
Contents lists available at ScienceDirect

Journal of Archaeological Science: Reports

journal homepage: www.elsevier.com/locate/jasrep

Ecosystem modeling using artificial neural networks: An archaeological tool

Lidia Susana Burrya,⁎, Bernarda Marconettob, Mariano Somozaa, Patricia Palacioa,c,
Matilde Trivid, Hector D'Antonie

a Laboratorio de Palinología y Bioantropología, Departamento de Biología, Facultad de Ciencias Exactas y Naturales, Universidad Nacional de Mar del Plata, (UNMdP),
Funes 3250, (CP7600) Mar del Plata, Argentina
b Instituto de Antropología de Córdoba, (IDACOR), CONICET, FFyH, Universidad Nacional de Córdoba, Av. Hipólito Yrigoyen 174, (CP 5000) Córdoba, Argentina
c CONICET, Argentina
d Facultad de Psicología, Universidad Atlántida Argentina, Arenales 2740, (CP7600) Mar del Plata, Argentina
e NASA Ames Research Center, CA, United States

A R T I C L E I N F O

Keywords:
Paleo-NDVI
Hindcasting
Artificial Neural Network
Ecosystem modeling
Argentina

A B S T R A C T

Prediction of past Normalized Difference Vegetation Index (paleo-NDVI) in Valle de Ambato (Catamarca,
Argentina) in the periods of 550–650 and 1550–1650 CE was carried out to test the efficacy of Artificial Neural
Network (ANN) to predict past environments for Archaeology. This work shows that both subtropical Yunga and
xerophytic Chaqueña vegetations respond in contrasting fashion to changes in climate forcings. To predict the
past an ANN perceptron multilayer model was used. Modern NDVI data and Tree-Ring data were obtained from
NOAA-Paleoclimate, and other public sources. These data were used to train the model. Real data and predic-
tions were close (Pearson correlation 0.83–0.90) and warranted the following step, hindcasting. Important
paleo-NDVI fluctuations lasting 15 to 20 years were identified in both periods under study. The paleo-NDVI
fluctuations in the earlier period were probably related to the unidentified eruption of 583. The fluctuations in
the later period appear related to the eruption of 1600 of the Huaynaputina volcano (SW Peru). These findings
suggest that the model accurately identified vegetation fluctuations in response to changes in the volcanic
forcing. Hence, the ANNs may be considered as apt tools for modeling past environments in support of ar-
chaeology.

1. Introduction

This paper presents a hindcast of the Normalized Difference
Vegetation Index (NDVI) within two periods (550–650 and
1550–1650 CE) of significant ecosystem changes in north of Valle de
Catamarca (Catamarca, Argentina).

This index relates the absorbed photosynthetically active radiation
(PAR) in the range of 400 to 700 nm used for photosynthesis, and the
near infrared, from 700 nm up to 1100 nm, mostly reflected by the
foliar structures of plants. The NDVI is a good indicator of various ve-
getation parameters for it provides a strong vegetation signal and a
good spectral contrast of most reference materials (Tucker and Sellers,
1986). Also when training our Neural Net model, we want to have as
much of historical information and observed variance as possible. This
is why we use AVHRR-NDVI.

Our hindcast was performed on two pixels belonging to the Yunga
plant geographical province and on one to the Chaqueña plant geo-
graphical province (Cabrera, 1976; Palmieri et al., 2014). These three

pixels were selected because they (a) reflect the most contrasting en-
vironmental settings north of the Valley and are placed in the Valley's
opposite slopes, (b) have the best correlation in the train step of Arti-
ficial Neuronal Network (ANN) and, (c) have the largest variability in
the Valley during the periods analyzed in this work.

We are interested in further understanding the ecosystem responses
on each slope of the Valley to changes in one climate forcing, and offer
background to the dynamic of human settlements through time in
connection with environmental changes.

