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A B S T R A C T

Atmospheric carbon (CO2) exchange, evapotranspiration (ET) processes, and their interactions with climatic
drivers across tropical alpine grasslands are poorly understood. This lack of understanding is particularly evident
for the páramo, the highest vegetated frontier in the northern Andes, the main source of water for inter-Andean
cities, and a large carbon storage area. Studies of CO2 and ET fluxes via the standard Eddy Covariance (EC)
technique have never been applied to this region, limiting the understanding of diurnal / nocturnal exchanges
and budget estimations. In this paper, we report the first EC analysis conducted on the Andean páramo (3765m
a.s.l.); this analysis measured CO2, ET, and micrometeorological variables over two years (2016–2018) to un-
derstand their interactions with climatic / biophysical controls. The páramo was found to be a source of CO2 and
exhibited a net positive exchange (mean = +99 ± 30 gC m−2 per year). The light-responses of net CO2 ex-
change and the primary productivity were correlated and model-parameterized. Evapotranspiration was
635 ± 9mm per year (51% of the annual rainfall total), and we obtained crop coefficients for the dominant
vegetation (Tussock grass) based on reference-ET models FAO56 and ASCE-ERWI (0.90 and 0.78, respectively).
We also compared our results to those from other high-altitude (alpine) and high-latitude grasslands (tundra).
Finally, we demonstrate that our measurement period is representative of the páramo’s longer-term climate
dynamics. Our investigation contributes to the body of knowledge on the land surface-atmosphere processes of
the tropical Andes and supports decision-making about ecosystem services management and the preservation of
this vulnerable biome.

1. Introduction

The tropical Andes leads the list of worldwide biodiversity hotspots
(Myers et al., 2000). Approximately 6.7% of the globe’s endemic plants
and 5.7% of the world’s vertebrate species are observed along the
mountain gradient that extends to a vast alpine ecosystem between
3200 (subpáramo) and 4500m a.s.l. (superpáramo or subnival) (Llambí
et al., 2012). This neotropical biome covers large areas of Colombia
(19,330 km2), Ecuador (13,372 km2), Venezuela (2660 km2), Perú
(462 km2) and Central America (Costa Rica 150 km2 and Panama
20 km2) (Hofstede et al., 2014). The páramo extends across 7% of the
Ecuadorian territory (Beltrán et al., 2009; Josse et al., 2009) and is
highly biodiverse (Mena-Vásconez and Hofstede, 2006). Unfortunately,
less than 40% of the area is formally protected (Cuesta and De Bièvre,
2008). The climate, soils and dominant vegetation (tussock grasses) of
the area significantly affect water regulations and supplies for the

heavily populated inter-Andean valleys (Buytaert et al., 2006a; Célleri
and Feyen, 2009; Mosquera et al., 2015). Moreover, they form a mas-
sive organic carbon (C) pool (Bertzky et al., 2010; Farley et al., 2004;
Hribljan et al., 2016). Unfortunately, the fragile ecosystem is clearly
exposed to the negative effects of climate and land-use change (Harden
et al., 2013; Vuille et al., 2003). Water vapor and carbon dioxide (CO2)
dynamics at regional and landscape scales are crucial elements in de-
termining the aforementioned effects on this pristine environment
(Herzog et al., 2011; Pepin et al., 2015). Thus, an understanding of the
C assimilation and carbon / water relationships in the páramo is needed
owing to its ecohydrological importance (Aparecido et al., 2018), as is
the case for other mountainous tundra ecosystems. Unfortunately, land-
atmosphere gas exchange processes of natural grasslands in the tropics
remain unexplored (Fisher et al., 2009; Grace et al., 2006), especially
those of the highlands, because relevant instrumentation for these re-
mote areas is lacking (Pepin et al., 2015).
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The eddy covariance method (EC) has been proven to be a reliable
technique for measuring gas and energy exchanges between land
masses and the atmosphere across natural and disturbed areas
(Baldocchi et al., 2001; Baldocchi, 2003; Burba, 2013; Munger et al.,
2012). As a consequence, the EC method has been applied in over 562
active EC flux towers in the FLUXNET consortium, which covers diverse
biomes (Baldocchi et al., 2001). However, EC implementation re-
presents a challenge when nonideal conditions are present (Baldocchi,
2003); such nonideal conditions include complex terrain, in which
uncertainties are related to nighttime advection effects (Galvagno et al.,
2017; Novick et al., 2014) and to the incoming / outgoing energy ob-
servations that are affected by the underlying sloped surface (Wohlfahrt
et al., 2016). Although its application to mountainous terrain has lim-
itations, the EC technique allows one to obtain reliable energy, CO2,
and water vapor estimates when specific topographical corrections
(Hiller et al., 2008), source analyses and data filtering (e.g., footprint
modeling, low-turbulence fluxes removal) (Kljun et al., 2015; Rannik
et al., 2012) and validation approaches (e.g., energy balance closure)
(Foken, 2008; Leuning et al., 2012) are properly conducted. On this
basis, two major EC-derived quantities are the most important for the
analysis of the C and water balance of land surfaces: (i) the Net Eco-
system Exchange (NEE) and (ii) the Actual Evapotranspiration (ETa).

First, the NEE, which is the net CO2 flux from the ecosystem to the
atmosphere (CO2 release = +NEE, and CO2 uptake = –NEE), can be
partitioned into Gross Primary Productivity (GPP) and Ecosystem
Respiration (Reco) (Lasslop et al., 2010; Reichstein et al., 2005), which
provide reliable insights into CO2 assimilation / respiration processes.
While GPP is considered to be the quantitatively most important global
CO2 flux (12 ± 8 PgC year−1) (Beer et al., 2010), modeled or instru-
ment-derived GPP estimates are rarely reported for the páramo. Limited
data for this biome have been obtained only via the static flux chamber
method (McKnight et al., 2017; Sánchez et al., 2017), empirically via

the aboveground-biomass estimation (Ramsay and Oxley, 2001), or by
computational simulations (i.e., via biogeochemical-physiological
models such as BIOME-BCG) (Minaya, 2016; Minaya et al., 2016). In
spite of their limitations (Damm et al., 2010; Heinsch et al., 2006),
remote sensing-based GPP estimations (i.e., MODIS GPP product
(Running et al., 2004)) have not been tested or validated for the
páramo. Hence, in situ evaluations of NEE and GPP and their responses
to light, humidity and temperature are central to a proper under-
standing of ecosystem productivity under cloudy, cold and humid
conditions in tropical páramos.

Second, the ETa, a functional indicator of water stress affecting
native tussock grasses, is another understudied variable of these
mountain grasslands (Carrillo-Rojas et al., 2016). ETa is a key compo-
nent of the hydrological cycle and therefore critical for water balance
analyses (Buytaert et al., 2006c; Célleri and Feyen, 2009) and for stu-
dies of land-cover change in these locations (Crespo et al., 2010).
Consequently, a thorough understanding of the relationships between
primary productivity and micrometeorological conditions including
ETa and the crop coefficients (Kc), used to convert reference evapo-
transpiration (ETr) to ETa, can lead to a better understanding of model-
based estimations, which are generally not parameterized to the eco-
system. Neither indicators (NEE and ETa) has been well-studied in the
Andean páramo.

In this paper, we present a pioneering EC-based investigation con-
ducted in this relevant Andean ecosystem by describing: (i) the energy,
CO2 and water vapor exchange processes for a Neotropical site in
southern Ecuador; (ii) the dependency of CO2 uptake and release pro-
cesses on soil temperature, humidity and light availability, (iii) the
interpretation of the shorter-term results in the context of the longer-
term climate drivers, particularly drought / water excess scenarios; and
finally, (iv) the relationships between the observed ETa and the mod-
eled ETr, which help determine the Kc of tussock grass via water vapor

Fig. 1. Study Area: A) Satellite image of the location of the páramo ecosystem (Google Earth Pro, 2016), B) Landscape image of the Zhurucay Ecohydrological
Observatory and the EC tower, and C) View of the main biome in the fetch (tussock grasslands).
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detection (the EC technique).

