  to	
  apply	
  PRI	
  to	
  photosynthetic	
  449	
  

estimation	
  from	
  space	
  (Grace	
  et	
  al.,	
  2007;	
  Coops	
  et	
  al.,	
  2010).	
  	
  	
  450	
  

Our	
  findings	
  demonstrate	
  the	
  importance	
  of	
  proper	
  cross-­‐calibration	
  when	
  applying	
  451	
  

dual-­‐detector	
  sensors,	
  and	
  illustrate	
  that	
  such	
  calibrations	
  should	
  consider	
  the	
  full	
  range	
  of	
  sky	
  452	
  

conditions	
  encountered.	
  	
  The	
  reason	
  for	
  this	
  is	
  that	
  sensor	
  detector	
  and	
  foreoptics	
  are	
  never	
  453	
  

perfectly	
  matched,	
  and	
  this	
  matching	
  changes	
  slightly	
  with	
  sky	
  conditions,	
  as	
  has	
  previously	
  454	
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been	
  reported	
  (Gamon	
  et	
  al.	
  2006).	
  	
  We	
  suggest	
  that	
  proper	
  cross-­‐calibration	
  is	
  essential	
  to	
  455	
  

obtaining	
  correct	
  index	
  values,	
  particularly	
  if	
  these	
  values	
  are	
  to	
  be	
  compared	
  across	
  sensor	
  456	
  

pairs,	
  sky	
  conditions,	
  or	
  sun	
  angles	
  (e.g.	
  time	
  of	
  day	
  or	
  latitude).	
  	
  457	
  

Our	
  results	
  demonstrated	
  clear	
  effects	
  of	
  cross-­‐calibration	
  on	
  the	
  resulting	
  index	
  values,	
  458	
  

and	
  these	
  effects	
  were	
  more	
  apparent	
  for	
  PRI	
  than	
  for	
  NDVI.	
  	
  The	
  two	
  cross-­‐calibration	
  459	
  

methods	
  (midday	
  and	
  diurnal)	
  had	
  different	
  effects.	
  	
  The	
  midday	
  method	
  primarily	
  corrected	
  460	
  

for	
  changing	
  cloud	
  cover,	
  but	
  had	
  little	
  effect	
  on	
  the	
  diurnal	
  PRI	
  patterns.	
  	
  The	
  diurnal	
  method	
  461	
  

also	
  corrected	
  for	
  diurnally	
  changing	
  sun	
  angle,	
  and	
  this	
  yielded	
  better	
  agreement	
  with	
  diurnal	
  462	
  

xanthophyll	
  cycle	
  activity	
  (EPS).	
  	
  These	
  results	
  indicate	
  that	
  the	
  recommended	
  method	
  of	
  cross-­‐463	
  

calibration	
  would	
  vary	
  depending	
  upon	
  the	
  particular	
  purpose.	
  	
  For	
  observing	
  seasonal	
  trends	
  464	
  

with	
  midday	
  measurements,	
  the	
  midday	
  cross-­‐calibration	
  method	
  may	
  be	
  sufficient.	
  	
  This	
  465	
  

method	
  yielded	
  predictable	
  results	
  across	
  a	
  wide	
  range	
  of	
  sky	
  conditions	
  (cloudy	
  to	
  clear),	
  466	
  

which	
  allowed	
  us	
  to	
  model	
  the	
  response	
  with	
  a	
  linear	
  equation.	
  	
  Because	
  it	
  can	
  be	
  modeled,	
  467	
  

this	
  approach	
  enables	
  automated	
  correction	
  for	
  sky	
  conditions	
  (direct	
  vs.	
  diffuse	
  radiation),	
  468	
  

which	
  would	
  be	
  of	
  benefit	
  in	
  situations	
  where	
  manual	
  correction	
  is	
  difficult.	
  	
  Automated	
  469	
  

correction	
  is	
  particularly	
  desirable	
  for	
  automated,	
  remote	
  applications	
  (e.g.	
  tower-­‐mounted	
  470	
  

applications	
  at	
  remote	
  sites),	
  where	
  frequent	
  manual	
  cross-­‐calibrations	
  may	
  be	
  impossible.	
  	
