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Remember  what  it  was  like  back  them!  
This  is  what  my  computer  looked  like:



I  was  at  NASA  Ames…  




And,  we  all  knew  you  couldn’t  scale  from  leaf  
to  canopy!

Partly,	  because	  this	  guy	  told	  us	  so…	  

State	  of	  the	  art	  ca	  1985:	  Growth	  curves	  simula?ng	  
annual	  biomass	  accumula?on	  and	  NPP,	  no	  fluxes	  



1.  Canopies	  were	  t	  complex	  to	  model	  without	  scaling	  rules	  (brute	  
force	  didn’t	  work	  very	  well,	  the	  data	  to	  describe	  a	  canopy	  was	  
laborious	  to	  collect	  and	  didn’t	  generalize).	  

2. We	  didn’t	  know	  the	  answer	  (we	  could	  model	  fluxes	  but	  there	  was	  
no	  way	  to	  tell	  if	  the	  simula?on	  got	  the	  right	  answer)	  

There	  were	  at	  least	  two	  big	  reasons:	  
	  
	  



These  were  heady  Dmes  for  modeling,  though,  the  
key  parameterizaDons  we  sDll  use  were  new  then:

Farquhar-‐Berry	  photosynthesis	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Parton	  soil	  organic	  maSer	  

Growing	  plants	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Decomposing	  plants	  



A  biochemical  model  of  photosyntheDc  CO2  assimilaDon  in  leaves  of  C3  species  
GD  Farquhar,  S  von  Caemmerer,  JA  Berry  -‐  Planta,  1980  -‐  Springer  

Abstract  Various  aspects  of  the  biochemistry  of  photosyntheDc  carbon  assimilaDon  in  C  3    
plants  are  integrated  into  a  form  compaDble  with  studies  of  gas  exchange  in  leaves.  These    
aspects  include  the  kineDc  properDes  of  ribulose  bisphosphate  carboxylase-‐oxygenase;  ...  

5494  citaDons  


Analysis	  of	  factors	  controlling	  soil	  organic	  ma1er	  levels	  in	  Great	  Plains	  grasslands	  
WJ	  Parton,	  DS	  Schimel,	  CV	  Cole…	  -‐	  Soil	  Science	  Society	  of	  …,	  1987	  -‐	  dl.sciencesocie?es.org	  

Abstract	  We	  analyzed	  clima?c	  and	  textural	  controls	  of	  soil	  organic	  C	  and	  N	  for	  soils	  of	  the	  US	  	  
Great	  Plains.	  We	  used	  a	  model	  of	  soil	  organic	  maSer	  (SOM)	  quan?ty	  and	  composi?on	  to	  	  

simulate	  steady-‐state	  organic	  maSer	  levels	  for	  24	  grassland	  loca?ons	  in	  the	  Great	  Plains.	  ...	  

3320	  Cita?ons	  
	  

Seminal…	  an	  overused	  word	  but	  right	  on	  here!	  



Empirical  evaluaDon  at  the  Konza  and  
environs! Mark	  

Tim	  



Using  the  landscape
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 FIG. 1. An idealized cross section through a Konza watershed. Soil depth increases downslope, but incision to bedrock
 may occur in the ephemeral channel. Loess caps may occur on ridgetops as shown, although not all ridgetops have such
 deposits. Transects used in this study spanned four such toposequences; physiological studies were carried out in lowland
 positions, usually just above the drainage channels, and on steep limestone sites at slope shoulders.

 B). Measurements were made at 25-m intervals along

 transects that varied in length from 275 to 400 m.

