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Part 1 - Validate WUE and 
canopy temperature in Brazil 
and Ghana
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Part 1.1 Validate WUE in tropical forests
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Part 1.2 Validate canopy 
temperatures in tropical forests

• Are tropical forests near a high temperature 
threshold?
• Do leaf traits determine canopy 

temperatures? Doughty and Goulden 2008

See lightning talk by Jenna Keany

METHODS
Tree species and isotope analysis. Tree-ring wood was obtained from 39 species at
25 sites (see Supplementary Table 1) in eastern North America and the Caribbean.
The samples and sites were pulled from a larger meta-analysis20 of tree-cellulose
d18O based on nearly equal distribution of summer and winter precipitation to
satisfy our assumption that, over the lifetime of a tree, the precipitation-amount-
weighted mean of d18O was equal to water available for plant uptake (d18Os). All
sample sites were chosen by the availability of class A climate data from nearby
weather stations at similar altitudes. The cores were ground, homogenized and
a-cellulose was extracted from a 0.2–0.3-g subsample with a 90:10 mixture of acetic
acid (80%; v/v) and nitric acid (69%; v/v) at 120 uC for 2 h. Samples were then
washed in ethanol and subsequent ethanol–acetone washes29. Additionally, the
samples were rinsed with 10% and then 17% NaOH to remove hemicelluloses27.
Samples were weighed into silver capsules and pyrolysed at 1,100 uC in a Costech
Elemental Analyser. The CO gas evolved flowed online into a Thermo-Finnigan
Delta Plus isotope ratio mass spectrometer. All samples were run in triplicate. Daily
precision of the instrument ranged from 0.06 to 0.35%, and the standard deviation
for reference standards was 0.23% (n 5 83). Isotope ratios (d) were expressed
relative to Vienna Standard Mean Ocean Water (VSMOW) by

d18O~
Rsample

Rstandard
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where R is the molar isotope ratio of 18O/16O and Rstandard

(VSMOW) 5 0.0020052.
Isotope discrimination above local precipitation water (the assumed tree

source water) was expressed as

D~
Rsample

Rsource
{1

! "
|1,000 ð2Þ

(approximated by d18Osample 2 d18Osource), where R is the molar isotope ratio of
either the cellulose or tree source water.
Theory. A previous cellulose d18O model19 was used to predictD18Oc (see Fig. 1):

D18Oc~D18Olw 1{pexpxð Þzec ð3Þ

where D18Olw is the d18O of leaf water (relative to plant source water) in which
the sucrose substrates for cellulose are synthesized, ec is the equilibrium frac-
tionation factor between organically bound oxygen and synthesis water, pex is the
number of organically bound oxygen atoms in leaf-formed sucrose that
exchange with xylem water on cellulose formation during tree-ring synthesis
(range 0 to 1) and px is the proportional deviation of the isotope ratio of xylem
water from plant source water (range 0 to 1).

The isotope ratio of water in which the sucrose substrates for cellulose are
synthesized (D18Olw) is a balance of enriched water at the evaporative site
(D18Oes) and unenriched vein water in the leaf. This balance can be described
by a Péclet effect (25 LE/CD) that accounts for the opposing fluxes of evap-
orative, convective flux through the leaf (E) across a given path length (L) as
opposed to the diffusion of water away from the evaporative sites (CD, where C is
the molar density of water and D is the diffusivity of H2

18O in water):

D18Olw 5 [D18Oes(1 2 e22)]/2 (4)

The description of 18O enrichment in leaf water at the evaporative site within a
leaf can be described by

D18Oes~e#zek D18Ov{ek
# $ ea

ei
ð5Þ

(refs 30, 31), where D18Ov is the atmospheric water vapour d18O relative to
source water and ek and e* are the kinetic and temperature-dependent equilib-
rium fractionation factors for water (vapour) diffusion and evaporation. The
evaporative gradient of water loss from the leaf to the atmosphere is represented
by ea/ei, which is the ambient vapour pressure divided by the saturation vapour
pressure at leaf temperature.

To solve for tree-canopy leaf temperature (TL) from the observed cellulose
D18Oc, equations (4) and (5) were inserted into equation (3), which was rear-
ranged to solve for ei:

ei~
D18Ov{ek
# $

ea

D18Oc{ecð Þ2
1{pexpxð Þ 1{e{2ð Þ
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TL was obtained from ei by rearranging a standard vapour–pressure–temper-
ature relationship32:

TL~
240:97 ln ei

0:61365

# $

17:502{ ln ei

0:61365

# $ ð7Þ

Model parameterization. To develop predictions for D18Oc (open squares in
Fig. 1) we used the average of published observations for the parameters in equa-
tions (1)–(3) and used the range of these observations to develop the largest
possible range of predictions (error bars in Fig. 1; see also Supplementary Table
1). The oxygen isotope ratio of observed and predicted cellulose (D18Oc) were
presented relative to tree source water to highlight tree-specific isotopic enrich-
ment above a common source water at a given site. Tree source water was assumed
to be equal to the precipitation-weighted model outputs in ref. 7. These model
outputs are based on observations from the Global Network of Isotopes in
Precipitation (http://isohis.iaea.org) and have been shown to correspond well to
the observed d18O in tree source water over a variety of sites21. To develop a range
for source water inputs, we assumed a 615% error in this source water value. We
used pexpx 5 0.4 and eC 5 27% (refs 2, 12, 33) and varied pexpx from 0.38 to 0.42,
the range observed for trees in both tightly controlled greenhouse conditions and
natural field conditions. The average atmospheric water vapour d18O relative to
source water (D18Ov) was determined by assuming equilibrium with amount-
weighted precipitation inputs (d18Os) at the mean growing-season temperature.
As temperature varies seasonally, the equilibrium fractionation between precip-
itation water and water vapour will change, therefore the value ofD18Ov important
to leaf water enrichment should correspond to growing-season temperatures. To
determine the Péclet number (2) for each species we had to determine a value for
transpiration E and the effective path length for diffusion L. We solved for E using
E 5 g (ei 2 ea)/P, where g is stomatal conductance to water vapour and P is atmo-
spheric pressure. The value of g was obtained from global estimates by biome and
within a biome by gymnosperm versus angiosperm34, weather-station relative
humidity was used to determine ei and ea, and P was determined by sample site
altitude. Observed values of L have ranged from 0.004 to 0.240 mm. However,
studies that have determined L from sucrose d18O, and not just the offset of
observed bulk leaf water from predictions of equation (3), have found L to be
consistently smaller than the high end of this range. We used a value for L of
0.015 m and a range of 0.004–0.05 m. For our predictions in Fig. 1, we assumed
that leaf temperature equalled ambient temperature and ea/ei could be obtained
from observed relative humidity (5 100 3 ea/ei). We used growing season values of
monthly mean temperature and relative humidity from the weather-station data,
weighted by monthly net primary productivity, to drive the models. For a particu-
lar site the growing season length was determined by estimates of growing degree
days35. It should be noted that predicted cellulose and leaf temperature values vary
little if only the monthly means of July and August are used for growing-season
temperature at each site. In summary, the error bars for the predictions in Fig. 1 are
the upper-end and lower-end predictions using the following ranges: pexpx 5 0.38–
0.42 and L 5 0.004–0.05 mm, given a 615% error in d18O in plant source water.

We first solved for ei (and subsequently TL) by using growing-season air
temperature as the initial determinant of e*—the only temperature-controlled
variable on the right-hand-side of equation (6). The initial calculation of TL was
then used to determine e* for the second iterative determination of ei and TL.
Four iterations were performed to arrive at the final TL. On average, TL differed
by 0.3 uC from the final value after the second iteration and by 0.03 uC after the
third iteration. It should be noted that changes in ei would force changes in plant
transpiration (E) because we used a constant canopy conductance to water
vapour. Such a change in E could force a change in the Péclet number, 2.
However, we maintained a constant 2 to solve for canopy leaf temperature
because updating E and 2 at every iterative step for every species and site was
computationally difficult. We did, however, perform this exercise with a few
select species and found no significant difference between solved values of TL.
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Part 2 – Will a decrease in leaf or canopy albedo 
increase evaporation or canopy temperature?

=				Air	temperature	
=/-	Photosynthesis	
+				Cloud	cover	

+		Air	temperature	
-			Photosynthesis	
?		Ecosystem	Impacts	



• LMA is tightly correlated to leaf 
reflectance properties.
• We predict in a warmer world, 

leaf NIR albedo will decrease 
(tropical leaves will darken).

Leaf traits like LMA are changing 
in response to climate change

Doughty et al Nature Eco/Evo 2018



Climate simulations currently predict that as albedo 
decreases evapotranspiration (ET) will increase

• More ET leads to more bright 
clouds and no net change in 
planetary albedo
• However, if, in contrast, canopy 

temperature increases we could 
have a drastically different future
• Empirically, we do not know how 

albedo impacts ET and canopy 
temperature in the tropics



Use Ecostress + leaf trait data to understand how 
changes to canopy albedo will impact Bowen ratio 
• How does leaf-level albedo 

affect plant water use with 
respect to ET and WUE?
• What are the plot-level effects of 

contrasting albedo, but similar 
forest characteristics, on canopy 
temperature and ET measured 
by ECOSTRESS?

=				Air	temperature	
=/-	Photosynthesis	
+				Cloud	cover	

+		Air	temperature	
-			Photosynthesis	
?		Ecosystem	Impacts	
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Compare albedo to ECOSTRESS 
canopy temperature and ET for 
all Ghana and Brazil.



How will darker tropical 
leaves impact global climate?

• We will rerun our ESM 
simulations parametrized by our 
continental scale ECOSTRESS 
data 

• We will better understand how 
potential future albedo changes 
will impact global climate



Questions?
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