  	
  471	
  

The	
  diurnal	
  cross-­‐calibrations	
  had	
  the	
  benefit	
  of	
  correcting	
  for	
  both	
  sky	
  conditions	
  472	
  

(clouds)	
  and	
  sun	
  angle,	
  yielding	
  PRI	
  values	
  that	
  better	
  tracked	
  the	
  diurnal	
  changes	
  in	
  473	
  

xanthophyll	
  cycle	
  EPS.	
  	
  However,	
  this	
  method	
  required	
  frequent	
  manual	
  sampling	
  of	
  a	
  474	
  

calibration	
  standard	
  over	
  the	
  course	
  of	
  a	
  day.	
  	
  In	
  our	
  study,	
  this	
  method	
  did	
  not	
  yield	
  a	
  single,	
  475	
  

predictable	
  equation	
  (not	
  shown),	
  so	
  is	
  unlikely	
  to	
  be	
  easily	
  automated.	
  	
  The	
  reason	
  for	
  this	
  is	
  476	
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most	
  likely	
  due	
  to	
  the	
  combined,	
  interacting	
  effects	
  of	
  sun	
  angle	
  (a	
  relatively	
  predictable	
  477	
  

phenomenon)	
  with	
  changing	
  sky	
  conditions	
  (a	
  less	
  predictable	
  phenomenon).	
  	
  Consequently,	
  478	
  

the	
  accurate	
  estimation	
  of	
  diurnally	
  changing	
  PRI	
  signals	
  with	
  the	
  SRS	
  sensors,	
  while	
  possible	
  479	
  

with	
  intensive	
  manual	
  calibrations,	
  is	
  a	
  topic	
  deserving	
  further	
  study.	
  	
  	
  480	
  

In	
  the	
  pine	
  stand,	
  cross-­‐calibration	
  clearly	
  improved	
  agreement	
  between	
  SRS	
  and	
  481	
  

spectrometer	
  PRI	
  values,	
  but	
  not	
  in	
  the	
  aspen	
  stand.	
  The	
  underlying	
  reasons	
  for	
  this	
  difference	
  482	
  

are	
  not	
  entirely	
  clear,	
  but	
  we	
  suspect	
  that	
  it	
  may	
  result	
  from	
  the	
  contrasting	
  canopy	
  structures	
  483	
  

combined	
  with	
  the	
  different	
  sensor	
  FOVs.	
  	
  Aspen	
  leaves	
  have	
  a	
  strong	
  vertical	
  orientation,	
  and	
  484	
  

it	
  is	
  likely	
  that	
  this	
  caused	
  the	
  narrow	
  FOV	
  spectrometer	
  to	
  “look	
  deeper”	
  into	
  the	
  canopy,	
  thus	
  485	
  

having	
  a	
  greater	
  contribution	
  of	
  shaded	
  (high	
  PRI)	
  leaves	
  to	
  the	
  overall	
  stand	
  PRI	
  signal.	
  	
  On	
  the	
  486	
  

other	
  hand,	
  the	
  broader	
  FOV	
  SRS	
  sensors	
  presumably	
  detected	
  a	
  higher	
  proportion	
  of	
  sunlit	
  487	
  

leaves	
  high	
  in	
  the	
  canopy	
  causing	
  a	
  lower	
  canopy	
  PRI	
  value.	
  	
  This	
  hypothesis	
  may	
  explain	
  why	
  488	
  

cross-­‐calibration	
  did	
  not	
  improve	
  the	
  agreement	
  between	
  SRS	
  and	
  spectrometer	
  PRI	
  489	
  

measurements	
  for	
  the	
  aspen	
  canopy.	
  	
  On	
  the	
  other	
  hand,	
  in	
  the	
  pine,	
  the	
  leaf	
  angles	
  were	
  more	
  490	
  

randomly	
  distributed,	
  and	
  this	
  may	
  have	
  allowed	
  a	
  much	
  better	
  agreement	
  between	
  SRS	
  and	
  491	
  

spectrometer	
  PRI	
  values	
  following	
  cross-­‐calibration.	
  	
