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Abstract: Potato farming is relevant for global carbon balances and greenhouse emissions, of which
gross primary productivity (GPP) is one of the main drivers. In this study, the net carbon ecosystem
exchange (NEE) was measured using the Eddy Covariance (EC) method in two potato crops, one
of them with an irrigation system, the other under rainfed conditions. Accurate NEE partition into
GPP and ecosystem respiration (RECO) was carried out by fitting a light response curve. Direct
measurements of dry weight and leaf area were performed from sowing to the end of canopy life
cycle and tuber bulking. Agricultural drought in the rainfed crop resulted in limited GPP rate, low
leaf area index (LAI), and low canopy carbon assimilation response to the photosynthetically active
radiation (PAR). Hence, in this crop, there was lower efficiency in tuber biomass gain and NEE
sum indicated net carbon emissions to atmosphere (NEE = 154.7 g C m−2 ± 30.21). In contrast, the
irrigated crop showed higher GPP rate and acted as a carbon sink (NEE = −366.6 g C m−2 ± 50.30).
Our results show, the environmental and productive benefits of potato crops grown under optimal
water supply.

Keywords: potato crop; water management; water deficit; net ecosystem carbon exchange; ecosystem
respiration

1. Introduction

According to Agrimonde (Scenarios and Challenges for Feeding the World in 2050), the
increasing rate of agricultural production will be considerably lower than in previous
decades, with an estimate of 1.15% per year for the 2003–2050 period [1]. Hence, more than
9000 million people will have to be fed in 2050 [2]; to meet the demand for food in 2050,
agriculture will have to produce almost 70% more [3]. Potato crops have been increasing
their production since 2012, more in the developing world than in developed countries [4].
The environmental cost to achieve this purpose could be very high, considering that
agriculture is a major contributor to global greenhouse gas (GHG) emissions [5]. However,
agriculture also represents a carbon sink, capturing atmospheric carbon dioxide (CO2)
into the biomass and soil. [6] This is the paradox of agriculture, from the point of view
of climate change, which can contribute to both climate change and its mitigation. In
terms of mitigation, a key ecosystem process to decrease the atmospheric CO2 is to remove
it from the atmosphere by increasing the vegetation carbon sequestration or uptake [7]
during photosynthesis, as gross primary productivity (GPP). However, GPP can greatly
vary across biomes, as it is strongly influenced by multiple meteorological drivers [8]. In
optimal water availability conditions, the photosynthetic photon flux density (PPFD) is the
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main factor driving GPP [9]. However, under water-limited conditions, Soil Water Content
(SWC) deficit leads to a depression of the rate of carbon uptake [10], hence, reductions in
GPP. Under water-limited conditions, an SWC increase could increase GPP, indicating that
irrigated agriculture has a potential role as a carbon sink [9]. Irrigation systems could slow
down the return of stored carbon as CO2 via respiration and improve the photosynthetic
input of carbon [11]. However, about 82% of the total agricultural land in the world is under
rainfed agricultural systems [12], and potato crop fields are no exception. In Colombia
(2019), 78% of the total area potato production had no irrigation. These differences in
crop water management might imply differences in GPP and CO2 sink potential that are
currently unknown.

Several methods have been used to estimate GPP, using an extrapolating chamber
and biometric measurements [13], also canopy process modeling [14]. However, the eddy
covariance (EC) technique has been recognized as the most efficient method for measuring
fluxes of energy, CO2, other GHG gases, and water between the terrestrial biosphere and the
atmosphere, on an ecological scale [15], and at the whole production system level. Previous
potato GPP estimations using the EC method in non-tropical conditions have reported high
carbon uptake of potatoes and relatively larger magnitudes of GPP than other crop sites [16].
However, there is a lack of detailed information about carbon balances and key factors
that control GPP related to water availability and management. Additionally, the available
studies were carried out in non-tropical conditions, which may imply different biophysical
and eco-physiological responses of the growing agroecosystems to climate drivers.

Potato is an important agroecosystem for worldwide carbon and GHG balances due
to its sizeable cultivated area (more than 19 million hectares) [17] and its extraordinary
adaptive range. In Colombia and the world, potato is the primary source of income of
thousands of small-scale producers and the most crucial staple food, playing a significant
role in the maintenance of food security and nutritional status [18].