 Transects were studied in two annually or biennially

 burned and two unburned, ungrazed watersheds to cap-

 ture the effects of management. At each sample point,

 three 0.1 -IM2 plots were chosen at random distances

 normal to the transect, i.e., along the contour. All

 aboveground live and dead plant material was har-

 vested from each plot. Soil depth was measured at each

 plot using a T-handled probe, pushed into the soil to

 bedrock contact. Maximum measurable depth was 50

 cm. Slopes between sample points along the transect

 were measured using a Brunton compass. Harvested

 plant material was separated into live grass, dead grass,

 and total nongrass portions. Each fraction was dried

 to constant mass and analyzed for total nitrogen (Nel-

 son and Sommers 1980, Schimel et al. 1985). Leaf area

 index (LAI) was computed for each sample using LAI-

 biomass regressions developed from independent sam-

 pling by FIFE staff scientists, using separate models

 for burned and unburned vegetation at each date (Table

 1). Some evidence suggested that LAI values used may

 have been low due to leaf curling, but there was no

 evidence of bias as a function of landscape position or

 treatment (B. Blad, personal communication). Tran-

 sects were sampled in late May, late June, mid-August,

 and mid-October 1987 coincident with FIFE intensive

 field campaigns (IFCs) (Sellers et al. 1988). Canopy

 nitrogen variables included [N] (in milligrams per gram),

 N mass per unit sample area (in kilograms per hectare),

 and N per unit leaf area (grams per square metre leaf

 area). We will refer to N mass per unit sample area as

 "N mass."

 Root N was sampled along a burned and an un-

 burned watershed transect in 1989. Cores were taken

 to 30 cm or bedrock contact. We did not attempt to
 recover all root biomass but instead collected sufficient

 live root material to obtain an estimate of live root [N]

 from each core. Live roots were identified visually based

 on color and texture. Each sample was a composite of

 three or more cores so as to obtain sufficient material

 for analysis. Root material was then analyzed for N

 content.

 We fit nonlinear surfaces to the biomass, N, and LAI
 data. Transect location and time of year served for x

 and y coordinates, respectively, and the various plant

 parameters as z. Data were interpolated using a kriging

 algorithm and surfaces were estimated using a cubic

 spline (Surfer, Golden Graphics, Golden, Colorado).

 Canopy sampling

 We studied canopy structure by analyzing light, can-

 opy mass, and nitrogen content as a function of height

 (Hirose et al. 1988). Replicate plots (4-5) were sampled

 in late July 1988 and 1989 from maximum and min-

 imum biomass locations on selected transects based

 on 1987 biomass data. Plots were located at random

 distances normal to transects as for landscape sam-

 pling. A frame was constructed with dimensions 1 m

 height by 0.1 m2 area. A moveable quadrat within this

 frame allowed us to sample the vegetation above a

 chosen height in 10-cm vertical increments. We de-

 termined canopy height and then divided the canopy

 vertically into layers, usually thirds, for sampling of

 light, biomass, and N. At a few unproductive sites, the

 canopy could only be divided in half. Photosyntheti-

 cally active radiation (PAR) was measured at the top

 of the canopy, at sampling heights within the canopy,

 and beneath the canopy using a 1 -m line quantum

 sensor (LI-COR, Lincoln, Nebraska). Intercepted PAR

 (IPAR) was calculated as the ratio of PAR beneath the

 canopy, or a portion of the canopy, to incoming PAR.

 Vegetation was harvested at the sampling heights

 working downward. Biomass and [N] were determined
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Data  across  landscapes
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 FIG. 3. Biomass and leaf area index (LAI) data from transects shown in Fig. 2. Surfaces are plotted as a function of transect
 distance and time (the four IECs in 1987). Sample points and IEC dates are indicated by numbered posts. (A) and (B) Live
 aboveground biomass for burned and unburned transects, respectively. (C) and (D) LAI across the same transects. LAI was
 computed using equations from Table 1.

 pacity for lower canopy layers was determined by al-

 lowing exposure to full sunlight. In general, 3-4 leaves

 were placed in the cuvette. Two or more independent

 replicate measurements were made at each site. In some

 cases, logistics permitted sampling replicates of land-

 scape position (e.g., two lowland sites per watershed)

 while, in other cases, intermittent cloudiness only per-

 mitted one replicate of landscape position per water-

 shed.

 RESULTS

 Landscape pattern

 Our data indicate that there are large variations in

 constraints on atmosphere-ecosystem exchange with

 topography and burning management (Figs. 2-4).