2. Materials and methods

2.1. Study site characteristics

The study site is located in the Zhurucay Ecohydrological
Observatory (FLUXNET EC-APr), which is positioned in the headwaters
of a 7.53 km2 catchment in southern Ecuador at 3765m a.s.l. (the
Northern Andean Páramo Ecoregion, according to Olson et al. (2001)).
Hydrological, geochemical and landscape characteristics of the ob-
servatory have been extensively discussed in several studies (Córdova
et al., 2015; Correa et al., 2017, 2016, Mosquera et al., 2016a, 2016b,
2015; Ochoa-Sánchez et al., 2018; Padrón et al., 2015; Quichimbo
et al., 2012). Fig. 1 shows the study location, a satellite view of the site,
and the landscape features surrounding the observatory.

The area studied plays a crucial role as a headwater basin within the
Cajas Massif, a UNESCO World Biosphere Reserve (9766 km2); more
than 838,000 inhabitants in the inter-Andean and lowland valleys
benefit from its water supply (Célleri and Feyen, 2009; UNESCO, 2013).
The geology of the area belongs to the Quimsacocha and Turi forma-
tions (Mosquera et al., 2015). The glacially shaped topography is
characterized by slopes positioned at a 0 to 70% incline. According to
the FAO soil classification system (WRB-IUSS, 2014), the prevailing soil
types in the area include Andosols and Histosols (ratio 3:1–4:1), with a
dark Ah horizon that originates from volcanic ash and overlies a mi-
neral-rich C horizon (clay dominated). These non-allophanic, humic
and acidic soils develop at 0.24 ∼ 0.44m for Andosols and at 0.24 ∼
0.70m for Histosols. Local Soil Organic Matter (SOM) levels are high,
ranging from 0.44 to 0.84 kg kgsoil−1 (Aucapiña and Marín, 2014); the
waterlogging, the formation of organometallic complexes (from Holo-
cene ash deposits), and the low redox potential (a result of the high soil
moisture and the wet / cold environment) are responsible for its sig-
nificant accumulation (Buytaert et al., 2006b). Low bulk density levels,
between 0.45 and 0.14Mg m−3, and a high field capacity of the pore
space, between 39 and 90% (mean=74%), characterize the Andosols
and Histosols, respectively (Mosquera et al., 2016a, 2015; Quichimbo
et al., 2012). The shallow wetland soils are Histosols and are therefore
always saturated.

Our study site is mainly (> 80% coverage) covered by tussock
grasses of Calamagrostis Intermedia (J. Presl) Steud., which reach heights
of between 30 and 80 cm. This native C3 grass is perennial with a ratio
of aboveground biomass / necromass ranging from 0.18 to 0.75
(mean=0.45) and with an estimated sunlit Leaf Area Index (LAI),
which ranges between 2.8 and 3.4 m2m−2 (Hofstede et al., 1995; Nagy
et al., 2011). Some areas of the páramo are recurrently affected by
grazing, cattle ranching and burning for pasture management (Hofstede
et al., 1995; Suarez and Medina, 2001). However, there is no evidence
of induced fires or grazing occurring over the past decade in our study
area. Local coexistent endemic vegetation includes other grasses, such
as Fetusca sp. (< 5%), and patches of cushion plants (< 10%) that are
sparsely distributed across the wetlands outside of the study fetch (e.g.,
Azorella sp., Gentiana sp., Plantago sp., Valeriana sp., and Xenophyllum
humile sp.). Finally, remnant patches of small Polylepis sp. forests and
low shrubs, such as Weinmannia sp. and Buddleia sp. (< 5%), are also
found outside the fetch of the observatory.

The climate of the study area is influenced by the Pacific regime and
the predominant continental air masses of the Amazon Basin. Peak
values in seasonal rainfall are related to the passage of the Inter
Tropical Convergence Zone (ITCZ) through the region. However, as
noted by Vuille et al. (2000), sea surface temperature anomalies, such
as the El Niño Southern Oscillation (ENSO), do not have a significant
influence on the climate at this high elevation. Páramos are also char-
acterized by a lack of thermal seasonality, by steady low temperatures
and by prevalent convective and orographic cloud formations (Bendix
et al., 2006; Emck, 2007). The average annual temperature is 6.1 °C

(max.= 14.2 °C, min.= 0.4 °C), the relative air humidity is 93.6%, and
the solar radiation level is 4942MJm−2 per year (daily average=
13.73MJ m−2 per day), with a noticeable increase in the incoming
energy occurring from October to December. Wind speeds follow sea-
sonal patterns and have a monthly mean of 3.21m s−1 from October to
March and 4.77m s−1 from June to September. Seasonality is more
evident in the levels of precipitation, with the highest levels recorded
from January to June (and October) and with an annual mean of
1210 ± 101mm year−1. Thus, bimodal rainfall seasonality is found,
similar to other páramo ecosystems (Célleri et al., 2007). Throughout
the day, rainfall prevails in the afternoon and almost 30% of all local
precipitation is defined as a drizzle, according to Padrón et al. (2015).
Hence, our páramo site is characterized by a constant input of water
delivered as rain, as is the case for other Neotropical alpine areas
(Bendix et al., 2008; Janeau et al., 2015). This climatological in-
formation is detailed in Figures S1 and S2 in the supplementary ma-
terial, showing a monthly climograph (6 years, from Jan. 2012 to Dec.
2017) and annual / monthly wind charts for the same period.

2.2. Experimental setup

To understand the bioclimatic properties of the study site, we used
climate data (2012 to 2017) extracted from a conventional automatic
weather station (AWS) located 10m from the EC tower. Measurements
taken included the solar radiation, temperature, relative humidity,
wind speed and direction, atmospheric pressure and rainfall levels. The
quality assessments and controls (QA/QC) of the data were assessed
according to Rollenbeck et al. (2016), and data gaps (7% of the total)
were filled using an interpolation scheme based on information from a
nearby páramo AWS within the same climatic regime (Toreadora site in
Cajas National Park, 31 km north and 3995m a.s.l., data not shown).
The AWS data were also used to calculate ETr values (Section 3.6).

Within the 2-year period (March 01, 2016 to February 28, 2018), a
3.6 m EC tower was operational over a site characterized by a gentle
slope of 10° and covered by homogeneous and healthy tussock grass-
land. Atmospheric CO2 and water vapor (H2O) fluxes were measured
with a LI-7200 enclosed path infrared gas analyzer (IRGA) (LI−COR,
Lincoln, NE, USA) running at a constant flow of 15 l min−1 delivered
through a flow module. Due to the highly humid conditions of the site,
an insulated and electrically heated intake tube (LI−COR 7200-050,
71.1 cm in length and 5.33mm in internal diameter) was installed with
the LI-7200. This accessory employed 5W of power and proved es-
sential for preventing condensation and improving the H2O frequency
response (Metzger et al., 2016). Furthermore, we set this intake tube
tilted down at a 5° with a rain cap with a fine screen to prevent water
from entering the measurement cell during storm events. In addition,
we installed a 2 μm particulate filter into the tube line to prevent insect
and dust contamination. We made 3D wind speed / direction and sonic
temperature measurements using a GILL-WM Gill New WindMaster 3D
Sonic Anemometer (Gill Instruments, Hampshire, UK). The IRGA and
sonic anemometer operated at 20 Hz and data were collected from a
LI−COR LI-7550 analyzer unit. Complementary micrometeorological
sensors were deployed to measure the Net Radiation (Rn), the Photo-
synthetic Photon Flux Density (PPFD), and the air temperature / re-
lative humidity levels. In addition, the Soil Heat Flux (G) was measured
(3m from the tower) using three heat flux plates while measuring soil
moisture / temperature levels with three water content reflectometers
(with integrated thermocouples). Detailed characteristics of the afore-
mentioned instrumentation are shown in Table 1. The power supply
was provided by two solar panels (250W each, SolarWorld SW250),
which had a MPPT charge controller (SolarEpic Tracer4215BN) and a
wind turbine generator (600W, Windmill DB-600, with an independent
MPPT controller, installed at 5m height, outside of the EC footprint).
Both systems were connected in parallel to a battery bank of 550 Ah (5
AGM batteries 12 V & 110 Ah, Power King). The EC tower operation
with this hybrid power system proved crucial given the harsh and
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remote conditions of the study site, where incoming solar energy is
often limited due cloudy conditions, but substantial wind power is
available most of the time.

