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ABSTRACT

El Nino Southern Oscillation (ENSO) is a periodic disruption of coupled oceanic-atmospheric conditions in the
tropical Pacific, which changes global precipitation regimes. One area strongly affected by positive (el Nino)
phases is the Pacific Coast of South America. The specific effects of ENSO on Andean ecological communities
have received little attention, however. We examine vegetation gross primary productivity (GPP) on Peru’s north
coast arid-lands during a recent (2016-2017) el Nino, using a time series of Sentinel 2 imagery. By comparing
GPP time-series in three agricultural subregions and three endemic desert vegetation communities, we demon-
strate that levels of primary productivity in desert regions during ENSO-positive phases meet or exceed
thresholds of adjacent agricultural lands. These results, the first that quantify and spatialize changing GPP be-
tween ENSO-neutral and ENSO-positive phases for South American arid-land biomes, both outline the scale and
distribution of the el Nino effects on terrestrial ecosystems and highlight the resulting opportunities for human
inhabitants. The dramatic changes to endemic vegetation on the normally hyperarid coastal desert of Peru
revealed by reconstructed GPP suggest that periodic el Nino precipitation plays a critical role in arid land
ecodynamics by enhancing establishment, green growth, and seedbank development. These findings improve our
understanding of ENSO’s net effects and highlight the roles of abrupt climate events in the arid land ecology of

NW South America.

1. Introduction

South America’s Pacific coast, between approximately 4°-30° S
latitude, is one of the most extensive coastal deserts globally. This region
is affected by the El Nino Southern Oscillation (ENSO), a periodic
disruption of coupled oceanic-atmospheric conditions originating in the
tropical Pacific. ENSO events generally are differentiated from normal
or ENSO-neutral conditions as ENSO-positive (warm, or ‘el Nino’) and
ENSO-negative (cool, or ‘la Nina’) phases, which bring wetter or drier
seasons, respectively, to South America’s desert coast. Research into the
ecological and societal impacts of ENSO in this region has emphasized
the adverse effects of ENSO-positive (el Nino) events, especially eco-
nomic losses in marine fisheries from warming oceans and nutrient
deprivation (Castilla and Camus, 1992; Chavez et al., 2003; Kluger et al.,
2018; Niquen and Bouchon, 2004) and losses to transportation, agri-
cultural, and sanitation infrastructure from flooding and river avulsions
(Garnica, 1997; Martinez-Urtaza et al., 2008; Ward et al., 2014).

* Corresponding author.
E-mail address: vining@uark.edu (B.R. Vining).

https://doi.org/10.1016/j.jaridenv.2021.104695

ENSO’s effects on South America’s arid coastal environments remain
poorly understood even though this is a core region of ENSO develop-
ment. ENSO has been hypothesized to be a key factor in the formation of
arid-adapted endemic vegetation communities (Cano et al., 1999;
Eichler and Londono, 2013; Tovar et al., 2018). Botanical surveys
following strong el Ninos in 1982-1983 and 1997-1998 suggest
endemic vegetation communities in the Andean desert are at least
partially adapted to the semi-regular, periodic ENSO climatic pattern,
and may rely on el Nino events for their ecological function (Cano et al.,
1999; Dillon and Rundel, 1990; Eichler and Londono, 2013; Péfaur,
1982; Richter, 2005; Tovar et al., 2018). Human usage of these arid
environs may also, in long-term perspective, be ENSO-adapted.
Although early use of desert areas has been tied to early — mid Holo-
cene pluvial phases (e.g., Chauchat, 1975), more recent studies suggest
desert environments could have been utilized intermittently during
ENSO-positive periods when increased precipitation enhanced their
productive potentials (Beresford-Jones et al., 2015; Caramanica et al.,
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2020; Galvez Mora and Runcio, 2010).

These divergent perspectives have led to a heightening debate
regarding the net ecological effects of ENSO-positive phases on marine
and terrestrial productivity, and ultimately the adaptive capacity of
human communities to shift productive strategies to adjust to abrupt
ENSO climate shifts.

In the context of this debate, we examine changing vegetation Gross
Primary Productivity (GPP) on the north coast of Peru during a recent
(2016-2018) cycle between ENSO-neutral and ENSO-positive condi-
tions. Our objective is to assess the productive potential of desert mi-
croenvironments with respect to human exploitation (either through
animal husbandry, foraging or small-scale cultivation) and whether
potential niches that develop during el Nino events could offset other,
adverse impacts of these events. To do so, we quantify and spatialize
ENSO-driven trends in GPP using a time-series of Sentinel 2 multispec-
tral satellite data. Our estimates of GPP are validated by establishing
their strong correlation with Moderate Resolution Spectroradiometer
(MODIS) GPP products. To evaluate how vegetation responses in
endemic communities compares to various production strategies, we
compare GPP in three desert phytogeographic zones to three adjacent
agricultural subregions at high spatial and moderate temporal resolu-
tion. This approach allows us to characterize changes in ecological po-
tentials and identify areas where climatic microrefugia may develop.

We find that GPP in select endemic vegetation communities in-
creases rapidly to levels commensurate with those in agricultural areas
and is sustained for several months. These often-overlooked conse-
quences of el Nino are key to understanding the ecological role and net
effects of this climatic pattern. Understanding the spatio-temporal re-
sponses of endemic dryland vegetation GPP to ENSO dynamics is an
essential step towards appreciating the net effects of this climatic pattern
on terrestrial ecology.

2. Geographic and climatic context
2.1. Study region

We focus our analysis on endemic desert vegetation communities
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surrounding Peru’s lower Chicama and Jequetepeque Valleys (7.6°-8.0°
S, 79.0°-79.5° W, 0-2100 masl, Fig. 1A and B). In this region, significant
vegetation (and by extension major habitats and human land use) is
confined to riparian ‘oases’ along rivers draining the Andean chain,
while surrounding lands are warm and hyperarid. Higher-elevation fog
oases are an important but highly localized secondary vegetation com-
munity (Moat et al., 2021). Outside of these limited vegetation zones,
desert areas are largely denudate under normal climatic conditions.

Mean annual temperature is 21.2 °C with seasonal/diurnal variations
+11 °C. Surface and groundwater originates as high-elevation
orographic precipitation from Atlantic-Amazonian convective sources
(Vuille et al., 2000). Precipitation occurs as small events of <5 mm
during the austral wet season (December-May), with most accumulation
occurring between late February-April. During ENSO-neutral years,
mean precipitation recorded at the Servicio Nacional de Meteorologia e
Hidrologia (SENAMHI) instrumental stations at Casa Grande (—7.75°,
—79.19°, 145 masl) and San Benito (—7.42°, —78.92°, 1317 masl) are
21.46 mm/annum and 322.47 mm/annum, respectively (SENAMHI,
2019).