This study reports CO2 fluxes and GPP determinations from rainfed and irrigated
potato fields in Cundinamarca, Colombia. We hypothesized that the GPP responses are
largely determined by the soil water content (SWC) as a direct consequence of irrigation
practices. The following questions are addressed in this study: (1) What are the differences
in GPP between rainfed and irrigated systems, and how do they impact the NEE? (2) How
are the differences in GPP related to differences in crop growth between the two potato
production systems?

2. Materials and Methods
2.1. Site Description and Crop Management

The study was carried out in two sites of the Colombian Andean region, in the western
Savanna province of the department of Cundinamarca. The evaluation of the potato rainfed
production system (hereinafter Rainfed) was carried out in a 6 hectares (ha) commercial
plot (4.87033◦ N, −74.1294◦ W; ~2572 m above sea level). The potato irrigated production
system (hereinafter Irrigated) was evaluated in a 3.11 ha commercial lot, under a fixed-
sprinkler irrigation system (4.888668◦ N, −74.18668◦ W; ~2609 m above sea level). Both
potato (Solanum tuberosum L.) production systems used the Diacol Capiro variety. The
sowing date for Rainfed was 1 August 2020, and the sowing date for Irrigated was 22
January 2021. The plant density was 33,333 pl ha−1 for both production systems. The two
sites are located over a fluvio-lacustrine plain with a flat landscape, an average annual
temperature of 12–14 ◦C, and annual precipitation between the 800–1000 mm bimodally
distributed. The June–August and December–February periods have the lowest rainfall,
due to the double passage of the Intertropical Convergence Zone (ITCZ). The soil of
the two production systems is deep and well-drained, with the presence of volcanic ash
corresponding to the Andisol order [19]. Potato cultivation can be established at any time
of the year due to Colombia’s climate offer due to its geographical location. Common
practices include sowing vegetative or asexual seeds, foliar and soil fertilization, weed
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control, hilling (earthing up), insecticide, and fungicide treatment, haulm cutting, chemical
dehaulming, and harvesting.

2.2. Microclimate and Eddy Covariance (EC) Measurements

Net carbon exchange and microclimatic variables were continuously recorded using
an Eddy Covariance (EC) tower. In Rainfed, the EC station was installed on 13 August 2020,
12 days post-planting (DPP), while in Irrigated, the EC station was installed on 3 February
2021 (12 DPP). The EC measurements for Rainfed went until the end of the canopy life
cycle, 22 November 2020 (113 DPP). The EC measurements for Irrigated went until the end
of the canopy life cycle, 9 June 2021 (138 DPP).

The EC tower included an IRGASON with an open-path gas analyzer (EC 150, Camp-
bell Scientific, Inc., Logan, UT, USA) and a 3D sonic anemometer (CSAT3A, Campbell
Scientific, Inc., Logan, UT, USA), both are operated by a separated electronic module
(EC100, Campbell Scientific, Inc., Logan, UT, USA). Raw data was recorded at a 10 Hz
sampling frequency using a high-performance datalogger (CR1000X, Campbell Scientific,
Inc., Logan, UT, USA). The tower height for both locations was calculated according to the
equation hEC = Zd + 4 (hc − Zd) [20]; where, hEC = EC installation height, Zd = zero plane
displacement (0.63 m) and hc = average height of the crop (0.9 m). The IRGASON was
placed at a 1.7 m height. The IRGASON azimuth was 45◦ for Rainfed and 175◦ for Irrigated,
corresponding to the prevailing wind directions recorded by the sonic anemometer, three
weeks before starting evaluations.

The following sensors were also installed: a Net Radiometer, to measure the incom-
ing and outgoing short-wave and long-wave radiation (Rn), NR-LITE2 (Kipp & Zonen
B.V., Delft, The Netherlands) at a height of 2 m, three sensors for the measurement of
photosynthetically active radiation (PAR) (CS310, Apogee Instruments, Inc., Logan, UT,
USA) positioned at a height of 0.5, 1, and 2.2 m; a pyranometer sensor (CS301, Apogee
Instruments, Inc., Logan, UT, USA) at a height of 2 m that measures the total incident
radiation; two temperature (Tair) and a relative humidity air sensor (HR) installed at a
height of 1 and 2 m, respectively (HygroVUE™ 10, Campbell Scientific, Inc., Logan, UT,
USA); two multiparameter smart sensors (CS655, Campbell Scientific, Inc., Logan, UT,
USA) installed at a depth of 9 cm and 15 cm to monitor soil volumetric water content
(SWC), bulk electrical conductivity, and soil temperature, and four type E thermocouples
(TCAV-Averaging Soil Thermocouple Probe, Campbell Scientific, Inc., Logan, UT, USA).
Soil heat flux density, G (W m−2), was obtained using the average value between the
measurements of two HFP01 sensors (Hukseflux Thermal Sensors B.V., Delftechpark, Delft,
The Netherlands), installed 88 cm apart at a depth of 8 cm. Climatic data were recorded
every 5 min and averages were integrated on a half-hourly basis. Precipitation data were
collected every day using a rain gauge connected to a datalogger (Oregon Scientific, Inc.,
Tualatin, OR USA) at the height of 2 m.