2.3. Data preprocessing, QA/QC and instrumental corrections

During the study period, the total loss of flux measurements was
12.7% due to power failures and instrumental errors. Therefore, levels
of temporal coverage were superior to the 65% value (annual average)
reported by Falge et al. (2001) for other EC sites. Available data on
H2O, CO2 and energy fluxes from the IRGA and 3D anemometer were
binned with an average window of 30min and were processed using the
EddyPro software (version 6.2.0, LI−COR, Lincoln, NE, USA). Here, we
applied the following QA/QC: (i) diagnostic flags provided by the in-
struments, (ii) plausibility limits (sensors and site-related) and (iii)
spike removal.

Specific corrections applied included (i) a sectorwise planar fit ad-
justment for sloped topography and potential canopy inhomogeneities
(Wilczak et al., 2001), (ii) cospectra filtering (Mauder and Foken, 2004;
Vickers and Mahrt, 1997), (iii) time lag compensations for CO2 and
water vapor (as a function of relative humidity) and (iv) a humidity
dependent spectral correction using the method of Fratini et al. (2012).
An analysis of the normalized ensemble-averaged hourly cospectra is
provided in the Annex S1 of the supplementary materials.

QA/QC values for the half-hourly computed fluxes were determined
according to Mauder and Foken (2004) using the 0,1,2 flag system,
from which low quality data were removed (flag 2). Table 2 lists the
percentages of flagged fluxes.

2.4. Advection-affected fluxes removal, gap filling and uncertainty analysis

Because katabatic flows (generated during calm nights with clear
skies) across the slopes of the high Andes (Litt et al., 2015; Trachte
et al., 2010), can lead to an underestimation of Reco levels due to the
drainage of CO2 emissions, we performed a flux removal when low
turbulence and advection conditions prevailed (i.e., nocturnal katabatic
and afternoon anabatic flows) (Aubinet et al., 2012). For this, data with
low friction velocity (u*) were filtered by applying the Moving Point
Test for threshold detection according to Papale et al. (2006). Then,
gaps identified due to data losses resulting from power failures, QA/QC
filtering, and low-turbulence filtering were filled via Marginal Dis-
tribution Sampling (MDS) using the REddyProc R-package (Reichstein
et al., 2017, 2005).

We estimated the uncertainty error induced by gap filling using a
bootstrapping technique (resampling with replacement) and by
creating a dataset of pseudoreplicates. The differences between the high
and low threshold estimates (95% and 5% quantiles of the bootstrapped
uncertainty distribution) corresponded to the uncertainty level (in-
troduced by the uncertain estimate of the u* threshold). We also cal-
culated the random error of the original CO2 fluxes according to
Finkelstein and Sims' (2001) method.

To provide insights about the occurrence of nocturnal advection in
our site, we included an analysis of the nocturnal turbulence (u*) and
its relationship to nocturnal C fluxes (Annex S3). Finally, we tested the
sensitivity of the NEE balance to the u* threshold-based filtering and
gap filling processes.
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Table 2
Flux quality flags. Flag 2 data were discarded for analysis purposes.

Quality Flags Sensible Heat Latent
Heat

CO2 flux H2O flux

Percentage Flag 0 (High Quality) 12.7% 9.9% 13.6% 9.9%
Percentage Flag 1 (Intermediate

Quality)
68.7% 65.5% 72.1% 65.5%

Percentage Flag 2 (Poor Quality) 18.6% 24.6% 14.2% 24.6%
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2.5. Energy balance and footprint analyses

The suitability of the flux results is also based on the Energy Balance
Closure (EBC) level and our footprint analysis of the source of fluxes.
EBC was conducted from Rn, G, Latent Heat (LE) and Sensible Heat (H)
values and gap-filled data were excluded to avoid bias. Hence, turbu-
lent fluxes (H+LE) should be approximately equal to the amount of
available energy (Rn – G) (linear regression). For this computation, Rn
was corrected by slope and aspect conditions (slope= 10° and as-
pect= 145° southeast) to force the surface-normal energy incoming
into the system following the methodology developed by Olmo et al.
(1999) and detailed in Leuning et al. (2012) and Serrano-Ortiz et al.
(2016). We applied this correction under relatively sunny conditions
using a sky clearness index (Kt) of greater than 0.7 to avoid making
unnecessary corrections when diffuse-irradiance sky conditions due
cloudy conditions that characterize the páramo were present. Kt values
were calculated to be the ratio between the incoming shortwave ra-
diation (Rs) (pyranometer measurements) and the modeled Extra-
terrestrial Radiation (Ra), following Duffie and Beckman (2013); the
resulting Kt values were found to account for 9.4% of the Rn observa-
tions. Final G fluxes accounted for the direct measurements with the
plates (Gs), plus the heat storage estimation (GST) of Mayocchi and
Bristow (1995). Energy flux densities for relatively sunny days were
analyzed as well.

A Flux Footprint Prediction (FFP) based on the method of Kljun
et al. (2015) was conducted to estimate the spatial origins of the flux
and to exclude potential flux sources of nontussock grass vegetation.
The FFP demonstrated the existence of unidirectional fluxes (northeast)
with minor contributions from the southwest. Here, 80% of the foot-
print was found within 100 ∼ 130m of the tower, covering a homo-
geneous grassland area of approximately 1.6 ha (97.5% of grassland
cover, 0.4 ∼ 0.8m canopy height), which had a low level of topo-
graphical variability. Thus, less than 2.5% of the data were excluded
after the FFP assessment. The analysis is described in detail in Annex S2
of the supplementary material.

2.6. Flux calculations and CO2 light / temperature–response
parameterization

The NEE is a crucial indicator for understanding the páramo’s role
as a C source / sink by aggregation over time (i.e., daily, seasonally and
yearly). For a long-term analysis, the calculation of the NEE, is only
achievable through continuous flux detection (the EC technique).
Consequently, the NEE was divided into its main components of GPP
and Reco (where: NEE=GPP – Reco). For this purpose, we used a re-
gression of nighttime NEE and soil temperature (Lloyd and Taylor,
1994), in which the latter was taken as a proxy for the daily rates of
Reco. Then, GPP was estimated to be the difference between NEE and
Reco. Finally, negative nighttime GPP values were set to zero. Flux
partitioning was conducted using the R REddyProc package (Reichstein
et al., 2017), and NEE, GPP and Reco were aggregated in daily, monthly
and annual sums to explore the C budgets over different time periods.

Furthermore, we parameterized specific equations from half-hourly
datasets to represent the CO2 response to light and soil temperature, a
process that is applicable to non-EC monitored sites that have only
conventional meteorological measurements available. For these sites,
NEE was fitted to a Mitscherlich equation form (Falge et al., 2001) in
which GPPmax is the diurnal maximum productivity level (or max. C
uptake when compared with PPFD). The model was adjusted, with days
showing a minimum midday uptake of –2 μmol m−2 s−1. The Mit-
scherlich formulae were used instead of the traditional Michaelis and
Menten (rectangular hyperbola) models to prevent an overestimation of
NEE (at light saturation) (Stoy et al., 2014). Based on the full half-
hourly dataset, GPP was linearly correlated with NEE and Reco was
represented by a polynomial correlation with soil temperature (Tsoil).