The various phytogeographic zones of the study region, differenti-
ated by elevation, geological substrate, and mean ambient moisture,
allow us to evaluate the effects of changing moisture regimes on vege-
tation productivity in distinct environmental settings across ENSO
phases (Fig. 1C). The lower Chicama Valley is a deltaic alluvial plain,
approximately 70% of which is currently under intensive fertigated
sugarcane (Saccharum sp.) monoculture. The lower Jequetepeque Val-
ley, in the northern portion of the study region, is largely covered in
sugarcane and rice (Oryza sp.) monoculture. Small-scale monoculture
and polyculture plots are concentrated in the NW portion of the Chicama
Valley, predominantly over marginal solonchak soils and are inter-
spersed with remnant endemic thorn-scrub, halophytic grasses, and
back-coastal marshlands.

The desert areas surrounding these alluvial plains are divided into
three phytogeographic subregions (ONERN, 1973). The desert littoral
(0-200 masl) is a region of sparse xerophytic grasses and terrestrial
epiphytes (Tillandsia sp.) growing over aeolian sands and paleochannel
deposits. The desert piedmont is a narrow transitional band between 200
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Fig. 1. (A) The location of the study area in NW South America. (B) The Chicama and Jequetepeque Valleys, with the Sentinel 2 imagery footprint (black outline) and
SENAMHI meteorological stations indicated. (C) Phytogeographic subregions in the study area.
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and 500 masl characterized by alluvial fan deposits, poorly formed
regosols, and sparse xerophytic vegetation. The desert matorral region is
found from approximately 500-2000 masl, is associated with xerosols
and leptosols, and hosts succulent, and sparse thorn-scrub where pockets
of moisture allow. We evaluate the effects of ENSO-driven precipitation,
such as that which occurred during the most recent 2016-2017 el Nino,
on GPP these agricultural and endemic phytogeographic communities.

2.2. ENSO characteristics within the study region

El Nino-Southern Oscillation (ENSO) is a periodic disruption of
coupled oceanic-atmospheric circulation patterns originating in the
tropical Pacific Ocean (Fig. 2), which create sea surface temperature and
precipitation anomalies that change local and global climates. ENSO is
characterized by two phases representing departures from interannual
mean (ENSO-neutral) conditions; an ENSO-positive (warm or “el Nino”)
phase and an ENSO-negative (cool or “la Nina”) phase. A variety of
ENSO patterns are currently recognized based on whether SSTA develop
in the Eastern Pacific (EP, NINO 1 + 2) or Central Pacific (CP, NINO 3,
3.4, and 4) and how these affect moisture balance in adjacent regions
(Ashok et al., 2007; Cai et al., 2020; Chattopadhyay et al., 2019; Hu
et al., 2019; Ramirez and Briones, 2017, see Fig. 2).

The frequency and magnitude of ENSO phases are modulated by
their spatio-temporal intersection with other interannual — decadal
oceanic-atmospheric oscillations, including the Pacific Decadal Oscil-
lation and Atlantic Multidecadal Oscillation (Chattopadhyay et al.,
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2019; Ramirez and Briones, 2017). Shifts from ENSO-neutral to pos-
itive/negative phases develop over approximately 7-12 months and
occur on cycles of 3-7 years. Strong positive/negative phases occur with
decadal periodicity, with recent severe el Ninos occurring about 14-19
years apart (Ortlieb, 2000; Quinn et al., 1987). Recent very strong el
Ninos (Multivariate ENSO Index >2.0 (Zhang et al., 2019), occurred
during the 1972-1973, 1982-1983, 1997-1998, and 2015-2016 austral
summers. The last is the only event coinciding with adequately high
spatial- and temporal-resolution earth-observation data.

Among ENSO’s most significant impacts are inversions in ENSO-
neutral precipitation regimes due to Pacific SSTA effects on atmo-
spheric moisture (Fig. 2). During ENSO positive (el Nino) phases, higher
elevation Atlantic — Amazonian orographic patterns weaken, decreasing
precipitation in mesic - humid regions of the continental interior that
feed coastal streams. Conversely, localized precipitation along the Pa-
cific coast of South America increases dramatically (Goldberg et al.,
1987; Lavado-Casimiro and Espinoza, 2014; Rau et al., 2017; Tapley and
Waylen, 1990). During recent strong — very strong el Ninos, EP (ENSO 1
+ 2), CP and EP SSTA drove anomalously high amounts of rainfall
within the our study region (Cai et al., 2020). Mean precipitation at Casa
Grande and San Benito during thermal years 1992-1983, 1997-1998,
and 2016-2017 (the last three strongest ENSO-positive phases) was 145
mm/annum and 1905.2 mm/annum, respectively (SENAMHI 2019).
ENSO-negative (la Nina) phases are associated with strengthening of
ENSO-neutral conditions (Bendix, 2000; Cai et al., 2020; Goldberg et al.,
1987; Kane, 1999; Lagos et al., 2008; Lavado-Casimiro and Espinoza,
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Fig. 2. ENSO regions 1 + 2 and 3.4 sea surface temperature anomalies (SSTA) and total precipitation anomaly (PPTA) during the 2016-2017 ENSO positive period.
SSTA derived from NOAA CRW global 5 km monthly data from mean January and January 2017 conditions. PPTA derived from WorldClim mean monthly datasets

and GPM-IMERG total monthly precipitation for Jan-May 2017.
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2014; Rau et al., 2017; Tapley and Waylen, 1990).
2.3. Ecological effects of ENSO on NW South America

We limit our discussion here to the effects of eastern Pacific (EP)
ENSO-positive conditions on arid northwestern South America. The ef-
fects of ENSO are particularly acute here as this region is proximate to
core areas of ENSO development (Fig. 2). Most attention has emphasized
the adverse effects of positive/el Nino phases. Warm NINO 1-4 SSTA
and suppression of cold Antarctic currents in NINO1+2 on marine biota
during el Nino phases result in a deepening thermocline and decreased
nutrient upwelling. This contributes to collapses of cold-adapted
benthic, pelagic, and neritic communities and their replacement by
cosmopolitan or warm-adapted species (Castilla and Camus, 1992;
Chavez et al., 2003; Niquen and Bouchon, 2004). Negative terrestrial
impacts including mass wasting and river avulsion/flooding that
contribute to lost life, property, economic productivity, socio-economic
stress, and increased infectious disease have been widely discussed
(Garnica, 1997; Martinez-Urtaza et al., 2008; Ward et al., 2014).

