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Abstract: We studied the link between carbon and water fluxes to understand the response of net ecosystem
carbon exchange (NEE) to water availability conditions of three different potato water regimes cropping
systems [full irrigation (FI), deficit irrigation (DI) and rainfed (RF)]. Through the eddy covariance technique,
we measured CO:2 and water vapor exchanges and determined surface resistances, omega factor, and inherent
water use efficiency (IWUE). Additionally, continuous plant growth determinations of leaf area index (LAI)
and specific leaf area (SLA) were made over the three cropping systems. The RF potato was a net carbon source
(NEE =187.21 + 3.84 g C m™), while both, FI (NEE=-311.96 + 12.82 g C m™) and DI (-17.3 + 4.6 g C m™) were a
net carbon sink. Greater sink activity is due to high fluxes of gross primary productivity (GPP) [where the GPP
> ecosystem respiration (Reco)] and evapotranspiration (ET), and the high efficiency in the exchange of carbon
and water. Without water limitations, the larger canopy, with greater photosynthetic activity (GPP/Reco > 2) as
well as with low internal resistance offers a greater area for water and carbon exchange, and the highly coupled
and synchronized ET — GPP fluxes are primarily controlled by the radiative environment. The lower sink
capacity of the DI potato crop and the carbon source activity from the RF, are consequences of a smaller area
for water and carbon exchange due to the smaller canopy, and a low IWUE from decoupled and
desynchronized carbon and water exchange caused by unbalanced restrictions on ET and GPP fluxes.
Specifically, at DI potato, ET remained at a high rate, while GPP was reduced by means of non-stomatal
limitations. In the rainfed potato, vapor pressure deficit (VPD) played a significant role increasing midday
canopy resistance (Rc) up to 13 times compared to irrigated sites, when VPD was around 0.8 kPa. In
consequence, ET and GPP fluxes decreased together, but GPP decreased more than ET because of stomatal and
non-stomatal limitations.

Keywords: NEE; IWUE; ET-GPP coupling; omega; potato

1. Introduction

Efforts to achieve carbon neutrality and promote low-carbon development require climate-smart
agriculture where crops cope with climate change impacts and emit relatively low greenhouse gases
(Jennings et al., 2020; Lipper et al., 2014; X. Liu et al., 2021) such as carbon dioxide (CO:) (Bouzalakos
and Mercedes, 2010; Guo et al., 2017). Vegetation plays a key role to achieve carbon neutrality through
photosynthetic CO: sequestration (Guo et al., 2017; X. Liu et al., 2021), therefore, is quite essential to
understand how agroecosystems can act as carbon sinks and reduce the carbon flux from land into
the atmosphere (Wood, 2021). Potatoes have comparatively low agricultural emissions compared to
other crops (Clune et al., 2017; Haile-Mariam et al., 2008; Jennings et al., 2020; Nemecek et al., 2012),
and one of the lowest average global warming potentials (Clune et al., 2017; Jennings et al., 2020).
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However, though potato is an important crop for food security, and for worldwide carbon and GHG
balances (CIP, 2022; Devaux et al., 2014), little is known about its carbon sequestration potential which
could be very diverse due to differences in crop management practices, especially in water
management.

The net ecosystem carbon exchange (NEE), calculated as the difference between Reco and GPP,
reflects the amount of CO: captured or emitted by vegetation (X. Liu et al., 2021), and provides a
means of identifying and monitoring carbon sinks (Fei et al., 2017, Wood, 2021). Nonetheless, the
COg, captured by vegetation through photosynthesis, is inherently associated with a water loss that
regulates the mass-energy exchanges (Field et al., 1995; Tang et al., 2015). Plants tend to optimize the
increase in carbon gain (increase GPP) while minimizing water losses (ET) (Katul et al., 2010a, 2009),
resulting in a negative net ecosystem exchange (NEE) and a net gain of CO:2 for the ecosystem (Diaz
et al., 2022; Scott et al., 2006a). Under drought conditions, water to support GPP is limited and the
rate of carbon uptake decreases (Ciais et al., 2005; Law et al., 2000; Pereira et al., 2007; Reichstein et
al.,, 2002; Schwalm et al., 2010; Zhou et al., 2013). As a result, NEE varies from uptake to emission
(Ciais et al., 2005; Jongen et al.,, 2011), and the potential of crops to act as carbon sinks could be
reduced (Jongen et al., 2011).

Water and carbon fluxes are tightly coupled systems (Brunsell and Wilson, 2013; Diaz et al., 2022;
Gentine et al., 2019; van Dijke et al., 2020a), which tend to be synchronized since they share common
environmental controls, and the stomatal path of water vapor and CO: exchange during
photosynthesis (Gentine et al., 2019; Krich et al., 2022; Leuning, 1995; Lin et al., 2015; Lombardozzi et
al., 2012). This essential tradeoff of water (ET) for carbon (GPP) (Diaz et al., 2022; Law et al., 2002),
and their coupled relationship, could be quantified through water use efficiency (WUE), which
connects water and carbon fluxes together and is a key indicator of ecosystem CO:-water coupling
(Ali etal., 2017; Gentine et al., 2019; Hu et al., 2008; Keenan et al., 2013a; Li et al., 2022; Niu et al., 2011;
Tang et al., 2015). However, though the WUE concept provides useful information to optimize water
and carbon management in crop production (Keenan et al., 2013b; Oo et al., 2023; Xie et al., 2016) the
influence of vapor pressure deficit (VPD) on canopy conductance (Monteith, 1986; Wagle et al., 2016)
could lead to misinterpretation of carbon uptake and water loss responses to environment (Wagle et
al., 2016). Many studies have indicated that WUE is strongly dependent on VPD at daily or hourly
time scales (Abbate et al., n.d.; Beer et al., 2009; Herbst et al., 2002; Hu et al., 2008; Linderson et al.,
2012; Morén et al.,, 2001; Tang et al., 2006; Zhou et al., 2015, 2014), and so the alternative concept
Inherent Water Use Efficiency (IWUE) was suggested to include the effects of vapor pressure deficit
(VPD) on the photosynthesis-transpiration relationship via stomatal conductance (Beer et al., 2009;
Bierhuizen and Slatyer, 1965; Launiainen et al., 2011; Zhou et al., 2015, 2014). This approach is an
analogy of the leaf level intrinsic water-use efficiency (iWUE), defined as the ratio of the fluxes of net
photosynthesis and conductance for water vapor (Beer et al., 2009; Li et al., 2017).

At the ecosystem level, IWUE = (GPP x VPD)/ET, and it can be determined by means of carbon
GPP and water ET measurements from the eddy covariance technique, since carbon assimilation is
proportional to GPP, and VPDJE is a proxy for canopy conductance (Beer et al., 2009). From IWUE,
the stronger linear relationship between GPP*VPD and ET (Beer et al. (2009), has been widely used
to comparing diurnal cycles of carbon and water (Nelson et al., 2018a) and to explore carbon and
water coupling interactions (Battipaglia et al., 2013a; Grossiord et al., 2014; Leonardi et al., 2012;
Loader et al., 2011; Zhou et al., 2014). The IWUE represents the intrinsic link between carbon and
water fluxes through stomatal conductance, however the extent of the surface control by stomata,
will depend on the degree of decoupling [omega coefficient, (Jarvis and Mcnaughton, 1986)] between
the plant canopy and the atmosphere (Steduto and Hsiao, 1998), which in turn, is controlled by VPD
and soil water availability. In this sense, accounting for the effect of VPD results in a physiologically
more meaningful approach for studying carbon-water interactions.

Photosynthesis and transpiration are closely related that knowledge and assumptions about one
are required to understand the other (Nelson et al., 2018a). However, the interrelationship between
carbon and water cycles in potatoes crops is not completely understood. To the best of our
knowledge, there have been no water-carbon coupled studies that provide information to understand
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how water availability modulates the carbon sink or source behavior of potatoes. Specifically,
research has not explored the mechanism and interactions of carbon and water coupling and its
relation to the NEE. The available studies about sink capacity have been carried out for “European”
potato (S. tuberosum Chilotanum Group), addressing the effect of climate and management on carbon
fluxes (NEE, GPP, Rewo) independently of water vapor flux (ET) (Aubinet et al., 2009; Buysse et al.,
2017; Meshalkina et al., 2017, 2018; Moors et al., 2010). Likewise, only one study has reported a
relatively high carbon sink capability of irrigated potato fields compared to other rainfed crop sites
(Chi et al., 2016).

Around half of the global potato harvest comes from developing countries (Birch et al., 2012;
Hill et al., 2021a; Mackay, 2009), where the “Andean” potatoes, S. tuberosum Andigenum Group
(Ghislain et al., 2009; Raker and Spooner, 2002) are a primary source of income and the most crucial
staple food (Hill et al., 2021a; Mosquera Vasquez et al., 2017). Andean potatoes are cultivated under
short days of the tropical highlands in both industrial irrigated fields and rainfed systems customary
among small-holders’ farmers. We hypothesize that, under well-watered conditions, a tight coupling
between GPP and ET fluxes is due to Photosynthetic Photon Flux Density (PPFD)-drive high
photosynthesis and evapotranspiration rates, generating the highest INUE and therefore a larger
diurnal sink activity (NEE more negative). In rainfed systems, severe drought episodes could affect
the carbon sink capability of potatoes via decoupling between carbon and water fluxes and
asynchronous response of GPP and ET. In this paper, we studied the close link between carbon and
water fluxes to understand the response of NEE and its components GPP and Reo to water
availability. We used carbon and water flux measurements from two industrial production systems
and one small-scale rainfed systems to develop the following objectives: (a) quantify magnitudes of
net ecosystem CO: exchange (NEE) and its components (gross primary production, GPP, and
ecosystem respiration, Rew) in irrigated and rainfed potato crops, (b) study the impact of water deficit
periods on carbon and water vapor fluxes and explore the role of leaf area in controlling these fluxes,
and (c) study and quantify ET-GPP coupling and inherent water use efficiency IWUE in irrigated and
rainfed potato crops.