By convention, the positive Net Exchange (+NEE) represents the

negative Net Ecosystem Production (–NEP) according to Chapin et al.
(2006). Therefore, we used NEP instead of NEE to compare the positive
C assimilation in the ecosystem (sink), the GPP and the Reco against
control variables such as PPFD, soil temperature and soil moisture. For
this purpose, we calculated Spearman’s correlations (with a t-test for
each case) for the full period and for days with positive NEP (>+0.10)
and negative NEP (< –0.10) values. Correlations with p-values> 0.05
were considered to be insignificant.

2.7. The study period in context of longer-term observations

To bring our shorter-term measurements in line with the longer-
term climate conditions in the páramo, a 48-year climate dataset
(monthly temperature and precipitation for 1964–2011) from the
nearby páramo AWS El Labrado (40 km north-east and 3335m a.s.l.,
data provided by the National Institute of Meteorology and Hydrology
of Ecuador INAMHI) was compared with the available measurements
from Zhurucay (6-year) and, in particular, with the 2-year flux mon-
itoring data. Using this dataset, the integrated anomalies in precipita-
tion and temperature were determined for the complete period (54
years) using the well-known Standardized Precipitation
Evapotranspiration Index (SPEI) (Beguería et al., 2014; Vicente-Serrano
et al., 2010). The SPEI is advantageous for describing the meteor-
ological dryness / wetness because it combines multiscalar character-
istics with a sensitivity to temperature fluctuations. A 1-month-based
SPEI scale served to classify the historical drought or excess water
conditions of our study period. Prior to the establishment of this scale
an adjustment for the páramo’s specific altitudinal temperature lapse
rate (according to Córdova et al. (2016)), was adopted to fit the El
Labrado dataset to the elevation of Zhurucay.

Furthermore, we obtained a 19-year dataset of satellite GPP ob-
servations from the MODIS product MOD17A2H (MODIS/TERRA Gross
Primary Productivity, version 6, 500m of resolution, 8-day composite
for 2000–2018, available from the Land Processes Distributed Active
Archive Center (LP DAAC)) for the correspondent pixel of our EC
footprint. Cloud-contaminated images (low QA/QC of the product)
were excluded from the analysis prior to obtaining daily averages for
each month to compare the results to our GPP estimations.

2.8. Evapotranspiration and Kc

The EC method produced measurements of ETa, which were derived
from the air density (ρ), vertical wind speed (w) and water vapor mixing
ratio (water vapor mass divided by dry air mass = q) values, according
to Eq. (1):

=
′ ′ET ρ w q¯ * *̄a (1)

This flux consists of transpiration, the evaporation of intercepted
rain / fog and the evaporation from soil surfaces, and it is extremely
useful for understanding water availability and carbon / water coupling
in natural and disturbed biomes. As was done for NEE fluxes, diurnal
half-hourly ETa observations affected by power failures, QA/QC fil-
tering and low turbulence were identified and discarded (30.7% of
data), following Papale et al. (2006). Then, the gaps were filled via the
MDS technique and the corresponding uncertainty was retrieved. ETa
observations were aggregated at daily, monthly and annual time steps
and were compared with ETr values calculated from standard (and
frequently used) methods of FAO56 PM Penman-Monteith reference
evapotranspiration (grass-based) (Allen et al., 1998) and ASCE-ERWI
standardized reference evapotranspiration (alfalfa-based) calculation
(ASCE-ERWI, 2001). Finally, the Kc values for the páramo tussock
grasses were obtained from the ETa / ETr ratio for both ETr methods
(considering the less humid and wet periods of the site) and were then
contrasted with other Kc values reported in the literature.
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3. Results and discussion

3.1. EBC and energy flux densities

Fig. 2 shows two EBC scenarios: (2a) EBC with an Rn Surface-
normal correction and (2b) EBC with direct Rn observations (i.e.,
without correction). For both cases, we obtained a regression slope of
1.02, which represents an outstanding closure comparable to other
tropical sites with moist environments (Cabral et al., 2015, 2010). We
also observed a linear intercept of 6.5 ∼ 6.9W m−2, a high correlation
R2 value of 0.92∼0.93, and analogous values of RMSE.

While some studies encourage the geometrically-based adjustment
of Rn for EC experiments of steep terrain (Hammerle et al., 2007; Olmo
et al., 1999; Wohlfahrt et al., 2016), our findings demonstrate that for
our location (which has a high diffuse radiation dominance), a surface-
normal correction does not significantly improve the EBC.

Fig. 3 shows the energy flux densities for the relatively cloud-free
days (average of 9 days) during a less humid / high radiation period
(August 2016) and during a wet / low radiation period (January 2017).
The Rn Surface-Normal corrected and Rn observed curves are shown, as

are the LE, H, G and residuals of the corrected or uncorrected Rn sce-
narios (ResRnSN and ResRn). Standard deviation bars are also shown in
the figure.

During the less humid month (3a), the sensible heat doubled the
latent heat density (Hmean= 127.6W m−2 versus LEmean= 64.0W
m−2). However, differences between H and LE during the wet month
(3b) were less significant (Hmean= 89.6W m−2 versus LEmean= 93.0W
m−2). This can be attributed to an increase in the humidity of the en-
vironment and the soil due to higher levels of precipitation. Finally,
differences in the available energy (RnSN – G), the turbulent flux
(H+ LE), and the residuals (ResRnSN) were measured to be 10.5%, 4.7%
and 30.1% higher, respectively, in the less humid period than in the wet
period. Additionally, the deviations of all of the density curves (SD)
were found to be notably higher for the wet period.

The 2-year of energy fluxes analysis shows daily averages of
RnSN=102.2 ± 40.4W m−2, H= 64.4 ± 39.2W m−2,
LE= 57.7 ± 27.3W m−2, and G=0.5 ± 5.4W m−2 with residuals
of (ResRnSN) = –15.0 ± 36.1W m−2. However, the diurnal parti-
tioning of the net available energy (07:00 – 18:00) into H and LE was
measured to be 55.0% and 43.5%, respectively. Therefore, a significant

Fig. 2. EBC for the study site: (2a) EBC with an Rn Surface-Normal correction (2b) EBC with uncorrected Rn (direct observation). No gap-filled data were used.

Fig. 3. Hourly energy flux densities on cloud-free days for (3a) a less humid / high radiation month (August 2016) and (3b) a wet / low radiation month (January
2017), with error bars.

G. Carrillo-Rojas et al. Agricultural and Forest Meteorology 265 (2019) 30–47

35



amount of the available energy is used for atmospheric heating.

3.2. NEE measurements and partition-derived carbon fluxes (GPP, Reco)

NEE (μmol m−2 s−1) half-hourly fluxes were obtained from the
available CO2 flux measurements (after the QA/QC process). Data af-
fected by low turbulence and advective conditions were filtered (25.5%
of NEE) (via u* threshold-detection) and friction velocity thresholds of
u*= 0.344 and u*=0.321 were applied, for the first and second year,
respectively. The NEE half-hourly means for the first and second year
were 0.33 ± 3.86 and 0.19 ± 3.77 μmol m−2 s−1, respectively. The
correspondent uncertainty averages were 0.02 ± 0.68 and
0.02 ± 0.56 μmol m−2 s−1 (6.9% and 12.6% of the induced error to
the gap-filled data, respectively). Following the method of Finkelstein
and Sims' (2001), original CO2 half-hourly fluxes had a mean of
0.07 ± 3.97 μmol m−2 s−1, with an average random error of
0.02 ± 0.49 μmol m−2 s−1 (28% of the error). These uncertainties are
lower than those reported by Baldocchi et al. (2001) for other FLUXNET
sites (0.4 μmol m−2 s−1). The analysis of the nighttime turbulence (u*)
and its relationship with nighttime C fluxes, presented in the Annex S3
of the supplementary materials, demonstrates that the selected u*
thresholds used in the data filtering can reduce the possibility of an
underestimation of nighttime Reco.