These dramatic impacts do not include vegetation responses to ENSO
moisture dynamics, which remain poorly understood. These ENSO-
vegetation interactions are critical, however, as they affect land sur-
face dynamics and primary productivity, providing a foundation for
other ecological responses to ENSO regimes. Botanical surveys in Peru’s
coastal dry lands following very strong el Ninos in 1982-1983 and
1997-1998 documented enhanced herbaceous and woody growth;
increased diversity, leafy biomass, and seed production; lengthened
growing periods; and expansions of ruderal species (Cano et al., 1999;
Dillon and Rundel, 1990; Erdmann et al., 2008; Ferreyra, 1993; Richter,
2005; Richter and Ise, 2005; Tovar et al., 2018). Increased growth
cascade through dryland trophic levels, supporting higher trophic level
consumers (Erdmann et al., 2008; Richter, 2005). Both increased and
decreased green growth are recorded in moist- and dry-tropical forests
during ENSO-positive phases due to variations in plant-available mois-
ture (PAW) and insolation rates (Condit et al., 2004; Nagai et al., 2007;
Poveda and Salazar, 2004). Vegetation response consequently is not
uniform, but is sensitive to edaphic, orographic, and hydrographic
variables (Erdmann et al., 2008; Ferreyra, 1993).

3. Methods

We evaluate changing dryland productivity due to ENSO-positive
conditions using a multimethod approach. The influence of ENSO on
the study area’s climate was evaluated as statistical relationships be-
tween meteoric precipitation and NINO SSTA indices. We measure
vegetation response to increased precipitation during the 2016-2017 EP
el Nino using a GPP time series spanning May 2016-July 2018 derived
from the European Space Agency’s Copernicus Sentinel 2A and 2B high
resolution multispectral satellite imagery (Copernicus, 2017). To eval-
uate the hypotheses that arid regions became ecologically and agricul-
turally productive during ENSO-positive phases, we compare GPP trends
in endemic dry land vegetation to adjacent agricultural areas that were
cultivated using various strategies. These are small-scale polyculture,
fertigation monoculture (Saccharum), and flood-irrigation monoculture
(Oryza) intermixed with Saccharum fertigation (see above). This direct
comparison allows us to evaluate whether increased vegetation poten-
tial could offset adverse impacts given different productive strategies.

3.1. Analysis of ENSO-driven precipitation in the study region

Statistical relationships between precipitation in the study region
and SSTA indices in NINO regions 1 + 2, 3, 3.4, and 4 (Fig. 3) were
evaluated using monthly indices downloaded from the National Center
for Atmospheric Research (NCAR) climate data portals (Trenberth,
2021). Instrumental records for the Casa Grande and San Benito plu-
viometric stations were accessed from SENAMHI data repositories using
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the R package, senamhiR (Anderson, 2020). San Benito provides the
more complete record spanning 1964-2019. Data gaps of more than 2
weeks out of a one-month period were filled using a normal-ratio esti-
mation method (Linsley et al., 1988) with concurrent SENAMHI pre-
cipitation data from the Cospan, Sinsicap, and Monte Grande stations.
The resulting fifty-five year record was used to calculate mean monthly
and December-February, (DJF) and March-May (MAM) trimester pre-
cipitation throughout the austral thermal year (July—June). The DJF and
MAM trimesters characterize the austral wet season in Chicama and are
important for evaluating ENSO precipitation anomalies. Monthly pre-
cipitation accumulations are plotted against NINO SSTA for
ENSO-positive periods during 1982-1983, 1997-1998, and 2016-2017
in Fig. 3. Also shown are the average MODIS NDVI for the matorral
subregion and a harmonic fitted curve (Shumway and Stoffer 2017)
during the most recent ENSO neutral - positive years derived using
Google Earth Engine. These plots show the strong relationship between
SST warming, precipitation increases, and increased vegetation green
growth in the study region.

Statistical relationships between NINO 1 + 2 and 3.4 SSTA reported
by NCAR and precipitation recorded at the SENAMHI San Benito station
were evaluated using online tools available through the Koninklijk
Nederlands Meteorologisch Instituut Climate Explorer (KNMI-CE,
Trouet and Van Oldenborgh, 2013) San Benito monthly precipitation
totals were uploaded and anomalies were calculated as increases/de-
creases from monthly means. NINO region 1 + 2 monthly SST anomalies
for the period 1964-2019 were similarly uploaded into KNMI-CE.
Detrended precipitation anomalies from San Benito from Decem-
ber-May (the wet season) were correlated to detrended NINO 1 + 2 SST
anomalies with a 1-month lag to allow SST trends to propagate.

3.2. Estimation of gross primary productivity from optical remote sensing

We quantify the vegetation response to enhanced 2016-2017 el Nino
rainfall as gross primary productivity (GPP) rather than use a dimen-
sionless vegetation index. GPP is the amount of energy photochemically
stored by plants per unit area per unit time and is a measure of pro-
ductivity that is critical for estimating Net Primary Productivity (NPP,
the amount of biomass available to consumers as plant starches and
sugars). However, NPP is a function of autotrophy and stored biomass
(including below-ground) rates and cannot be reliably estimated from
remotely-sensed data without plant community-specific parameters. In
lieu of these parameters for our study region, we rely on estimated GPP
to evaluate plant dynamics.

GPP can be readily estimated from remote sensing data as a function
of (1) plant photosynthetic activity, (2) amount of incident
photosynthetically-active radiation (PAR;,) available to plants for
photosynthesis, and (3) carbon transfer rates (Running et al., 2000).
Canopy-level chlorophyll content is the strongest predictor of photo-
synthetic activity while accounting for phenology, stress, or
species-dependent photosynthetic capacity (Gitelson et al., 2006).
Chlorophyll-sensitive vegetation indices (VI.) and fractional Photosyn-
thetically Active Radiation (fPAR) are the most reliable remote sensing
measures of plant photosynthetic activity from which to estimate GPP,
consequently (Gitelson et al., 2006; Lin et al., 2019). PARy, is deter-
mined by solar incidence and environmental variables including cloud
cover and shade (Lin et al., 2019). Dense canopy and/or canopy ge-
ometry, which can also affect PAR;, diurnally, is not a factor in the study
region. Consequently, the most significant factors affecting PAR;;, are
seasonal variations in solar incidence and daily variations in cloud
cover. Environmental variables that influence carbon transfer rates,
including temperature, atmospheric vapor, and nutrient availability
(Running et al., 2000), are nearly constant within the study region,
given its coastal/tropical location, the spatial scale of analysis, and
elevational range.