The choice of these pixels was based on the relatively low human
activity at the present time. Therefore, the modern data collection used
to train the ANN model contains data with little human impact. This
responds to a general rule in paleobiological research: first reconstruct
the environmental history free of human impact in order to offer this
reconstruction to comparative analysis when the reconstruction is
performed in an area of human activity and hence impact.

There are a few previous works applying this approach to modeling.
An ANN predictive model was used to hindcast the Sea Surface
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Temperature (SST) of the Pacific Ocean close to South America and the
South Atlantic linking SST to Tree Ring widths over the period of
1246–2000 CE (D'Antoni and Mlinarevic, 2002; D´Antoni, 2008). The
correlation of SST with the NDVI of South American plant communities
was tested with an ANN predictive model over the period
1982–2000 CE (D'Antoni et al., 2002). Hindcasting of paleo-NDVI on
eleven pixels of Valle de Ambato over the period of 442–1998 was
carried out using ANN models (Marconetto et al., 2015). Further ap-
plications of this method were developed in the progress report to the
NASA Astrobiology Institute (D'Antoni et al., 2008).

Other methods have been used for predicting the past, particularly
those based on linear regression. These are all good and reliable for
interpolation work. However, when hindcasting, the calibration dataset
has necessarily a shorter timespan. Hence, a large part of the work is
extrapolation where linear prediction is less reliable. Neural Network
models using the sigmoid function are equally reliable in prediction and
in hindcasting (Adya and Collopy, 1998; Bandyopadhyay and
Chattopadhyay, 2007; Cigizoglu, 2003; Russell and Norvig, 2003).

Paruelo and Tomasel (1997) predicted NDVI from time series of
temperature and precipitation of the 20th century using regression
models and ANN. These authors got better results with ANN because,
they submit, ANNs relate temperature and precipitation data of pre-
vious years that are connected with ecosystem functioning in the fol-
lowing years.

In this work it was possible to demonstrate the contrasting responses
of Yunga and Chaqueña vegetation to the effects of climate forcings
north of Valle de Catamarca over the periods of 550–650 and
1550–1650 CE while offering further detail than in previous works
(Marconetto et al., 2015).

The understanding of past environmental variations with the aim of
assembling them with the dynamics of human occupations implies in
turn the comprehension of climate forcings, perhaps linked to the
anomalies observed in retrodictive models.

In a previous work (Marconetto et al., 2015) as a result of the
ecosystemic model built for 11 pixels covering the northern Valley of
Catamarca until 442 CE, two moments were particularly observed that
caught our interest. They refer to two situations where the behavior of
positive and negative anomalies of NDVI was substantial and complex
to be explained. We then hypothetically associated the 20th century
observations to global events, e.g. Little Ice Age. Nevertheless, the po-
tential role of volcanic eruptions cannot be discarded. Volcanic erup-
tions are a dominant driver of naturally forced climate variability
during the last millennium (Colose et al., 2016).

In this line it is suggestive the mention and description of the
eruption of the Huaynaputina volcano (south of Peru) by the
Mercedarian Martín de Murúa, illustrated and mentioned by the
chronicler Guamán Poma de Hayala (Fig. 1) (Lavallé, 2011). The epi-
sode is narrated by chroniclers as a relevant and significant event, and
studies on volcanism mention that the eruption generated recorded
global events.

LA CIVDAD DE ARIQVIPA: Rebentó el bolcán y cubrió de zeníza y
arena la ciudad y su juridición, comarca; treynta días no se bido el
sol ni luna, estrellas. Con la ayuda de Dios y de la uirgen Santa María
sesó, aplacó.

Le fue castigado por Dios cómo rreuentó el bolcán y sallió fuego y se
asomó los malos espíritus y salió una llamarada y humo de senisa y
arena y cubrió toda la ciudad y su comarca adonde se murieron
mucha gente y se perdió todas las uiñas y agiales y sementeras.