The GPP and Reco modeled by the partitioning process developed
by Reichstein et al. (2005) are shown in Fig. 4. The half-hourly NEE
fingerprint is shown in Fig. 4a and the daily aggregated NEE, GPP and
Reco fluxes are shown in Fig. 4b.

In this figure, the NEE fingerprint (Fig. 4a) shows consistent levels
of diurnal-nocturnal fluctuation from sunrise (approx. 07:10) to sunset
(approx. 18:05) without intra-annual seasonality or a noticeable degree

of C uptake (by the ecosystem) from 09:00 to 15:00. The C fixation
process tended to decline in the late afternoon hours as was expected
due to the frequent afternoon-cloudiness of the páramo, which limits
photosynthesis earlier in the day than is the case under cloud-free
conditions. The hourly daytime NEE mean was –2.97 ± 3.01 μmol
m−2 s−1 (max. = –13.55 μmol m−2 s−1) and the nighttime NEE mean
was measured to be +3.23 ± 1.04 μmol m−2 s−1 (max. =
+19.56 μmolm−2 s−1). During a few days in June, October, November
and December 2016-17, we observed higher values of C release at night,
likely because these days preceded less humid periods and were fol-
lowed by rain events, conditions that can promote respiration.

Daily aggregations of fluxes (Fig. 4b) show predominantly positive
NEE values with a daily mean of +0.27 ± 0.58 gC m−2 day−1, a
maximum of +2.50 and a minimum of –1.36 gC m−2 day−1. In total,
484 days registered positive values and 246 days registered negative
NEE values, meaning that for only 34% of the time, the páramo acted as
a weak C sink. On the other hand, partition-retrieved GPP values
reached a mean of 3.21 ± 0.86 gC m−2 day−1, (max.= 7.98,
min.= 0.45) and the Reco mean reached 3.48 ± 0.76 gC m−2 day−1,
(max.= 7.47, min.= 0.69). Very few studies have evaluated observa-
tions (or validated model estimations) of atmospheric C flux in the
páramo. For instance, McKnight et al. (2017) obtained a Reco flux
average of 4.58 ± 0.22 μmol m−2 s−1 from midday measurements
(between 10:00 and 14:00) by applying the soil CO2 flux chamber
technique to a similar biome (Mazar Wildlife Reserve: 3450m a.s.l.
91 km east of Zhurucay). This Reco value is 39% higher than our ob-
servations (3.30 ± 0.81 μmol m−2 s−1). Sánchez et al. (2017) used
diurnal NEE measurements, combined with simulated nocturnal Reco
and inferred GPP values, derived from a CO2 IRGA with a custom-made
transparent chamber for NEE and a sunlight block fixture to simulate

Fig. 4. Half-hourly NEE fingerprint (4a) and daily aggregated NEE, GPP and Reco fluxes (4b) for the study period. The hourly standard deviation of NEE is shown as
bars.

G. Carrillo-Rojas et al. Agricultural and Forest Meteorology 265 (2019) 30–47

36



dark respiration for an undisturbed peatland site (cushions and lawns
over histosols) in the Cayambe-Coca National Park (4260m a.s.l., near
the active volcanic highlands of northern Ecuador). Values reported
from this survey (09:00 – 16:00 during dry-days) are as follows: NEE =
–0.69 ± 0.08 gC m−2 hour−1, Reco=0.66 ± 0.06 gC m−2 hour−1

and GPP=1.35 ± 0.12 gC m−2 hour−1. In this study, the authors
noted that CO2 losses might be higher if nighttime respiration were
measured. Our corresponding daytime NEE reached –0.18 ± 0.09 gC
m−2 hour−1, the nighttime Reco reached 0.14 ± 0.03 gC m−2 hour−1,
and the GPP (full dataset) reached 0.33 ± 0.10 gC m−2 hour−1. Our
values are clearly lower than those for the Cayambe-Coca site. It should
be stressed that these studies only used daytime sampling methods in a
short-term monitoring period, rather than the EC technique, which
performs a continuous (diurnal / nocturnal) monitoring of fluxes, sur-
veying the whole ecosystem (Baldocchi, 2003).

Monthly and annual aggregations of C fluxes are shown in Table 3.
We found that NEE, GPP and Reco monthly averages for the less humid
period were higher than those for the wet period, especially for NEE.

In investigating analogous carbon-exchange studies of the
Ecuadorian páramos, Minaya et al. (2016) retrieved monthly GPP es-
timations by applying the Biome-BGC model and validated the model
with ground-based GPP values (derived from aboveground biomass and
C stock ratios) for the Antisana Ecological Reserve (near to Cayambe-
Coca). In their study, low elevation sampling areas (4000–4200m a.s.l.)
showed a modeled GPP of between 80 and 120 gC m−2 month−1 and
ground-based GPP values of approximately 95 to 100 gC m−2 month−1.
The latter results are similar to our estimates.

We found that our site is a source of carbon, with annual NEE
budgets of +128.8 gC m−2 year−1 for the first year, +68.7 gC
m−2 year−1 for the second year, and annual uncertainties (attributed to
u* threshold removal and gap filling) of 4.33 gC m−2 year−1 and 3.41
gC m−2 year−1, respectively. The C balance shown in Table 3 is sen-
sitive to the u* threshold-based filtering and gap filling. To quantify this
sensitivity we increased the u* threshold by 20% (i.e., from 0.344 to
0.413m s−1 for the first year and from 0.321 to 0.385m s−1 for the
second year) and then recalculated the annual budgets of NEE. This
modification increased the NEE balance by 2.64 gC m−2 year−1 and
1.92 gC m−2 year−1, respectively (which represents 61% and 56% of
the annual aforementioned uncertainty). Therefore, it is unlikely that
higher u* threshold values can affect the NEE budget beyond the un-
certainty level.

Respiration clearly exceeded gross primary productivity (11% and
6%, first and second year, respectively). Consequently, the páramo
behaved as a CO2 source for this particular period. This finding can be
explained by several key ecosystem characteristics: (i) páramo soils
release CO2 depending on the stability of SOM to decomposition
(Tonneijck et al., 2010), but this is strongly dependent on local alpine
inhibition factors (i.e., limited radiation, low temperatures, high

humidity levels and mineral inputs) that not yet fully understood
(Hribljan et al., 2016); (ii) heterotrophic (RecoH) and autotrophic
(RecoA) respiration mechanisms have been rarely investigated for this
harsh ecosystem; however, a study of the RecoH of páramo soils in
Colombia (Curiel Yuste et al., 2017) reported a high sensitivity of CO2

emissions to changes in soil temperature (unaffected by soil water sa-
turation). Thus, given persistent diurnal-nocturnal variations in soil
temperature found at our site (max.= 20.3 °C, and min.= 4.8 °C), the
daytime RecoH rates may potentially overcome the CO2 sequestration
rates; and (iii) the photosynthesis of tussock grasses (the dominant
species, which possesses a low biomass / necromass ratio) is strongly
affected by the limitations of sunlight in the cloudy páramo. The phe-
nology and water use efficiency of this plant species are still un-
explored.

Table 4 compares the annual C budgets (EC technique-based) of
globally distributed tropical, mid-high elevation, and high-latitude
(tundra) grasslands (with similar characteristics as the system studied
here) to values obtained in this study.

Certainly, most undisturbed prealpine and alpine grasslands (e.g.,
Niwot Ridge, Qinghai-Tibetan Plateau and Monte Bondone) and to a
lesser degree the Australian subalpine grasslands (Dargo) act as strong
C sources. These ecosystems are, however, subject to seasonality and
their water supplies are dependent on snowmelt during the winter
(rainfall is also scarce). Additionally, some of these biomes share re-
lated species of mid-tall grasses (Carex, Poacea and Eriophorum sp.). On
the other hand, arctic tundra sites (e.g., Imnavait Creek and Atqasuk)
mostly act as weak C sources. Despite having a significant water sur-
plus, these biomes have a considerable deficit of incoming solar ra-
diation, which limits C fixation during a significant period of the year.
Regardless of the mid-elevation location of the Cerrado grassland in
Brazil (which has a large water supply and is closer in latitude to our
site), this biome acts as a C sink, unlike the Panama pasture (Sardinilla),
which serves as a strong source of CO2. Finally, our site shows annual
GPP levels as high as those of other source-type ecosystems (Monte
Bondone and Sardinilla) and nearly as high as those of the Qinghai-
Tibetan Plateau.