2. Methods

2.1. Site Description

The study area is in a fluvio-lacustrine plain landscape originated from the silting of an old lake
that occupied different tectonic depressions formed in the process of lifting the eastern mountain
range. The soils have the influence of volcanic ash from the volcanic bodies of the central mountain
range and correspond predominantly to Andisol, Inceptisol and Vertisol orders (Service-USDA,
2014). The soils of the terrace relief generally have a depth greater than one meter, however, in the
decaying marshes and valleys reliefs, the shallow soils are limited by the water table. The deficit
irrigated (DI) cycle was carried out in a 9.5-hectare commercial lot under rain gun sprinkler system
and located in the Municipality of Facatativ4, Cundinamarca, Colombia (4.80371, -74.28883, ~2573 m
above sea level). Irrigation was only scheduled during periods when crop development is normally
more sensitive to water stress; vegetative growth and tuberization stages. In the Municipality of
Subachoque, Cundinamarca, Colombia (4.888668, -74.18668 ~ 2609 m above sea level), the full
irrigated (FI) cycle was performed in a 3.11 hectare commercial lot under a fixed-sprinkler irrigation
system. The decision to irrigate the crop was made after identifying soil water deficit using a water
balance calculated according to FAO-56 and monitoring the soil tensiometers installed inside crop.
The rainfed (RF) cycle was carried out in a 6-hectare lot located in the municipality of Tenjo,
Cundinamarca, Colombia (4.87033, -74.1294, ~2572 m above sea level). In all study sites, a flat
landscape where the soils have an isomesic texture and the parent material are medium-sized
deposits and volcanic ash, and the apparent density is less than 1 g cm?®. The average annual
temperature of 12 to 14 °C and an annual supply of rainfall between 500 to 1000 mm distributed in a
bimodal way predominate. The June - August and December - February periods are the ones with
the lowest rainfall (Martinez-Maldonado et al., 2021a).
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2.2. Meteorological and Eddy Covariance Measurements

Using an eddy covariance station, net carbon exchange and weather variables inside the
experimental fields were continuously recorded. In the DI site, the station was installed on March 19,
2020; in the RF site on August 13, 2020; and in the FI site on February 03, 2021. Measurements
presented in this study extend from March 19, 2020, until July 30, 2020, at DI site, August 11 until
December 11, 2020, at RF site and from February 02 until June 07 in FI site. The configuration of the
eddy covariance EC micrometeorological station used at each evaluation site consisted of main and
complementary sensors. The main sensor, the IRGASON, is a system integrated by an open-path gas
analyzer (EC 150, Campbell Scientific, Inc., Logan, Utah, USA) and a 3D sonic anemometer (CSAT3A,
Campbell Scientific, Inc., Logan, Utah, USA) both operated by a separated electronic module (EC100,
Campbell Scientific, Inc., Logan, Utah, USA). EC tower and additional sensor configuration are
described by Martinez-Maldonado et al. (2021).

2.3. NEE Partitioning between Gross Primary Productivity GPP and Ecosystem Respiration Reco

The exponential Mitscherlich light-response function, was used to partition diurnal NEE (solar
global radiation >1 W m?) into ecosystem respiration (Rec) and GPP (Falge et al., 2001; Tagesson et
al., 2015):

—$*linc
NEE = —(Agmax + Ra) * (1 - exp(Agmax+Rd)> + R, (1)

where Agmax is the light saturated CO:z uptake [pmol (CO2) m2 s-1]; Ra is respiration [pmol (CO2) m2 s~
1] and ¢ is the quantum yield [pmol (CO2) pmol (photon) 1], and Iinc is the incident PPFD [pimol (photon)
m2 s]. Calculations, data post-processing, quality control, gap-filling, energy balance closure,
uncertainty, statistical analysis methods and balance closure are described in Martinez-Maldonado
et al. (2021a).

2.4. ET-GPP Coupling Analysis

2.4.1. Inherent Water Use Efficiency

The IWUE was determined to both, daily and half hour temporal scales following the theoretical
approach proposed by Beer et al. (2009) which is based on the intrinsic water-use efficiency (iWUE)
concept, defined as the ratio of the fluxes of net photosynthesis and conductance for water vapor
(Leonardi et al., 2012):

A _ ger(bo) _ Ac )
9H,0v 1.6%gc 1.6

where 1.6 is the molar diffusivity ratio of CO: - H20 (i.e., gH20 = gCO: *1.6, lighter H20 molecules
diffuse more rapidly than does CO2) “1.6*g.” is the stomatal conductance for water vapor (Gentilesca
et al, 2021). Approximating at the ecosystem level, the vapor pressure difference Av is
atmospheric VPD, leaf level carbon assimilation A is GPP from eddy covariance observations and
In,0v i g’ thatis solved as:

IWUE =

, ET

9 = 1.6xVPD (3)

where g’ is the conductance at the ecosystem level proposed by Beer et al. (2009). The usage of marker
" indicates that variables are analyzed at ecosystem level. The inherent water use efficiency IWUE)
was then represented by:

GPP "«(Ac’ Ac! GPP GPP+DPV
IWUE = 2P = 0-(8c) _ A’ _ _ GpPr 4)
g’ 1.6xg' 1.6 1.6% [ ET

ET ] -
1.6xVPD
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2.4.2. Diurnal and Daily ET-GPP Coupling and Synchrony

From Equation (6), there is a linear relationship between GPP and ET, adjusted by VPD. To
quantify the degree of carbon-water coupling for an individual day, the linear correlation coefficient
ET vs GPP*VPD was computed using the half-hourly data (Aguilos et al., 2021; Nelson et al., 2018a;
Zhou et al., 2014). The correlation coefficients were determined on both, the daily scale during all
crop growth for each site, and the average half-hour for each growth stage “vegetative”,
“tuberization” and “tuber bulking” for each site. When correlation values are close to unity (r > 0.85),
the two signals tend to be well coupled and synchronized. In contrast, low correlation values indicate
carbon-water decoupling and a poor synchronization of the two fluxes (Nelson et al., 2018a).

2.4.3. Coupling between the Plant Canopy and the Atmosphere

The extent to which stomatal and canopy conductance may control water vapor and CO:
exchange was determined through the decoupling factor omega (Q) calculated at daily scale using
the expression of Jarvis & Mcnaughton (1986):

Q= )

-

2Rc
1+ (—(%+2)> *Ra
where Ra is the aerodynamic resistance of the canopy, Rc is the canopy stomatal
resistance to vapor diffusion, and Y is the psychrometric constant. The Rc was
calculated to both daily and half hour temporal scales by using:

__ pxcp*VPD A, )
Re=2F"2 4 (2p—1)+Ra 6)
where p is the mean air density, cp is the specific heat for air, Y is the psychrometric
constant, A is the slope of the saturation vapor pressure-temperature curve
calculated at the air temperature T, f§ is the Bowen ratio and Ra is the aerodynamic
resistance. Finally, ra was calculated to both, daily and half hour temporal scales by:
Y4
u* K?

where k is the von Karman constant, u* is the friction velocity (m-s™), z is the measurement height
and zov is the surface roughness (20.01h) for water vapor.

ra =

2.5. Biological Measurements and Growth Analysis

From planting and during crop growth, sampling of plants with sequential harvesting was
performed. Every 11 or 12 days, ten plants were randomly uprooted for growth analysis after 35, 41,
48,57, 63, 69, 78, 84, 97, 104, 112, 124, 133, and 147 days post planting (DPP) at DI site; after 25, 37, 47,
54, 65,75, 85, 98, 105, and 116 DPP at RF site and 33, 46, 57, 70, 80, 96, 110, 122, 135 and 152 DPP, at FI
site. The plants were partitioned into four components: green leaves (lamina and petiole), roots,
stems, and tubers. The total leaf area and fresh weight of each sample were measured. Plant material
was then placed in paper bags and dried in a forced-air drying oven to constant weight at 70 °C. Dry
weight data for leaves, roots, stems, and tubers were fitted to nonlinear functions.

Growth and morphological parameters such as specific leaf area (SLA) and leaf area index (LAI)
were calculated as outlined by (Hunt, 1990).