  In	
  the	
  case	
  of	
  the	
  pine	
  canopy,	
  cross-­‐492	
  

calibration	
  clearly	
  led	
  to	
  closer	
  agreement	
  of	
  the	
  SRS	
  and	
  spectrometer	
  PRI	
  values.	
  	
  	
  493	
  

Our	
  results	
  agree	
  with	
  previous	
  findings	
  that	
  sun-­‐canopy-­‐sensor	
  geometry	
  can	
  exert	
  a	
  494	
  

strong	
  effect	
  on	
  the	
  resulting	
  index	
  values	
  (Sims	
  et	
  al.,	
  2006;Hilker	
  et	
  al.,	
  2008).	
  	
  In	
  many	
  495	
  

canopies,	
  light	
  fields	
  vary	
  in	
  complex	
  ways	
  with	
  canopy	
  structure	
  and	
  aspect,	
  causing	
  strong	
  496	
  

differences	
  between	
  optical	
  measurements	
  made	
  from	
  slightly	
  different	
  positions,	
  even	
  within	
  497	
  

a	
  single	
  stand	
  (Middleton	
  et	
  al.,	
  2009;Gamon	
  and	
  Bond,	
  2013).	
  For	
  this	
  reason,	
  studies	
  using	
  498	
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proximal	
  sensors	
  over	
  canopies	
  with	
  complex	
  light	
  fields	
  should	
  carefully	
  consider	
  the	
  canopy	
  499	
  

structure	
  and	
  illumination	
  regime,	
  and	
  select	
  sensor	
  distance	
  and	
  sampling	
  angle	
  accordingly.	
  	
  500	
  

While	
  not	
  a	
  central	
  part	
  of	
  our	
  study	
  due	
  to	
  the	
  limited	
  number	
  of	
  sensors,	
  further	
  studies	
  501	
  

should	
  investigate	
  the	
  role	
  of	
  sensor	
  position	
  and	
  sampling	
  angle,	
  as	
  well	
  as	
  the	
  required	
  502	
  

replication	
  needed	
  to	
  obtain	
  representative	
  samples	
  of	
  stand	
  optical	
  properties.	
  	
  This	
  becomes	
  503	
  

particularly	
  critical	
  if	
  the	
  goal	
  is	
  to	
  relate	
  proximal	
  optical	
  sampling	
  to	
  larger	
  footprints,	
  as	
  is	
  504	
  

often	
  the	
  case	
  when	
  validating	
  satellite	
  measurements	
  or	
  comparing	
  to	
  flux	
  tower	
  505	
  

measurements.	
  	
  	
  506	
  

Missing	
  from	
  our	
  short-­‐term	
  study	
  was	
  a	
  full	
  consideration	
  of	
  long-­‐term	
  sensor	
  stability.	
  507	
  

Temperature	
  stability	
  and	
  ability	
  to	
  withstand	
  moisture	
  are	
  key	
  considerations,	
  particularly	
  if	
  508	
  

sensors	
  are	
  to	
  be	
  useful	
  over	
  one	
  or	
  more	
  annual	
  cycles,	
  and	
  these	
  factors	
  were	
  not	
  fully	
  509	
  

considered	
  in	
  our	
  study.	
  	
  Since	
  completion	
  of	
  the	
  study,	
  the	
  manufacturer	
  (Decagon	
  Devices)	
  510	
  

has	
  changed	
  the	
  NDVI	
  sensor	
  from	
  the	
  LED	
  version	
  used	
  in	
  this	
  study	
  to	
  a	
  photodiode	
  design,	
  to	
  511	
  

attain	
  greater	
  temperature	
  stability.	
  	
  We	
  recommend	
  that	
  additional	
  studies	
  be	
  conducted	
  over	
  512	
  

a	
  range	
  of	
  environments	
  to	
  more	
  fully	
  test	
  the	
  behaviour,	
  utility,	
  stability	
  and	
  longevity	
  of	
  the	
  513	
  

SRS	
  sensors.	
  	