2.3. Biometric Measurements

The sampling of plants using sequential harvesting was performed after sowing,
during the crop growth, every eleven or twelve days. Ten randomly selected plants were
uprooted for growth analysis after 25, 37, 47, 54, 65, 75, 85, 98, 105, and 116 DPP in Rainfed;
and 33, 46, 57, 70, 80, 96, 110, 122, 135, and 152 DPP in Irrigated. The total leaf area and
fresh weight of each sample were measured. Plant material was placed in paper bags and
dried in a forced-air drying oven to constant weight at 70 ◦C. Total dry weight (DW) and
tubers dry weight (TDW) were fitted to the logistic growth model, as follows:

DW(t) =
a1

1 + b1e−c1t , TDW(t) =
a2

1 + b2e−c2t (1)

where a1, b1, c1 are the model parameters for DW, a2, b2, c2 are the model parameters for
TDW, and t is DPP.
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The leaf area index (LAI) and the absolute growth rate (AGR) were calculated as
indicated in [21]. Leaf area duration (LAD) for each growth stage was calculated by
integration of individual LAD values obtained, as follows:

LAD =
LAIi+1 + LAIi

2
(ti+1 − ti) (2)

2.4. Data Processing and Quality Control

Raw data time series were recorded at 10 Hz, as well as corrected fluxes of CO2. Latent
heat and sensible heat were calculated on a half-hourly basis, using the EasyFlux® CRBasic
software (Campbell Scientific, Inc., Logan, UT, USA), installed in the CR1000X datalogger.
The corrections and procedures applied to the data were despike, filter high-frequency time
series data, coordinate rotation using planar fit method [22], frequency corrections using
co-spectra [23], correction for air density fluctuations using [24], data quality classifications
(QC) [20], and calculation of footprint characteristics [25,26].

Further postprocessing of fluxes included fetch filter (removing records in which fetch
90 was larger than the upwind distance from the tower to the edge of the area of study),
outlier detection and removal was done using the MAD method [27], and a QC filter, where
only the records with QC < 6 were kept [20].

2.5. Gap-Filling Methods

After applying the data filters, the diurnal gaps accounted for 35% of Rainfed and 54%
of Irrigated. The gap-filling for both EC and meteorological data was performed in R [28],
according to the algorithm described in [29], considering the covariation of the fluxes with
the meteorological variables and their temporal autocorrelations.

2.6. NEE Partitioning

Negative values represent fluxes from the atmosphere to the surface, while positive
values represent fluxes moving from the surface to the atmosphere. Therefore, the ecosys-
tem respiration (RECO) is defined as a positive value, while the gross primary production
(GPP) is defined as a negative value. Nighttime values of NEE are equal to RECO due to
the absence of photosynthetic activity at night, while diurnal NEE is the algebraic sum
of GPP and RECO. The non-linear Mitscherlich light-response function (Equation (3))
parametrized NEE against the photosynthetically active radiation PAR and was the method
used to partition diurnal NEE (Global radiation > 1 W m−2) into RECO and GPP [30,31].

NEE = −(Fcsat + Rd)×
(

1 − e(
−∝×PARinc

Fcsat+Rd
)
)
+ Rd (3)

where Fcsat is the CO2 uptake at light saturation (µmol CO2 m−2 s−1), Rd is the respiration
term, and α is the quantum efficiency (µmol CO2 µmol−1 photons) or the initial slope of
the light response curve. At each day, a set of parameters was calculated using non-linear
regression on a subset of NEE and PARinc data within a moving window of 15 days centered
on each day. Then, for each diurnal half an hour of the same day, the GPP was estimated
by subtracting Rd from the non-linear Mitscherlich light-response function, and RECO was
calculated by subtracting the estimated GPP from the measured NEE.