Gitelson et al. (2006) calculate GPP from remote sensing data as a
function of VI. and PAR;, as:
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GPP «VI, x PAR,, (@)

where VI,

VI, = Psosn 2
P720—740

Similarly, Lin et al. (2019) find a close relationship between GPP
estimated from Sentinel data and carbon flux tower eddy-covariance
measurements of GPP (GPPgc), using the formula

GPP x CL, x PAR,, (©)]

where CL; is a chlorophyll-sensitive vegetation index similar to VI,
given as:

oL, =Lm )
P10s

Correlations between GPPgc and Sentinel GPP estimates were
strongest in partially-vegetated grasslands where canopy effects on PAR
were minimal (Lin et al., 2019). This is similar to the conditions in our
study region.

While carbon transfer rates are relatively constant within pheno-
logical stages (active growth and senescence) of short-lived/annual
plants, they can vary across phenological stages (Gitelson et al., 2006;
Lin et al., 2019; Running et al., 2000). The MODIS MOD17A2 GPP
product (Running et al., 2004; Running and Zhao, 2015) controls for this
with a seasonally-varying biome-specific light use efficiency factor
(LEU, ¢) to calculate GPP as

GPP = ¢ x (fPAR x PAR;,) 5)

Similarly, Lin et al. (2019) modify equation (3) with flux tower
eddy-covariance measurements, to

GPPcr, i = a; x CL,; X PARj;, + b; 6)

where a; and b; are scene-specific slope and intercept coefficients that
control for changing phenological conditions.

3.3. Derivation of a sentinel 2 GPP timeseries

We measure GPP from the Sentinel 2 multispectral (S2-MSI) data
using a modified form of equation (6) above. S2-MSI level 1C scenes
acquired between May 2016 and July 2018 were selected from the
Copernicus Open Access Hub (Copernicus, 2017). Sentinel 2 provides
optical data in 13 bands at 10 m and 20 m resolution in the visible — NIR
spectrum with a 10-day revisit time at the equator (Table 1). Sentinel 2A

Table 1
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was launched on June 23, 2015 followed by the Sentinel 2B platform on
March 07, 2017. As these platforms were launched just prior to the onset
of the 2016-2017 el Nino, they provide the first opportunity to monitor
ENSO-vegetation dynamics through full phenological cycles at the high
spatial resolution and spectral resolution that Sentinel provides in the
Red, Red Edge, and Near Infrared spectra.

Scenes having <5% cloud cover are used here. Sea/land surface
temperature differentials create frequent low-altitude coastal vapor in
the study region and only 17 out of 121 scenes acquired between Jan 01,
2016-Dec 31, 2018 met scene-quality criteria (SM, Table 1). Radiance
values were corrected to ground reflectance and haze removed using
scene-specific ephemeris parameters and a mid-latitude arid atmo-
spheric model.

We substituted fPAR for the vegetation photosynthesis terms in the
equations above to approximate GPP as:

GPP g = a; x fPAR g x PAR;, + b; 7)
Where fractional PAR is calculated following Wiegand et al. (1990),

as:

fPAR = 1.0 x (1-1C04LAD) 8)
where leaf area index (LAI) is given as:

LAI = (3.618 x EVI)-0.118 9
and enhanced vegetation index (EVI) is given as:

EVI = 2.5 X ((p783- p705)/(1+p783+(6 X p705)-(7.5 X pag2)) (10)

Following Lin et al. (2019), S2-MSI bands 7, 5, and 2 are used for
p783, P705, and paga, respectively.

Average daily PAR;, was derived for each S2-MSI scene date from the
MODIS L3 MCD18A2 v006 product (SM, Table 2). MCD18A2 provides
daily measurements of PAR in W/m2 at 3 h intervals and 5 km resolution
(Wang, 2017). The products for Universal Time Coordinated (UTC)
1200, 1500, 1800, and 2100 (7:00 a.m., 10:00 a.m., 1:00 p.m., and 4:00
p-m. local time) were accessed from the USGS LPDAAC archives and
summed to calculate cumulative daily PAR. PAR;, was estimated by
averaging the daily summed MCD18A2 PAR in seven-day periods
bracketing for each S2-MSI scene date for the years 2016-2020, such
that estimated PARj, is the average of 28 MCD18A2 tiles. The results are
date-specific estimates of mean daily PAR;, affected by solar illumina-
tion while minimizing cloud cover effects.

Neither flux tower data nor LEU (¢) coefficients are available for the
study region. In lieu of these data, we corrected initial GPPgy

Sentinel 2A and 2B multispectral instrument band orders, with bandwidth, central frequencies, and nominal spatial resolutions for each band indicated.

Sentinel-2 MSI data Sentinel-2A

Sentinel-2B

Central wavelength (nm) Bandwidth (nm)

Central wavelength (nm) Bandwidth (nm) Spatial resolution (m)

Band 1 - Coastal aerosol 442.7 21 442.2 21 60
Band 2 - Blue 492.4 66 492.1 66 10
Band 3 - Green 559.8 36 559 36 10
Band 4 - Red 664.6 31 664.9 31 10
Band 5 - Vegetation red edge ~ 704.1 15 703.8 16 20
Band 6 - Vegetation red edge ~ 740.5 15 739.1 15 20
Band 7 - Vegetation red edge ~ 782.8 20 779.7 20 20
Band 8 - NIR 832.8 106 832.9 106 10
Band 8A - Narrow NIR 864.7 21 864 22 20
Band 9 - Water vapor 945.1 20 943.2 21 60
Band 10 - SWIR - Cirrus 1373.5 31 1376.9 30 60
Band 11 - SWIR 1613.7 91 1610.4 94 20
Band 12 - SWIR 2202.4 175 2185.7 185 20
MODIS data Path/row product Temporal resolution Spatial resolution (m)
MOD17A2H H10/V09 Gross primary productivity (GPP) 8-day average 500

