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a  b  s  t  r  a  c  t

The  carbon  storage  potential  of terrestrial  ecosystems  depends  in  part  on how  atmospheric  conditions
influence  the  type  and  amount  of surface  radiation  available  for photosynthesis.  Diffuse  light,  result-
ing  from  interactions  between  incident  solar  radiation  and  atmospheric  aerosols  and  clouds,  has  been
postulated  to increase  carbon  uptake  in terrestrial  ecosystems.  However,  the  magnitude  of  the diffuse
light  effect  is  unclear  because  existing  studies  use  different  methods  to  derive  above-canopy  diffuse  light
conditions.  We  used  site-based,  above-canopy  measurements  of diffuse  light  and  gross  primary  produc-
tivity  (GPP)  from  10 temperate  ecosystems  (including  mixed  conifer  forests,  deciduous  broadleaf  forests,
and croplands)  to quantify  the  GPP  variation  explained  by diffuse  photosynthetically  active  radiation
(PAR)  and to calculate  increases  in  GPP  as  a function  of  diffuse  light.  Our  analyses  show  that  diffuse  PAR
explained  up  to  41%  of variation  in GPP  in croplands  and  up to 17% in  forests,  independent  of  direct
light levels.  Carbon  enhancement  rates  in response  to diffuse  PAR  (calculated  after  accounting  for  vapor
pressure  deficit  and  air temperature)  were  also  higher  in  croplands  (0.011–0.050  �mol  CO2 per  �mol
photons  of diffuse  PAR)  than  in forests  (0.003–0.018  �mol  CO2 per  �mol  photons  of diffuse  PAR).  The
amount  of  variation  in  GPP  and  carbon  enhancement  rate  both  differed  with  solar  zenith  angle and  across
sites for  the  same  plant  functional  type.  At crop  sites,  diffuse  PAR  had  the  strongest  influence  and  the
largest  carbon  enhancement  rate  during  early  mornings  and  late afternoons  when  zenith  angles  were

large,  with  greater  enhancement  in  the  afternoons.  In forests,  diffuse  PAR  had the  strongest  influence
at  small  zenith  angles,  but  the  largest  carbon  enhancement  rate  at  large  zenith  angles,  with  a trend  in
ecosystem-specific  responses.  These  results  highlight  the influence  of zenith  angle and  the  role of  plant
community  composition  in modifying  diffuse  light  enhancement  in  terrestrial  ecosystems,  which  will  be
important  in scaling  this  effect  from  individual  sites  to the  globe.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Forests are estimated to remove up to 27% of human-emitted
O2 annually (2.6 ± 0.8 Gt C yr−1), with temperate forests respon-
ible for about half of this uptake globally (Le Quéré et al., 2013;

armiento et al., 2010). It is uncertain how this amount of carbon
ptake will change in the future because forest carbon processes are
ffected by complex interactions driven by changes in climate and

∗ Corresponding author. Tel.: +1 1734 647 3165.
E-mail address: chengs@umich.edu (S.J. Cheng).

ttp://dx.doi.org/10.1016/j.agrformet.2014.11.002
168-1923/© 2014 Elsevier B.V. All rights reserved.
natural- and human-caused shifts in plant species composition and
canopy structure. Isolating and quantifying the impacts of individ-
ual drivers of land–atmosphere CO2 exchange could improve these
calculations of the future terrestrial carbon sink.

One important factor influencing photosynthesis and hence
forest CO2 uptake is light availability. Rates of leaf-level CO2
uptake increase with solar radiation until leaves are light saturated
(Mercado et al., 2009). This implies that forest CO2 uptake is greater

on sunny days when leaves are fully exposed to direct light. How-
ever, increases in diffuse light, which is produced when clouds and
aerosols interact with and scatter incoming solar radiation, may
be even more beneficial than equal increases in direct light. At the

dx.doi.org/10.1016/j.agrformet.2014.11.002
http://www.sciencedirect.com/science/journal/01681923
http://www.elsevier.com/locate/agrformet
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agrformet.2014.11.002&domain=pdf
mailto:chengs@umich.edu
dx.doi.org/10.1016/j.agrformet.2014.11.002


Forest

e
g
a
p
e
2
u
o
t

f
l
c
w
2
l
u
c
2
t
a
e
l
o

d
d
i
u
R
c
t
d
w
r
c
u

h
s
J
u
t
p
o
o
b
w
2

u
a
c
f
A
i
a
e
t
t
i
s
u
p
f
I

S.J. Cheng et al. / Agricultural and 

cosystem level, key processes related to photosynthesis, including
ross primary productivity (GPP), net ecosystem exchange (NEE),
nd light-use efficiency (LUE), can increase in magnitude when the
roportion of light entering a forest canopy is more diffuse (Gu
t al., 1999; Hollinger et al., 1994; Jenkins et al., 2007; Oliphant et al.,
011; Urban et al., 2012; Zhang et al., 2011). In addition, global sim-
lations from 1960 to 1999 indicate that increases in the proportion
f diffuse light reaching plant canopy surfaces may  have amplified
he global land carbon sink by 24% (Mercado et al., 2009).

Several mechanisms have been proposed to explain how dif-
use light increases ecosystem CO2 uptake and LUE. First, diffuse
ight can penetrate deeper into a forest canopy and reach lower
anopy leaves that would normally be light-limited on clear days
hen light is mostly direct (Hollinger et al., 1994; Oliphant et al.,

011). Second, the same amount of light is distributed across more
eaves when diffuse light is dominant, which can minimize light sat-
ration and photo-inhibition of upper canopy leaves and increase
anopy LUE or photosynthesis (Gu et al., 2002; Knohl and Baldocchi,
008). Third, diffuse light can create conditions favorable for pho-
osynthesis by reducing water and heat stress on plants (Steiner
nd Chameides, 2005; Urban et al., 2012). Finally, a fourth hypoth-
sis suggests that diffuse light has a higher ratio of blue to red
ight, which may  stimulate photochemical reactions and stomatal
pening (Urban et al., 2012).

There is no consensus regarding the magnitude of effect that
iffuse light has on ecosystem carbon processing. Studies using
erived values of diffuse light suggest that LUE is higher when most

ncident light is diffuse and can result in maximum carbon uptake
nder moderate cloud cover (Gu et al., 2002; Min and Wang, 2008;
ocha et al., 2004). However, studies using a three-dimensional
anopy model and a land surface scheme predict that diffuse radia-
ion will not lead to significant increases in carbon uptake on cloudy
ays as compared to clear days because of reductions in total short-
ave radiation (Alton et al., 2005, 2007). If clouds decrease surface

adiation enough to lower total canopy photosynthetic activity, this
ould offset any potential GPP gain resulting from increased LUE
nder diffuse light conditions (Alton, 2008).