2.7. Uncertainty and Statistical Analysis

The uncertainty associated to random sampling errors and gap-filling procedures was
determined using a Monte Carlo simulation with 100 iterations [32]. For each iteration,
the starting point was the gap-free dataset in which gaps were randomly inserted in the
same proportion as the original data. Random noise was added to the remaining data,
simulating random error, which is known to follow a double exponential distribution with
parameter σ(δ) depending on the magnitude of NEE (Equation (4)) [33].
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σ(δ) =

{
0.62 + 0.63NEE, NEE > 0
1.42 − 0.19NEE, NEE < 0

(4)

Each of the datasets with synthetic gaps and noise was passed through the gap-filling
and NEE partition procedures described above, and sums of gap-filled NEE, GPP, and
RECO were calculated. Then, uncertainty for each half-hourly flux was calculated as the
confidence interval for the mean of the 100 obtained values. The mean of the 100 sums
of each flux was obtained, and cumulative uncertainty was determined as the confidence
interval of the sums of NEE, GPP, and RECO, with α = 0.05.

2.8. Energy Balance Closure

The plausibility of EC flux data was evaluated through the energy balance closure.
Under ideal conditions, according to the first thermodynamics law, the sum of all energy
fluxes is zero. Therefore, the energy balance for the studied systems is given by:

H + λE = Rn − G − Gs (5)

where H is the sensible heat flux, λE is the latent heat flux, both of which were most directly
measured using the eddy covariance (EC) technique, G is the soil heat flux at the surface,
and Gs is the soil energy storage term. G and Gs were quantified by two heat-flux plates:
soil temperature and soil water content sensors installed at a depth of 0–20 cm [34,35]. Daily
sums of H, λE, G and Gs were calculated, Band a linear regression model was parametrized
as follow:

Hd + λEd = β0 + β1(Rnd − Gd − Gsd) (6)

where d subscript indicates daily flux sum, β0 is the intercept, and β1 is the slope represent-
ing the magnitude of the balance closure.

3. Results
3.1. Meteorological Conditions

Figure 1 shows microclimate behavior for Rainfed and Irrigated. PAR was observed
on both sites mainly as diffuse radiation, which was evident because of variations over
time. This is typical for the study area, characterized by high cloud cover. The average
of daily mean PAR was significantly higher (p < 0.05) in Irrigated (724.5 ± 216.7 µmol
photons m−2 s−1) compared to Rainfed (567.9 ± 230.7 µmol photons m−2 s−1). Never-
theless, the average daily mean (Tmean) and the maximum air temperature (Tmax) were
higher in Rainfed (Tmean: 16.80 ◦C ± 0.92, Tmax: 20.32 ◦C ± 1.29) than in Irrigated
(Tmean: 16.51 ◦C ± 1.02, Tmax: 19.73 ◦C ± 1.23). The average daily maximum vapor
pressure deficit (DPV) was higher in Rainfed (0.80 KPa ± 0.24) compared to Irrigated
(0.73 KPa ± 0.25), while the average daily mean DPV did not show a significant difference
in Rainfed (0.40 KPa ± 0.12) and Irrigated (0.38 KPa ± 0.16).

Low water availability in Rainfed (SWC < WP) was the determinant for solar radi-
ation to be directed more for air heating than evapotranspiration [34]. The accumulated
precipitation for Rainfed was 229 mm, with a non-uniform time distribution, including
events of consecutive dry days and high precipitations, observed by the end of the crop
cycle, reaching 98 mm in one week (101 to 107 DPP). The accumulated precipitation for
Irrigated (306 mm) was higher and more uniformly distributed, however, a drier lapse
occurred, from 13 March to 22 April 2021 (50–90 DPP). The decision to irrigate the crop
was made after identifying soil water deficit using a water balance calculated according to
FAO-56 [36] and monitoring the soil tensiometers installed inside each plot.
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2021). (a,b) photosynthetic active radiation, µmol photons m−2 s−1 (PAR); (c,d) air temperature, °C (Tair); (e,f) vapor pres-
sure deficit, kPa (VPD); (i,j) soil water content, cm3 cm−3 (SWC), measured at 0–20 cm depth, are shown as daily mean 
values; (g,h) daily and cumulated precipitation, mm (Pp), is shown as daily sum, black dots indicate irrigation times. 