LAl == (8)
P

where LA is total leaf area per plant, and P is unit of land area. The SLA measure the density or

relative thinness of leaves, which relates the leaves' areas with their dry weight (Hunt, 1990):

)

SLA )
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where LW is total leaf dry weight per plant.
3. Results

3.1. Meteorological Conditions

The average of daily mean PPFD was significantly higher (p < 0.05) in the FI site (724.5
216.7 pmol photons m= s?) compared to DI (382.45 + 288.86 umol photons m=2 s') and
rainfed (567.9 + 230.7 pmol photons m=2 s?). The average daily maximum vapor pressure
deficit (VPD) was higher in the RF site (0.80 KPa + 0.24) compared to FI (0.73 KPa * 0.25) and
DI(0.59 KPa + 0.16), while the average daily mean VPD was lower at the DI site (0.29 KPa +
0.09) compared to FI (0.38 KPa + 0.12) and RF (0.40 KPa + 0.16) sites. The accumulated
rainfall for the RF site was 229 mm, with a non-uniform time distribution, including events
of consecutive dry days followed by high rainfall events, observed by the end of the crop
cycle, reaching 98 mm in one week (101 to 107 DPP). The accumulated rainfall for the FI (306
mm) and DI (293 mm) sites were higher and more uniformly distributed, however, at FI site,
a drier lapse occurred, from 50-90 days. At the DI site, accumulated rainfall was 306 mm.
Low water availability in RF site (SWC < WP) was around 71% of total crop growth days,
however, an increase of SWC occurs after 100 days because of higher rain. At the DI site,
SWC was closer to the WP level than FC, and was < WP around 40% mainly during initial
crop growth days (20 -50 DPP) (Figure 1).
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Figure 1. Meteorological measurements for potato crop systems grown under different water
management regimes [(a,d,g,j) full irrigation (FI); (b,ehk) deficit irrigation (DI); (¢ fil) rainfed
conditions (RF)]. (a,b,c) photosynthetic active radiation, pmol photons m=2 s (PPFD); (d,e,f) air vapor
pressure deficit, kPa (VPD); (g/h,i) rainfall and irrigation times (black dots), mm; (j,kl) soil water
content, cm® cm= (SWC), measured at 0-20 cm depth is shown as daily mean values.

3.2. Carbon Fluxes of NEE, GPP, and Reco

In the FI site, GPP was the dominant process over the different growth stages, while Reco values
were lower and had stable values near 5 g C m2d-'. Daily GPP and Rec peaked at 13.53 g C m2 d!
and 8.1 g C m2 d-, respectively, in the tuberization growth stage. NEE values were positive during
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the first days of the vegetative period, because of the scarce plant cover (GPP close to zero), and
during chemical haulm (137 DPP). The NEE negative values decreased rapidly due to the progressive
increase of GPP, starting in the vegetative stage when crop emergence occurred, and reaching the
most negative values during the tuberization growth stage. As a result, the sink function was strong
during the tuberization growth stage, with a daily NEE peak of - 8.35 g C m2 d-'. At DI site, GPP was
slightly higher than Rec throughout the growth stages. Compared to the FI site, the GPP values were
lower and Rewo, higher. They peaked at 10.34 g C m?2 d'and 9.86 g C m? d-, respectively, in the
tuberization growth stage. Again, NEE fluxes increased as a result of the progressive increase of GPP,
however, since the SWC was below the WP level about 41% of the growth cycle, the sink function
was weaker than the FI site, with NEE daily peak of - 4.02 g C m d". In the RF site, the water deficit
extended to the vegetative growth and transition phases, during 70% of the cycle. In consequence,
Reco dominated the NEE, resulting in a strong daily release of carbon (positive values) during the
initial stage of growth. In the tuber stage and most of the tuber bulking, GPP and Rew had similar
values and NEE remained at values close to zero until day 120 DPP, where emissions were related to
chemical dehaulming (Figure 2).


https://doi.org/10.20944/preprints202301.0437.v1

Preprints (www.preprints.org) |

NOT PEER-REVIEWED | Posted: 25 January 2023

doi:10.20944/preprints202301.0437.v1

S0 100 110 120 130 140 150160170 180

—a— Flaoo
—a— GO
10 1 —»— NEE
Faa
g
=l
=
E gl ____,
[
2
54 Veazatative
Tuberizabon
Tuber Bullrine
. . =
0 10 20 30 40 50 60 T 30
15 1
—a— Raco
—a— GEF
01 e NEE
=5
&5
o
E E A
L]
on
u_i Vagetative
Tobenzmtion
Tuber Bullcins
-].E —t 1 ' ' T
10 20 30 40 30 60 70 30
15
_f'_‘\.
I:?-“'
r«;
=
3 Vezetative
Toberization
Tober Bullang
10— i

¢ 1 20 30 40 30 60

10 120 130 140 150 160 170

80 1001

70 80 S0 100 110 I20 130 140
DPP

Figure 2. Daily gross primary productivity (GPP), Ecosystem respiration (Rec), and net carbon
ecosystem exchange (NEE) during different potato growth stages (vegetative, tuberization, tuber
bulking) in three different water regimes (a) full irrigation (FI), (b) deficit irrigation (DI), and (c)
Rainfed (RF) conditions.

The differences in the carbon budgets between FI, DI, and RF can be observed in the accumulated
NEE, GPP, and Rew (Figure 3). During the initial stages of growth positive values of accumulated NEE
were observed in the three measurement sites. However, at the end of the vegetative stage, the FI site
was a slight sink of CO2with a cumulative NEE of -26 + 3.47 g C m= while DI and RF sites were
COx2 sources to the atmosphere (16.91 + 2.14 g C m=2 and 143 + 5.65 g C m?, respectively). From the
beginning of the tuberization phase, the FI and DI sites were carbon sinks. Nonetheless, the net carbon
accumulation at the FI site was greater by -302 g C m2 compared to DI during the tuberization until
the end of the tuber bulking stage. The RF site was a COzsource to the atmosphere during all growth
stages because of its cumulative NEE of 175 + 3.84 g C m at the end of tuber bulking. The effect of
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chemical haulm is observed as a change in the evolution of the accumulated NEE curve, the daily
positive values limit the final balance making it less negative, which is quite evident in the DI site. At
the end of the cycle, including haulming emissions, the cumulative NEE at FI, DI and RF was -311.96
+12.82,-17.3 +4.6 and 187.21 + 3.84 g C m?, respectively.

The cumulative GPP was 1087.56 +31 g C m2, 838.69 + 24 g C m and 250.70 + 7.8 g C m for FI,
DI and REF, respectively, and the Reco sums were 775.6 + 19 g C m=2, 821.39 + 20 g C m2 and 437.92 +
11 g C m=2 In the FI site, differences in the accumulated values of GPP and Rec begin from the
vegetative phase; the GPP values are substantially higher until the end of the evaluation period
showing a sigmoidal behavior. Compared to Reco, the cumulative GPP at DI was slightly higher from
the 90 ddp in the tuberization growth stage, but it became lower while under chemical haulm
practice. In the RF site, the accumulated Reco was higher than GPP during all growth stages (Figure

3).
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Figure 3. Cumulative gross primary productivity (GPP), Ecosystem respiration (Re), and Net Carbon
Ecosystem Exchange (NEE) during different potato growth stages (vegetative, tuberization, tuber
bulking) in three different water regimes (a) full irrigation (FI), (b) deficit irrigation (DI), and (c)
Rainfed (RF). Values inside figures correspond to NEE reached at the end of cycle (165 DPP, 152 DPP
and 132 DPP for FI, DI and RF, respectively).

3.3. Crop Development, Surface Resistance and Carbon - Water Fluxes

In the FI site, the higher LAI (max LAI = 4.3 at 82 DPP) and the decrease of the SLA during the
vegetative stage (specifically during accelerated growth, 30 — 50 DPP), imply a greater canopy
expansion and a greater assignment of biomass for thicker leaves. At the DI site, the maximum LAI
(3.15 at 92 DPP) was similar to that observed at the RF site (3.14 at 78 DPP). For both sites, after
reaching max LA, a strong drop in LAI was observed compared to FI site. The increasing behavior
of the SLA during the vegetative growth in the RF site and tuberization in the DI site indicates that
the canopy had less thick leaves compared to FI (Figure 4).

An average of 80 + 14.6% of the net radiation was partitioned to latent heat flux, and its variation
was associated with LAI evolution at the FI site. The highest percentage of energy destined for latent
heat flux (average of 85.3 + 16.3%) was observed during the tuberization stage when canopy reached
the maximum LAIL In the tuber bulking, the expressive reduction in the latent heat partitioning
follows the course of LAI during leaves senescence (Figure 4a). At the DI site, the energy distribution
for LE does not clearly follow the LAI variation and was slightly lower (mean 74 + 8.89%) compared
to FI. During the tuberization stage, at maximum LAI, a slightly lower allocation to latent heat from
Rn (76.6 + 8%) was also observed (Figure 4b). At the RF site, the Rn distribution for LE during the
growth cycle averaged 52 +16.19%. Likewise, at maximum LAI, the LE allocation only reached 47.3 +
15.8%, being unclear the association between the energy consumption by the latent heat and the
variation of LAI (Figure 4c).