MCD18A2 v006 H10/V09 Ambient photosynthetic radiation (APAR)  Daily (3 h intervals) 5000
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Table 2
List of Sentinel 2 A/B scenes and corresponding MODIS MOD17AH2 Gross Primary Productivity products used in this analysis.
scene pair  Sentinel scene MOD17A2 scene date  image pair corr. pearson p  intercept (a)  coefficient (b)  adj. R-squared  f- df p-value
statistic
1 S2A_GPP_2016_05_02 MOD17A_2016_121 0.816 48.827 0.011 0.6662 4989 2498 <2.2e-
2 S2A_GPP_2016_08_11 MOD17A_2016_225 0.703 43.670 0.025 0.4934 2435 2498 1<62.Ze-
3 S2A_GPP_2016.10.10 MOD17A_2016_281 0.738 47.080 0.007 0.5443 2985 2498 1<62.2e-
4 S2A_GPP_2016_11.10 MOD17A_2016_313 0.762 47.060 0.007 0.5808 3464 2498 1<62.Ze-
5 S2A_GPP_2016_11 29 MOD17A_2016_337 0.768 17.330 0.002 0.5892 3586 2498 1<62‘2e-
6 S2A_GPP_2017_01_27 MOD17A_2017_025 0.682 40.420 0.001 0.4644 2167 2498 1<62.Ze-
7 S2A_GPP_2017.02.16  MOD17A2017_045 0.709 14.640 0.005 0.5027 1910 1888 l<62.26-
8 S2A_GPP_2017_04_04 MOD17A2017_097 0.790 17.680 0.004 0.6242 3884 2337 1<62.2(e-
9 S2A_GPP_2017_04.27  MOD17A2017_113 0.795 37.360 0.004 0.6319 3970 2311 1<6;.26-
10 S2A_GPP_2017.05.17  MOD17A_2017_137 0.785 —33.600 0.002 0.6164 4016 2498 1<62.2e-
11 S2A_GPP_2017_06_06 MOD17A2017_153 0.732 49.990 0.012 0.5361 2368 2047 1<62.26-
12 S2A_GPP_2017_10_.14  MOD17A2017_305 0.727 2.931 0.002 0.5285 2282 2034 1<62.Ze-
13 S2A_GPP_2018 0211 MOD17A_2018_041 0.792 51.620 0.007 0.6263 4190 2498 1<62.ZE-
14 S2A_GPP_20180313 MOD17A_2018_073 0.766 37.090 0.008 0.5859 3537 2498 l<62.2&3-
15 S2A_GPP_2018 0502 MOD17A_2018_121 0.824 24.610 0.009 0.6784 5273 2498 1<62.2e-
16 S2A_GPP_2018 0522 MOD17A_2018_145 0.676 70.610 0.009 0.4564 2099 2498 l<62.2e-
17 S2A_GPP_2018_07_31 MOD17A_2018_209 0.774 40.910 0.021 0.5992 3736 2498 1<62.2e-
16

measurements by regressing them to a corresponding MODIS 8-day
global MOD17A2 GPP product to derive a; and b; coefficients as in
equations (6) and (7). (MOD17A2 provides 8-day GPP in kg C/day’1
with global coverage at 500 m resolution. Because of the MOD17A2
product’s lower resolution and use of a biome-level ¢ variable, it is
inappropriate for measuring GPP at this study’s localized scale. Corre-
lations between GPPgy; and MOD17A2 scene pairs were evaluated using
Pearson’s p (Fig. 4, SM, Table 1). Final GPPg; measurements were
derived by regressing the initial estimates against MOD17A2 using a
linear model and recalculating GPP as in equation (7).

We assessed temporal trends by measuring GPP at each step in the
time series within the six phytogeographic subregions using sets of
randomly-generated sampling loci (n = 2500, see SM Table 3-5 for
values).

4. Results

Precipitation in the study region is positively correlated with SSTA in
the NINO 1 + 2 and NINO 3.4 regions, indicating that significant pre-
cipitation such as occurred in 2016-2017 is derived from EP and CP el
Ninos.

GPPg, measurements are strongly positively correlated with MODIS
8-day global MOD17A2 GPP. GPPgy; measurements reveal divergent
patterns in GPP between endemic arid land and agricultural vegetation
types. All three agricultural subregions exhibit cyclic seasonal increases/
decreases in GPP. These patterns are nominally affected by 2016-2017
el Nino. In contrast, endemic dry land vegetation shows a very strong
response to anomalous rainfall amounts driven by the 2016-2017 EP el
Nino. GPP in two of the three desert communities dramatically
increased. Similar responses were not seen in the prior/subsequent
ENSO-neutral wet seasons.

4.1. Dynamics of the 2015-2017 very strong Eastern Pacific el nino

Conditions affecting the NW coast of South America from 2015 to
2017 conform to a class of “Eastern Pacific el Ninos,” where warming
occurs in the eastern Pacific (NINO1+2 region) separately from or
following central Pacific (NINO 3.4) warming (Cai et al., 2020; Hu et al.,
2019). NINO 1 + 2 and 3.4 SSTA indicate the establishment of
ENSO-positive conditions between April 2015-April 2016, contributing
to marginally enhanced precipitation at Casa Grande and San Benito
during the 2016 late austral winter wet season (Fig. 3). NINO 1 + 2 SSTA
increased the following austral summer wet season, from December
2016-March 2017 with weaker SSTA in NINO 3.4. While warm/positive
SSTA persisted from approximately May 2015-July 2017, strong posi-
tive conditions in NINO 1 + 2 from December 2016-2017 catalyzed
increased precipitation on the NW coast of South America.

Precipitation accumulation from December 1, 2016-May 30, 2017
totaled 146.6 mm at Casa Grande and 1610.3 mm at San Benito, in-
creases of 683% and 395% over mean annual amounts recorded at the
same stations from 1964 to 2020 (Fig. 3). Rainfall began in late January,
becoming more frequent and intense through the beginning of April.
Single stormy events at Casa Grande exceeded 40 mm of precipitation,
whereas total annual precipitation in the three years prior and since was
<40 mm. Rainfall subsequently decreased with a return to non-
anomalous precipitation after April 2017.

Monthly precipitation totals at San Benito are strongly correlated
with NINO1+2 SSTA (p = 0.715). While precipitation in the study re-
gion is positively correlated with NINO3+4 SSTA, these relationships
are weaker (p = 0.260). This is consistent with observations that Andean
orographic precipitation primarily is Atlantic-Amazonian in source with
little meteoric moisture on the Pacific coastal region, except for when
ENSO conditions invert this pattern (Kane, 1999; Lavado-Casimiro and
Espinoza, 2014; Rau et al., 2017; Tapley and Waylen, 1990; Vuille et al.,
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Fig. 4. Scatter plots showing the relationship between MODIS MOD17AH2 GPP measurements and GPP estimated as a product of Sentinel 2 fPAR and average

weekly PAR estimated from 2019 to 2020 MODIS MCD18A2 data.

2000). Direct precipitation is most strongly affected by eastern Pacific
and eastern equatorial SST warming, as occurred during the 2016-2017
EP el Nino.