3.2. Energy Balance Closure and Uncertainty 
The slope of the regression between the energy fluxes (H + LE) and the available en-

ergy (Rn-G-Gs) (Figure 2) indicates an energy balance closure of 0.84 for Rainfed and 0.72 
for Irrigated. These values are consistent with several studies made more than two dec-
ades ago, which concluded that the range of suitable ratios of the linear regression slope 
lies between 0.7 and 1 [37–39]. In this study, the imbalance may be mainly attributed to 
nighttime low turbulence conditions, as has been found in previous studies [37,39]. 

 
Figure 2. Energy balance closure for (a) Rainfed and (b) Irrigated sites. 

Figure 1. Meteorological measurements for Rainfed (12 August–22 November 2020) and Irrigated (3 February–9 June 2021).
(a,b) photosynthetic active radiation, µmol photons m−2 s−1 (PAR); (c,d) air temperature, ◦C (Tair); (e,f) vapor pressure
deficit, kPa (VPD); (i,j) soil water content, cm3 cm−3 (SWC), measured at 0–20 cm depth, are shown as daily mean values;
(g,h) daily and cumulated precipitation, mm (Pp), is shown as daily sum, black dots indicate irrigation times.

3.2. Energy Balance Closure and Uncertainty

The slope of the regression between the energy fluxes (H + LE) and the available
energy (Rn-G-Gs) (Figure 2) indicates an energy balance closure of 0.84 for Rainfed and
0.72 for Irrigated. These values are consistent with several studies made more than two
decades ago, which concluded that the range of suitable ratios of the linear regression slope
lies between 0.7 and 1 [37–39]. In this study, the imbalance may be mainly attributed to
nighttime low turbulence conditions, as has been found in previous studies [37,39].
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3.3. Carbon Fluxes, Daily Averages, Maximums, and Sums of NEE, GPP, and RECO in the
Different Growth Stages for Non-Irrigated and Irrigated Crops

Table 1 shows the behavior of fluxes throughout the growth stages. In Rainfed, the
sum of NEE from sowing to tuber bulking had a positive value, indicating CO2 emissions
to the atmosphere (154.7 g C m−2 ± 30.21). In contrast, Irrigated behaved as a CO2 sink
(sum of NEE = −366.6 g C m−2 ± 50.30). In Rainfed, the daily NEE average was negative
and close to zero during the tuberization stage (−0.03 g C m−2 d−1 ± 0.29). Irrigated had
negative NEE daily means and sums in all stages, except during sprouting, which can be
explained by the absence of aerial biomass in potato plants.

Table 1. Mean, maximum, and sum of carbon fluxes throughout growth stages at Rainfed and Irrigated.

a Carbon Fluxes
Sprouting Vegetative Tuberization Tuber Bulking

Rainfed Irrigated Rainfed Irrigated Rainfed Irrigated Rainfed Irrigated

NEE Mean 4.39 (±0.39) 2.92
(±0.30)

1.93
(±0.27)

−1.96
(±0.34)

−0.03
(±0.29)

−5.55
(±0.46)

0.35
(±0.27) −3.02 (±0.39)

Max. 4.13 (±0.37) 1.95
(±0.30)

−0.30
(±0.30)

−7.07
(±0.50)

−0.52
(±0.30)

−8.36
(±0.50)

−0.26
(±0.28) −4.82 (±0.44)

sum 57.04 (±5.11) 46.7
(±4.80)

88.8
(±12.5)

−76.6
(±13.3) 0.72 (7.80) −260.9

(±21.82)
5.67

(±4.38) −75.6 (±9.83)

GPP Mean −0.60
(±0.06)

−1.77
(±0.01)

−2.06
(±0.03)

−6.88
(±0.15)

−3.20
(±0.08)

−11.3
(±0.28)

−3.01
(±0.07) −8.47 (±0.19)

Max. −0.80
(±0.05)

−2.61
(±0.02)

−3.46
(±0.09)

−13.4
(±0.34)

−3.87
(±0.11)

−13.8
(±0.37)

−3.57
(±0.09) −11.16(±0.29)

sum −7.82
(±0.75)

−28.28
(±0.09)

−94.8
(±1.19)

−268
(±6.02)