Similarly, páramo soil and vegetation can release significant CO2

relative to other low-elevation tropical ecosystems, as is the case for
boreal and arctic tundra biomes where NEP decrements are greater than
GPP decrements according to latitude (releasing larger emissions re-
lative to respiration). This behavior can remain constant over time
(possibly interannually), as the seasonal variability in GPP and Reco
levels for the tropics is lower than that of other biomes, as noted by
Falge et al. (2002), given the dominant role of cloudiness in photo-
synthesis modulation for tropical regions as stated by Baldocchi et al.
(2018) in a review of numerous FLUXNET sites.

Estimates of páramo soil age ranging from 6675 to 8270 years be-
fore present (B.P.) were reported by Hribljan et al. (2016) for grasslands
of the Cayambe-Coca National Park, with historical C accumulation
rates of up to 23 gC m−2 year−1 and a soil C storage of 183 kgC m−2.
Jantz and Behling (2012) reported an estimate of soil age of 8428 ± 41
years B.P. for the Quimsacocha Tres-Lagunas site (2 km north of our
site, with the estimate based on pollen and charcoal records). Their
results indicate that cooler and humid conditions (late-Holocene 2200
years B.P.) were optimal for the soil C accumulation. However, a
stronger human influence is also detected during the last 200 years B.P.
In spite of the alterations in C-dynamics due to natural processes, such
as volcanic activity or preindustrial-era climatic shifts, whether some
páramo locations (such as our site) are experiencing recent C stock
depletion (in contrast to its longer-term accumulation capacity) re-
mains unclear. To understand these processes, a longer-term observa-
tional period of EC exchange measurements combined with of the study
of soil and vegetation-level C stocks and diurnal / nocturnal fluxes is
urgently needed.

Table 3
Monthly and annual NEE, GPP and Reco fluxes.

NEE GPP Reco

Monthly Average with SD*

(gC m−2 month−1)
8.2 ± 7.7 97.6 ± 10.7 105.8 ± 13.9

Wet Period Average ** 6.2 ± 6.2 98.9 ± 12.5 105.1 ± 14.9
Less humid Period Average *** 11.1 ± 9.0 95.7 ± 7.9 106.8 ± 13.2
Difference Wet vs. Less humid (%) 80.8% –3.3% 1.7%
First year Sum

(gC m−2 year−1)
128.8 1175.1 1303.7

Second year Sum
(gC m−2 year−1)

68.7 1166.4 1235.2

* SD Standard deviation.
** Wet period contemplated: January, February, March, April, May, June

and October.
*** Less humid period contemplated: July, August, September, November

and December.
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3.3. NEE / GPP light–response and carbon exchange models

As photosynthesis and C fixation are limited by photon availability,
the productivity of the páramo must be related to sunlight levels (see
Fig. 5). Hence, in Fig. 5a, the total diurnal GPP is correlated with total
daily PPFD, and shows a positive correlation with R2=0.47 (nonlinear
model with 95% confidence band), which demonstrates that GPP pro-
portionally increased as PPFD increased until the GPP reached satura-
tion (8.5 gC m−2 day−1, at 96.0mol m−2 day−1).

Furthermore, Fig. 5b shows the relationship between the average
diurnal NEE and the average PPFD (in μmol m−2 s−1, at the 95%
confidence level), and depicts a positive correlation (R2=0.49) be-
tween the C uptake (negative NEE) and the photon flux. NEE was sa-
turated at an emission level of –4.5 μmolm−2 s−1 and at 990 μmolm−2

s−1 of PPFD.
Our parameterization of C fluxes to light and soil temperature re-

sponses for this ecosystem is presented in Eqs. (2)–(4) as follows:

= − + = <NEE GPP e R p*(1 * ) 3. 192 ; ( 0.95, 0.05)max
PPFD

GPP( 0.035 ) 2max (2)

= − + = <GPP NEE R p0.992 * 3.350 ; ( 0.95, 0.05)2 (3)

= − + = <Reco T T R p3.207 0.209 * 0.019 * ; ( 0.40, 0.05)soil soil
2 2 (4)

In Eq. (2), the apparent quantum yield coefficient (0.035) and the
dark respiration coefficient (3.192) are similar to those reported by
Ruimy et al. (1995) for grasslands. These equations are suitable for the
empirical estimation of C fluxes in similar páramo locations, where, for
instance, PPFD can be inferred from the Rs of conventional AWSs.
However, the development of site-specific equations is recommended
for more heterogeneous locations.

3.4. CO2 fluxes versus climatic / biophysical controls

Fig. 6 shows the analyses of the correlations between CO2 assim-
ilation in the ecosystem (NEP, explained in Section 2.6), GPP and Reco
fluxes and specific climatic / biophysical controls: daily PPFD, soil
water content and soil temperature.

For the full period, NEP showed a moderate correlation with GPP
and PPFD, a weak or no relationship with soil moisture and soil tem-
perature, and an inverse relationship with Reco. This behavior was
undetermined for correlations with p < 0.05. On the other hand, GPP
cannot be correlated with Reco, given that one is derived from the other
(Vickers et al., 2009). Full period GPP was strongly related to PPFD and
soil temperature. An inverse correlation between full period GPP and
soil water content was found for the three datasets. These findings
suggest that limited CO2 sequestration periods in the páramo (+NEP

and GPP) can be promoted by increases in PPFD but are inhibited by
increases in soil moisture. Reco also showed a positive correlation with
PPFD and soil temperature for the whole period and an especially
strong correlation for negative NEP days, as well as an inverse re-
lationship with soil water content. Like those for NEP and GPP, these
findings also suggest that C emissions can be promoted through in-
creases in light and soil temperature and through strong reductions in
soil water content (a rare occurrence in the páramo). Finally, the re-
lationship between PPFD and the soil water content was inverse and
proportional to the soil temperature, and the soil water content was
inversely proportional to the soil temperature. Figure S6 in the sup-
plementary material illustrates a daily time series for NEP, GPP and
Reco versus soil temperature, water content and rain depth for the
study period.

3.5. The study period in comparison to longer-term environmental
observations

Fig. 7a depicts (i) the long-term temperature and precipitation series
for the El Labrado climate station (INAMHI) as monthly averages with
standard deviation, (ii) the 6-year monthly climate data from Zhurucay
highlighting the flux measurement periods, and (iii) the NEE, GPP and
Reco monthly sums. The overall variability in the long-term tempera-
ture and rainfall is consistent with that of the Zhurucay climate series,
in spite of the difference in altitudinal temperature at El Labrado.
Monthly scale fluxes have an unclear relationship with climatic vari-
ables. However, for January and February 2016 and March 2017 the
ecosystem exhibits a weak uptake of CO2 (–0.4, –0.6 and –4.7 gC m−2

month−1, respectively), which is probably associated with the pre-
cedent decline in rainfall and the subsequent radiation increase in the
system.

In Fig. 7b, the 1-month-based SPEI interestingly shows that the
period of EC monitoring can be classified as moderate wet (the begin-
ning of each year) to moderate dry (the 5 intermediate months of each
year), according to the categorization of McKee et al. (1993) and the
World Meteorological Organization (2012) for meteorological dryness /
wetness. Finally, Fig. 7c reveals a relative consistency and similar
magnitude of the MODIS GPP long-term observations (the daily mean of
which is 3.33 ± 0.14 gC m−2 day−1), when compared to our EC-based
GPP estimations (the daily mean of which is 3.21 ± 0.21 gC m−2

day−1), in spite of the low regression coefficient found.
These results provide an insight to how representative our study

period is of the longer-term dynamics of the páramo’s climate condi-
tions for the last 54 years and confirm that our flux measurements were
acquired in the absence of drought or excess water anomalies.