4.2. Validation of sentinel 2 GPP measurements

Initial estimates of GPPgy are strongly positively correlated with
MODIS GPP (p = 0.676 to p = 0.824, see Fig. 4 and Table 2). With this
strong positive correlation, GPP can reliably be estimated from S2-MSI
fPAR. Weaker correlations occur in scene pairs during the wet seasons.
This is likely due to increased spectral heterogeneity from cloud cover
and patchy vegetation which is not resolved between the 500 m MODIS
and 10 m S2-MSI products. Based on strong correlations, however, linear
models using scene-specific a; and b; coefficients can be used to derive
GPP as in equation (7).

4.3. Responses of vegetation communities to EP el nino source moisture

Vegetation in the studied phytogeographic subregions show variable
responses to enhanced ENSO moisture (Fig. 5). Sample values, means,
and standard errors for each subregion are provided in the Supplemental
Material Tables 5 and 6 and are shown graphically in Fig. 6. Agricultural
areas show moderate changes relative to ENSO-neutral wet/dry seasons.

Agricultural GPP has regular seasonal variation, as wet season
(Dec-May) high elevation precipitation benefits irrigation agriculture
along the coast. During the wet season (Figs. 5A and 6), mean GPPs;
increases to ~ 160-450 mg C m? day!. Peak productivity occurs in all
years towards the end of the wet season (April-May) as cultivars enter
maturation stages. Lowest GPPgo occurs after the wet season as culti-
vated areas enter fallow periods. Mean ENSO neutral dry season GPPg;
(Figs. 5B and 6) is ~150-300 mg C m? day '. Two agricultural sub-
regions (Saccharum/Oryza monoculture, Saccharum monoculture) show
modest increases in GPPg; under ENSO positive conditions compared to
ENSO neutral years, while the third shows moderate decreases (Fig. 6,
and SM, Table 6). While ENSO-related agricultural losses are reported
due to lost arable area and infrastructure damages avulsion and slope
destabilization, these losses do not appear to be compounded by large
fluctuations in GPP.

In contrast to agricultural subregions, the response of endemic desert
vegetation to ENSO-driven moisture is dramatic. During ENSO neutral
conditions, vegetation growth is extremely limited and the desert re-
gions are effectively denudate (Fig. 5 A and B). Levels of GPP in the
lower elevation desert regions are <100 mg C m? day~!. The desert
matorral phytogeographic region has moderately more vegetation pro-
ductivity: ENSO neutral GPP averages ~130 + 2.8 mg C m? day ! with
slightly higher levels late in the wet season (May).
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Fig. 5. Gross Primary Productivity derived from Sentinal 2A MSI Level 1C data for ENSO-neutral wet season (May 02, 2016) and dry season (Oct 10, 2016),
Compared to ENSO-positive wet season (May 17, 2017) and dry season (October 14, 2017).

Endemic vegetation in the desert piedmont and matorral phytogeo-
graphic subregions responded rapidly and significantly to enhanced el
Nino moisture during the 2016-2017 wet season (Fig. 5 C and D).
Maximal GPPg; in these two regions occurred from early April — mid
May 2017, 4-8 weeks after peak precipitation was recorded at Casa
Grande and San Benito. Peak GPPg,, measured on April 04, 2017, rea-
ches 276.3 + 2.8 mg C m? day ! and 396.9 + 5.2 mg C m? day ' in the
piedmont and matorral phytogeographic subregions, respectively
(Fig. 6). These values represent >260% increases over GPP maxima
during prior and subsequent ENSO neutral wet seasons. The desert
littoral, importantly, does not show a commensurate greening and levels
of GPP during the ENSO positive period are within the range of inter-
annual variability throughout the time series. This subregion is not
significantly affected by ENSO conditions.

4.4. Comparisons of agricultural and endemic vegetation productivity
between ENSO neutral and positive periods

One aspect of debate concerning ENSO impacts is the effect of el Nino
periods on the potential productivity of dryland vegetation and non-
industrial agriculture, and ultimately the economic effects of these
events on non-industrial economies. A comparison of agricultural and
endemic phytogeographic subregions through the time series reveals
how significantly ENSO positive conditions affect endemic vegetation
primary productivity (Fig. 6). GPP in both the piedmont and matorral
phytogeographic subregions is below levels of productivity in all agri-
cultural subregions during ENSO neutral conditions. As the 2016-2017
EP el Nino strengthened, the piedmont and matorral subregions reached
levels of productivity comparable to GPP in agricultural areas. This
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Fig. 6. Time series of GPPg, values showing the mean and 95% confidence interval for six phytogeographic subregions within the study region.

positive response suggests these niches are adapted to respond to ENSO
positive conditions and also that agriculturally productive niches could
be expanded during these periods.

GPP in the piedmont subregion exceeds small polyculture levels of
productivity by early April 2017. Piedmont GPP remains higher than/
within the range of small field GPP until at least as late as early Jun
2016. Piedmont GPP drops below agricultural regions sometime after
early June 2017 but remains elevated over ENSO neutral levels until as
late as October 2017.

The matorral subregion shows the most rapid and dramatic response.
By mid-February 2017, mean matorral GPP is comparable to GPP in
small-field polyculture plots. By early April (~90 days after substantial
ENSO-driven precipitation began), matorral GPP greatly exceeded small
polyculture GPP and peaked at levels of productivity commensurate
with intensively fertigated Saccharum/Oryza monoculture plantations
(Fig. 6 and SM Table 6). Matorral GPP remains elevated above ENSO
neutral levels until at least as late as Oct 2017 and from mid-May to mid-
October of 2017 exceeds or is within the 95% CI of GPP in all three
agricultural subregions. Desert matorral GPP exceeds or is equal to small
polyculture GPP for a period of minimally 265 days. It exceeds or is
within the standard error for Saccharum/Oryza monoculture for a period
of minimally 204 days. Importantly, the matorral subregion sustained
high levels of green growth for longer periods following the 2017 el Nino
than did agricultural regions.