−86.4
(±2.17)

−529.9
(±13.05)

−48.2
(±1.14)

−211.8
(±4.860)

RECO Mean 4.99 (±0.34) 4.69
(±0.31)

3.99
(±0.25)

4.91
(±0.19)

3.23
(±0.21)

5.72
(±0.19)

3.37
(±0.20) 5.45 (±0.20)

Max. 5.26 (±0.38) 5.06
(±0.36)

4.97
(±0.31) 6.29(±0.16) 4.26

(±0.19) 7.75(±0.16) 3.80
(±0.18) 7.38 (±0.18)

sum 64.9 (±4.36) 75.04
(±4.89) 184 (±11.3) 191.5

(±7.33)
87.1

(±5.63)
268.9

(±8.77)
53.9

(±3.24) 136.2 (±4.96)

a Carbon flux units for mean, maximum, and sum are g C m−2 d−1, g C m−2 d−1, and g C m−2, respectively for NEE, GPP, and RECO.
Negative values indicate carbon fixation by the crop from the atmosphere and positive emissions by the ecosystem.

In general, the highest values for each flux were found during the tuberization stage
on both crops. Nevertheless, in Rainfed, the highest RECO was observed during the
vegetative stage. GPP in Irrigated (−1043.6 g C m−2 d−1 ± 23.96) was 4.37 times higher
than in Rainfed (−239.9 g C m−2 d−1 ± 5.33), and RECO was 1.71 times higher in Irrigated
than in Rainfed, due to the larger amount of respiration contributed by the higher aerial
biomass in Irrigated.

3.4. Dynamics of Daily and Accumulated Gross Primary Production—GPP

Daily and accumulated GPP were greater in Irrigated compared to Rainfed throughout the
crop growth. In Irrigated, the maximum GPP accumulation rate (MGAR) (11.92 Kg C ha−1 d−1)
occurred at 88 DPP, when the accumulated GPP was 551.38 Kg C ha−1. In Rainfed the
MGAR was 3.29 Kg C ha−1 d−1, at 90 DPP, when the accumulated GPP was 166.45 Kg C ha−1.
After reaching the MGAR until the end of the canopy life cycle, the accumulated GPP
was also higher in Irrigated (492.2 Kg C ha−1) than in Rainfed (73.45 Kg C ha−1), which
indicates that there was a generalized depletion of the GPP under no irrigation conditions
(Figure 3).
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Figure 3. Accumulated and daily gross primary productivity (GPP) in (a) Rainfed and (b) Irrigated, and maximum GPP
accumulation rate (MGAR) in (c) Rainfed, and (d) Irrigated potato crop. The black arrow indicates the point of MAGR
(maximum GPP accumulation rate).

Variations of the half-hourly GPP mean throughout the day and across growth stages
were observed on each evaluation site. In Irrigated, there were higher carbon fixing
rates through the day (half-hourly GPPs) for all growth stages. Tuberization stage rates
increased progressively along the day, reaching a maximum of 1.30 ± 0.19 mg CO2 m−2 s−1

between 9 and 13 h. In vegetative and tuber bulking stages, half-hourly GPP maximums
(0.83 ± 0.37 mg CO2 m−2 s−1 y 0.96 ± 0.18 mg CO2 m−2 s−1, respectively) were also found
between 9 and 13 h, however, they were not significatively different (p > 0.05). In Rainfed,
half-hourly GPPs were lower in the sprouting and vegetative stages compared to the
tuberization and tuber bulking stages. At each growth stage, GPP values between 9 and
16 h were constant and did not exceed 0.35 mg CO2 m−2 s−1 (Figure 4).

Figure 5 shows the behavior of GPP as a response to the incident PAR. In Irrigated,
the incident PAR and growth stages influenced half-hourly GPPs, while in Rainfed, there
was no evidence of difference among growth stages. PAR Saturation was defined as the
PAR value in GPP that reaches 95% of asymptote. In Irrigated, PAR saturation values were
1494 µmol photons m−2 s−1, 1439 µmol photons m−2 s−1, 1454 µmol photons m−2 s−1,
and 1543 µmol photons m−2 s−1. GPPs at PAR saturation were 0.21 mg CO2 m−2 s−1,
0.88 mg CO2 m−2 s−1, 1.41 mg CO2 m−2 s−1, and 1.09 mg CO2 m−2 s−1 for sprouting,
vegetative, tuberization, and tuber bulking stages, respectively. In Rainfed, light satura-
tion occurred at lower values (1522 µmol photons m−2 s−1, 354 µmol photons m−2 s−1,
225 µmol photons m−2 s−1, and 576 µmol photons m−2 s−1 for sprouting, vegetative, tu-
berization and tuber bulking, respectively), and GPPs at PAR saturation did not exceed
0.34 mg CO2 m−2 s−1 in any growth stage.
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Figure 5. Half-hourly gross primary production (GPP) Versus incident PAR in four different growth stages (sprouting,
vegetative, tuberization, tuber bulking) in (a) Rainfed and (b) Irrigated potato crop.