 Aboveground biomass accumulation (Fig. 3A, B) var-

 ied strongly as a function of position in the landscape

 (Fig. 2A, B). Biomass increased downslope with in-

 creasing soil depth in both burned and unburned land-

 scapes (Fig. 2C, D). Very shallow soil depths found at

 the top of slopes likely result in both water and nitrogen

 constraints on growth. Valley bottoms had deep soils,

 but highly variable biomass because of disturbance as-

 sociated with ephemeral stream channels; because of

 this, correlations between soil depth and biomass were

 significant but not strong (r2 = 0.12, P < .06 to r2 =

 0.35, P < .001 for different watersheds). Biomass time

 series varied as a function of management: burned sites

 accumulated greater biomass earlier (Fig. 3A, B, Table
 2).

 Leaf area dynamics were different in burned and

 unburned watersheds. Leaf area in burned areas at-
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Nitrogen  (Vcmax)  across  landscapes.
 678 DAVID S. SCHIMEL ET AL. Ecology, Vol. 72, No. 2
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 FIG. 4. N data from transects shown in Fig. 2, plotted against transect distance and time as in Fig. 3. (A) and (B) N mass
 in live vegetation, per unit sample area. (C) and (D) N per unit leaf area (N mass per unit sample area LAI), a correlate of
 maximum photosynthetic rate. There was no live biomass at IEC 4. Note that (C) and (D) were rotated to best display
 dynamics.

 increases, self-shading should also increase, as is evi-

 dent from the comparison of canopy IPAR between

 high and low biomass sites in Table 4. When N con-

 centrations for high and low biomass light interception

 sites were compared, the gradient of [N] with height

 ([NI,/[N]b, where [N], is [N] in the top canopy layer

 and [NJ, is [N] in the bottom layer) was steeper in high
 biomass sites than low biomass sites and was correlated
 with total IPAR (Fig. 6). This is in accordance with

 the hypotheses of Hirose and Werger (1987a), based

 on a theory of N allocation to maximize carbon gain.

 The data suggest that as light limitation (self-shad-

 ing) increased with increasing biomass or litter, the

 plants responded by increasing the allocation of N to

 the upper canopy. A time sequence of N distribution

 with height is shown in Fig. 7A and B. As canopy mass

 increased through the growing season, proportionately

 more N was allocated to the upper layers. In June, only

 12% of canopy N was found in the top layer of the

 canopy, compared with 32% in August (Fig. 7A). Hi-

 rose et al. (1988) showed that the changing light en-

 vironment with depth in canopies drives N allocation

 subject to constraints imposed by leaf age.

 Plants in long-term unburned high biomass sites had

 the steepest gradients of [N] (watershed UB), with high-

 est upper canopy layer leaf [N] and light extinction

 (percent IPAR1) (Fig. 8, Table 4). This suggests that

 plants compensated for additional shading from ac-

 cumulated dead biomass by shifting photosynthetic ap-

 paratus into the upper canopy. Despite this adjustment,
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The  relaDonship  between  light  intercepDon  
and  nitrogen  limitaDon

 April 1991 PHYSIOLOGICAL INTERACTIONS ON GRADIENTS 679
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 FIG. 5. Root [N] along (A) transect i D-annually burned.
 and (B) transect UB-unburned. Samples were collected in
 1989. Data shown are from composited cores collected 20 m
 apart. For transect topography refer to Fig. 2A and B, re-
 spectively.

 other studies have shown burned sites to be substan-

 tially more productive than unburned in most years,

 with much of the difference appearing in the root mass

 (Towne and Owensby 1984, Ojima 1987). While can-

 opy IPAR was not higher in unburned than burned

 3

 X *- 1989 r2 =0.43, P<.001
 LiJ o= 1988
 C 0

 z 0~~~~~~~ Z 20 o.

 w * 00

 00

 (.9 0
 z

 o I
 0.2 0.4 0.6 0.8 1.0
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 FIG. 6. The N gradient index ([N] in the top canopy layer/

 [N] in the bottom canopy layer) plotted against total IPAR
 (expressed as fraction of incoming PAR) for 1988 and 1989.
 As IPAR increased, the gradient in N allocation within the
 canopy became steeper.

 high biomass sites, dead plant material must have in-

 tercepted some PAR (Table 4). Knapp (1984) dem-
 onstrated reductions of as much as 58.8% in available

 light in unburned canopies.

