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Abstract Sound management of native forests used

for cattle grazing requires understanding the dynamics

of forage productivity in the openings. Despite their

importance, forage productivity drivers in highly

heterogeneous forested landscapes, or their variability

over the year, are still unclear. The aim of this work is

to find predictors of Normalized Difference Vegeta-

tion Index (NDVI) variation in the openings of native

temperate forests and to evaluate how these predictors

change within the growing season. We used high

spatial resolution remote sensing imagery from NW

Patagonia to separate forest openings from tree dense

canopy.We obtained data of each opening related with

herbaceous and shrub forage productivity and calcu-

lated landscape metrics. We estimated a multiple

linear regression model for predicting NDVI in each

season. Beyond known variables related with forage

productivity (altitude, precipitation, etc.), the shape of

forest’ openings appeared as relevant in predicting

NDVI. Higher values of forest opening perimeters

were related with a decrease in NDVI in spring when

soil water content is not limiting and conversely with

an increase in NDVI in summer when water is limiting
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Pour Le Développement (CIRAD), Université de
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growth. These results suggest that environmental

drivers such as temperature and soil moisture inside

the opening, and competition or facilitation process

between trees and grasses are mediated by the shape of

the opening. Management of heterogeneous native

forests for cattle raising requires considering the shape

of the openings to maximize forage productivity.

Keywords Cattle �Grazing �NDVI �Heterogeneity �
Seasonality � Temperate forests

Introduction

Estimating appropriate carrying capacities in hetero-

geneous native forests is key to designing sound

management schemes. Native forests worldwide are

widely used for livestock grazing as they offer

different sources of forage (Murgueitio 2005; Araújo

et al. 2016; Cameron 2016; Peri et al. 2016a; Bussoni

et al. 2019; Iglay et al. 2019). Assessing overall forage

productivity in forest ecosystems is key to estimate

sound stocking rates, including management planning

and decisions on resting periods or exclosures, neces-

sary to achieve a higher overall forage productivity

and to avoid forest degradation (La Manna et al. 2008;

Peringer et al. 2016). In temperate forests, such as NW

Patagonia forests, less dense canopy areas or purpo-

sive forest clearings favor herbage and shrub produc-

tivity, where most of the grazing concentrates,

including shrub browsing which is particularly impor-

tant in winter when snow covers the herbaceous

vegetation. These sites are the object of our study and

henceforth referred to as ‘forest openings’. Estimating

herbaceous and shrub forage biomass productivity in

these openings at regional and field scale presents

methodological challenges, especially in mountainous

landscapes subject to high spatio-temporal climatic

variability.

Forage availability throughout the year is often

estimated through mathematical equations that con-

sider the regional variation in environmental drivers

such as precipitations, temperature or soil quality

(Golluscio 2009). However, in high heterogeneous

forested landscapes there may be other ‘local’ drivers

that simultaneously affect plant biomass productivity,

such as microclimate within forest openings varying in

size, shape, hillside exposition, slope and altitude.

Most studies relate regional variation in rainfall or

altitude with overall forage productivity, in order to

estimate carrying capacity in forest openings (e.g.,

Thompson et al. 1991; Masters et al. 1999; Greenberg

et al. 2011; Wangchuk et al. 2015). Less frequent are

the studies that relate landscape variables with vege-

tation attributes as affected also by the traits of the

openings (Özcan y Gökbulak 2017), such as their

species composition or the specific features of the

forest–grassland interface (heterogeneity, tree density,

etc.).