Fig. 5. Nonlinear fit of diurnal GPP versus PPFD (5a) and average diurnal NEE versus PPFD (5b) with 95% confidence bands (thin lines).
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3.6. Evapotranspiration

During the study period, the mean-hourly ET reached
0.13 ± 0.12mm hour−1 with a mean uncertainty of
0.001 ± 0.004mm hour−1 for the gap-filled values. Therefore, only
0.9% of the error was introduced to these data as a result of the gap
filling process. Additionally, the random error for the water fluxes
calculated following the Finkelstein and Sims' (2001) method was of
0.13 ± 0.21 μmol m−2 s−1, which is equivalent to 9.8% of the H2O
half-hourly mean (1.31 ± 1.92 μmol m−2 s−1). Thus, these biases
hardly affected the monthly and annual ET aggregations (as shown in
Section 3.2 for NEE).

Fig. 8a depicts the hourly dispersion between ETa and the modeled
ETr from FAO56 (Allen et al., 1998) and ASCE (ASCE-ERWI, 2001)
methods, and Fig. 8b shows the daily ET values by notched boxplots
(95% confidence interval). In Fig. 8a, we illustrate the daytime course
of ET during four days in August 2016 (clear and cloudy conditions).
The modeled ETr tended to overestimate the ETa fluctuations,

especially for ETr (ASCE). The ETa flux lags during sunshine hours and
is suppressed prior to sunset, particularly on sunny days. It is important
to note that the general ETr models of FAO56 and ASCE do not account
for a surface-normal correction of solar radiation by default.

The linear fitting of the available half-hourly data exhibits good
closure (slope) between ETa and ETr (FAO56) but confirms that ETr
(ASCE) is overestimated; however, both show similar regression coef-
ficients.

Daily means of ET for the 2-year period were measured to be:
ETa=1.74 ± 0.28mm day−1 (max.= 5.1, min.= 0.3), ETr
(FAO56)= 1.93 ± 0.42mm day−1 (max.= 5.4, min.= 0.0), and ETr
(ASCE)=2.23 ± 0.49mm day−1 (max.= 7.6, min.= 0.3).
Therefore, the values were overestimated by 10.6% and 27.9% for the
FAO56 and ASCE ETr methods, respectively. Median values (Fig. 8b)
are similar to the average values, but the 25th and 75th percentiles and
their corresponding upper whiskers (maximum values) and outliers
show larger ranges in the ETr outputs. Carrillo-Rojas et al. (2016) re-
ported average daily ETa values of 1.64 ± 0.47mm day−1 to

Fig. 6. Spearman’s correlograms for NEP, GPP, Reco, PPFD, soil water content and soil temperature. Days with positive and negative NEP are analyzed in-
dependently. Correlations with p-value> 0.05 are cross-marked.
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2.27 ± 0.63mm day−1 (representing the wet period and less humid
period, respectively) for remotely sensed ETa maps, calculated using an
energy balance based model (with Landsat imagery) of a nearby
páramo catchment (Quinoas-Cajas). Córdova et al. (2015) calculated
daily estimates of ETr (FAO56) of 1.89mm day−1 for Quinoas-Cajas
and 1.98mm day−1 for Zhurucay by applying similar meteorological
instruments in 2011–2013. Table 5 shows the ETa and ETr daily
averages and aggregated monthly and annual estimates for the full
period and for wet and less humid months. The respective Kc coeffi-
cients are also shown.

For the 2-year study period, ETa had a mean of 634.7 ± 9.0mm
per year, a lower value than the ETr sums (ETr (FAO56) mean=
702.0 ± 7.8mm per year, and ETr (ASCE) mean=812.1 ± 19.8 mm
per year). Compared to the mean annual rain depth (1237.9 ± 3.8mm
per year), ETa accounts for 51% of the precipitation. However, this
estimate may not be definitive due to limitations and uncertainties in
the tipping bucket technique (TB), as was demonstrated by Padrón et al.
(2015) using 3 years (2011–2014) of rainfall observations in Zhurucay.
The authors showed that low-resolution techniques, such as the TB
(0.1 mm), can underestimate the total rainfall catch by up to 15%
compared to a high-resolution optical technique, such as a laser disd-
rometer (0.01 mm), which detects drizzle contributions with great ac-
curacy. Unfortunately, this instrument was not available for our study
period. Mosquera et al. (2015) showed a slightly lower water balance-

based ETa result (580mm year−1) and a ratio over rainfall of 44.6% for
the head microcatchment (M2) of Zhurucay (the location of our eddy
tower).

The differences between the observed ETa values and the ETr esti-
mates can be mainly attributed to the characteristics of the ETr algo-
rithms. These characteristics include: (i) the sensitivity of ETr to the
climatic variables, (ii) the method of estimation of solar energy com-
ponents (particularly for Rn), and (iii) other factors, such as the crop
model characteristics (e.g., canopy height, aerodynamical properties,
etc.) or factors related to time-aggregation (Córdova et al., 2013).
Therefore, calibrating the ETr models to better fit the tussock grass
physiology and páramo environment is necessary. The full period Kc
(FAO56) mean=0.90 is higher than those values reported by (i)
Buytaert et al. (2006c) (Kc=0.42), based on an intra-annual water
balance of a small Ecuadorian páramo catchment (Huagrauma) and by
(ii) Iñiguez et al. (2016) (Kc=0.67), based on a model simulation of a
nearby páramo grassland area (Calluancay). The full period Kc (ASCE)
mean=0.78 is slightly lower than those reported by Carrillo-Rojas
et al. (2016) in the form of the Reference Evapotranspiration Fraction
ETrf (ASCE ETr Kc equivalent) for tussock grasslands of the Quinoas-
Cajas (ETrf= 0.86 from Landsat-based ET mapping). Therefore, the ETr
(FAO56) method and its Kc can be used for the prediction of ETa values
in ecosystem analyses and water management applications.

The monthly water balance (the difference between P and ETa), as

Fig. 7. Long-term analyses: (7a) Temperature and rainfall series for: El Labrado AWS, Zhurucay AWS (including the 2-year EC measurements), NEE, GPP and Reco,
(7b) Historical monthly SPEI, and (7c) MODIS GPP observations versus EC-based GPP estimations.
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well as monthly rainfall and ETa, are presented in Fig. 9.
As expected, during the wet months of January, February, March,

April, and May of the complete period of analysis we found a stronger
positive balance (i.e., a surplus of water from the precipitation income).
Surprisingly, however, for October 2016 (normally a rainy month, 6-
year avg.= 95.3 mm month−1), the balance result was negative
(–8.8mm month−1). The latter can be attributed to the presence of
short and heavy showers with considerable solar radiation in between,
in contrast to other years that had consistent stratiform rainfall and an
increment of cloudiness. For the months of August and November, a

water deficit is clearly evident. These findings aid our understanding of
potential water limitations and their occurrence in the páramo.

Finally, a review of the daily and annual ETa values retrieved from
similar high-elevation (alpine) grasslands around the globe is illustrated
in Table 6.

An analysis of Table 6 shows that Tibetan alpine meadows have
ETa/Rain ratios of between 0.60 and 0.70 and that the North American
alpine tundra has a ratio of 0.58, all three of which are higher than that
of our study area (0.51). Therefore, the humid páramo experienced a
diminished loss of water by evaporative processes. This is corroborated

Fig. 8. Comparison of hourly ETa and ETr based on scatterplots with linear fitting and an example of ET curves for 4 days in August 2016 (8a) and of daily ET
notched boxplots (95% confidence interval) (8b).