 The response of the plants to self-shading is further

 illustrated by considering the relationship between to-

 tal biomass and [N] of the top canopy layer (Fig. 8A,
 B). As live-plus-dead plant material increased, [N] in
 the top layer ([N],) increased. Differences in [N], be-
 tween high and low biomass sites were larger than cor-

 responding canopy [N] differences (Fig. 8, Table 3).

 The unburned sites had higher [N], in both years (P <
 .001, t test). This further demonstrates the effect of
 shading by dead vegetation on the allocation of N. In

 unburned sites, the steeper gradient in [N] and higher
 absolute [N] levels in the top canopy layer had direct

 effects on stratification of photosynthetic capacity, as
 is demonstrated below (Results: Gas exchange).

 TABLE 3. N and biomass within grass canopies of unburned and annually and biennially burned watersheds in 1988. Except
 where noted, values are for live material. [N] is averaged over the entire canopy.

 Canopy biomass

 Live (kg/ha) Dead* (kg/ha) Canopy N mass (kg/ha) [N] canopy (mg/g)

 X SD X SD X SD X SD

 Annually burned

 High biomass 5080 2700 45.5 31 8.4 2.0
 Low biomass 1430 350 10.1 2.0 7.1 1.0

 Biennially burnedt

 High biomass 2632 196 22.0 3.0 8.3 1.0
 Low biomass 1820 294 15.3 3.3 8.3 1.0

 Unburned

 High biomass 2981 1380 999 400 30.1 10.4 10.7 1.0
 Low biomass 969 140 243 70 11.8 1.2 12.0 1.0

 * Standing dead biomass is shown for the unburned watershed; only trace amounts were found in the burned watersheds.
 t The biennially burned watershed was burned in the spring prior to sampling.
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Vcmax  scaling  in  real  canopies
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 term by soil-forming and geomorphic processes (Pastor

 et al. 1984, Schimel et al. 1985). The influence of re-

 source availability within the landscape on canopy nu-

 trient allocation and gas exchange was correctly pre-

 dicted for a multispecies community using a theory

 based on evolutionary arguments for single plants and

 previously tested in simple or artificial settings (Field

 1983, Hirose et al. 1988).

 The use of remote sensing for extrapolation of can-

 opy processes requires that the links between physio-
 logical processes, light interception, and spectral re-

 flection be understood. The N allocation results are

 significant for modeling of photosynthesis from light
 interception. If photosynthetic capacity is proportional

 to [N] and if [N] and light extinction have correlated

 distributions within the canopy, then to a first ap-
 proximation IPAR and photosynthetic capacity will be

 linearly related (Field and Mooney 1986, Field 1990,

 P. J. Sellers, personal communication). This is consis-

 tent with FIFE results showing linear relationships be-
 tween spectral vegetation indices, IPAR (Hatfield et al.

 1984, Sellers 1985), and CO2 flux measured using eddy

 correlation (Desjardins et al. 1990, Hall et al. 1990).
 The adjustment of photosynthetic capacity in the up-

 per, fully illuminated portion of the canopy to overall

 light interception allowed IPAR and CO2 exchange to

 remain linearly related despite the wide variations ob-

 served in IPAR and biomass.

 Nitrogen concentration and photosynthetic capacity

 were not directly proportional within canopies, as the

 highest value of the N gradient index was 1.8, while
 the ratio of photosynthetic capacity in the upper/lower

 canopy was as high as 3.2. This suggests that, within

 the canopy, photosynthetic capacity may be propor-

 tional to only that amount of N contained in the pho-
 tosynthetic apparatus rather than total N. For example,
 assume a canopy for a productive site with an average
 [N] of 9 mg/g, an N gradient index of 1.6, [N], of 12

 mg/g, and 5 mg/g nonphotosynthetic N (a typical total

 N value at senescence; Hobbs et al., in press). The

 HEIGHT DISTRIBUTION

 OF PHOTOSYNTHETIC CAPACITY

 Unburned
 Top
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 Burned ......
 B urn ed ............. ..........

 B .om .... . . .. .......
 Top 1 1....................
 Burned ....