Several studies using measurements of diffuse light support the
ypothesis that LUE is higher under diffuse light, consistent with
tudies using derived diffuse light data (Dengel and Grace, 2010;
enkins et al., 2007). In addition, total carbon uptake can be greater
nder cloudy, diffuse light conditions compared to clear skies in
hree forest types (Hollinger et al., 1994; Law et al., 2002). Aerosol-
roduced diffuse light also leads to an increase in the magnitude
f NEE in forests and croplands (Niyogi et al., 2004). Additional
bservation-based analyses indicate that diffuse light increases car-
on uptake when compared to the same level of direct light, but also
hen total light levels decrease (Hollinger et al., 1994; Urban et al.,

007, 2012).
The magnitude of the diffuse light effect on terrestrial carbon

ptake may  depend on ecosystem type or canopy structural char-
cteristics. A regional modeling study suggests that diffuse light
an increase net primary productivity (NPP) in mixed and broadleaf
orests, but has a negligible effect on croplands (Matsui et al., 2008).
nother study using derived diffuse light data suggests that LUE

ncreases with diffuse light, and that differences among ecosystems
re potentially dependent on vegetation canopy structure (Zhang
t al., 2011). The influences of ecosystem type and vegetation struc-
ure are also supported by an observation-based study showing
hat under diffuse light, CO2 flux into a grassland decreased, but
ncreased by different amounts in croplands depending on the
pecies of crop planted (Niyogi et al., 2004). However, another study

sing derived diffuse light data found no difference in the effect of
atchy clouds on LUE among 23 grassland, prairie, cropland, and
orest ecosystems in the Southern Great Plains (Wang et al., 2008).
nconsistencies among these studies may  be due to differences in
 Meteorology 201 (2015) 98–110 99

the methods and models used to obtain diffuse light or sky condi-
tions and assess their impacts on ecosystem carbon processing (Gu
et al., 2003).

Climate modelers have begun incorporating the influence of dif-
fuse light on ecosystem carbon uptake into land surface schemes as
more details of canopy structure are added to models (Bonan et al.,
2012; Dai et al., 2004; Davin and Seneviratne, 2012). Our study
provides insight into the importance of diffuse light on ecosys-
tem carbon processing for improving projections of the terrestrial
carbon sink. We seek here to (1) quantify how much variation
in ecosystem GPP is explained by diffuse light, independent of
direct radiation levels, (2) compare the influence of diffuse light
on GPP among temperate ecosystems differing in canopy structure
and species composition, and (3) determine the strength of dif-
fuse light enhancement of GPP while accounting for its correlation
with zenith angle, vapor pressure deficit (VPD), and air tempera-
ture. Unlike many previous studies (Alton, 2008; Butt et al., 2010;
Gu et al., 1999; Min  and Wang, 2008; Zhang et al., 2010), we drive
our analyses only with direct field measurements of diffuse light,
rather than with derived values from radiation partitioning mod-
els, which may  be biased by incorrect representations of clouds
and aerosols. Finally, our paper highlights the changes in the dif-
fuse light effect across the diurnal cycle and the role of time of day
on the diffuse light enhancement in terrestrial ecosystems, which
will be important in scaling this effect from individual sites to the
globe.

2. Materials and methods

2.1. Data sources

All analyzed data were collected and processed by investigators
participating in the AmeriFlux program (http://ameriflux.lbl.gov/),
a network of meteorological towers in the United States (U.S.) that
measures net fluxes of water vapor and CO2 between the land
surface and the atmosphere and corresponding meteorological,
soil, and vegetation conditions (Baldocchi, 2003). Data collection,
analysis, and metadata are standardized, reviewed, and quality con-
trolled by AmeriFlux for all sites. GPP is calculated by subtracting
the modeled ecosystem respiration from observed NEE. Respira-
tion is modeled empirically based on NEE observations during the
night, when GPP is assumed to be zero. We  focus our study on
GPP instead of another measure of carbon processing because it
describes ecosystem CO2 uptake, is affected directly by radiation,
and is the first step in processing atmospheric CO2 into long-term
storage in ecosystems.

2.2. Site selection

We selected temperate AmeriFlux sites within the contiguous
U.S. with at least three years of Level 2 (processed and quality con-
trolled) NEE and GPP. Among these, we  specifically selected sites
that contain equipment to measure above-canopy total and diffuse
photosynthetically active radiation (PAR, 400–700 nm) and report
at least three years of diffuse PAR values to AmeriFlux. For the Uni-
versity of Michigan Biological Station (UMBS), we obtained updated
total and diffuse PAR data from site coordinators that were not
yet available on the AmeriFlux website at the time of our anal-
yses. After separating sites with crop rotations by species, there
were sufficient data for ten sites covering three ecosystem types,

including mixed forest (Howland Logged, Howland N Fertilized,
Howland Reference), deciduous broadleaf forest (Morgan Monroe
and UMBS), and cropland (Mead Irrigated Maize, Mead Irrigated
Rotation: Maize, Mead Irrigated Rotation: Soybean, Mead Rainfed

http://ameriflux.lbl.gov/
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Table 1
AmeriFlux site information and ecosystem characteristics.

Site (SiteID) Lat, Lon (◦) Years of data Canopy
height (m)

Vegetation community Management LAI (m2 m−2) Climatic annual
precipitation
(mm)

Mean growing
season
temperaturea (◦C)

Mean growing
season VPDa

(kPa)

Howland Logged
(US-Ho3)

45.207, −68.725 2006–2008 20b Dominated by red spruce (Picea rubens)
and  eastern hemlock (Tsuga
canadensis).  Also contains balsam fir
(Abies balsamea),  white pine (Pinus
strobus),  white cedar (Thuja
occidentalis), red maple (Acer rubrum),
and paper birch (Betula papyrifera)c

Selected logging and
harvest (2001)b

2.1 to ∼4e 1000b 16.7 0.83

Howland Reference
(US-Ho1)

45.204, −68.740 2006–2008 Minimal disturbance
since 1900sd

∼6b 17.6 0.87

Howland N Fertilized
(US-Ho2)

45.209, −68.747 2006–2009 N addition
(2001–2005)d,e

∼6b 16.5 0.82

Mead  Irrigated Maize
(US-Ne1)