Escurició treynta días y treynta noches. Y ubo procición y pene-
tencia y salió la Uirgen María todo cubierto de luto y ancí estancó y
fue seruido Dios y su madre la Uirgen María. Aplacó y pareció el sol
pero se perdió todas las haziendas de los ualles de Maxi. Con la
senisa y pistelencial de ella se murieron bestias y ganados.

LA VILLA DE ARICA tanbién fue cubierto de seniza del bolcán toda la

cordellera de la mar. (Guamán Poma de Hayala, 1615).

It has been paralleled to the nineteenth century Krakatoa eruption
(de Silva and Zielinski, 1998). According to Costa et al., 2003) the
eruption of Huaynaputina is an example of the effectiveness of ex-
plosive silicic arc magmas at producing short term although abrupt
climate changes.

Certainly, global events produce different effects on ecosystems
with different limiting factors; however, we find it interesting to ex-
plore this variable in relation to our model, particularly because of the
proximity at global scale of the Haynaputina volcano with the
Argentine northwestern.

2. Materials and methods

2.1. Study area

The study area is the north of Valle de Catamarca, in the sur-
roundings of Valle de Ambato (Catamarca province) (27°48′ to 28°04′S
and 65°46′ to 65°56′W) in Northwestern Argentina. The area is oro-
graphically heterogeneous; therefore, it also holds diverse plant com-
munities. The valley lies in the Sierras Pampeanas and limits with the
summits of Sierra de Humaya to the west and Graciana Balcozna to the
east (Fig. 2). Annual precipitation varies from 500 to 800 mm and most
of the rain falls in summer. Mean temperature is 25 °C in the warmest
month and 9 °C in the coldest (de la Orden and Quiroga, 1997; Palmieri
et al., 2005). Elevation and exposure of the slopes give climatic pecu-
liarities to the different sectors. Within this frame, de la Orden and
Quiroga (1997) have established different vegetation units (Fig. 3).

On the Eastern and Northeastern sides of the Valley, Eastern slope of
the Graciana Balcozna Hills, is the Yunga Plant Geographical Province,
with montane forest and grasslands in the hill summits (Morláns, 1995).
Elements of this vegetation appear on the western slopes. The climate is
warm and humid with abundant rainfall in summer and frost in winter
(Cabrera, 1976). The Yunga receives humidity from the low level jet of
South America (Insel et al., 2010; Virji, 1981) forming the fog forest
(Hunzinger, 1997). Therefore, Yunga gets water from vertical as well as
horizontal precipitation. This horizontal precipitation (fog) is the one
that crosses through the Graciana Balcozna Hills summits and covers
the grassland area of the western side of the hills. Consistently, the east
slope side pixels show NDVI annual average larger than 0.60 (Burry
et al., 2017) for this environment with no restrictions for humidity.

In contrast, on the west side of the Valley, the vegetation belongs to
the Chaqueña Plant Geographical Province (Chaco Serrano District)
with warm and drier climate conditions (Cabrera, 1976). The Chaco
Serrano covers the summit and the eastern slopes of Sierra de Humaya.
Its characteristic vegetation arranges in “belts” or “levels” with parti-
cular structure and composition (Morláns, 1995). The presence of xer-
ophytic vegetation (xerophytic forest and patches of grass and shrubs)
is related to an annual NDVI average of around 0.5, reflecting an en-
vironment with moisture restriction. Also, the annual values of NDVI
show a large variation range that underscore the sensitivity of grassland
NDVI to the effects of drought (Zerda and Tiedemann, 2010).

Two pixels (2 and 5) belonging to the Yunga, and another one (pixel
6) from the Chaco Serrano District were selected within the study area.
Pixel 2 located to the east of Sierra Graziana Balcozna has a montane
forest vegetation, while pixel 5, in the eastern and western slopes show
forest and grasslands upon the summit. Pixel 6 has mainly shrubby
vegetation, dry forest southwest of the pixel, and grasslands upon the
summit (FAO, 2014, de la Orden y Quiroga 1997, Morláns, 1995).