 Bottom - - -----

 0 5 10 15 20 25

 CO2 UPTAKE (pmolnmi2 .T1)
 FIG. 9. Photosynthetic capacity by height for unburned

 (hatched) and burned (stippled) canopies. Note the rapid de-
 cline in capacity with height and the steeper gradient of pho-
 tosynthetic capacity (top: bottom = 3.19) in the taller, more
 productive unburned sites compared to the unproductive
 burned sites (1.53). Error bars show 1 SD. Data are from 1989.
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Light  response  curves,  
straDfied  by  depth  in  the  

canopy
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 FIG. 10. Photosynthesis vs. PAR by height within the can-
 opy for (A) an annually burned lowland site, (B) an unburned
 lowland site, and (C) an unproductive burned upland site. In
 (C), the canopy was sampled as one layer. Data are from 1989.

 photosynthetic N gradient index, calculated by first

 subtracting the inactive N, would be ([12 - 5]/[7.5 -

 5]) or 2.8. This ratio is close to the measured ratio of
 photosynthetic capacities in a productive site (3.2; Fig.

 9). This suggests that additional sampling by height for
 biochemical N fractions would be useful in understand-

 ing allocation responses to light extinction within can-

 opies.

 The interactions of limiting factors along resource

 gradients may result in variations in N use efficiency

 (Hirose and Werger 1 987b, Seemann et al. 1987, Evans

 1989). Nitrogen use efficiency (NUE) is defined as car-

 bon fixed per unit N utilized and can be estimated as

 the reciprocal of whole plant [N] in herbaceous plants.

 The aboveground contribution to NUE did not vary

 within watersheds, since, despite large differences in N

 allocation by height, whole-canopy [N] did not vary

 (Table 3). The root contribution to NUE did, however,

 vary. Our measurements of root [N] in two watersheds

 (Fig. 5A, B) suggest that whole plant NUE increased

 in lowland positions due to lower root [N]. The in-

 creases in NUE were likely due to reduced water stress,

 which allowed higher carbon fixation and wider C:N

 ratios. Higher NUE may also have resulted from the

 higher [N] in the upper canopy layers of the productive

 lowland sites, yielding more efficient photosynthesis.

 While we do not know the mechanism for the large

 changes in NUE along these toposequences, these dif-

 ferences highlight the significance of plant responses to

 resource gradients within landscapes (see also Tilman

 1985). The effects on root [N] are particularly signifi-

 cant to grasslands since roots influence decomposition

 and N immobilization and so have feedbacks to eco-

 system C and N cycles (Holland and Detling 1990).
 Taken together, results reported in this paper dem-

 onstrate that the principal factors limiting CO2 uptake

 and biomass accumulation varied along resource avail-

 ability gradients induced by topography and manage-

 ment. Upland sites were almost certainly limited by

 water or other abiotic stresses (e.g., wind; Knapp 1985).

 Processes in lowland sites were likely limited by either

 nitrogen or light. Light limitation was more important

 in productive unburned sites where considerable PAR

 is intercepted by dead vegetation.

 The effects of climate and climatic perturbations will

 likely be expressed differently at different sites within

 the tallgrass landscape as a function of relative resource
 availability and degree of limitation, as shown by the
 1989 production data where low precipitation reversed

 the relative response of production to burning man-

 agement. While these results suggest that IPAR may
 be a useful indicator of canopy photosynthesis and so

 of ecosystem status, response to climatic perturbation
 will be modulated by the balance of resource limita-

 tion, with different sites responding differentially to

 changes in light (via cloud cover) and water depending

 upon interactions between water, N, and other re-
 sources. Regional responses must be estimated by in-

 tegrating over landscape resource gradients using geo-
 graphic data bases (Burke et al. 1990) or statistical

 approaches.

 Links between resource availability and canopy ex-

 change are required for analysis of atmosphere-eco-

 system exchange of energy, water, CO2, and pollutants
 (Hicks et al. 1987). Simplifying assumptions relating

 canopy attributes to proxy or remotely sensed mea-

 surements are required for calculation of fluxes from

 the large areas over which atmosphere-ecosystem in-
 teractions occur. Algorithms using intercepted radia-
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Scaling  rules:  light  exDncDon  and  photosyntheDc  capacity  
Simulated  response  curves

or	  



Scaling  rule,  ✓,  now,  what’s  the  answer?  
  