41.165, −96.476 2001–2012 2.9f Maize (Zea mays) Center-pivot irrigationf 5.7e 887f 27.0 1.33

Mead  Irrigated
Rotation: Maize
(US-Ne2)

41.164, −96.470 2001, 2003,
2005, 2007,
2009–2012

2.9e Maize (Z. mays) Center-pivot irrigationf 5.3e 26.2 1.14

Mead  Irrigated
Rotation: Soybean
(US-Ne2)

2002, 2004,
2006, 2008

1.0e Soybean (Glycine max) 4.9e

Mead Rainfed Rotation:
Maize (US-Ne3)

41.179, −96.439 2001, 2003,
2005, 2007,
2009, 2011

2.6e Maize (Z. mays) Naturally rainfedg 4.2e 26.7 1.39

Mead  Rainfed Rotation:
Soybean (US-Ne3)

2002, 2004,
2006, 2008,
2010, 2012

0.9e Soybean (G. max) 3.8e

Morgan Monroe
(US-MMS)

39.323, −86.413 2007–2010 27h Dominated by sugar maple (A.
saccharum), tulip poplar (Liriodendron
tulipifera), sassafras (Sassafras
albidum), white oak (Quercus alba), and
black oak (Q. nigra)h

None 5i 1012j 24.3 1.12

UMBS  (US-UMB) 45.559, −84.713 2007–2011 22k Dominated by bigtooth aspen (Populus
grandidentata)  with red oak (Q. rubra),
red maple (A. rubrum), and white pine
(P. strobus), as co-dominants. Also
contains trembling aspen (P.
tremuloides),  white birch (B.
papyrifera),  sugar maple (A.
saccharum),  red pine (P. resinosa), and
American beech (Fagus grandifolia)k

None ∼3.5k 817k 21.2 1.05

a Values calculated from AmeriFlux data.
b Scott et al. (2004).
c Hollinger et al. (2004).
d AmeriFlux website.
e personal communication with site investigator.
f Yan et al. (2012).
g Verma et al. (2005).
h Dragoni et al. (2011).
i Oliphant et al. (2011).
j Curtis et al. (2002).
k Gough et al. (2013).



Forest

R
i

2

l
e
l
t
N
w
m
l
T
o
p
o
a
T
v
d
y
o
o
c
c
c
w
w
W
P
a

2

d
m
e
e
d
s
b
t
i
h
f

c

w
t
N
i
t
d

t
r
i
c
a
a
i
b
o

S.J. Cheng et al. / Agricultural and 

otation: Maize, Mead Rainfed Rotation: Soybean). Site character-
stics and data availability are listed in Table 1.

.3. Definition of analysis period

To determine the maximum effect of diffuse light on GPP, we
imited our period of analysis to the portion of the year when
cosystems are most productive. We  used a carbon-flux pheno-
ogy approach, where NEE is the defining variable for phenological
ransitions and the peak-growing season is the time period when
EE is at its maximum magnitude (Garrity et al., 2011). To do this,
e first calculated 5-day NEE means for each site and year. Cli-
ate, vegetation composition, and inter-annual weather variability

ead to phenological variation among sites (Richardson et al., 2013).
herefore, we adjusted our definition for the beginning and end
f the peak-growing season to uniformly capture a representative
ortion of the NEE peak across sites and years. We defined the start
f the growing season as the first day when the 5-day NEE aver-
ge was within 90% of the year’s fourth highest 5-day NEE average.
he fourth-highest value was used to account for any extreme NEE
alues that may  have occurred because of anomalous weather con-
itions. We set the end of season as the last day within 75% of the
ear’s fourth-highest 5-day NEE average. The cutoff for the start
f the peak-growing season is higher than the cutoff for the end
f the season because canopy leaf-out and growth initiation typi-
ally occur quickly in seasonal sites, whereas canopy phenological
hanges are slower at the end of the season. While this approach
annot detect the exact beginning and end of the season, the criteria
e used provide a uniform method for defining the period during
hich plants were at full seasonal growth and activity at our sites.
e included only daytime values by excluding points with total

AR values <20 �mol  m−2 s−1, assuming such low radiation levels
re characteristic for nighttime.

.4. Data analysis

For each site, we combined all available peak-growing season
aytime data and removed observations with negative measure-
ents of diffuse PAR, direct PAR, or GPP, as these were likely sensor

rrors or marginal weather conditions (e.g., rain events). We  also
xcluded data points with missing air temperature and VPD. We
ivided the remaining data into nine categorical groups based on
olar zenith angle and the time of observation. We  chose to bin
y zenith angle to account for the effect of the sun’s position on
he amount of direct and diffuse PAR above a canopy, differences
n radiation penetration through the canopy, and changes in plant
ydraulics throughout the day. Zenith angle was calculated as the

ollowing:

os ϕ = sin � sin ı + cos � cos ı cos[15(t − t0)] (1)

here ϕ is the zenith angle, � is the latitude, ı is the solar declina-
ion angle, t is time, and t0 is the time of solar noon (Campbell and
orman, 1998). Given the latitudes of the sites, we defined morn-

ngs to begin at zenith angles between 76◦–100◦, noon to occur at
he minimum calculated zenith angles of 16–30◦, and the end of
aylight to occur around 76–100◦.

The effect of diffuse PAR on GPP may  depend on total light condi-
ions. For example, little scattering occurs under clear skies, which
esults in low diffuse and high direct PAR levels. As a result, small
ncreases in diffuse PAR are unlikely to have a strong impact on
anopy photosynthesis due to large amounts of direct PAR avail-
ble for photosynthesis. If direct PAR levels are low, however, such

s on cloudy days or during the morning and evening, the increase
n diffuse PAR will have a larger effect because canopy leaves are
elow light-saturation. To calculate direct PAR, we  subtracted the
bserved diffuse PAR from the observed total PAR. Because GPP and
 Meteorology 201 (2015) 98–110 101

PAR are known to have a strong relationship that can be empiri-
cally described by a rectangular hyperbola, we used the non-linear
regression function in the R program (R Development Core Team,
2012) to fit the following relationship:

GPPfitted = ˛�PARdir

� + ˛PARdir
(2)

where GPPfitted is the value of GPP predicted by total PAR using a
rectangular hyperbola model (Eq. (2)),  ̨ is the canopy quantum
efficiency, � is the canopy photosynthetic potential, and PARdir is
direct PAR (Gu et al., 2002). The  ̨ and � are the fitted parame-
ters and are solved iteratively. We  used the initial conditions of
0.044 �mol CO2 per �mol  photons and 23.7 �mol CO2 m−2 s−1 for

 ̨ and � , respectively (Ruimy et al., 1995). The resulting empirical
relationships for each site are presented in Appendix 1.