2.2. Materials (data)

(a) Satellite: NDVI from the Global Inventory Modeling and Mapping
Studies, GIMMS (GLCF, Tucker et al., 2004) derived from satellite
images AVHRR with 8 km pixels (AVHRR sensor mounted in NOAA
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series 7, 9, 11, 14, 16 and 17). GIMMS-NDVI data from database are
corrected for radiometric effects before making it available to the
users.

(b) Tree-ring widths from International Tree Ring Data Bank and World
Data Center (Paleoclimatology archives). Nine chronologies of
Juglans australis and Cedrella angustifolia, from Northwestern
Argentina for the period of 1765–1985 CE (Villalba et al., 1985,
1992) (Table 1). These tree rings are out of the study area. Also four
chronologies of Fitzroya cupressoides, from Patagonia for the period
of 342–1995 (Lara et al., 2000; Villalba et al., 1996) (Table 2).

(c) Oxygen and Hydrogen isotopes, atmospheric gasses, non-marine
sulfates (Cole-Dai et al., 2000; Jiang et al., 2012; Mosley-Thompson
et al., 2003, Zhou et al., 2006; Zielinski et al., 1994) and a cos-
mogenic, Beryllium 10, (Bard et al., 2007, 2003, 2000, 1997) ex-
tracted from Greenland and Antarctica ice cores for the period of
442–1998 CE, World Data Center for Paleoclimatology Archives.

(d) Missing tree ring data in the chronologies of Northwestern
Argentina were simulated using ANN trained with the data from ice
cores and the tree rings from Patagonian chronologies.

3. Methods

For hindcasting, we have used the “Vegetation History” module of
the Hindcasting Ecosystem Model, HEMO, (D'Antoni et al., 2008) and
specifically the ANN program included in the WEKA software pack
(Hall et al., 2009).

3.1. Artificial Neural Network (ANN)

The ANNs are artificial-intelligence tools that use non-linear func-
tions and operate in analogous manner to that of the nervous system.
The ANNs are formed with nodes or neurons of three types: input
(data), hidden (processing) and output (results). The nodes tridi-
mensionally integrated form the network. In the data processing a
statistical weight is assigned to each node. The ANN is “trained” using
real data for the predictors as well as for the variable to be predicted.
The training is carried out with examples that repeat what they learned
and ends when all those data that were assigned weight were included
in the model. After the construction of the training model, comes the

Fig. 1. Epoch engraving of Guamán Poma de Hayala
(1615). Arequipa City (Peru) with ashes from the
Huaynaputina volcano.
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validation to ensure that the results are acceptably accurate. Then, the
model is ready to make predictions or hindcasts. The learning is a cri-
tical step that should be performed with data that contain the largest

range of variation in order to produce robust predictions. The percep-
tron multilayer is a much used algorithm that consists of several single
perceptron layers that relate among themselves by means of a back-
propagation algorithm (Russell and Norvig, 2003). Back propagation of
errors allows a balance of all perceptron weights and establishes non-
linear relations (Hall et al., 2009) while building the model. The ANNs
are among the most valuable tools available to build ecosystem and past
ecosystem models. The perceptron multilayer uses the sigmoid non-

Fig. 2. Location and orography of the study area. In white: Valle de
Ambato; 2, 5 and 6: studied pixels.

Fig. 3. Vegetation of Valle de Ambato, Catamarca, Argentina (modified from de la Orden
and Quiroga, 1997). 1. Grassland (summits of Graziana Balcozna Hill), 2.Grass (summits
of Humaya Hill), 3.Grassland-shrubland mosaic, 4. Grassland-suffrutices mosaic, 5.
Forest, 6. Grassland (piedmont Graziana Balcozna Hill), 7.Forest-shrubland mosaic
(piedmont sup.), 8. Forest-shrubland mosaic (piedmont inf.), 9. Open forest (piedmont),
10. Forest (piedmont Humaya Hill), 11. Grassland-shrub mosaic (piedmont Humaya Hill),
12. Grassland with shrub (Altos de Singuil), 13. Shrubland, 14. Open forest (fluvial plain),
15. Forest gallery (fluvial plain).