The GPP/Reco relationship allows determining what fraction of the assimilation (GPP) is
consumed by the plant or by the heterotrophic activity from soil. Values below 1 take place when the
system behaves as a source of CO2 and there is a predominance of heterotrophic respiration. When
GPP/ Reco > 1, the GPP is greater than Reo and the system is storing carbon. At the FI site, Reco was
equal to or greater than GPP (GPP/Rew ratio < 1) during the initial crop growth (0 — 38 DPP, low crop
cover) and at the end of tuber bulking. From 39 DPP, the GPP/Re ratio was greater than 1, and their
values increased following the LAI pattern until reaching values around 2 Maximum GPP/Reco
values (between 2.6 and 2.8), were reached during the maximum LAI in the tuberization stage. At the
DI site, GPP/Rec ratio behaves like the FI site. GPP/Reco ratio was less than one, during the initial
phases (0 — 50 DPP) and at the end of tuber filling GPP/Re < 1. However, during tuberization and
tuber bulking, the GPP/Reco ratio ranged from 1 to 1.5. In the RF site, during most of the cycle, the
GPP/Reco ratio was below 1, and only in the tuberization growth stage the GPP/Reco was > 1 (Figure
4).
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Figure 4. Daily latent heat partitioning (LE/Rn), GPP/Reworatio, leaf area index (LAI) and specific leaf
area, during different potato growth stages (vegetative, tuberization, tuber bulking) in three different
water regimes (a) full irrigation (FI), (b) deficit irrigation (DI), and (c) Rainfed (RF) conditions. Dotted
perpendicular line indicates maximum LAIL

The diurnal pattern of canopy resistance (Rc) was quite different from that of aerodynamic
resistance (Ra). In the FI site, Rc ranged from 17.01 to 75.06 s m-!, with an average of 38.27 (+ 12.63) s
m~' during the entire growth period. Minimum and maximum Ra were 44.15 s m~! and 146.04 s m™,
respectively, with an average of 90.2 (+ 23.13) s m~! (Figure 5a) The diurnal patterns of Rc and Ra at
DI were similar to those in the FI site, varying from 11.15 to 80.42 s m~! and from 37.32 to 112.38 s
m-!, respectively and with averages of 32.67 (+ 14.86) s m~! and 74.22 (+ 18.11) s m"!, respectively
(Figure 5b). However, in the RF site, Rc values strongly increased, and its daily variation was much
higher than FI and DI sites, ranging from around 10.36 to 133 s m~', with an average of 56.07 (+ 28.75)
s m. The daily values and variation of Ra are lower than the other sites, ranging from 36.5 to 114 s
m-!, with an average of 64.52 (+ 14.66) s m™. Furthermore, it can be observed that in the RF site Rc was
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generally higher than Ra reaching values over 100 s m during both, vegetative and tuberization
stages (Figure 5c).

The total ET was 297.69 mm for the FI site, 265.05 mm for DI, and 191.38 mm for the RF site. The
average daily ET was lower (1.5 mm day) for the RF site compared with the DI (2 mm day) and FI
(1.93 mm day). At the FI site in the vegetative stage, the daily sums of ET ranged from 1.05 to 2.8
mm day'and accumulated ET was and 71 mm, but those values increased during tuberization to an
accumulated of 95 mm, and daily sums ranging from 0.97 to 3.2 mm day"'. During Tuber bulking
accumulated ET was 50.1 mm while daily ET sums ranged from 1.3 to 3 mm day. At the DI site,
daily sums of ET ranged from 1.14 to 4 mm, with an accumulated of 87 mm during vegetative growth.
The values of daily sums of ET in the tuberization stage were 1.3 to 3.4 mm day”, and the ET
accumulated was 98 mm. The lower values were measured for tuber bulking, when daily sums of ET
varied from 1.45 to 2.5 mm day", with an accumulated of 46 mm. The RF site had daily sums of ET
fluctuating from 0.89 to 3 mm, with an accumulated of 78 mm during vegetative growth. Compared
to Fl and DI, lower values of daily sums and accumulated ET were measured during the tuberization
stage; from 0.78 to 2.3 mm day, and 36 mm (almost 60 mm difference to FI and DI), respectively. At
the tuber bulking stage, although daily sums (0.6 — 3.3 mm day"') were similar to FI and DI, lower
values were found for accumulated ET (30 mm) (Figure 5).
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Figure 5. Daily crop evapotranspiration (ETc) and canopy (Rc) and aerodynamic (Ra) resistances,
during different potato growth stages (vegetative, tuberization, tuber bulking) in three different water
regimes (a) full irrigation (FI), (b) deficit irrigation (DI), and (c) Rainfed (RF) conditions.
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3.4. Diurnal ET-GPP Trends, Synchrony and INWUE

Results of the diurnal pattern of vapor pressure deficit (VPD), aerodynamic resistance (Ra),
canopy resistance (Rc), ET, and GPP fluxes for FI, DI, and RF sites are presented in Figure 6. The
highest daytime carbon and ET fluxes were observed for the FI site, mainly during the tuberization
stage (Figure 6b). The GPP showed an increasing trend throughout the day, reaching the highest
values around 10:00 — 12:00 (0.83 mg m?2 s, 1.27 mg m?2 s, 0.77 mg m2 s for vegetative, tuberization,
and tuber bulking respectively) after that, it remained constant until 14:00 and then it dropped. The
ET had a similar pattern, but peaked at midday (0.11 mm, 0.13 mm, and 0.12 mm for vegetative,
tuberization, and tuber bulking respectively) and dropped immediately after. Under FI conditions,
the highest sink activity was observed around 10:00 — 12:00, reaching min NEE values of -0.6 mg m?2
s7,-1.025 mg m? s, and -0.59 mg m2 s for vegetative, tuberization and tuber bulking respectively.
At the DI site, the diurnal patterns of ET and GPP were like FI, but they peaked earlier (around 9:00).
Compared to the FI site, daytime ET was similar, but GPP was lower mainly during tuberization (-
0.68 mg m* s1) and tuber bulking (-0.23 mg m?2 s) stages (Figure 6e,f). In consequence, the daytime
sink activity had a reduction of 34% and 61% for tuberization and tuber bulking respectively,
compared to FI NEE values. The RF site had the lowest daytime carbon and ET fluxes. ET peaked
values reached at 9:00 during vegetative and tuberization stages were 11% and 31% lower compared
to the same stages in the FI site (Figure 6g,h). However, the largest reductions were observed for GPP
and NEE fluxes, where the sink activity was reduced by 85%, 73%, and 83% during vegetative,
tuberization, and tuber bulking stages, respectively, compared to the same stages in the FI site.

At FI and DI, the VPD increases progressively from 7:00, reaching the highest values around
11:00 — 12:00; max VPD values were near 0.5 kPa, between 0.5 — 0.6 kPa, and 0.4 — 0.6 kPa, for
vegetative, tuberization and tuber bulking respectively. In the RF site, an increase of VPD during
daytime was observed, reaching maximum values around 12:30 of 0.6 kPa, 0.8 kPa, and 0.72 kPa for
vegetative, tuberization, and tuber bulking respectively.

We observed a typical theoretically expected parabolic variation in the diurnal trend of Rc and
Ra during all growth stages in both sites (Alves et al., 1998; Irmak and Mutiibwa, 2010; Lin et al., 2020;
Monteith and Unsworth, 2013; Perez et al., 2006; Rana et al., 1994). At the FI and DI sites, Rc had high
values (> 30 m s) in the early morning (5:00 — 8:00), then tend to decrease toless than 15 m s,
remaining relatively constant from 10:00 to 15:00 After this, Rc increases gradually in the afternoon.
The Ra had a diurnal pattern similar to that of Rc and almost does not change among growth stages.
However, in both FI and DI sites, values of Ra were higher than Rc, ranging from 40 to 80 m s. In
the RF site, the diurnal pattern of Rc was different, showing an increasing trend throughout the day
and higher values than FI and DI sites. From early morning, Rc increased linearly to its highest values
(45 m s, 74 m s7, 32 m s for vegetative, tuberization, and tuber bulking respectively) around 13:00
—14:00 and then dropped. From midday to noon, during the vegetative and tuberization stages, the
Ra values were less than or equal to Rc, due to the changes in the diurnal pattern of Rc and a lower
Ra (ranging from 30 to 60 m s!) under RF conditions (Figure 6).
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Figure 7, show a comparison between the daily cycles (normalized half-hourly intervals) from
sunrise to sunset. At the FI site, the relative fluxes of ET and GPP*VPD were proportional and
followed a very close, coupled and synchronized dynamic, thus generating the highest IWUE values.
Both ET and GPP*VPD reach their peaks at the same time, around noon. In the morning ET and
GPP*VPD closely track the relative changes of both VPD and PPFD. In the afternoon, both fluxes
seem to be more in sync with the normalized dynamics of PPFD than with VPD (Figure 7a—c). At the
DI site, the relative fluxes of ET and GPP*VPD are less proportional and synchronized, because the
relative flux of GPP*VPD is smaller than ET in the morning. The peaks of both fluxes occurred
simultaneously around 10-11 am and dropped earlier in the day. The GPP*VPD signal loses
synchrony with the normalized values of PPFD and its variation is more coupled with changes in
VPD. The normalized flow of ET remains highly synchronized with PPFD during morning and
afternoon (Figure 7d-f). Under RF conditions, the relative fluxes of ET and GPP*VPD were not
proportional, decoupled, and poorly synchronized. In the morning hours, the relative flux of
GPP*VPD was smaller than ET, however, in the afternoon the dynamic is reversed, and the
magnitude of ET relative flux was more restricted than GPP*VPD. The peaks of both fluxes do not
coincide since the relative flux of ET reaches its peak earlier than GPP. This time lags between these
variables and the differences in the magnitude over day results in high asynchrony and lowest IWUE,
compared to FI and DI sites. The relative flux of GPP was exactly coupled to the VPD from morning
to 14:00. On the other hand, although the relative flux of ET is highly synchronized with PPFD,
discrepancies or less synchrony between ET and PPFD are observed in the afternoon (compared to
FI and DI), mainly during vegetative growth and tuberization (Figure 7g—i).
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Figure 8 shows the correlations between GPP and ET fluxes with the climatic variables PPFD
and VPD, as well as between NEE and IWUE. In the FI site there is a high correlation between
GPP*VPD - PPFD and GPP*VPD - VPD, where more than 90% of the GPP*VPD changes are
explained by PPFD and VPD (Figure 8). In the DI and RF sites there is a broader response and
correlation between GPP*VPD - VPD (Figure 8g—i) than that observed for GPP*VPD - PPFD (Figure
8a—c). The lower correlation and determination coefficients indicate less control of PPFD over
GPP*VPD.