To remove the confounding effect of direct PAR, we first calcu-
lated the residuals between observed GPP and GPPfitted. We  then
compared those residuals against diffuse PAR for ten sites and nine
zenith angle bins. For each zenith angle category, we estimated
the variation in GPP residuals that can be explained by diffuse PAR
alone using the following simple linear regression:

GPPr = GPP − GPPfitted = ˇ0 + ˇ1PARdiff + ε (3)

and a combination of diffuse PAR, VPD, and air temperature using
the following multiple linear regression:

GPPr = GPP − GPPfitted = ˇ0 + ˇ1PARdiff + ˇ2VPD + ˇ3Ta + ε (4)

where GPPr represents the residuals between the observed GPP and
GPPfitted and PARdiff is diffuse PAR. Ta is air temperature measured
at the eddy covariance tower and ˇ0, ˇ1, ˇ2 and ˇ3 are the fitted
parameters estimating the model intercept and the linear slopes of
the effects of diffuse PAR, VPD, and air temperature at each solar
zenith bin, respectively. The ε is the error term.

ANOVA comparisons between the simple (diffuse PAR only) and
multiple linear regressions (including VPD and air temperature)
showed that the multiple linear regression model (Eq. (4)) was  sig-
nificantly better (p < 0.05) than the simple regression model, with
the exception of nine site/bin combinations. We  did not include
interactions in the multiple linear regression because ANOVA tests
indicated that the interaction terms did not improve the model
consistently, and improvements to the residual sum of squares
averaged only 3.5% in cases where interaction terms were signifi-
cant. We also accounted for multiple testing over solar zenith angle
bins and different sites by using the Bonferroni correction to cal-
culate a new critical p-value. Light-response curves could not be fit
to all scenarios, reducing the final number of comparisons to 83.
Thus, for the simple and multiple linear regression comparisons,
we consider a relationship significant if p < 6.02 × 10−4 (= 0.05/83).

3. Results

3.1. Relationship between diffuse PAR and GPP

We found significant positive relationships between diffuse PAR
and GPPr throughout the day, except in a few cases where dif-
fuse PAR was  not a significant predictor of GPPr (Figs. 1 and 2,
black bars). Exceptions to these relationships occurred mainly at
the Mead crop sites during mid-day and to a lesser extent at the
UMBS forest during early mornings and late afternoons (Fig. 2, black
bars). In addition, a rectangular hyperbola could not be fit to the
direct PAR and GPP data in the afternoon at large zenith angles at
the Mead sites and Morgan Monroe (Appendix 1). Overall, the lin-

ear fits between diffuse PAR and GPPr indicate that across sites and
zenith angles, diffuse PAR explains 3–22% of variation in GPPr in
the morning and 3–41% of variation in GPPr in the afternoon (Fig. 2,
black bars).
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ig. 1. Simple linear regressions (Eq. (3)) between diffuse PAR and GPPr for obser
ngle  bins not shown). Regression lines are only plotted for models with p < 6.02 × 

The amount of variance in GPPr attributable to diffuse PAR var-
ed considerably between forests and crop sites (Fig. 2, black bars).
t the deciduous broadleaf and mixed conifer forests, diffuse PAR
ccounts for more of the variance in GPPr at the smallest zenith
ngle bins (mid-day) and less at larger zenith angles in the early
ornings and late afternoons (Fig. 2a–e, black bars). However, the

pposite pattern occurs at the Mead crop sites, where more of the
ariance in GPPr is associated with diffuse PAR at larger zenith

ngles (Fig. 2f–j, black bars). Diffuse PAR accounted for the largest
ortion of GPPr variance at crop sites during afternoon zenith angles
f 61–75◦, corresponding to approximately 17:00–18:00 standard
ime.
s around 10:00–14:00 standard time (zenith angles from 16◦ to 30◦ ,  other zenith
Bonferroni-corrected critical value).

3.2. Diffuse PAR cross-correlation with VPD and air temperature

Concomitant with changes in the partitioning of PAR into direct
and diffuse streams, clouds and aerosols change surface VPD and
air temperature. These two environmental factors influence sto-
matal conductance and photosynthesis, and thus affect rates of
ecosystem GPP. When including the effects of these two  variables
on GPPr with diffuse PAR (Eq. (4)), the amount of variation in GPPr
explained increases up to an additional 31% during mornings and
up to 32% during afternoons (Fig. 2, white bars). This increase
with VPD and air temperature is greatest across the most zenith
angles at the Howland sites, where the multiple linear regression
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Fig. 2. Proportions of variation in GPPr explained by environmental variables. Solid bars represent R2 values from simple linear regressions that include only the effect of
diffuse  PAR (Eq. (3)). The total height of the bars (solid and white together) represents the R2 from multiple linear regressions that include effects of air temperature (Ta) and
vapor  pressure deficit (VPD) with diffuse PAR (Eq. (4)). Only R2 values with p < 6.02 × 10−4 (Bonferroni-corrected critical value) are plotted. The minimum calculated zenith
angle  for these sites was ∼16◦ .
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ncreases explanatory power of GPPr by an additional 9–27% and
1–30% in the mornings and afternoons, respectively. VPD and air
emperature also account for a relatively larger fraction of the vari-
tion of Mead Rainfed Rotation: Soybean GPPr during the mid-day.
lthough we expected an increase in explanatory power with more
ariables in the regression, the increase in the explanation of GPPr

ith the addition of these correlated environmental variables is
mall for the deciduous forests (Morgan Monroe and UMBS). This
uggests that the effect of diffuse PAR at the deciduous forests is due
o changes in light availability and not from indirect effects driven
y the cross-correlation between diffuse PAR and other environ-
ental conditions. Overall, the multiple linear regressions indicate
hat diffuse PAR is a significant predictor of GPPr (except for the
ites and zenith angle bins noted in Table 2). In addition, VPD and
ir temperature could not account for significant amounts of GPPr

ariation under some conditions (Table 2).
3.3. Magnitude of the effects of diffuse PAR on GPPr

Howland Forest Reference, Morgan Monroe, and UMBS have not
undergone any experimental manipulation (e.g., selective logging,
N addition). At these sites, the sign of the significant parameter
estimates indicate that in mornings and afternoons, GPPr increased
with diffuse PAR (Table 2). The predicted increases in GPPr in
the morning were calculated to be 0.004–0.010, 0.008–0.011, and
0.010–0.018 �mol  CO2 per �mol  photons of diffuse PAR at How-
land Forest Reference, Morgan Monroe, and UMBS, respectively
(Fig. 3). In the afternoon, the increases in GPPr were similar in mag-
nitude, and ranged from 0.005 to 0.011, 0.008 to 0.009, and 0.009

to 0.018 �mol  CO2 per �mol  photons of diffuse PAR at Howland
Forest Reference, Morgan Monroe, and UMBS, respectively (Fig. 3).