Table 1
Geographic location of sites and chronologies from Northwestern Argentina.

Site Latitude Longitude Period Species

El Arrasayal – Salta −22°44′ −64°32′ 1765–1985 Juglans australis
Río Bolsas, Piedra

Parada – Jujuy
−23°55′ −65°19′ 1689–1981 Juglans australis

Finca del Rey – Salta −24°36′ −64°35′ 1810–1981 Cedrella
angustifolia

Río La Sala – Salta −24°36′ −64°35′ 1849–1981 Juglans australis
Río Blanco – Jujuy −24°55′ −65°25′ 1850–1981 Cedrella

angustifolia
Los Laureles – Salta −25°07′ −65°33′ 1826–1979 Juglans australis
Finca Las Pichanas –

Salta
−26°05′ −65°23′ 1848–1981 Juglans australis

Río Horqueta – Tucumán −27°08′ −65°51′ 1783–1982 Juglans australis
Dique Escaba – Tucumán −27°42′ −65°47′ 1813–1985 Juglans australis

Table 2
Geographic location of sites and chronologies from Patagonia.

Site Latitude Longitude Period Species

La Esperanza – Río
Negro

−41°15′ −71°54′ −342–1995 Fitzroya
cupressoides

Río Motoco – Chubut −42°05′ −71°50′ 320–1993 Fitzroya
cupressoides

Río Cisne – Chubut −42°09′ −71°33′ 441–1974 Fitzroya
cupressoides

Puerto Café – Chubut −42°44′ −71°58′ 311–1992 Fitzroya
cupressoides
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linear function that is differentiable and therefore useful for the weight
learning algorithm. These attributes allow the ANNs to deal with the
same problems as the linear models and further extrapolate on the basis
of rules learned during the training.

There are three steps to produce hindcasts: training, validation and
hindcasting.

4. Results

4.1. Training

Annual tree-ring width data are entered together with annual NDVI
data for the period of 1981–1998 for all three 8 km-pixels (2, 5 and 6);
each pixel covers an area of 64 km2. The vegetation units described by
Cabrera (1976), Morláns (1995) and de la Orden and Quiroga (1997)
were used as ground truth, to verify validity of the training results.
Pixels in the Yunga describe a montane tropical forest and that of the
Chaco Serrano describes a dry forest and shrub (Fig. 4).

Real values of NDVI from pixel 2 range between 0.55 and 0.67;
those from pixel 5 are more stable and range between 0.61 and 0.66;
pixel 6 has a high NDVI variation range, from 0.44 to 0.63. (Table 3,
Fig. 4).

4.2. Validation of training results

The ANN model training produced annual simulation data for the
period of 1981–1998 for each pixel. Since the available sample col-
lection of NDVI of satellite data for training is small (18 years), a fea-
sible way of validation is the comparison between prediction and ob-
servation. Therefore, the validation method used was the comparison
between the model output with data collected from observations. Thus,
these simulated data were directly compared with the real NDVI data
showing a good coincidence. Pearson correlation for data and simula-
tions were as follows, pixel 2 (r = 0.90), pixel 5 (r= 0.89) and pixel 6
(r = 0.83) (Fig. 5).

4.3. Hindcasting

The annual NDVI hindcasts for the periods of 550–650 CE and
1550–1650 CE are shown in Figs. 6a and b, respectively. In both per-
iods, the paleo-NDVI values were higher in pixels 2 and 5 than those in
pixel 6. Paleo-NDVI of pixel 2 showed a high variation (0.40 to 0.75),
while pixel 5 appeared more stable (0.58 to 0.67). On the other hand,
pixel 6 showed large variations (0.30 to 0.64).

In the early period, 550–650 CE, large fluctuations are seen in pixels
2 and 6 between 600 and 615 CE with contrasting trends. In pixels 2
and 6 paleo-NDVI values diminish while pixel 5 remains stable in the
same lapse.