  For	
  such	
  studies,	
  the	
  cross-­‐calibration	
  methods	
  described	
  here	
  could	
  be	
  essential,	
  514	
  

not	
  just	
  for	
  obtaining	
  accurate	
  index	
  values,	
  but	
  also	
  to	
  check	
  and	
  correct	
  for	
  sensor	
  drift	
  and	
  515	
  

enable	
  proper	
  comparison	
  of	
  values	
  across	
  sites.	
  Ideally,	
  such	
  tests	
  would	
  include	
  ecosystems	
  516	
  

and	
  biomes	
  with	
  contrasting	
  optical	
  behaviour	
  and	
  environmental	
  constraints	
  on	
  517	
  

photosynthesis,	
  allowing	
  us	
  to	
  more	
  fully	
  develop	
  the	
  concept	
  of	
  optical	
  types.	
  	
  Our	
  hope	
  is	
  that	
  518	
  

the	
  initial	
  findings	
  reported	
  here	
  can	
  provide	
  a	
  first	
  step	
  in	
  developing	
  protocols	
  for	
  such	
  a	
  519	
  

study.	
  	
  	
  520	
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  521	
  

5.	
  Conclusions	
  522	
  

PRI	
  and	
  NDVI	
  detected	
  complementary	
  processes	
  during	
  spring	
  transition	
  in	
  evergreen	
  523	
  

and	
  deciduous	
  canopies.	
  	
  As	
  expected,	
  NDVI	
  was	
  primarily	
  sensitive	
  to	
  leaf	
  emergence	
  in	
  524	
  

deciduous	
  aspen	
  stands,	
  and	
  PRI	
  was	
  sensitive	
  to	
  changing	
  pigment	
  ratios	
  in	
  evergreen	
  pine	
  525	
  

stands.	
  	
  PRI	
  was	
  also	
  able	
  to	
  detect	
  diurnal	
  changes	
  in	
  xanthophyll	
  cycle	
  epoxidation	
  state,	
  526	
  

although	
  the	
  primary	
  cause	
  of	
  PRI	
  increase	
  during	
  spring	
  was	
  the	
  increasing	
  527	
  

chlorophyll:carotenoid	
  ratio,	
  and	
  not	
  the	
  xanthophyll	
  cycle.	
  	
  	
  528	
  

The	
  diurnal	
  and	
  seasonal	
  patterns	
  were	
  clearly	
  sensitive	
  to	
  the	
  method	
  of	
  cross	
  529	
  

calibration.	
  	
  For	
  each	
  sensor,	
  sun	
  visibility	
  (cloud	
  cover)	
  had	
  a	
  predictable	
  effect	
  on	
  the	
  cross	
  530	
  

calibration,	
  allowing	
  us	
  to	
  model	
  this	
  correction	
  for	
  each	
  sensor.	
  	
  Determining	
  this	
  response	
  for	
  531	
  

each	
  sensor	
  should	
  facilitate	
  automated	
  application	
  of	
  optical	
  sensors	
  where	
  regular	
  calibration	
  532	
  

would	
  not	
  be	
  feasible.	
  	
  On	
  the	
  other	
  hand,	
  due	
  to	
  the	
  combined	
  effects	
  of	
  sun	
  angle	
  and	
  sky	
  533	
  

conditions,	
  obtaining	
  accurate	
  diurnal	
  responses	
  may	
  require	
  frequent	
  manual	
  calibration	
  that	
  534	
  

may	
  present	
  challenges	
  for	
  sensor	
  automation.	
  	
  	
  535	
  

Automated,	
  low	
  cost	
  NDVI	
  and	
  PRI	
  sensors	
  offer	
  new	
  opportunities	
  for	
  monitoring	
  536	
  

photosynthetic	
  phenology.	
  	
  We	
  recommend	
  further	
  tests	
  be	
  applied	
  over	
  longer	
  time	
  periods	
  at	
  537	
  

flux	
  tower	
  sites	
  across	
  a	
  range	
  of	
  ecosystems,	
  with	
  a	
  particular	
  focus	
  on	
  the	
  optical	
  responses	
  of	
  538	
  

contrasting	
  vegetation	
  types.	
  	