The effect of diffuse PAR on rates of GPPr varied among for-
est sites. UMBS had the largest increases in GPPr with increases
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Table 2
Parameter estimate values from relationships between GPPr and diffuse PAR, vapor pressure deficit (VPD), and air temperature (Ta). All ˇi estimate values (Eq. (4)) have
p  < 6.02 × 10−4 (Bonferroni-corrected critical value), except for those designated as NS. The 16–30◦ interval includes AM and PM time points.

Site ˇi Zenith angle (◦)

AM PM

76–100 61–75 46–60 31–45 16–30 31–45 46–60 61–75 76–100

Howland Logged Diffuse PAR 0.014 0.007 0.004 0.004 0.005 0.003 0.004 0.008 0.009
VPD  −3.629 −2.627 −2.234 −3.847 −3.271 −3.205 −2.605 −2.339 −1.307
Ta 0.183 0.343 0.427 0.546 0.352 0.495 0.383 0.296 0.172

Howland Reference Diffuse PAR 0.010 0.005 0.004 0.005 0.005 0.005 0.008 0.010 0.011
VPD  −2.004 NS −1.914 −3.290 −2.728 −2.768 −2.309 −1.715 −1.208
Ta 0.125 0.266 0.358 0.432 0.260 0.311 0.237 0.152 0.131

Howland N Fertilized Diffuse PAR 0.014 0.007 0.006 0.005 0.006 0.006 0.007 0.012 0.014
VPD  −2.625 NS −1.876 −3.266 −3.204 −2.735 −2.052 −2.072 −1.330
Ta 0.150 0.270 0.287 0.380 0.252 0.254 0.156 0.145 0.143

Morgan Monroe Diffuse PAR NS 0.010 0.011 0.010 0.008 0.009 0.008 0.008 NS
VPD  NS NS NS NS −1.611 −1.734 −1.917 −2.479 NS
Ta NS NS NS NS NS NS NS 0.224 NS

UMBS Diffuse PAR NS 0.018 0.015 0.010 0.011 0.009 0.012 0.018 NS
VPD  NS 4.218 3.078 NS NS NS NS −1.156 NS
Ta NS NS NS −0.298 NS NS NS NS NS

Mead  Irrigated Maize Diffuse PAR 0.021 0.022 0.013 NS NS NS 0.024 0.050 NS
VPD  NS NS NS NS −5.650 −3.061 NS −1.252 NS
Ta 0.304 0.445 0.811 1.315 1.215 0.660 NS 0.245 NS

Mead  Irrigated
Rotation: Maize

Diffuse PAR 0.019 0.021 0.012 0.011 NS NS 0.027 0.042 NS
VPD  NS NS NS NS NS NS NS NS NS
Ta 0.332 NS 1.115 0.950 NS 1.135 NS NS NS

Mead  Irrigated
Rotation: Soybean

Diffuse PAR 0.017 0.015 NS NS NS NS 0.011 NS NS
VPD  NS NS NS NS NS NS NS NS NS
Ta 0.213 NS NS NS 0.598 0.534 NS NS NS

Mead  Rainfed Rotation:
Maize

Diffuse PAR 0.011 0.021 NS NS NS NS 0.021 0.045 NS
VPD  NS NS NS NS −6.365 −4.205 NS NS NS
Ta 0.281 NS NS NS NS NS NS NS NS

Mead  Rainfed Rotation:
Soybean

Diffuse PAR 0.014 0.021 NS NS NS NS NS 0.028 NS
VPD  −3.148 NS −5.123 −8.292 −8.021 −6.898 −5.035 −1.971 NS

i
i
d
U

F
c

Ta 0.277 NS NS 
n diffuse PAR, and Howland Forest Reference had the smallest
ncreases in GPPr. In addition, the calculated increases in GPPr with
iffuse PAR appear to depend on zenith angle at two  of the sites. At
MBS, the influence of diffuse PAR on GPPr is greatest in the early
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ig. 3. Diurnal patterns in diffuse PAR � estimates for unmanaged forests across zenith 

ovariates (Eq. (4)). Error bars indicate one standard error. Only  ̌ estimates with p < 6.02
0.812 0.524 0.582 0.479 NS NS
morning and late afternoon (zenith angles 61–75◦) and decreases
at mid-day (zenith angles 16–45◦). At Howland Forest Reference,
the response to zenith angle differs and the influence of diffuse
PAR on GPPr generally increases as the day continues and is highest

6-30 31-45 46-60 61-75 76-100
 Angle ( °)

PM

angles from a multiple linear regression that includes VPD and air temperature as
 × 10−4 (Bonferroni-corrected critical value) are plotted.
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ig. 4. Diurnal patterns in diffuse PAR � estimate values for Howland Forest sites acr
s  covariates (Eq. (4)). Error bars indicate one standard error. Only values with p < 6

n the late afternoon (zenith angles 76–100◦). However, at Mor-
an Monroe, the influence of diffuse PAR on GPPr did not vary with
enith angle. When we compare across these ecosystems, decid-
ous forests (UMBS, Morgan Monroe) appear to differ from the
ixed conifer forest, particularly in the morning, with differences

iminishing in the afternoon.
At Howland Forest, one site underwent selective logging while a

econd site was fertilized with 18 kg N/ha on a 21-ha plot centered
round the eddy covariance tower in five to six applications per
rowing season from 2001–2005 (David Dail, personal communi-
ation, 2013). Analysis of data at these manipulated sites indicates
hat the magnitude of increase in GPPr with diffuse PAR was similar
o that of the un-manipulated Howland forest (Fig. 4). Differences
mong forest treatments are not apparent in the morning. In the
fternoon, however, we observe a trend where diffuse PAR leads

o the biggest GPPr increase in the forest fertilized with N and
he smallest change in GPPr in the forest that has been selectively
ogged.
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ig. 5. Diurnal patterns in diffuse PAR � estimate values for Mead crop sites across zenith
ovariates (Eq. (4)). Error bars indicate one standard error. Only  ̌ values with p < 6.02 × 1
nith angles from a multiple linear regression that includes VPD and air temperature
0−4 (Bonferroni-corrected critical value) are plotted.