Table 5
Daily, monthly and annual ET estimates with standard deviations, and crop coefficients (Kc) for the FAO56 and ASCE ETr models.

ETa (Eddy Tower) ETr
(FAO56)

ETr
(ASCE)

Kc
(FAO56)

Kc
(ASCE)

Daily ET Average
(mm day−1)

1.74 ± 0.28 1.93 ± 0.42 2.23 ± 0.49 0.90 0.78

Wet Period Daily Avg. * 1.73 ± 0.26 1.86 ± 0.56 2.12 ± 0.37 0.93 0.82
Less humid Period Daily Avg. ** 1.75 ± 0.31 2.01 ± 0.51 2.37 ± 0.59 0.87 0.74
Difference Wet vs. Less humid (%) 1.3% 8.0% 12.1%
Monthly ET Average

(mm month−1)
52.89 ± 8.48 58.50 ± 12.72 67.67 ± 15.08 0.90 0.78

Wet Period Monthly Avg. * 52.41 ± 8.17 56.40 ± 10.26 64.18 ± 11.87 0.93 0.82
Less humid Period Monthly Avg. ** 53.57 ± 8.85 61.45 ± 15.04 72.57 ± 17.53 0.87 0.74
Difference Wet vs. Less humid (%) 2.2% 9.0% 13.1%
First Year Aggregated ET

(mm year−1)
643.69 709.76 831.80 0.91 0.77

Second Year Aggregated ET
(mm year−1)

625.68 694.23 792.36 0.90 0.79

* Wet period considered: January, February, March, April, May, June and October.
** Less humid period considered: July, August, September, November and December.
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by lower levels of daily ETa loss in our study area relative to those from
other locations. Figure S7 in the supplementary material depicts ETa,
rainfall, vapor pressure deficit (VPD) and Rn daily time series for the
study period.

4. Concluding remarks

Knowledge gaps pertaining to CO2 exchange, ETa processes and
their interactions with microclimates of tropical high mountain grass-
lands motivated us to install the first EC tower in the highest vegetated
frontier of the tropics: the Andean páramo. Our investigation provides
insight into carbon / water flux behaviors at different time scales and
under different climatic conditions.

The identified CO2 budget shows that ecosystem respiration levels
exceed productivity levels most of the time (66%); this outcome, in an
annual balance, doubtlessly renders the Zhurucay páramo a C source.
However, a long observational period is needed in future investigations
to confirm the hypothesis that this location (and other páramo sites)
mostly act as C sources under current climatic conditions and to un-
derstand their intra- and interannual sink / source strength. The C
balance found is mainly controlled by low levels of solar energy (which
limits the photosynthesis of the available biomass), via climatic controls
such as low temperatures and high soil moisture and by the elevated

diurnal and nocturnal respiration rates. The CO2 light and temperature-
response equations parameterized in this study will contribute to future
studies on páramo EC-ungauged sites. However, the accuracy of these
equations would benefit from a parameterization based on long-term
data. The páramo showed limitations of C sequestration analogous to
those of other high-elevation (alpine grasslands) and high-latitude
(tundra) sites. However, some investigations exclusively based on soil
or plant-level observations and shorter-term monitoring have suggested
that this ecosystem is a CO2 sink (Bremer et al., 2016; Farley et al.,
2013; McKnight et al., 2017; Minaya et al., 2016).

Tonneijck et al. (2010) demonstrated that the C content of the
páramo soils is exceptional (87 ± 12 kgC m−2, up to 200 cm depth),
especially in the ectorganic horizon (31 ± 23 kgC m−2). If we consider
a hypothetical steady loss of 0.099 kgC m−2 per year (our mean annual
NEE), the ectorganic-layer C stock in Zhurucay would be depleted in
313 ± 232 years. Such a hypothetical situation could be worsened in
climate change scenarios in which SOM degradation increases due to
temperature increases (microorganism-activity acceleration) and rain-
fall levels diminish (soil drying) (Buytaert et al., 2011), and in which
the CO2 fertilization effect (industrial-era) could be reduced due to
extreme weather conditions, as suggested by Obermeier et al. (2017)
for temperate C3 grasses. In the páramo, land use / cover-change sce-
narios can affect the water retention capacities of soil (e.g., increasing

Fig. 9. Water Balance (P-ETa) at monthly scales.

Table 6
Annual and daily ETa comparisons among alpine grasslands around the globe.

Location
(Country)

Elev.
(m a.s.l.)

Lat./
Long

Type Rain
(mm year−1)

Annual ET
(mm year−1)

Daily
ET
(mm day−1)

ET
Method *

Reference

Tibetan Kobresia pastures
(China)

4410 31.26 N /
92.1 E

Alpine
Meadow

430 300 1.90a

4.00 ∼ 6.00b
EC, LYS, MOD (Coners et al., 2016)

Zhurucay Páramo
(Ecuador)

3765 3.06 S /
79.24W

Alpine
Tundra

1238 635 1.74 EC (Present study)

Niwot Ridge
(USA)

3500 40.05 N /
105.58 W

Alpine Tundra 1072 631 – EC (Knowles et al., 2015b)

Qinghai-Tibetan
Plateau
(China)

3250 37.58 N /
101.33 E

Alpine
Meadow

642** 391** 1.90 ∼ 2.22c EC (Gu et al., 2008)

Swiss Central Alps
(Switzerland)

2440 46.56 N /
8.41 E

Alpine
Grassland

1900 – 3.70 AT, LYS (van den Bergh et al., 2013)

a, b: Respective values for dry and humid summer in the Tibetan Kobresia pastures.
c: Values for the growing season in the Qinghai-Tibetan Plateau.
* ET Method: EC=Eddy Covariance, LYS=Lysimeter; AT=Atmometer evaporation, MOD=Model Based.
** Averaged during 2002–2004 for the Qinghai-Tibetan Plateau site.
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ET losses and water transit time) (Crespo et al., 2010; Mosquera et al.,
2016b) but can also alter C dynamics and lead to irreversible changes in
the hydrophilic characteristics of Andosols (favored by drying effects)
(Poulenard et al., 2003). For instance, a detailed examination of the
effects of climate change in the northern tropical Andes highlands by
Vuille et al. (2018) projected severe shrinkages of glaciers and negative
impacts on water supplies for the lowlands. Hence, a deeper under-
standing of effects of global-warming on large subnival ecosystems such
as the páramo is also required.

To our knowledge, we present the first ETa and crop coefficients for
Andean tussock grasslands, retrieved from a reliable H2O vapor-detec-
tion technique and two widely used ETr models. These indicators are
highly sought after in research on climate change, ecosystem services
and water management in the Inter-Andean valleys (Célleri and Feyen,
2009; Hamel et al., 2017) and will help the scientific community and
stakeholders to consider near-real losses from evaporative processes in
water balances in this fragile ecosystem. Our study introduces novel
and relevant data on land-atmosphere exchange processes in the high
tropics, similar to other pioneering investigations of torrid-zone
mountains (Cullen et al., 2007; Holwerda et al., 2006; Ibrom et al.,
2008; Litt et al., 2015). The preservation of the pristine vegetation, soil
and hydrology of the Andean páramo is crucial for preventing major
losses in C storage and water, which have irreversible consequences for
the páramo’s ecosystem services.

Future works should pursue (i) the long-term EC monitoring of
carbon / water fluxes to analyze interactions between drought and
extremely humid periods at interannual time scales; (ii) the evaluation
and improved parameterization of C light-response equations and Kc
reported here, based on long-term flux datasets, (iii) the prediction of C,
energy and water fluxes based on land surface–atmosphere models at
landscape and regional scales, with a specific calibration of their soil
and vegetation parameters; and (vi) the characterization of the effects
of similar greenhouse gases, such as methane, which can be highly
abundant in these soils and wetlands.
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Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.agrformet.2018.11.
006.

The aforementioned complementary illustrations (Figures S1 to S7)
and Annex S1 to S3 can be found in the supplementary material.
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