  Such	
  studies	
  would	
  help	
  improve	
  our	
  understanding	
  of	
  the	
  539	
  

component	
  terms	
  of	
  the	
  light-­‐use	
  efficiency	
  model	
  and	
  could	
  help	
  reveal	
  contrasting	
  controls	
  540	
  

on	
  carbon	
  flux	
  for	
  different	
  ecosystems.	
  	
  541	
  

	
  542	
  
	
  543	
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Figure	
  Captions:	
  678	
  

	
  679	
  

Fig.	
  1.	
  Representative	
  cross-­‐calibration	
  ratios	
  for	
  a	
  single	
  sensor	
  set	
  as	
  a	
  function	
  of	
  sun	
  visibility	
  ratios	
  680	
  

for	
  PRI	
  bands	
  (PR/PI,	
  A)	
  and	
  NDVI	
  bands	
  (NR/NI,	
  B).	
  	
  Sun	
  visibility:	
  0	
  =	
  darkness,	
  1=	
  clear,	
  sunny	
  skies,	
  with	
  681	
  

intermediate	
  values	
  indicating	
  varying	
  degrees	
  of	
  cloudiness.	
  	
  682	
  

	
  683	
  

Fig.	
  2.	
  Midday	
  PRI	
  (A	
  and	
  C)	
  and	
  NDVI	
  (B	
  and	
  D)	
  time	
  trends	
  (3	
  May,	
  2013	
  –	
  21	
  June	
  2013)	
  for	
  Pinus	
  684	
  

contorta	
  (lodgepole	
  pine)	
  and	
  Populus	
  tremuloides,	
  (trembling	
  aspen)	
  sampled	
  using	
  SRS	
  sensors	
  and	
  685	
  

spectrometers	
  at	
  both	
  leaf	
  and	
  stand	
  scales.	
  Aspen	
  bud	
  burst	
  began	
  on	
  5	
  May,	
  and	
  full	
  expansion	
  was	
  686	
  

reached	
  on	
  16	
  May.	
  687	
  

	
  688	
  

Fig.	
  3.	
  Midday	
  PRI	
  and	
  PPFD	
  trends	
  (A)	
  and	
  pigment	
  trends	
  (B)	
  of	
  P.	
  contorta	
  during	
  spring	
  689	
  

photosynthetic	
  activation.	
  The	
  PRI	
  values	
  were	
  measured	
  by	
  the	
  Decagon	
  SRS	
  sensors	
  and	
  a	
  dual-­‐690	
  

channel	
  spectrometer	
  (UniSpec	
  DC,	
  PP	
  Systems,	
  Amesbury,	
  MA).	
  Corrected	
  PRI	
  values	
  were	
  produced	
  by	
  691	
  

applying	
  the	
  empirical	
  mid-­‐day	
  cross	
  calibration	
  equations,	
  derived	
  from	
  linear	
  trends	
  	
  (Fig.	
  1).	
  	
  PRI	
  error	
  692	
  

bars	
  are	
  standard	
  error	
  of	
  the	
  mean.	
  	
  Chl/Car	
  ratios	
  and	
  and	
  xanthophyll	
  cycle	
  epoxidation	
  state	
  (EPS)	
  693	
  

were	
  single	
  values	
  with	
  no	
  error	
  bars	
  (see	
  methods).	
  694	
  

	
  695	
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Fig.	
  4.	
  (A):	
  PAR	
  irradiance	
  (PPFD)	
  over	
  the	
  course	
  of	
  the	
  day	
  (25	
  July,	
  2013).	
  	
  (B):	
  pigment	
  values	
  696	
  

(epoxidation	
  state	
  and	
  chlorophyll:carotenoid	
  pigment	
  ratios)	
  over	
  the	
  course	
  of	
  the	
  day.	
  	