In the late period, 1550–1650 CE, paleo-NDVI values fluctuate in all
three pixels. Between 1603 and 1620 CE, paleo-NDVI values diminish
in pixels 2 and 5, and increase in pixel 6.

In the early period, the paleo-NDVI anomalies sporadically show
positive and negative ones in the range of 1 through 2 Standard
Deviations (SD) in all three pixels. Between 597 and 615 CE, paleo-
NDVI shows extreme anomalies (larger than 2 SD), negative for pixel 2

Fig. 4. NDVI annual average of north of Valle de Catamarca
pixels (Catamarca, Argentina).In black the contour of ve-
getation units of Valle de Ambato.

Table 3
Average values and NDVI range, period 1981–1998 for pixels 2, 5 and 6, north of Valle de
Catamarca.

Pixel NDVI annual average NDVI range variation

2 0.61 0.55–0.67
5 0.63 0.61–0.66
6 0.54 0.44–0.63
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and positive for pixel 6. Meanwhile, pixel 5 only shows a few extreme
positive ones (Fig. 7a).

In the late period, extreme anomalies are shown between 1604 and
1620. These are positive in pixel 6 and negative in pixel 5 (Fig. 7b).
Toward the end of this period, positive anomalies are shown in pixel 2
and negative ones in pixel 5.

5. Discussion

In the modern system, the annual NDVI values of the three pixels
north of Valle de Catamarca showed relevant differences. The one from
the west, belonging to the driest area evidenced the lowest values
(0.54) and a great interannual variability, while those from the east,
more humid, showed higher values (> 0.6). Although the eastern pixels
belong to the same phytogeographical province (Yunga), the differ-
ences observed in relation to the interannual variability might be due to
the environmental heterogeneity in pixel 5. Here, a broad grassland belt
on top of the hills and a forest at both slopes develop (FAO, 2014; de la
Orden and Quiroga, 1997; Morláns, 1995) (Figs. 1 and 2).The vegeta-
tion heterogeneity would smooth the NDVI growth or decrease that
could suffer the forest. In the meantime, pixel 2 presents great NDVI

fluctuations because it corresponds mainly to a forest, and this vege-
tation type is sensitive to changes at a regional level.

This same behavior was observed in the hindcasting of the three
pixels: pixel 5 was less sensitive to the climate forcings with regional
reach; pixels 2 and 6 had relevant variations, although of opposite sign.

Methodologically, the ANN models for hindcasting paleo-NDVI
showed the strength of the non-linear function used by these models.
Our hindcasts appear well related to climate forcings as well as other
factors, probably of local to regional importance.

Effects of the volcanic climate forcing were brought to light in our
hindcasting. Besides their intrinsic value in the hindcasts, the volcanic
data are completely independent of our research and hence provide a

Fig. 5. NDVI annual average (blue) and predicted (red) with ANN are shown for the
period of 1981–1998, a) pixel 2, b) pixel 5, c) pixel 6. Coefficient r is Pearson correlation
between observed and predicted NDVI. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Paleo-NDVI of three pixels from north of Valle de Catamarca, a) period
550–650 CE, b) period 1550–1650 CE. Volcanic eruptions.

Fig. 7. NDVI paleo-anomalies of three pixels from north of Valle de Catamarca, a) period
550–650 CE, b) period 1550–1650 CE.
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source of cross-validation.
For the early period (550–650 CE), the volcanic record of Plateau

Remote (Antarctica) includes four volcanic events, with maximum
sulfate concentration above 200 μg/kg of ice. Specifically, the event of
583 CE lasting 6.3 years (Cole-Dai et al., 2000) may be responsible for
the positive and negative extreme variations of NDVI (around 597 CE)
in response to a cooler climate in the Valle de Catamarca. Rather than a
lag effect, this delayed response should obey to the residence of the
eruption gasses and particles in the stratosphere.