At the Mead Irrigated Rotation and Mead Rainfed Rotation sites,
soybean and maize are planted in different years, allowing us to
examine variations in the effect of diffuse PAR on GPPr between
crop types (Fig. 5). The increases in GPPr for maize were cal-
culated to be 0.011–0.022 �mol  CO2 per �mol  photons in the
morning and 0.021–0.050 �mol  CO2 per �mol photons in the after-
noon. For soybean, the increases in GPPr in the morning were
0.014–0.021 �mol  CO2 per �mol  photons and in the afternoon
were 0.011–0.028 �mol  CO2 per �mol  photons. Diffuse PAR led
to increases in GPPr at large zenith angles, but had no effect on
GPPr at small zenith angles for both crop species (values are only
plotted in Fig. 5 if they are significant). In addition, we observed
no difference in the magnitude of the effect of diffuse PAR on
GPPr between soybean and maize in the morning. However, we
did observe a greater effect of diffuse PAR on GPPr for maize than

soybean in the afternoon for zenith angles 46–75◦. Irrigation did
not appear to influence the magnitude of the diffuse PAR effect on
GPPr.

6-30 31-45 46-60 61-75 76-100

Angle (°)

PM

 angles from a multiple linear regression that includes VPD and air temperature as
0−4 (Bonferroni-corrected critical value) are plotted.
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. Discussion

Diffuse light influences Earth’s climate by changing the amount
nd character of light available for photosynthesis, and thus, indi-
ectly controls atmospheric CO2 (Mercado et al., 2009). Depending
n future anthropogenic emissions and their effects on atmospheric
erosols and clouds, the influence of diffuse light on the terrestrial
arbon sink may  increase. A more quantitative and mechanistic
nderstanding of the link between diffuse light and land carbon
ptake in different ecosystems would allow us to model how
hanges in diffuse light influence atmospheric and terrestrial car-
on stocks, particularly as land-use change (e.g., deforestation,
fforestation, and conversion of natural systems to cropland) con-
inues (Arora and Boer, 2010).

Past research has identified a positive correlation between dif-
use light and ecosystem carbon uptake. However, this result may
e due to a cross-correlation with total light availability, where
iffuse light could more strongly influence photosynthesis when
otal light levels are low on overcast days as compared to high
ight levels on clear days (Gu et al., 1999; Oliphant et al., 2011;
hang et al., 2010). The method we use in this paper addresses
his confounding factor by removing the effect of direct light on
cosystem carbon uptake before calculating the rate of additional
arbon uptake from diffuse light. Importantly, we tested for this
otential independent effect using only direct field measurements
f diffuse light, as opposed to deriving diffuse light levels with radi-
tion partitioning models that make assumptions about aerosol and
loud conditions over terrestrial ecosystems. Our analysis of ten
emperate ecosystems indicates that diffuse PAR correlates posi-
ively with GPPr and this relationship is independent of direct PAR
evels. Specifically, diffuse PAR independently explained up to 22%
f the variation in GPPr in mornings and up to 41% of the variation
n GPPr in afternoons.

Prior research shows that morning and afternoon responses to
iffuse light can differ for the same zenith angles (Alton et al.,
005) and that in multiple ecosystems, rates of carbon enhance-
ent vary across zenith angles (Bai et al., 2012; Zhang et al., 2010).
owever, to our knowledge, no other studies have investigated full
iurnal patterns of diffuse light enhancement. We  accomplished
his by separating data according to zenith angle and time of day.
ur results indicate that in forests, the proportion of variation in
PPr explained by diffuse PAR (evaluated through R2) is greatest at
id-day, and decreases as the sun moves closer to the horizon. The

pposite pattern occurs at crop sites, where diffuse PAR did not pre-
ict GPPr at small zenith angles (mid-day), but did correlate with
ariation in GPPr at larger zenith angles (morning and afternoon).
hen we examined the magnitude of increase in GPPr in response

o diffuse PAR (ˇ1), the greatest increases were at larger zenith
ngles in crop sites (0.028–0.050 �mol  CO2 per �mol  photons at
1–75◦ in the afternoon). In forests, however, diffuse PAR had the
trongest influence (R2) on GPPr at small zenith angles when the sun
s overhead (mid-day), but the largest carbon enhancement rate
ˇ1) at larger zenith angles (early mornings and late afternoons)
hen the sun is closer to the horizon.

In addition, some sites show a trend in an asymmetrical diur-
al cycle of diffuse light enhancement, most notably in the crop
ites. Although increases in GPPr with diffuse PAR at forest sites
ppear to be similar in magnitude throughout the day, some of
he zenith angle bins differed between the morning and afternoon.
or example, the largest difference in carbon enhancement rates
rom a morning zenith angle bin to the same bin in the after-
oon were 0.005 �mol  CO2 per �mol  photons for mixed conifer
orests, 0.003 �mol  CO2 per �mol  photons for deciduous forests,
.017 �mol  CO2 per �mol  photons for soy, and 0.028 �mol  CO2
er �mol  photons for maize, though changes were usually within
he standard error of the measurements. The response of GPPr to
 Meteorology 201 (2015) 98–110

diffuse light may  differ in the morning and afternoon because envi-
ronmental conditions influencing photosynthesis also vary during
the day. For example, time lags between the effects of diurnal cycles
of radiation and VPD on evapotranspiration (Zhang et al., 2014),
stronger hydraulic stresses in the afternoon (Matheny et al., 2014),
and morning and afternoon differences in leaf surface wetness that
affect stomatal conductance (Misson et al., 2005) might explain the
increased importance of diffuse light in the afternoon. These results
can be used to evaluate ecosystem and global land surface models
by testing if they capture the diurnal patterns we  identified.

Our results indicate that there are ecosystem-specific responses
of carbon uptake to diffuse light. The observed differences between
crops and forests are consistent with Niyogi et al., 2004 who used
measured diffuse shortwave data to show that a crop site with
a corn and soybean rotation was more sensitive to increases in
aerosol-produced diffuse light than broadleaf and mixed conifer
forests. Previous studies have hypothesized that differences in
canopy structure among forests, grasslands, and croplands are
responsible for differential responses of these ecosystems to dif-
fuse light (Gu et al., 1999; Niyogi et al., 2004; Oliphant et al., 2011).
However, they have not reported site-level canopy architectural
measurements to test this potential modifier of land carbon uptake
because they are difficult to collect and describe.