  (C):	
  697	
  

uncorrected	
  and	
  corrected	
  PRI	
  values	
  plotted	
  at	
  15	
  min	
  intervals	
  over	
  the	
  course	
  of	
  the	
  day.	
  698	
  

Uncorrected	
  PRI	
  values	
  were	
  calculated	
  using	
  Eq.	
  (2).	
  Corrected	
  PRI	
  data	
  (mid-­‐day	
  correction)	
  were	
  699	
  

calculated	
  by	
  applying	
  the	
  empirical	
  mid-­‐day	
  cross	
  calibrations	
  (Fig.	
  1),	
  where	
  the	
  sun	
  visibility	
  (cloud	
  700	
  

cover)	
  is	
  taken	
  into	
  consideration,	
  but	
  not	
  the	
  sun	
  angle.	
  Corrected	
  PRI	
  data	
  (whole	
  day	
  correction)	
  were	
  701	
  

calculated	
  using	
  the	
  hourly	
  white	
  panel	
  (Pr/Pi)	
  ratios	
  obtained	
  throughout	
  the	
  day,	
  using	
  the	
  ratio	
  702	
  

nearest	
  in	
  time.	
  	
  Error	
  bars	
  are	
  +	
  1	
  SEM	
  for	
  EPS,	
  Chl/Car,	
  and	
  PRI.	
  	
  For	
  clarity,	
  only	
  the	
  error	
  bars	
  for	
  the	
  703	
  

corrected	
  (whole	
  day)	
  PRI	
  are	
  shown.	
  704	
  

	
  705	
  

Fig.	
  5.	
  Corrected	
  PRI	
  vs.	
  pigment	
  measures	
  (xanthophyll	
  cycle	
  epoxidation	
  state,	
  EPS,	
  or	
  706	
  

chlorophyll:carotenoid	
  ratio,	
  Chl/Car).	
  Seasonal	
  data	
  (A,	
  B)	
  span	
  the	
  spring	
  recovery	
  period	
  (3	
  May,	
  2013	
  707	
  

–	
  4	
  June	
  ,	
  2013;	
  see	
  Fig.	
  3).	
  	
  	
  Diurnal	
  data	
  (C,	
  D)	
  are	
  from	
  25	
  July,	
  2013	
  (see	
  Fig.	
  4).	
  Error	
  bars	
  indicate	
  +	
  708	
  

SEM	
  for	
  PRI	
  and	
  diurnal	
  pigment	
  data.	
  Linear	
  regressions	
  are	
  shown	
  for	
  significant	
  (p<0.05)	
  fits	
  only.	
  	
  709	
  

	
  710	
  

	
  711	
  

	
  712	
  

	
  713	
  

	
  714	
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  715	
  

	
  716	
  

Fig.	
  1.	
  Representative	
  cross-­‐calibration	
  ratios	
  for	
  a	
  single	
  sensor	
  set	
  as	
  a	
  function	
  of	
  sun	
  visibility	
  ratios	
  717	
  

for	
  PRI	
  bands	
  (PR/PI,	
  A)	
  and	
  NDVI	
  bands	
  (NR/NI,	
  B).	
  	
  Sun	
  visibility:	
  0	
  =	
  darkness,	
  1=	
  clear,	
  sunny	
  skies,	
  with	
  718	
  

intermediate	
  values	
  indicating	
  varying	
  degrees	
  of	
  cloudiness.	
  	
  719	
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  723	
  

Fig.	
  2.	
  Midday	
  PRI	
  (A	
  and	
  C)	
  and	
  NDVI	
  (B	
  and	
  D)	
  time	
  trends	
  (3	
  May,	
  2013	
  –	
  21	
  June	
  2013)	
  for	
  Pinus	
  724	
  

contorta	
  (lodgepole	
  pine)	
  and	
  Populus	
  tremuloides,	
  (trembling	
  aspen)	
  sampled	
  using	
  SRS	
  sensors	
  and	
  725	
  

spectrometers	
  at	
  both	
  leaf	
  and	
  stand	
  scales.	
  Aspen	
  bud	
  burst	
  began	
  on	
  5	
  May,	
  and	
  full	
  expansion	
  was	
  726	
  

reached	
  on	
  16	
  May.	
  727	
  

	
  728	
  

	
  729	
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  730	
  

Fig.	
  3.	
  Midday	
  PRI	
  and	
  PPFD	
  trends	
  (A)	
  and	
  pigment	
  trends	
  (B)	
  of	
  P.	
  contorta	
  during	
  spring	
  731	
  