3.5. GPP and Growth Relationships

The LAI showed a phase of accelerated increase from sprouting to around 80 DDP,
when the LAI maximums were reached. The maximum LAI in Irrigated (4.7) was 23.9%
higher than in Rainfed (3.5). In Irrigated, the daily GPP had the same trend as LAI,
increasing up to 115 kg C ha−1 d−1, when the LAI reached its maximum, then decreased to
values around 70 kg C ha−1 d−1 by the end of tuber bulking stage. In Rainfed, the daily
GPPs had lower values compared to Rainfed, therefore, the daily GPP did not show the
same trend as the LAI. On the day when the LAI was maximum, the daily GPP showed a
maximum value of 38.7 kg C ha−1 d−1 (Figure 6).
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Figure 6. Gross primary productivity (GPP) and leaf area index (LAI) versus days post planting
(DPP) in (a) Rainfed and (b) Irrigated potato crop.

In Irrigated, the plants reached an averaged maximum DW and TDW of 1103 g and
1004 g, respectively. AGR increased progressively until 114 DPP (when the crop reached
82% of the canopy life cycle) with a maximum of 20.95 g d−1. From 115 to 138 DPP, the
daily dry biomass accumulation rate decreased progressively until a minimum value of
0.05 g d−1. In Rainfed, DW and TDW values were lower than in Irrigated. Averaged maxi-
mum DW and TDW were 256.8 g and 186.8 g, respectively. Maximum AGR (5.25 g d−1)
was observed 72 DPP, when the crop reached 64% of the canopy life cycle. From 73 DPP to
113 DPP (the end of the canopy life cycle), AGR dropped to 1.94 g d−1 (Figure 7).
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Rainfed and (d) Irrigated.

Higher leaf area durations (LAD) were observed in Irrigated, compared to Rainfed. In
Irrigated, LAD was 1.3, 1.5, and 3 times LAD in Rainfed for vegetative, tuberization, and
tuber bulking stages, respectively (Table 2).
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Table 2. Leaf area duration days in Rainfed and Irrigated, classified by growth stage.

Growth Stage Rainfed (Days) Irrigated (Days)

Vegetative 67.95 89.11
Tuberization 78.73 117.03

Tuber Bulking 29.25 85.52

4. Discussion

Water management practices are an important factor for GPP gain or loss in productive
systems, particularly in crops grown under rainfed conditions, where there are inherent
limitations related to drought-induced GPP losses [40]. Our results show that GPP in
Irrigated was 337.5% higher than in Rainfed (with a difference of 803.7 g C m−2), and
the sum of NEE was negative (sink) in Irrigated and positive (source) in Rainfed, which
evidences the influence of soil water conditions on carbon dynamics [41,42]. In Irrigated,
the SWC was kept close to field capacity, while in Rainfed, the SWC was, most of the
time, below the easily available water and even below the wilting point. The conditions
described for Rainfed are related to agricultural drought [43], which is compatible with a
higher VPD max, a higher T mean, and a higher T max than in Irrigated.

In general, half-hourly GPPs were intricately linked to the carbon demand in each
of the growth stages, reaching maximums of daily sums of GPP in the tuberization stage,
around 90 DPP for both, Irrigated and Rainfed. For each of the growth stages, aver-
aged half-hourly GPPs were significantly greater compared to Rainfed (p < 0.05), which
agrees with drought-induced GPP losses reported in potato crops by [44,45] and in other
species [40,41,46–53].