The ET and PPFD variables remain highly correlated (Figure 8d—f), while the ET — VPD
relationship is lower in all water management conditions (FL, DI, and RF). Compared to the FI and
DI sites, the RF site showed an increase in VPD, which results in lower values of ET. While the ET
response to PPFD is direct, the ET response to VPD depends on the effect of VPD on canopy
conductance. Therefore, a hysteresis effect occurs due to the time lags between these variables,
causing lower r and R? values. A greater hysteresis effect is observed under RF conditions, indicating
a larger delay in the ET response to changes in VPD (Figure 8-1).

In the FI site, the variables NEE and IWUE are highly linearly correlated and more than 80% of
the changes in NEE are explained by IWUE in the three growth stages. In other words, the larger
diurnal sink activity was due to the greater ET-GPP coupling represented by higher values of IWUE.
It was observed that the highest capture activity (NEE more negative) occurs in high IWUE. At the
DI site, there was a lower NEE response to INUE, mainly at tuberization and tuber bulking, where
the main sink activity (more negative NEE) occurs at lower IWUE values compared to FI. At the RF
site, we observed the lowest NEE response to IWUE, as well as the lowest r and R? at all growth stages
(Figure 8m-o). This indicates that in both DI and RF, the lower sink activity was due to the lower
ratio between ET and GPP fluxes, represented in a lower IWUE (Figure 8).
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Figure 8. Relationship between GPP*VPD and PPFD, GPP*VPD and VPD, ET and PPFD, ET and VPD,
and NEE and IWUE on a diurnal half-hourly basis, during different potato growth stages (vegetative,
tuberization, tuber bulking) in three water regimes [full irrigation (FI) deficit irrigation (DI) rainfed
conditions (RF)]. Also shown is the correlation coefficient and determination coefficient, and the linear
fit between these variables. The p values of all regressions are below the 0.1% significance level.

Logarithmic functions described well the scatter plot between daily means of half-hour GPP
versus half-hour ET (Figure 9) in all sites. The average GPP increases were 0.33, 0.21 and 0.06 mg C
m?2 s? per unit of ET mm increase in FI, DI and RF, respectively. On the other hand, the GPP — ET
relation increased logarithmically without any clear threshold at the FI site. At the DI and REF sites,
the increase of half-hourly GPP shows asymptotic values from 1 and 0.5 mg C m?2 s, respectively,
when half-hourly ET reach values around 0.1 mm and 0.05 mm respectively, indicating no increases
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of GPP that beyond those ET values. Over the whole crop growth, the individual half-hourly
GPP*VPD and ET tend to be well correlated and well coupled (r = 0.77, R2 = 0.6) at the FI site.
GPP*VPD - ET coupling was slightly lower at the DI site (r = 0.74, R? = 0.54) and the lowest for the
RF site (r = 0.53, R? = 0.28). Likewise, the instantaneous IWUE (the slopes of the linear regressions)
was greater for the FI site than DI and RF sites, being 4.7, 2.3 and 1.01 mg C kPa s kg H20, indicating
an improvement in water use under FI conditions.

The individual half-hourly NEE values were plotted against PPFD, VPD and ET in Figure 9. At
the FI site, although all the climatic variables had positive effects on NEE, the carbon sequestration
activity had a higher response to both ET and PPFD, compared to VPD. From logarithmic functions,
both variables explain around 60% of the NEE variance, and a decrease of - 0.09 and - 0.06 mg C m?2
s per unit of ET mm and PPFD mmol photons m? s'. In the DI site, NEE had a lower response to
PPFD; the average decrease of NEE was -0.04 mg C m?2 s2 per unit of PPFD mmol photons m?2 s
While in the FI site, NEE decreased until approximately 1500 mmol photons m?2 s, in the DI site,
NEE decreased linearly to 750 mmol photons m? s, and the main sink activity occurs when PPFD is
below 1000 mmol photons m? s'. Under RF conditions the response of NEE to environmental
conditions was quite reduced. Regarding PPFD, there was no decrease in NEE or sink activity beyond
300 mmol photons m=2 s'. While at the FI and DI sites, the NEE decreased with increasing VPD (until
0.8 kPa approximately) at the RF site, the NEE decreased to around VPD = 0.3 kPa and then, a
reduction in sink capacity and positive NEE values accompanied the increase in VPD. The responses
of NEE to IWUE differed among sites (Figure 8). At the FI site, the average NEE became more
negative (i.e., larger C sinks) with increasing IWUE, until the maximum carbon sequestration activity
near to IWUE = 6 mg C kPa s kg' H20. In the DI and RF sites the maximum carbon sequestration
activity was near ~2 mg C KPa s kg H20, and ~1 mg C KPa s kg H20 respectively. Beyond those
IWUE values, there was a substantial reduction in the carbon sequestration activity (Figure 9).
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Figure 9. Overall half-hourly relationship between GPP and ET, GPP*VPD and ET, NEE and IWUE,
PPFD, ET and VPD in three potato water regimes cropping systems [full irrigation (FI) deficit
irrigation (DI) rainfed conditions (RF)]. Also shown is the correlation coefficient, determination
coefficient, linear GPP*VPD and ET, and logarithmic functions. The p values of all regressions are

below the 0.1% significance level.

3.5. ET-GPP Coupling and Omega

At the Fl site, the correlation coefficients were greater than 0.85 for 78% of the 154 crop days, and
14% were between 0.75 and 0.84, indicating that in most of the individual days GPP*VPD and ET
fluxes were tightly coupled, proportional, and sync. This constant strong linear relationship among
daily GPP, ET, and VPD implies the highest INUE values found at the FI site. Average high-
correlation coefficient of 0.9, and maximum values of IWUE of 22 and 17 mg C kPa day kg' H.0
were found to concur during the tuberization and tuber bulking stages, respectively. Likewise, about
30% of the vegetative stage were slightly GPP*VPD - ET decoupled days (r ~ 0.66 — 0.84) coinciding
with low (but progressively increasing) IWUE values (Figure 10a). At the DI and RF sites, only 52%
and 41% of the respective correlation coefficients are larger than 0.85 during crop days. Likewise, the
IWUE was lower at both sites, compared to the FI site. At the DI site, the highest percentage of
uncoupled days (r ~ 0.55 — 0.84) were found during the tuberization and tuber bulking stages (48%
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and 74%, respectively). Correspondingly, the greatest changes of IWUE, with respect to FI, were
observed mainly during tuberization and tuber bulking, where the maximum values reached were
14 and 6.5 mg C kPa day! kg! H20 (Figure 10b). The largest variability in the correlation coefficient
was observed at the RF site. Around 74% of vegetative, tuberization stages correlation coefficient for
the relation GPP*VPD - ET ranging from 0.3 to 0.84, and 0.48 to 0.84, respectively. The r averages
were the lowest (r= 0.73 and 0.77 for vegetative, and tuberization, respectively) compared to the FI
site. As a result, the RF site had the lowest values of IWUE and occurred during vegetative growth
(IWUE < 5 mg C kPa day" kg H20 ) and tuberization (max IWUE = 12 mg C kPa day" kg H20)
(Figure 10c).

The degree of coupling between the plant canopy and the atmosphere grounded in omega
characterizes the extent to which canopy conductance may control water vapor and CO:exchange.
The omega values closest to one (€2 ~ 0.8 - 0.9), indicate that in both the FI site and the DI site, the net
radiation is the main contributor to the evapotranspiration process therefore, vegetation is completely
decoupled from the atmospheric conditions. In the RF site, lower omega values (Q2 ~ 0.6) were
observed mainly in the vegetative and tuber bulking stages, indicating an increase in coupling, and
a greater control of ET by vegetation in terms of surface conductance and VPD (Figure 10).
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Figure 10. Daily correlation coefficients (r) between GPP*VPD and E, omega coefficient, and IWUE
during different potato growth stages (vegetative, tuberization, tuber bulking) in three different water
regimes (a) full irrigation (FI), (b) deficit irrigation (DI), and (c) Rainfed (RF) conditions.

4. Discussion

4.1. Carbon Fluxes of NEE, GPP, and Reco

Under FI conditions, SWC was close to field capacity. Under this well-watered condition potato
crop was a carbon sink at the end of the canopy cycle ( -362.3 £ 13.15 g C m2) and after chemical
haulm treatment ( -312 + 13 g C m™). During tuberization occurs 75% of carbon sequestration (-
257.287+ 261 g C m2) which is expected, since developing tubers are the largest sinks (Oliveira et al.,
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2021; Viola et al.,, 2001) and higher carbon fluxes have been observed in this stage (Martinez-
Maldonado et al., 2021). At the DI site the carbon sink capacity was reduced by 69% and 95% at the
end of the canopy cycle (-113.43 £ 4.89 g Cm™2) and after chemical haulm treatment (-17.3 +4.61 g C
m~?) respectively, compared to the FI site. The tuberization stage lost its carbon sink potential by
almost 50% and the tuber bulking stage behaves as a CO:z source. Under the dry conditions of the RF
site the crop behaved as a net carbon source to the atmosphere during all growth stages until the end
of the canopy (+150.3 + 4 g C m2), emitting even more after the chemical haulm treatment (+187.21 +
3.8 g Cm?).