  
•  Knowing	  how	  A	  scales	  through	  a	  canopy,	  can	  we	  get	  the	  right	  

daily,	  weekly,	  annual	  GPP?	  

•  It	  remains	  complex	  to	  integrate	  over	  diurnal,	  synop?c	  and	  
seasonal	  ?me	  scales..	  

•  FIFE	  provided	  the	  first	  answers,	  sustained	  eddy	  covariance	  data!	  
	  



Pioneering  eddy  covariance  research  in  FIFE..

A	  few	  reminders:	  
	  

1.  FIFE	  Eddy	  covariance	  
data	  provided	  the	  first	  
flux	  data	  from	  a	  major	  
integrated	  campaign	  and	  
over	  ecologically	  
meaningful	  ?me	  scales.	  

2.  Flux	  data	  from	  FIFE	  have	  
been	  used	  by	  nearly	  
every	  modeling	  group	  to	  
develop	  improved	  A	  –	  R	  
and	  ET	  	  models.	  



A  case  study  for  land  model  evaluaDon:  SimulaDon  of  soil  
moisture  amplitude  damping  and  phase  shid  

(Wu,  Geller  and  Dickinson,  2002)

Journal	  of	  Geophysical	  Research:	  Atmospheres	  
Volume	  107,	  Issue	  D24,	  pages	  ACL	  20-‐1-‐ACL	  20-‐13,	  26	  DEC	  2002	  DOI:	  10.1029/2001JD001405	  
hSp://onlinelibrary.wiley.com/doi/10.1029/2001JD001405/full#jgrd9437-‐fig-‐0001	  

S?ll	  in	  rou?ne,	  daily	  use	  by	  modelers…	  



Work  at  the  Konza  established  linkages  between  
the  biophysical  and  biogeochemical  that  are  sDll  

being  fully  absorbed  into  models

• We	  s?ll	  don’t	  fully	  understand	  nutrient	  limita?on,	  
•  Links	  between	  nutrient	  and	  physical	  (light,	  water)	  controls	  remain	  a	  
fron?er	  
• Does	  nutrient	  limita?on	  equilibrate	  to	  energy	  availability	  (Schimel	  et	  
al	  1997)	  or	  does	  the	  geochemical	  evolu?on	  of	  soil	  control	  energy	  
harves?ng?	  



So,  scaling  from  leaf  to  canopy,  rouDne,  and  now  the  standard  for  
modeling,  we’re  now  combining  leaf/canopy  and  individual-‐based  

modeling

As	  we	  enter	  the	  era	  of	  forest	  demographic	  models	  to	  address	  longer	  ?mescales	  and	  changing	  disturbance	  
regimes	  

	  



Lessons  learned
•  FIFE	  catalyzed	  the	  fusion	  between	  atmospheric	  and	  ecosystem	  science	  via	  radia?on	  and	  

turbulence	  (a	  hallmark	  of	  NASA	  programs):	  made	  a	  huge	  contribu?on	  to	  Earth	  System	  
Science.	  

•  FIFE	  resulted	  in	  two	  breakthroughs	  in	  canopy	  scaling	  theory,	  and	  canopy	  model	  
valida?on	  that	  enabled	  both	  land	  surface	  and	  remote	  sensing-‐driven	  modeling	  for	  
decades	  to	  come.	  

•  FIFE	  established	  a	  precedent	  of	  close	  partnership	  between	  modelers	  and	  
observa?onalists	  that	  has	  accelerated	  the	  pace	  of	  science.	  

•  There	  are	  s?ll	  open	  ques?ons	  hidden	  in	  plain	  site	  in	  FIFE,	  BOREAS	  and	  LBA	  data!	  

•  Field	  Campaigns	  are	  addic?vely	  fun-‐many	  of	  us	  are	  s?ll	  doing	  them	  long	  aler	  we	  should	  
know	  beSer.	  