For the late period (1550–1650 CE), three eruptions of global reach
brought up the sulfate concentration values to the range of 181–237 μg/
kg of ice. Particularly, in 1600 CE (Cole-Dai et al., 2000) and between
1599 and 1604 CE, Budner and Cole-Dai (2003) found high con-
centrations of sulfuric acid associated with the activity of the Huay-
naputina volcano (in the vicinity of Arequipa, Peru). The Indians,
priests and viceroy chronicles (Domínguez, 2007) describing a large
magnitude eruption in February of 1600, was probably the largest
eruption in the historical period of South America (de Silva and
Zielinski, 1998). This event is reflected in our NDVI hindcasts by the
extreme (positive and negative) deviations between 1604 and
1620 years AD.

In the Yunga, Lupo et al. (2006) identified important changes in
sedimentation rate in one of the Yala Lagoons (El Rodeo), together with
increases of organic phosphorus and carbon. These scientists associated
their observations with the impact of agriculture in the beginnings of
the Spanish colony, erosion related to an increase of rainfall. At the
small spatial scale they work, Lupo and collaborators confront the
difficulty to tell apart the effects of human impact and global climate
forcings. This is an interesting problem for future research.

A single variation in the solar irradiance received at ground level
(due to the presence of volcanic particles and aerosols in the atmo-
sphere) may produce different results in different ecosystems.
Considering a humid and a dry forest, the irradiance change will affect
that which is water-saturated by reduction of the photosynthetically
active radiation (PAR), and the dry one by a reduction of the evapo-
transpiration.

The extreme anomalies in paleo-NDVI occurring in the early and
late periods were associated to global cooling produced by volcanic
activity. The anomalies were of opposite sign in the Yunga and Chaco
Serrano ecosystems, by alteration of the respective limiting factors. In
Yunga, a temperature decrease would lead to decreased rainfall (Colose
et al., 2016) and hence to a decrease of paleo-NDVI values. The growth
pattern of the rings of Juglans australis mainly reflects a direct effect of
rainfall (Boninsegna et al., 2009). The relationships between tempera-
ture and precipitation in the Yunga are related to the strength of the low
level jet to carry water and to the increase or decrease of warming
(Boninsegna et al., 2009). The anomalies found in the dry and warm
Chaco Serrano were positive. Cooling resulting from volcanic eruptions
must have reduced evapotranspiration and hence increased the NDVI of
xerophytic vegetation. Summing up, the contrasting behavior of NDVI
in the opposite sides of the Valley is the response of different ecosys-
tems to temperature decrease.

As regards to the accuracy of statistical information, that is, the
degree to which the information correctly describes the phenomena, it
was appreciated while comparing the observed with the predicted data
during the model training. This validation method should be used when
the available NDVI data for training are small. The hindcasting by
means of ANN was also supported by the high correlation (Pearson's r)
between real and hindcast data.

In closing, this dynamic hindcasting of paleo-NDVI of the different
vegetation types in north Valle de Catamarca using ANN in the times of
different cultures is an advance in understanding ecosystem functioning
under the influence of climate forcings and cultural impacts.

6. Concluding remarks

The use of artificial neural networks (ANN) for ecosystem modeling
proved to be a powerful tool to be used in archaeological studies.

Important paleo-NDVI fluctuation lasting 15 and 20 years were
identified in both periods analyzed (550–650 and 1550–1650 CE).

NDVI-fluctuations identified within the period of 550–650 CE are
probably related to an eruption occurred in year 583 in an unknown
location but having global effects that was identified in Antarctic ice
cores.

NDVI-fluctuations within the period of 1150–1650 CE have been
related with eruption of the Huaynaputina volcano (SW Peru), identi-
fied in Antarctic ice cores and assigned a global influence.

The sensitivity of our model is shown by its capacity to identify
changes in the paleo-NDVI. Such changes suggest a correspondence
between the climatic forcing leading to a global cooling and the de-
tected ecosystem responses in north of Valle de Catamarca.
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