4.2. Crop Development, Surface Resistance and Carbon - Water Fluxes

Daily GPP, Rewo fluxes, and GPP/Rew ratio indicate a large GPP exceeding Reco during all crop
growth in the FI site. The observed GPP/Rec ratio > 2 suggests that autotrophic respiration dominates
the carbon fluxes, reflecting an increased physiological activity of the leaves, higher rates of
photosynthesis (GPP), and CO: sequestration (Cabral et al., 2013; Falge et al., 2002, 2001; Rana et al.,
2016). The scarce difference between GPP and Reco, and the low values of the GPP/Rec ratio at DI site
reflect a lower autotrophic activity, and low rates of photosynthesis which are found in drought-
stressed ecosystems (Falge et al., 2002). The observed GPP/Re ratio <1 in almost all growth seasons
in the RF site, confirming that the system behaved as a source of CO: and carbon fluxes were
dominated by heterotrophic respiration due to a very low photosynthetic activity and autotrophic
respiration. This means that carbon was mainly consumed by the soil respiration process and less
used for the growth and maintenance of plant biomass (Cabral et al., 2013; Falge et al., 2002, 2001;
Goulden et al., 1998; Rana et al., 2016).

Our results indicate a strong influence of growth and canopy development over the energy
partitioning and carbon fluxes (Guo et al., 2010; Jia et al., 2014; Kang et al., 2015; Shao et al., 2015; van
Dijke et al., 2020b). In the FI site, the LAI was higher than DI and REF sites. The course of the GPP/Reco
ratio was in line with the LAI pattern, as well as the increase of the Rn/LE ratio following LAI during
tuberization, reaching its highest value at max LAl and falling at almost the same rate. Several authors
have reported that LAI is one of the main causes of daily GPP, and ET variations (Gondim et al.,
2015; Jongen et al., 2011; Martinez-Maldonado et al., 2021b; Souza et al., 2012). For potato, under well-
watered conditions, we reported previously (Martinez-Maldonado et al., 2021b) a synergistic growth
of a high LAI and GPP which works as efficient feedback that guarantees canopy growth and high
carbon fluxes. Although the highest LAI could be responsible for higher GPP and ET (van Dijke et
al., 2020a), the canopy growth affecting carbon and water fluxes also depends on leaf thickness or
SLA. Leaf thickening implies longer palisade cells or a higher number of cell layers and therefore
higher transpiration efficiency, and increased capacity for area-based photosynthesis (Evans and
Poorter, 2001, Vadez et al., 2014; Weraduwage et al, 2015, Wright et al, 1994), and greater
photosynthetic rates (Gonzalez-Paleo and Ravetta, 2018; Goorman et al., 2011; Wright et al., 1994). In
the FI site, we found a decreasing behavior of the SLA during the first 60 DPP indicating that during
the initial canopy growth, there was a reallocation of biomass to thicker leaves, increasing leaf mass
more than leaf area (Weraduwage et al., 2015). Decreasing SLA may imply increasing plant demand
for C since more fixed C is required to expand the area of thick leaves than of thin leaves (Gonzalez-
Paleo and Ravetta, 2018; Jullien et al., 2009; Weraduwage et al., 2015). In the DI site, the water deficit
events during early crop growth changed the morphological characteristics of the canopy, which
impacted the course of the GPP/Rew ratio. The significant and faster drop in LAI (from 100 DPP) was
accompanied by GPP/Rew < 1, which explains tuber bulking as a weaker carbon sink. The increasing
SLA during tuberization indicates less carbon requirement for mass increase and lower area-based
for photosynthesis, which could partly explain the depression of the GPP/Re ratio between 80 and
115 DDP.

In the RF site, water deficits occurred beyond 70% of the crop growing season. Reductions in
daily GPP and low GPP/Rec ratio during all crop growth may be related to fewer carbon requirements
to canopy growth, since lowest LAI values and the increasing behavior of the SLA suggested that the
crop had a poorly expanded canopy with thin leaves during all growth stages (Gonzalez-Paleo and
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Ravetta, 2018; Jullien et al., 2009; Weraduwage et al., 2015; Wright et al., 1994). In potato, water deficit
causes a reduction in the expansion of leaves, leading to reduced foliage, reduced canopy, and
reduced leaf area index (George et al., 2017; Gervais et al., 2021a, 2021b; Hill et al., 2021b; Howlader
& Hoque, 2018; Martinez-Maldonado et al., 2021; Michel et al., 2019; Muthoni & Kabira, 2016; Nasir
& Toth, 2022a, 2022b; Obidiegwu et al., 2015; Rodriguez P. et al., 2016). Unlike FI and D], there was a
strong reduction of the LE/Rn ratio at the RF site, indicating that the water vapor flux from the canopy
had additional restrictions to those provided by changes in vegetative growth and canopy
morphology.

Water and carbon fluxes in plants are linked by stomata (Brunsell and Wilson, 2013; Diaz et al.,
2022; Gonzalez-Paleo and Ravetta, 2018; Huxman et al., 2004; Scott et al., 2006b; van Dijke et al., 2020a)
which is characterized by the canopy resistance (Ra) and represents the bulk resistance to water vapor
or mass transfer from leaves (Amer and Hatfield, 2004; Wehr and Saleska, 2021). In our results, at the
FI site, higher values of daily ET occurred in lower Rc during all crop growth stages. This expected
low canopy resistance under well-watered conditions has been reported by other researchers (Aires
et al., 2008; Kumagai et al., 2008; Paulino Junior and Silva von Randow, 2017; Souza et al., 2012).
Unlike with Lopez-Olivari et al. (2022), we observed a larger aerodynamic resistance (generally
higher than Rc) indicating more importance of Ra in total resistance to water vapor transport.
Regarding diurnal patterns, the tendency of the estimated half-hourly Rc had a similar magnitude,
along the growth stages. Averaged midday Rc values around 15 s m™ were similar to those reported
for potato by Amer & Hatfield (2004) and Lopez-Olivari et al. (2022) and lower than values reported
by Kjelgaard & Stockle (2001) (midday Rc values close equal to 40 s m™). As seen for daily data,
diurnal aerodynamic resistance generally was higher than canopy resistance. This large Ra impedes
heat transfer as well as water vapor transfer and, therefore, supports the greater evapotranspiration
flux (Smith, 1980) observed at the FI site. The highest diurnal ET and GPP fluxes evidenced an intense
exchange of carbon and water and consequently a high sink activity (more negative NEE) mainly
during tuberization and tuber bulking stages between 07:00 am and noon when the lowest Rc
occurred.

At the DI site, Rc and Ra were similar to those found in the FI site. Despite water deficit events,
Ra>Rc indicating that ET remains controlled by Ra and less by Rc and water content in the soil
(Sutherlin et al., 2019a). Consequently, canopy was less capable to reduce evapotranspiration and
avoid water losses (Spinelli et al., 2018a; Fereres and Soriano, 2007; Spinelli et al., 2018b), and ET
continues at a high rate while there was a high restriction in the GPP and NEE fluxes. Such decrease
in GPP in a low canopy resistance for surface fluxes may have been explained by intra-leaf factors or
non-stomatal limitations of photosynthesis (NSL), that could decline the photosynthetic activity
during drought (de La Motte et al., 2020; Nadal-Sala et al., 2021; Nelson et al., 2018b; Obidiegwu et
al., 2015; Xu and Baldocchi, 2004; Yang et al., 2019). NSL has been observed at the ecosystem scale
(Jarvis, 1985; Migliavacca et al., 2009; Reichstein et al., 2002) and could include environmental
limitations on the photosynthetic pathways (Nelson et al., 2018b), increased mesophyll resistance (de
La Motte et al., 2020; Evans, 2021; Flexas et al., 2012), drought-related enzymatic down-regulation
(Flexas et al., 2013, 2004; Flexas and Medrano, 2002; Galmés et al., 2007; Niinemets et al., 2006; Sugiura
et al., 2020; Varone et al., 2012), less total leaf mass, and/or decreasing carbon demand (Fatichi et al.,
2014; Nadal-Sala et al., 2021). In our results, the radiation deficit, and the poorly developed canopy,
with less photosynthetic activity and lower autotrophic respiration, constitute the NSL which in turn
decreased the GPP.

At FI and DI sites, the diurnal VPD < 0.6 kPa had no effect on canopy resistance because of the
irrigated conditions. At the RF site, the VPD > 0.6 kPa indicates that the potato canopy experienced a
larger saturation deficit and, as soon as VPD increased, Ra decreased, and Rc increased as the day
progressed. The increase of midday Rc was up to 13 times larger than Rc at the FI site when the VPD
increased around 0.8 kPa, revealing that under drought conditions, the plants increased the canopy
resistance in response to high VPD (Aires et al., 2008; ] D N Alves et al., 2022; Silva et al., 2017;
Sutherlin et al., 2019b). Diurnal ET and GPP fluxes were highly restricted in all growth stages
suggesting that in potatoes VPD could play a strong role in controlling GPP and ET by means of Rc
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(Aires et al., 2008). Furthermore, the lower values of ET occurring at higher Rc could be related to the
lower partition of energy into LE in the RF site, since the surface energy partitioning into sensible and
latent heat depends on surface resistance (Baldocchi et al., 2000; Chen et al., 2009; Kang et al., 2015;
Li et al.,, 2005) and a low LE is necessarily associated to high Rc (Spinelli et al., 2018b). According to
Teixeira et al. (2008) VPD exerts negative physiological feedback on ET; while high VPD values
increased the gradient of water vapor transport, decreasing LE, at the same time it created an extra
barrier on the vapor flow path by closing the stomata, increasing Rc. It should be noted that with the
increase of the Rc diurnal GPP was more severely restricted than diurnal ET. This phenomenon,
reported by other authors (de La Motte et al., 2020; Nelson et al., 2018b; Spinelli et al., 2018b, 2016;
Yang et al., 2019) is explained because while ET is mainly limited by the available energy and
secondarily by canopy resistance to vapor transfer, carbon assimilation is primarily limited by canopy
resistance, mesophyll conductance, and the rate at which chloroplasts fix carbon (Spinelli et al.,
2018b, 2016; Steduto and Hsiao, 1998). On the other hand, the additional non-stomatal limitations of
photosynthesis (NSL) under high soil water restriction play a major role in limiting GPP.