There are several hypotheses explaining why canopy structure
may  modify the effect of diffuse light on ecosystem carbon uptake.
Canopy gaps, which interact with the angle of incident light, may
influence how much light is distributed vertically through a canopy
(Hutchison et al., 1980). For example, on clear days in a 30-m
tall tulip poplar forest, the amount of radiation reaching the mid-
and lower-parts of the canopy is lowest at large zenith angles
(Hutchison et al., 1980). The authors attributed this to the low
level of total radiation and reduced canopy gaps when the sun is
near the horizon. Our analysis of UMBS gap fraction data derived
from LAI-2000 measurements shows that as gap fraction decreases,
carbon uptake with diffuse light increases (Fig. 6). Because gap
fraction here is the ratio of below-canopy PAR to above-canopy
PAR, this indicates greater light extinction at larger zenith angles.
Greater light extinction in the canopy may  increase light scatter-
ing, which could expose more leaves to diffuse light. Thus, the
response of GPP to diffuse light may  be greater at larger zenith
angles because of more complete canopy participation in photosyn-
thesis. However, more gap fraction data and canopy light profiles
from across sites and collected with uniform methods are needed
to test this idea, particularly in crop ecosystems. This would allow
us to identify why crops and forests respond differently to diffuse
PAR.

Second, the distribution of photosynthetic tissues within a
canopy depends on the plant community at each site and may con-
tribute to observed differences between crops and forests. Forests
have more stratified layers of vegetation and are much taller than
crops. This means that leaf area index (LAI) in a forest is distributed
over a larger volume than in crop sites. When the sun is overhead,
forest canopies shade leaves at lower layers and diffuse light has a
greater potential of reaching leaves near the bottom of the forest
canopy as compared to direct light. Thus, the opportunity for diffuse
light to reach more leaves in the canopy is greater when the sun is
overhead (larger R2). This explanation is supported by a study in
a Norway spruce forest, which showed that needles deeper in the
canopy contribute more to overall net ecosystem production on
cloudy days than on sunny days (Urban et al., 2012). However, the
relative increases in GPP (ˇ1) may  be smaller than those at crop sites
because forest canopies are denser, which increases self-shading.

On the other hand, crops are planted to minimize self-shading when
the sun is overhead. In addition, ˇ1 may  be higher at crop sites
than at forests because multi-directional diffuse light at large zenith
angles may  reach deeper into crop canopies more effectively than
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ig. 6. The relationship at UMBS (data from 2007 to 2011) between (a) gap fractio
same  data as shown in Fig. 3). Error bars indicate one standard error.

irect light and increase light availability for crop stems, which are
ore photosynthetic than tree trunks.
Modeling studies have shown that species-dependent canopy

haracteristics, such as leaf clumping, LAI, and leaf inclination angle
an affect the influence of diffuse PAR on carbon processing in
cosystems (Alton, 2008; Gu et al., 2002; Knohl and Baldocchi,
008). This could be due to the penumbral effect, which occurs
hen the position and types of leaves (e.g., broadleaf and conifer)

lter the amount and distribution of light to lower-level leaves
Denholm, 1981; Way  and Pearcy, 2012). Although the arrange-

ent of leaves in tall canopies with small leaves (e.g., forests) can
ncrease shading of lower canopy leaves, it also increases the prob-
bility that leaves and branches scatter light, resulting in more
istribution of light in the canopy. However, in shorter canopies
ith larger leaves (e.g., maize), there is less plant material that can

catter light and these sites may  be more dependent on incident dif-
use light. This may  explain the higher carbon enhancement rates
bserved at crop sites compared to forests.

A few studies have measured how the distribution of light
hrough plant canopies changes under diffuse light, but they are
imited in their ability to test the influence of canopy structure on
arbon enhancement from diffuse light because they have been
onducted in a single ecosystem (Urban et al., 2012; Williams et al.,
014). Because site-level measurements of canopy structure are
ifficult to obtain, support for the mechanisms through which spe-
ific characteristics of canopy structure (e.g., leaf area distribution,
eaf clumping) change ecosystem carbon uptake under diffuse light
onditions has thus far depended on model assumptions (Alton
t al., 2007; Knohl and Baldocchi, 2008). To test whether canopy
tructural differences in height, canopy gaps, or leaf distribution
ithin a canopy facilitate a diffuse light enhancement, a uniform
ethod of collecting canopy structural data is needed. Methods

re available for capturing some of this information, including light
etection and ranging (LIDAR) remote sensing (Hardiman et al.,
013). However, no standardized method of collecting data has
een applied among sites to allow for inter-site comparisons of
anopy structure. Future research should consider collecting data

n canopy gaps, leaf distribution, and vertical light distribution
o provide datasets that can be used to test whether gaps or leaf
istribution within a canopy lead to an enhanced carbon uptake
ecause of increased light distribution. Without this mechanistic
 zenith angle and (b) diffuse PAR � (carbon enhancement rate) and zenith angles

connection, modelers cannot determine whether this missing
biosphere-atmosphere connection results in a significant under-
or over-prediction of the future terrestrial carbon sink. As scientists
collect these canopy structural data, we  suggest making these data
publically available so they can be used to better interpret patterns
seen using eddy covariance data.

We also observed differences in diffuse light effects among
sites described as the same forest type (e.g., Morgan Monroe and
UMBS). This argues for the consideration of site-specific responses
to diffuse light because plant community composition of indi-
vidual forest types (or ecosystems) determine unique canopy
structures that can drive how strongly canopy gaps, leaf distribu-
tion, and penumbral qualities influence the effect of diffuse light
on ecosystem carbon uptake. In particular, there were differences
in afternoon carbon enhancement rates between the fertilized and
formerly logged Howland Forest sites, which only differ in disturb-
ance activity. Differences in nutrient availability for plants may
explain why the N fertilized site correlated more strongly with dif-
fuse light than the logged site. After two years of fertilization, foliage
was one of the most N-enriched ecosystem pools (Dail et al., 2009).
Increased soil N availability could lead to an increase in leaf N, which
correlates with higher concentrations of RuBisCO and chlorophyll
(Evans, 1989), implying an interaction between diffuse light and
nutrient levels.

The effect of diffuse light on carbon uptake between maize and
soybean also differed. This may  be due to species differences in
canopy structure as discussed above, but could also be due to the
different photosynthetic pathways soy (C3) and maize (C4) use.
Maize had a greater increase in carbon uptake with diffuse light
than soy did, potentially because C4 plants have a higher light sat-
uration point (Greenwald et al., 2006). Because maize would be
farther away from light saturation than soy, an increase in dif-
fuse light (after accounting for cross-correlation with direct light)
would bring maize closer to light saturation and thus, increase pho-
tosynthesis. In addition, C4 plants are better adapted to warmer
environments, which may  cause environmental conditions, such
as temperature and water availability, to change crop responses to

diffuse light.