Half-hourly GPP variation throughout the day is associated with incident PAR [44,54–56];
such variation has also been reported for potatoes [54,57]. In this study, an asymptotic
exponential curve of GPP Vs. PAR was fitted on each growth stage, which shows that
carbon flux at PAR saturation (95% of asymptote) was greater in Irrigated than in Rainfed
(p < 0.05), with PAR values around 1450 µmol m−2 s−1 in Irrigated and 250 µmol m−2 s−1

in Rainfed.
The mean PAR in Irrigated was higher throughout the crop growth than in the rainfed

site. However, although there is a lower PAR in rainfed, this condition does not affect
the response of the GPP, due to saturation of the photosynthesis transduction phase
occurring at low PAR values. This results in a restricted carbon fixing, which may be
attributed to the fact that in a highly water-restricted scenario, non-stomatal restrictions
depend on the severity of the water stress [58], which are related to reduced mesophyll
conductance, and photochemical and enzymatic constraints [59]. At this point, the injury
of the photosynthetic apparatus, destruction of chlorophyll components, disorganization
of chloroplast’s ultrastructure and enzyme inactivation, and photo-inhibition [60,61] cause
a permanent decline in carbon assimilation [58,61]. These non-stomatal limitations were
also reported for potato crops in [62] at the Lonzée Terrestrial Observatory.

Variations in GPP with respect to LAI were evident along growth stages related to
LAI evolution and canopy formation. The highest GPP data dispersion was observed in
the vegetative stage, when there was a progressive canopy growth, with the presence of
leaves of different ages, and therefore, with differences in light use efficiency. Conversely,
in the tuberization stage, when the maximum LAI is reached, the canopy is homogeneous
and fully formed, which reflects in the lower data dispersion.

Several authors have reported LAI as one of the main causes of daily GPP variation [63–65].
In Irrigated, daily GPP dynamics showed the same trend as LAI, evidencing that there exists
an efficient feedback regulation mechanism between GPP and LAI, where carbon fluxes
are mainly destined to GPP, which guarantees canopy growth and expansion. The canopy,
in turn, is highly functional to photosynthetic processes increasing GPP since, in addition
to a larger leaf area, the leaves do not show irreversible limitations for carbon assimilation,
have a high response to PAR, and greater duration of the leaf area. Conversely, In Rainfed,
there was no correspondence between GPP and LAI trends. In this case, the available leaf
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area is less efficient for photosynthesis, the crop shows early senescence, and is barely
functional for GPP growth. In this sense, reference [44] reported that reductions in daily
GPP evolution during crop growth may be related to leaf senescence and reduced LAI.

LAI functionality and its relationship with GPP can be observed in the growth analysis
carried out in both study sites. In Irrigated, synergistic growth of LAI and GPP allowed
higher efficiency for DW and TDW gain. Before reaching the maximum LAI (tuberization
stage, 81 DPP), all the plant organs are in active growth, so there are higher carbon
requirements and a higher available leaf area to fix it. After the maximum LAI, carbon
allocation favors tuber bulking over other organs. In Rainfed, GPP and LAI limitations
resulted in lower DW and TDW, resulting in less time for active growth, cell division, and
expansion. Early decrease of AGR and canopy senescence indicate low carbon demand
and fewer organs (stems and leaves) acting as reservoirs, which contribute to the lack of
synergy between daily GPP and LAI.

5. Conclusions

Reliable results regarding carbon fluxes in two potato crop sites under intertropical
conditions in Colombia were obtained using the Eddy Covariance method. The crops,
under very different soil water content, were evaluated from sowing to tuber bulking. Gross
primary productivity was closely linked to water availability for plants. In irrigated potato,
GPP was 337.5% greater than in rainfed potato, with low precipitations, which results in
big differences in the net carbon ecosystem exchange (NEE) by the end of each crop cycle.
The Irrigated crop acted as an atmospheric carbon sink (NEE = −366.6 g C m−2 ± 50.30),
while the rainfed crop behaved as a source (NEE = 154.7 g C m−2 ± 30.21), which is related
to the differences in PAR at light saturation in rainfed (225 µmol m−2 s−1) and in irrigated
at the tuberization stage (1450 µmol m−2 s−1). Consequently, in the rainfed crop, there
was a low carbon destination to the structures and organs forming the plants, resulting in
a reduction of the total dry matter and tuber yield. Our results show the environmental
and productive benefits of potato crops grown under optimal water supply, becoming a
fundamental basis to further studies evaluating the effects of other crop practices on carbon
dioxide emissions.
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