4.3. Environmental Controls on ET-GPP Synchrony and NEE-IWUE Relations

At the well-watered conditions of the FI site, the diurnal cycles of ET and GPP were proportional
and largely synchronized, which is consistent with other studies (Aguilos et al., 2021; Beer et al., 2009;
Nelson et al., 2018b). The higher coupling indicates that the amount of carbon that enters the canopy
is proportional to water that leaves, and at noon, when the stomata begin to close, carbon and water
fluxes decrease by a similar percentage (Gentine et al., 2019; Mallick et al., 2016; Nelson et al., 2018b;
van Dijke et al., 2020a). Environmental factors, solar radiation, and vapor pressure deficit (VPD) were
highly synchrony and correlated with ET and GPP, suggesting that were important drivers in the
short-term diurnal variation of carbon and water fluxes. According to (Grossiord et al., 2014), during
periods of optimum soil water supply and non-limiting low VPD, stomata are fully open, and ET
increases linearly with VPD. However, in well-watered conditions light is the main driver for
photosynthesis and transpiration (Eamus et al., 2016a, 2016b; S. Liu et al., 2021; X. Liu et al., 2021)
since carbon and water exchange increase as more light is intercepted by the canopy (Arkebauer et
al., 2009; Samanta et al., 2020; Wilson et al., 2001). The Ra >Rc condition (at daily and average half-
hourly scales) observed at FI site, indicates that evapotranspiration is more strongly controlled by Ra
and incoming radiation (Alves et al., 2022b; Irmak & Mutiibwa, 2010; Jarvis, 1985; Jarvis &
Mcnaughton, 1986b; Magnani et al., 1998; McNaughton & Jarvis, 1991; Nassif et al., 2019; Spinelli et
al., 2016, 2018b). Likewise, we previously demonstrated that GPP had a large response to PPFD due
to the high carbon flux at light saturation (95% of asymptote) (Martinez-Maldonado, et al., 2021).

At the DI site, The ET and GPP fluxes become uncoupled, losing synchronization and
proportionality mainly in the morning, due to the magnitude of the relative GPP flux being smaller
and less synchronized, and correlated with the incoming PPFD. The maximum peaks reached earlier,
indicate that the time for intense transpiration activity and water-carbon exchange in the early
morning was restricted (almost 2 hours), which constrains the sink activity and IWUE. In this less ET
- GPP coupling, stomata are transpiring water but intra-leaf factors and other non-stomatal
limitations to photosynthesis are slowing carbon fixation, changing the inherent water use efficiency
directly (Beer et al., 2009; Nelson et al., 2018b).

The largest discrepancies between the diurnal relative fluxes of ET and GPP were observed at
the RF site. Fluxes were uneven with the advancement of the day, and there was a time lag between
their maximum peaks. The course of the GPP was in synchrony and correlated with VPD and
unresponsive and less correlated to PPFD, while the diurnal trend of ET was high sync and correlated
to PPFD and less sync and correlated to VPD. In our analysis, the high asynchrony and pour coupling
are due to the unbalanced constrain for ET and GPP fluxes (affecting GPP > ET) imposed by increases
in Rc (in response to higher VPD) and non-stomatal photosynthesis limitations that primarily affect
the GPP flux. Therefore, because there was a great restriction in both fluxes (ET and GPP), the INUE
values were the lowest compared to the other measurement sites. A decrease in WUE in response to
drought was also found by Migliavacca et al. (2009) and Reichstein et al. (2002).
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At the FI site, the synchrony and proportionality of half-hourly ET and GPP fluxes during the
growth stages are also reflected in the high correlation between overall half-hour GPP and ET and
GPP*VPD and ET. There is a high response of the GPP to ET where more carbon molecules were
fixed per water molecule. The carbon assimilation process continues in response to water loss, even
at the highest ET, indicating that the crop sustains photosynthetic activity in response to the highest
water vapor fluxes, which agrees with Katul et al. (2010b) hypothesis. In the DI and RF sites, the low
correlation between half-hour GPP and ET and GPP*VPD and ET indicated an overall decoupling
between carbon fluxes. In these sites, a large amount of water vapor was lost for limited CO
assimilation, lowering the water use efficiency until behaves asymptotically, meaning that the
increases in ET no longer bring additional increases in GPP. In other words, the water cost is increased
for the same carbon gain. In this way, after GPP values of 0.5 mg C m? s?, respectively at the DI and
RF sites, the increases in ET could be considered water losses from the system without productive
purposes. This indicates that under water-limiting conditions the crop cannot restrict water losses or
maximize its carbon gains.

The influence of IWUE on the NEE can be noted by analyzing Figure 8 along with Figure 9.
Under the well-watered conditions of the FI site, the high linear correlations between the variation of
WUE and NEE (Half-hour diurnal averages of growth phases and overall half-hourly values) indicate
that the larger diurnal sink activity was due to the greater ET-GPP coupling represented by higher
values of IWUE. This result does support our hypothesis of during well-watered conditions a tight
coupling between GPP and ET fluxes due to a PPFD drive - high photosynthesis and
evapotranspiration rates, generating the highest INUE and therefore a larger diurnal sink activity
(NEE more negative). In the DI and RF sites, the lower correlation and response of NEE to IWUE is
not only attributed to restrictions and low decoupling of the ET — GPP fluxes, but also to the increases
in the Rew flux either by more low autotrophic activity from plants or increased heterotrophic activity
from the soil. In other words, the lower number of negative NEE values and the persistent positive
values are due to both the low IWUE values and the greater role of Rew in the carbon balance and its
impact on NEE. The relationship proposed in the IWUE would only explain the variability of the
negative values of the NEE since they are associated with the activity of the GPP.

As a consequence of radiation driving both ET and GPP fluxes, PPFD was the primary driver
controlling daytime NEE, accounting for 60% of the variations in overall half-hourly NEE during the
growing period. The carbon sequestration increased (NEE gets more negative) at PPFD values
beyond 1500 mmol photons m? s. Likewise, the high response of GPP to ET caused NEE to also have
a relevant response to ET. At the DI site, the NEE had a lower response to PPFD (NEE decreased
linearly around 750 mmol photons m? s1) indicating that the lower values of PAR radiation could be
the main limiting factor for sink activity. Although lower than in FI, the response of sink activity to
ET was high, confirming that despite the deficit events there were no restrictions on ET and the
persistent flux of water vapor was the driver of carbon sequestration. In RF, sink activity stalls or
saturates at low ET, PPFD, and VPD. The low response to these environmental determinants is due
both to the lower GPP and to the fact that the carbon balance is mainly dominated by the high
respiration of the ecosystem, due to physiological and biophysical changes previously discussed.

4.4. ET-GPP Coupling and the Omega Role

To know whether effectively water and carbon signals were coupled or decoupled under the
water availability conditions of the measurement sites, we quantified ET-GPP coupling through the
daily correlation coefficients for GPP*VPD vs ET using half-hourly data, and by computing daily
IWUE = GPP = % from the total daily sums of GP and ET, and average VPD. IWUE has been

widely used in numerous studies as a measure of carbon and water coupling (Battipaglia et al.,
2013b; Beer et al., 2009; Grossiord et al., 2014; Leonardi et al., 2012; Loader et al., 2011; Zhou et al,,
2015, 2014), and since it shows an improved linear relationship among GPP, ET, and VPD the daily
correlation coefficient (r) of GPP*VPD vs ET has been used as an indicator for quantify the
coupling/decoupling degree between water and carbon fluxes (Aguilos et al., 2021; Beer et al., 2009;
Nelson et al., 2018b; Zhou et al., 2015, 2014). However, numerous environmental factors and non-
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stomatal limitations to carbon assimilation control the photosynthesis/transpiration balance and
could affect carbon and water fluxes, causing a carbon-water decoupling (Nelson et al., 2018b; Zhou
et al., 2015). For this reason, the decoupling factor omega ((2) was calculated on a daily scale to know
if the ET-GPP decoupling is due to or not to a greater degree of canopy control over carbon and water
fluxes and, in this way, understand the source of the associated changes in the IWUE.