The integrals for the piecewise functions defining each phytogeo-
graphic subregion further clarify the total effect of ENSO-driven mois-
ture on GPP (Fig. 7). During ENSO neutral periods in this series (May
2016-Jan 2017 and Oct 2017-May 2018), the integrals for piedmont ([
= 3.5 x 10%) and matorral ( J=5.5x 104 subregions are 27% and 43%,
respectively, of the integral for the most productive agricultural region,
Saccharum monoculture (J = 1.3 x 10%). In response to ENSO positive
conditions (Jan-Oct 2017), integrals for the piedmont ( f =6.3 x 10H
and matorral (f = 1.0 x 10°) subregions approximately double. Cu-
mulative GPP in the piedmont and matorral subregions reaches 52% and
84%, respectively, of Saccharum monoculture region (| = 1.2 x 10%),
the most productive phytogeographic subregion under both ENSO
neutral and positive conditions. Notably, the ENSO positive matorral
vegetation integral is approximately 121% of that of small polyculture
fields ( f — 8.4 x 10%. The marked and sustained increases in the
piedmont and matorral subregions indicate high levels of primary pro-
ductivity are achievable in endemic communities under suitable ENSO
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Fig. 7. Integrals for the piecewise functions defining GPP trends in each
phytogeographic subregion, during ENSO-neutral and ENSO-positive periods.

positive conditions. Levels of productivity are comparable to those seen
in agricultural areas, and the positive effects of the 2016-2017 el Nino
on GPP was sustained for longer periods in endemic communities than in
agricultural subregions.

5. Discussion
5.1. ENSO effects on arid land vegetation ecology

There is ecological and anthropological debate regarding the effects
of ENSO on natural and human systems in NW South American dry lands
and how ecological effects of ENSO-positive conditions enabled or
limited human adaptation to these abrupt climate changes. Varied re-
sponses have been reported for both humid and dry neotropical forests;
adverse impacts include decreased leafy biomass due to drier than
normal conditions while enhanced green- and sapling growth and
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fruiting and seeding have also been recorded (Condit et al., 2004; Nagai
et al., 2007; Poveda and Salazar, 2004). However, botanical surveys
indicate el Nino events can have a positive effect on—and may be vital to
the development and dispersal of—endemic dry land vegetation com-
munities (Cano et al., 1999; Dillon and Rundel, 1990; Eichler and
Londono, 2013; Erdmann et al., 2008; Ferreyra, 1993; Péfaur, 1982;
Richter, 2005; Tovar et al., 2018).

We demonstrate that ENSO-derived moisture can increase the GPP of
certain dry land vegetation, consistent with hypotheses that ENSO
events are critical for the establishment of lomas and other endemic
communities (see below). Further, ENSO effects on agricultural and
endemic vegetation diverge. Two of three endemic vegetation commu-
nities exhibited dramatic increases in GPP, while the third and all three
agricultural subregions exhibited nominal — no change in GPP from
ENSO neutral conditions. Spatial variability in vegetation response is
critical to accurately measuring the aggregate ecological effects of ENSO
and to understanding how anisotropic conditions result in niche envi-
ronments that could help mitigate the adverse effects of these climate
changes.

5.2. Comparison of results to botanical surveys during prior el nino
periods

Botanical surveys following el Ninos in 1982-1983, 1997-1998, and
2016-2017 provide fine-grained data on vegetation dynamics apparent
as enhanced GPP. Positive or neutral vegetation responses were condi-
tioned by taxa histology and geological substrate. Sentinel 2 measures of
GPP improve the spatialization of these relationships, helping to identify
the most productive microniches during ENSO positive conditions.

Recorded positive effects include increases in species richness, alpha
diversity, and density, with the most pronounced effects observed in
herbaceous/perennial Asteraceae, Boraginaceae, Graminaea, Poaceae,
Fabaceae, Leguminosae, Solanaceae, and Malvaceae taxa (Cano et al.,
1999; Erdmann et al., 2008; Ferreyra, 1993; Richter, 2005; Richter and
Ise, 2005; Tovar et al., 2018). Increased green growth was most signif-
icant in upland (>500-600 masl) plant communities on well-drained
‘pebbly’ or ‘gravelly’ substrates; these conditions correspond to the
piedmont and matorral phytogeographic subregions in this study.

Depending on the community, vegetation ground cover increased
from 3 to 5% during ENSO neutral conditions to 53-100% of ground
cover during prior ENSO positive periods. Greater than 90% of 168
previously-recorded species at Cerro Campana (—7.98°, —79.10°, 1004
masl) were in flower or fruiting between January-October following
that year’s very strong el Nino; simultaneously, 40 species in lomas
communities were in flower, compared to only 4 species three years
later (Dillon and Rundel, 1990: 495). Vegetation diversity, richness and
density in plots in Piura (northern Peru) declined and stabilized within 3
years following the 1997-1998 el Nino, but showed structural changes
for up to 6 years (Richter, 2005). Enhanced growth persisted longest in
drought-tolerant woody-stemmed herbaceous plants such as Tephrosia
cinerea, a nitrogenous Fabaceae (Cano et al., 1999; Erdmann et al., 2008;
Tovar et al., 2018).

Increases in establishment rates, leafy biomass, and cover (from
approximately 1.75%-7.5%) are also recorded in woody species
(namely Prosopis pallid and Capparis scabrida following the 1982-1983
and 1997-1998 el Ninos (Erdmann et al., 2008). While the most sig-
nificant changes in Prosopis occurred in the year following ENSO posi-
tive conditions, enhanced growth persisted up to six years later, likely
due to protracted recharge of phreatic and vadose water (Erdmann et al.,
2008).

These structural changes are linked to increased primary produc-
tivity in the 9-12 months following the onset of ENSO positive condi-
tions (Fig. 6). Greatly increased GPP can be linked to increased
vegetation groundcover in the desert piedmont and matorral phyto-
geographic regions (Figs. 5 and 6). Enhanced GPP as late as the end of
the 2017 calendar year is consistent with botanical surveys that
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documented increased flowering and green growth up to 10 months
following prior el Nino events. We did not record increased productivity
into the next wet season/phenological cycles as botanical surveys did
following the 1982-1983 and 1997-1998 ENSO positive periods, how-
ever. This may be due to more moderate strength of precipitation
anomalies during the 2016-2017 EP el Nino and/or to issues of sensor
resolution. Importantly, a commensurate increase is not recorded in the
littoral regions, suggesting these are not conducive to such a vegetation
response.

Increased primary productivity recorded by botanical surveys and
remote sensing plays a foundational ecological role. Herbivorous,
granivorous, and carnivorous secondary and tertiary consumers also
benefit from enhanced vegetation growth following el Nino events.
Increased populations of rodents, artiodactyls, reptiles, and raptors were
noted during botanical surveys following the 1982-1983 and
1997-1998 ENSO positive periods (Erdmann et al., 2008; Galvez Mora
and Runcio, 2010).