Finally, our results show that other environmental drivers
that co-vary with diffuse PAR also contribute to GPPr at some
sites. In mixed conifer forests (e.g., the Howland sites), VPD, air
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emperature, and diffuse PAR together account for substantially
ore variation in GPPr than diffuse PAR itself does, implying a

esser role for radiation and a larger one for conditions that improve
tomatal conductance under cloudy conditions at mixed conifer
orests. In contrast, VPD and air temperature, within the ranges of
alues characteristic of measurement periods at the sites studied
ere, appear to have small effects on GPPr in the broadleaf forests.
his implies that the diffuse PAR effect at the broadleaf forests is
ue to the effect of scattered light itself. At the mixed conifer forests,
he peak growing season temperature ranges from 16.5–17.6 ◦C
hile the temperature is 21.2–24.3 ◦C in the broadleaf forests.
omparing these site temperatures to the optimum temperature
ange of temperate deciduous trees (20–25 ◦C) and evergreen
oniferous trees (10–25 ◦C), broadleaf forests are closer to their
ptimum temperature range (Larcher, 2003). Considering that
hotosynthesis varies non-linearly with temperature, the same
er unit change in temperature for a cooler site will lead to greater
hanges in GPP than in a warmer site. Increases in VPD in water-
imited situations, on the other hand, should cause photosynthesis
o drop because stomata will close to conserve water. However,
PD is actually lower in the mixed forests than in the deciduous
roadleaf forests, implying that air temperature is a stronger driver
f GPP than is VPD under our study’s field conditions.

. Conclusions

Field measurements show that diffuse PAR accounts for a sub-
tantial amount of variation in GPP once the quantity of direct
AR is removed. The observed changes in the diffuse PAR effect
n GPPr vary across zenith angles, ecosystem types, and plant
unctional groups, highlighting additional ways that ecosystem
tructural characteristics and the diurnal cycle influence ecosystem
arbon cycling. In addition, observed site-level variation suggests
hat grouping forests together in regional or global models as the
ame plant functional type, without considering species composi-
ion or canopy structure, may  lead to inaccuracies in assessing the
mpacts of radiation partitioning on modeled surface carbon fluxes.

To robustly extend these results, direct measurements of dif-
use PAR and ecosystem flux data are needed from a wider range of
cosystems. Furthermore, research that can evaluate mechanisms
e.g., canopy gaps, leaf distribution, and species-specific character-
stics) driving terrestrial carbon enhancement under diffuse light

ill remain stagnant without consistent field measurements of
anopy structure at sites with diffuse light and eddy covariance
easurements. The incorporation of standard methods for measur-

ng canopy structure and within-canopy light distribution and the
vailability of these data in common formats from across networks

f eddy covariance towers (e.g., AmeriFlux, NEON) would enable
he development of better predictive models of carbon exchange
n relation to direct and diffuse solar radiation.

Site Zenith angle (◦)

AM 

76–100 61–75 46–60 

Howland Forest Logged ˛ 1.16 2.64 2.82 

�  7.41 11.84 14.67 

R2 0.39 0.37 0.34 

Howland Forest
Reference

 ̨ 1.28 2.15 2.41 

�  4.74 9.89 14.15 

R2 0.23 0.34 0.34 

Howland Forest N
Fertilized

 ̨ 1.81 2.85 2.93 

�  5.27 10.32 14.20 

R2 0.25 0.32 0.35 
 Meteorology 201 (2015) 98–110

The interactions between diffuse light and ecosystem pro-
ductivity may  be of increasing importance as the community
composition of our terrestrial ecosystems continues to change
because of human land use change, natural ecological succession,
and climate change. Thus, a more refined understanding of how
diffuse PAR modifies atmosphere-land carbon cycling and subse-
quent representations of this relationship in models will likely
advance our understanding of how human management of ecosys-
tems will influence the land carbon sink as well as improve future
calculations of atmospheric CO2 concentrations for global climate
projections.
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Appendix 1.

Values of  ̨ and � predicted by best-fit rectangular hyperbolas
describing the response of GPP to direct PAR. The  ̨ represents the
quantum yield and � represents the maximum GPP value. All  ̨ and
� values listed have p < 6.02 × 10−4 (Bonferroni-corrected critical
value), except for those in italics, which have p < 0.01 and those
in bold, which were not significant because p > 0.05. NS indicates
we were unable to fit a light response curve. The 16–30◦ interval
includes AM and PM time points.

PM

31–45 16–30 31–45 46–60 61–75 76–100

2.74 3.41 2.58 2.61 2.07 1.10
16.52 18.12 14.57 12.93 10.04 6.39

0.26 0.27 0.29 0.33 0.37 0.39

2.30 2.27 2.21 2.13 1.89 1.91
16.16 17.15 13.93 11.64 8.35 4.53

0.34 0.35 0.33 0.38 0.39 0.21
2.38 2.82 3.28 3.79 2.85 2.01
17.14 17.77 14.71 12.05 8.82 5.04

0.37 0.29 0.24 0.21 0.27 0.18
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Site Zenith angle (◦)

AM 

76–100 61–75 46–60 

Morgan Monroe  ̨ 2.01 1.43 1.59 

�  4.66 12.39 19.83 

R2 0.06 0.13 0.23 

UMBS ˛  1.05 3.57 4.06 

�  6.07 12.36 20.38 

R2 0.28 0.09 0.11 

Mead  Irrigated Maize ˛ 0.73 3.95 4.49 

�  16.11 30.91 48.21
R2 0.49 0.21 0.22 

Mead  Irrigated
Rotation: Maize

 ̨ 0.40 1.65 2.60 

�  17.61 32.62 48.64 

R2 0.51 0.47 0.43 

Mead  Irrigated
Rotation: Soybean

 ̨ 0.59 2.24 6.35 

�  12.20 23.63 31.62 

R2 0.59 0.45 0.27 

Mead  Rainfed Rotation:
Maize

 ̨ 0.54 3.39 4.67 

�  17.47 31.51 44.79 

R2 0.66 0.53 0.48 

Mead  Rainfed Rotation:
Soybean

 ̨ 0.75 4.69 16.67 

�  13.11 23.44 29.27 

R2 0.53 0.16 0.08 
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