In our results, the most of growth days at the FI site had a high daily correlation coefficient for
GPP*VPD vs ET > 0.85, indicating that carbon and water fluxes were tightly coupled, and
synchronized. High correlations between the two fluxes under well-watered days have been
previously reported (Beer et al., 2009; Nelson et al., 2018a). However, we found a greater number of
days less coupled during vegetative and ending tuber bulking stage which is explained due to fluxes
are less related to the canopy. During the low crop cover and senescence, latent heat flux is supplied
mainly by the evaporation from the soil, and carbon fluxes were dominated by heterotrophic
respiration where Reo > GPP (Cabral et al., 2013; Falge et al., 2002; Goulden et al., 1998; Rana et al.,
2016). The daily omega ranged from ~0.8 to 0.9 and was close to 0.7 as reported by Brown (1976) for
potato, and it is within the range of 0.8 to 0.9 commonly reported in the literature for horticultural
crops under no stress (Ferreira, 2017; Jarvis and Mcnaughton, 1986, McNaughton and Jarvis, 1991).
The Q near to 1 implies that ET was more strongly controlled by incoming radiation and less
dependent on stomatal conductance and canopy resistance (Jarvis, 1985; P G Jarvis and Mcnaughton,
1986; McNaughton and Jarvis, 1991; Steduto and Hsiao, 1998; Sutherlin et al., 2019b). The less
dependence of ET on stomatal conductance is due to the smaller water vapor gradient between the
intercellular air space and the epidermal surface of leaves (Steduto and Hsiao, 1998). The leaf surface
VPD is different from the air outside of the leaf in its boundary layer (Jarvis, 1985; P G Jarvis and
Mcnaughton, 1986), a condition based on Ra > Rc as we found previously in the FI site. The high Ra
between leaf surfaces and the air above the canopy indicates a lower diffusivity of water vapor from
the leaves that makes ET more coupled with radiation forcing and less dependent on canopy
resistance (Jarvis, 1985; P G Jarvis and Mcnaughton, 1986; Zhang et al., 2016). The IWUE increased
rapidly at the start of vegetative growth and reaches the maximum values during the tuberization
with the maximum LAI This behavior corroborated with Beer et al. (2009) in herbaceous ecosystems,
where LAl and crop growth influence IWUE. The pattern of INUE suggests that the potato ecosystem
became more efficient in its carbon acquisition as the crop growth progressed. In terms of Katul et al.
(2010Db) increases its capacity to optimize carbon gains to water losses. The lowest cost in water per
carbon gain at the FI site can be observed in Figure 9 where there was a high GPP response to ET
changes, even when the effect of VPD was included. This enhanced IWUE may imply an increase in
plant transpiration efficiency, and a positive effect on plant carbon balance (Leonardi et al., 2012). As
previously discussed in this paper, under favorable water availability conditions, the exchange of
water vapor and CO2 was intense because of the increasing autotrophic activity, larger portions of LE
and low canopy resistance to fluxes, and consequently high GPP and evapotranspiration rates
(Lambers et al., 2008).

At the DI site, about 50% of the growth period was decoupled and desynchronized (1< 0.84). We
observed the greatest number of decoupled days during tuberization and tuber bulking, as well as
the greatest reductions in IWUE with respect to FI. The daily omega coefficient varies between ~0.8 —
0.9 indicating ET was controlled by the aerodynamic resistance and incoming radiation and less by
canopy resistance and VPD (Jarvis, 1985; P G Jarvis and Mcnaughton, 1986). By analyzing together
omega, r Pearson and IWUE it can be inferred that the ET - GPP desynchronization and decoupling
and the lower efficiency of GPP-ET tradeoff are not due to limitations in ET, nor to a greater canopy
control over fluxes. Therefore, the origin of the decoupling and low IWUE could be attributed to non-
stomatal limitations in the GPP. This inference is evidenced by the fact that all the results presented
in this work point to a great restriction of GPP since during tuberization and tuber bulking there were
thinner leaves, a drop in autotrophic respiration, low response, and correlations of GPP to PPFD, and
the largest reductions in diurnal and daily carbon fluxes GPP and NEE with respect to FI. We point
to the fact that there are no stomatal/surface resistance limitations based on the high omega indicating
no changes in Rc and Ra.
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At the RF site, on almost all crop days (more than 80%), the ET and GPP fluxes were uncoupled
and desynchronized, mainly during vegetative growth and tuberization. However, unlike the DI site,
we observed very low values of the correlation coefficient (r~ 0.4) revealing large discrepancies
between carbon and water diurnal trends. As a result, the RF site had the lowest reductions in daily
IWUE during all crop growth. Omega coefficient () was lower, and like the correlation coefficient,
the lowest values (omega ~ 0.6) were observed mainly in the vegetative and tuber bulking stages. The
lower Q) values are indicative that ET is strongly controlled by VPD and Rc (Aires et al., 2008; P G
Jarvis and Mcnaughton, 1986; Nassif et al, 2014). However, the higher Rc reducing
evapotranspiration, may restrict photosynthesis more than it restricts ET (Jarvis, 1985; Spinelli et al.,
2018b, 2016; Steduto and Hsiao, 1998) as discussed previously. Other researchers have reported a
decreasing trend of omega under water deficit caused by an increase in the canopy resistance and a
decrease in aerodynamic resistance (de Kauwe et al., 2017; Ferreira, 2017; Paulino Junior and Silva
von Randow, 2017; Silva et al., 2017; Spinelli et al., 2016; Sutherlin et al., 2019b) which agrees with the
results presented in this work. Unlike FI and DI sites omega and r, have a similar trend of variation
along crop growth. On days where omega and r fall together, the high ET-GPP decoupling is due to
a greater extent of canopy control over fluxes in response to higher VPD, causing an unbalance
constraint over ET and GPP fluxes, and therefore a very low IWUE. However, as discussed, the
restriction on both flows has greater restrictions on GPP due to stomatal and non-stomatal limitations
to photosynthesis.

5. Conclusions

We investigated the interactions between carbon and water fluxes to understand the response
of NEE of three crop systems of Andean potato (Solanum tuberosum L. andigenum), growing under
contrasting water management conditions. To explore the temporal scales of water and carbon fluxes
interactions, we used the inherent water use efficiency (IWUE) approach, which allows study the
intrinsic link between carbon and water fluxes through stomatal conductance by means of the eddy
covariance technique at the ecosystem level. We quantified water and carbon fluxes, morphological
parameters LAI and SLA, canopy and aerodynamic resistances, omega decoupling factor, measures
GPP-ET coupling, and IWUE on different time scales to identify differences in the trade-off between
carbon uptake and water loss across potato sites and its relation to NEE differences.

Our results indicated that rainfed potato was a net carbon source, while both irrigated systems
were a net carbon sink. However, the FI condition showed a carbon sequestration capacity almost 5
times greater than that observed in the DI site

We have shown that a greater sink activity or more negative NEE is due both to the high fluxes
of GPP (where the GPP> Rew condition is fulfilled) and ET, as well as to the high efficiency, synchrony,
and coupling in the exchange of carbon and water. That is, the higher photosynthetic CO: gain per
unit of evapotranspired water is related to a high magnitude, proportionality, and synchrony of its
diurnal fluxes, which in turn are controlled by the radiative environment and by a canopy with a
larger base area for exchange of water and carbon (high LAI and thick leaves), physiologically active
(high photosynthetic and respiratory activities), with low internal resistance and highly decoupled
from the atmosphere (high omega). This study further shows evidence of how along with canopy
growth, the energy consumption for ET (LE), autotrophic respiration, and photosynthetic activity
increases, as well as the ability to optimize carbon gains against water losses. The tuberization phase
is the most relevant in the carbon sink activity since the completely formed canopy, together with
developing tubers, constitute the greatest carbon demand of the crop cycle and thus the highest fluxes
of GPP.

Under soil water deficit conditions, the lower sink capacity or carbon source activity is due to
limitations in the magnitude of the GPP and ET fluxes and their trade-off efficiency (IWUE). Lower
IWUE is a consequence of decoupled and desynchronized carbon and water exchange caused by
unbalanced restrictions on ET and GPP fluxes from the stressed canopy. An overall restriction for
fluxes is a smaller base area for water and carbon exchange due to limited canopy growth and early
senescence. The first unbalanced constraint causing ET-GPP decoupling occurs because ET remained
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at a high magnitude despite the strong reduction in GPP. GPP decreases by means of non-stomatal
effects on canopy assimilation attributed to changes in physiological capacities of photosynthesis
reflected in lower GPP/Rew ratio and a lower response of PPFD. In the longest and most sustained
limitation in the SWC, both ET and GPP fluxes decrease together, however, GPP decreases more than
ET. On one hand, evapotranspiration was limited by a means of higher Rc in response to high VPD,
which greatly impacts carbon assimilation and GPP through stomatal limitations of photosynthesis.
On the other hand, GPP reduction is also controlled by non-stomatal limitations reflected in its
minimal autotrophic respiration and photosynthetic activity, and high photoinhibition (Martinez-
Maldonado et al., 2021) induced by the higher soil water deficit conditions.

The high omega coefficient at the FI site showed that without great limitations or fluctuations of
water in the soil, the potato canopy has a greater advantage because of its low surface control on ET
and GPP. Water and carbon can freely move in and out, and fluxes are not affected by the stomatal
conductance and the water content in the soil. However, this high omega is also disadvantageous
under water deficit conditions. Under water deficit conditions of the DI site, the canopy had less
capacity to reduce evapotranspiration and avoid water losses. Apparently, the control mechanisms
like higher surface resistance to minimize excessive water loss works only in high atmospheric
evaporative demand and very low SWC, and although it reduces ET, it has great consequences on
GPP.

Through the analysis of both omega and correlation coefficients we distinguished the possible
causes of lower IWUE and the dominance of environmental VPD and PPFD controls of ET and GPP
fluxes under the contrasting soil water availability from water management. These variables and their
underlying theory could give new information about carbon-water interactions and it can be used as
a tool to further understand the impact of drought on potato agroecosystems.
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