5.3. Implications for human adaptation to ENSO variability

There is some discussion regarding the net ecological effects of ENSO
positive periods on human populations. As noted above, most discussion
focuses on the adverse impacts on marine and agricultural productivity.
Agricultural losses are reported, mostly due to damaged large-scale
irrigation infrastructure and lost planting surfaces during floods. How-
ever, archaeological and ethnohistorical evidence suggests that the
ENSO-positive conditions that benefit endemic vegetation are also suf-
ficient to enable cultivation of areas that are non-arable during ENSO
neutral periods (Beresford-Jones et al., 2015; Caramanica et al., 2020;
Dillon and Rundel, 1990: 497; Galvez Mora and Runcio, 2011, 2010).

During the 2016-2017 el Nino, GPP in the matorral region met or
exceeded agricultural GPP for periods >200 days, matching and
exceeding the growing degree requirements for many cultivars common
in the study region. This suggests that enhanced PAW during ENSO-
positive phases could meet many growing requirements. Small scale
agriculturalists built spring-fed irrigation and garden systems in desert
portions of the Chicama Valley following the 1997-1998 el Nino (Galvez
Mora and Runcio, 2010, 2011). Yields were approximately 4500-5000
kg/ha, compared to 5000-6000 kg/ha achievable in valley-floor poly-
culture plots during ENSO neutral years (Galvez Mora and Runcio,
2011). Cultivars in these plots included Brassica sp., Cucurbita sp., Zea
sp., Glycine sp., Phaseolus sp., and Manihot sp. Zea sp. Zea sp. and Triticum
sp. were successfully cultivated on lomas near Tacna, Peru after the
1982-1983 el Nino (Dillon and Rundel, 1990: 497). These cultivars
require 45 — >240 growing days to reach maturity. Their successful
cultivation in normally hyperarid desert environs provides a minimal
estimate of how prolonged ENSO effects on groundwater recharge can
be. Agriculturalists further capitalized on enhanced green growth during
both the 1982-1983 and 1997-1998 el Ninos by grazing camelids and
caprids on endemic vegetation (Dillon and Rundel, 1990; Galvez Mora
and Runcio, 2011).

The enhanced moisture during ENSO-positive periods and phreatic/
vadose groundwater recharge following them expands potential agri-
cultural niches, affording at least the opportunity to partially offset
adverse impacts of these abrupt climatic events. A more comprehensive
understanding of the ecological transitions which occur during these
abrupt climatic changes would consider both the adverse impacts as well
as the enhanced potentialities.

6. Conclusions

South America’s hyperarid Pacific coastal desert represents one of
the largest such biomes globally. Examining the relationships between
climatic regimes and vegetation dynamics at a high spatio-temporal
resolution is critical for informing our ecological understanding of the
region as well as anticipating how ecological dynamics may change with
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future climates. Most attention to ENSO effects on South American
vegetation has focused on increased/decreased leafy biomass in the
humid neotropics. This study presents the only examination of vegeta-
tion gross primary productivity in these arid lands through ENSO neutral
— ENSO positive periods. It further explicitly spatializes and quantifies
variable trends in vegetation GPP vegetation in response to enhanced
ENSO moisture. Our results using Sentinel 2 MSI data are positively
correlated with MODIS GPP products, demonstrating that S2 can be
reliably used to measure GPP at local scales to understand high resolu-
tion ecological dynamics in different regions globally. This is a signifi-
cant methodological advancement. Direct instrumental biophysical
measurements, such as those derived from eddy covariance stations, are
absent for western South America and cannot be reconstructed for his-
toric events.

During ENSO neutral periods, desert phytogeographic subregions of
Chicama are very sparsely vegetated and denudate. These barren land-
scapes have typically been construed as unproductive and ecologically
empty. This changes profoundly under El Nino conditions. Sentinel 2
GPP measures indicate rapid emergence of dormant endemic vegetation
in two out of three desert phytogeographic subregions of the Chicama
Valley following the 2016-2017 EP el Nino. Crucially, this vegetation
fluorescence was not short-lived. Peak GPP was achieved approximately
45 days after the start of ENSO driven precipitation. High levels of GPP
were achieved and sustained during development and maturation stages
for as much as 240 days. GPP in arid regions reach >300-400 mg C m?
day~!, more than four times their ENSO-neutral averages. Critically,
GPP in the piedmont and matorral phytogeographic regions reached
levels commensurate with levels of GPP in intensively-managed agri-
cultural fields during the same period. Hyperarid regions that are
sparsely vegetated to denudate under normal ENSO-neutral conditions
demonstrate high potentials for productivity during ENSO-positive
conditions.

ENSO and longer-term pluvial phases have been hypothesized to be
key factors in the formation of endemic fog oases or lomas vegetation
communities found from tropical — subtropical latitudes on South
America’s Pacific coast (Cano et al., 1999; Eichler and Londono, 2013;
Tovar et al., 2018). Support for this has come from botanical surveys as
well as from archaeological evidence that documents human exploita-
tion of coastal lomas environments and currently hyperarid landscapes.
Our results are consistent with hypotheses that endemic desert vegeta-
tion communities have a rapid and prolonged growth-response to
ENSO-positive conditions and that NW South American arid lands may
be at least partially adapted to rely on these periodic climatic inversions.

While human usage of these arid environs has been tied to early —
mid Holocene pluvial phases (e.g., Chauchat, 1975), more recent studies
demonstrate that the utilization of desert environments could have
occurred intermittently and been tied to ENSO conditions (Caramanica
et al., 2020). The measured increases in GPP in response to the
2016-2017 el Nino are consistent with these models and show that
ecologically-productive niches expand dramatically under certain el
Nino conditions. ENSO events may support ecologically-critical niches
in the ostensibly challenging hyperarid environments of Pacific NW
South America. Further, the expansion of ecologically-productive
terrestrial regions under ENSO-positive conditions may alleviate some
of the adverse impacts of the same el Nino events.

ENSO events are abrupt climate shifts during which novel regimes
are briefly established. As anthropogenic climate change warms mean
Pacific SST, these regime shifts are predicted to become more frequent
and intense (Wang et al., 2019; Yeh et al., 2009). Addressing future
climatic changes will require anticipatory strategies based on expanding
adaptive capacity. Episodic climatic events like ENSO have the potential
to become forecastable using combinations of instrumental, observa-
tional, and localized knowledge. Recent el Ninos offer opportunities to
develop these insights and better understand how this predicted increase
in ENSO activity could affect ecological function in one of its core re-
gions of development. This region, like many tropical and
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economically-developing regions, relies on climate-sensitive agricul-
tural economies. Developing and mobilizing anticipatory adaptive ca-
pacity based on a better knowledge of ENSO-driven ecological
dynamics, in arid NW South America, including impacts on GPP, can
help meet these challenges.
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