photosynthetic	
  activation.	
  The	
  PRI	
  values	
  were	
  measured	
  by	
  the	
  Decagon	
  SRS	
  sensors	
  and	
  a	
  dual-­‐732	
  

channel	
  spectrometer	
  (UniSpec	
  DC,	
  PP	
  Systems,	
  Amesbury,	
  MA).	
  Corrected	
  PRI	
  values	
  were	
  produced	
  by	
  733	
  

applying	
  the	
  empirical	
  mid-­‐day	
  cross	
  calibration	
  equations,	
  derived	
  from	
  linear	
  trends	
  	
  (Fig.	
  1).	
  	
  PRI	
  error	
  734	
  

bars	
  are	
  standard	
  error	
  of	
  the	
  mean.	
  	
  Chl/Car	
  ratios	
  and	
  and	
  xanthophyll	
  cycle	
  epoxidation	
  state	
  (EPS)	
  735	
  

were	
  single	
  values	
  with	
  no	
  error	
  bars	
  (see	
  methods).	
  736	
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Fig.	
  4.	
  (A):	
  PAR	
  irradiance	
  (PPFD)	
  over	
  the	
  course	
  of	
  the	
  day	
  (25	
  July,	
  2013).	
  	
  (B):	
  pigment	
  values	
  739	
  

(epoxidation	
  state	
  and	
  chlorophyll:carotenoid	
  pigment	
  ratios)	
  over	
  the	
  course	
  of	
  the	
  day.	
  	
  (C):	
  740	
  

uncorrected	
  and	
  corrected	
  PRI	
  values	
  plotted	
  at	
  15	
  min	
  intervals	
  over	
  the	
  course	
  of	
  the	
  day.	
  741	
  

Uncorrected	
  PRI	
  values	
  were	
  calculated	
  using	
  Eq.	
  (2).	
  Corrected	
  PRI	
  data	
  (mid-­‐day	
  correction)	
  were	
  742	
  

calculated	
  by	
  applying	
  the	
  empirical	
  mid-­‐day	
  cross	
  calibrations	
  (Fig.	
  1),	
  where	
  the	
  sun	
  visibility	
  (cloud	
  743	
  

cover)	
  is	
  taken	
  into	
  consideration,	
  but	
  not	
  the	
  sun	
  angle.	
  Corrected	
  PRI	
  data	
  (whole	
  day	
  correction)	
  were	
  744	
  

calculated	
  using	
  the	
  hourly	
  white	
  panel	
  (Pr/Pi)	
  ratios	
  obtained	
  throughout	
  the	
  day,	
  using	
  the	
  ratio	
  745	
  

nearest	
  in	
  time.	
  	
  Error	
  bars	
  are	
  +	
  1	
  SEM	
  for	
  EPS,	
  Chl/Car,	
  and	
  PRI.	
  	
  For	
  clarity,	
  only	
  the	
  error	
  bars	
  for	
  the	
  746	
  

corrected	
  (whole	
  day)	
  PRI	
  are	
  shown.	
  747	
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Fig.	
  5.	
  Corrected	
  PRI	
  vs.	
  pigment	
  measures	
  (xanthophyll	
  cycle	
  epoxidation	
  state,	
  EPS,	
  or	
  750	
  

chlorophyll:carotenoid	
  ratio,	
  Chl/Car).	
  Seasonal	
  data	
  (A,	
  B)	
  span	
  the	
  spring	
  recovery	
  period	
  (3	
  May,	
  2013	
  751	
  

–	
  4	
  June	
  ,	
  2013;	
  see	
  Fig.	
  3).	
  	
  	
  Diurnal	
  data	
  (C,	
  D)	
  are	
  from	
  25	
  July,	
  2013	
  (see	
  Fig.	
  4).	
  Error	
  bars	
  indicate	
  +	
  752	
  

SEM	
  for	
  PRI	
  and	
  diurnal	
  pigment	
  data.	
  Linear	
  regressions	
  are	
  shown	
  for	
  significant	
  (p<0.05)	
  fits	
  only.	
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