The existence of such open areas surrounded by tree

dense canopy means that biophysical drivers can

operate at different scales. While regional variation in

precipitation or altitude can affect forage productivity

potential at a given opening, its actual productivity

may be also affected by drivers that operate at a finer

scale, such as air temperature, humidity and wind

speed inside the opening, determining the ‘opening

microclimate’ (Geiger et al. 2009). These drivers are

mainly determined by landscape metrics such as area,

perimeter and convexity of the opening (Perry 1994;

Chen et al. 1999). In addition, competition or facili-

tation process might occur between trees belonging to

the opening’s border and herbaceous and shrubby

vegetation growing inside the opening, reducing or

increasing opening’s vegetation productivity, respec-

tively. For example, Özcan and Gökbulak (2017)

found that vegetation characteristics growing inside

the opening depended on forest opening size. There-

fore, we hypothesize that forage productivity inside

the opening is affected by landscape variables such as

opening’ size and shape, and the amount of tree

border of the opening.

Additionally, changes in the effects of drivers on

forage productivity may differ among seasons. For

example, a reduction in rainfall may not affect

biomass productivity at the beginning of the growing

season, but can decrease it toward the end of the

growing season (Ludewig et al. 2015), whereas

temperature can affect biomass growth through sea-

sonal stresses in extreme cold or hot periods (Ergon

et al. 2018). Local landscape variables, such as the

shape and size of the opening, may moderate water

and temperature regimes within the openings, through,

e.g., shading in summer or reducing wind speed in

winter. Hence, the interplay between regional and

landscape drivers and their effect over forage
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productivity may vary depending on the period

analyzed, and this variation is still unexplored.

With the aim of being able to inform sound

livestock management in heterogeneous native for-

ests, our objective is to assess the variability of

herbaceous and shrub biomass produced in forest

openings as affected by both regional and local

variables, their interplay, their relative importance

and whether the effects of these predictors change

along the growing period, in two case study valleys

within North Patagonia native temperate forests.

Materials and methods

The study area covers temperate native forests of NW

Patagonia, Argentina, and comprises the ElManso and

Foyel valleys (NW vertex: S41�300, W71�450; SE

vertex S41�510, W71�200, Fig. 1a). This area has many

native forest types, already classified by the species

composition (SAyDS & CIEFAP 2016, Fig. 1b), and

is largely used for cattle grazing. Further, grazing

patterns found within the study area are heterogeneous

and can modify vegetation species composition

(Bestelmeyer et al. 2003; Piazza et al. 2016; Rusch

et al. 2016). Study area has a wide variation in regional

variables, such as soil types, altitudes, annual mean

temperatures and precipitations (Godagnone and

Bran, 2009). Precipitation fall mainly in winter

(494 mm), and summer is usually dryer (144 mm).

Mean temperature ranges from 3.8 in winter to

15.2 �C in summer (Bianchi et al. 2016). This climate

makes spring the period of maximum vegetation

growth because water availability is not limiting, and

the temperature is high enough. Nevertheless, soil

water deficiencies in late summer might limit strongly

Fig. 1 a Study area location. b Example of different vegetation

types appearing in a subset of the study area. Background map:

satellite image. Border colored polygons: 4 different vegetation

types. Only 4 of total 16 vegetation types analyzed are shown in

this figure as an example: (i) High mixed forest, (ii) Grassland,

(iii) Mixed medium forest, (iv) Scrub with some trees of

medium height. Detail: some forest openings are orange filled as

an example, they are the object of our study
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vegetation growth in some areas (Licata et al. 2008;

Martinez-Meier et al. 2015). Thus, the growing season

of our study area starts in spring and ends in late

summer.

For separating openings from tree dense canopy, we

made a supervised classification. To visualize and

separate dense tree canopy from openings with high

accuracy, we used SPOT7 imagery, because it has a

high spatial resolution compared with other sensors:

1.5 and 6 m for panchromatic and multispectral bands,

respectively. To maximize class separation capacity,

we employed a pan sharpening Gramm Smith method

with both panchromatic and multispectral images with

ENVI 5.3� (Maurer 2013, Fig. 2a). To make an

optimal classification, we used a free cloud image

dated February 10, 2017. We used the new pan-

sharpened image to make a neural-net supervised

classification. This type of classification achieves an

accurate class separation capacity if made with high

spatial resolution imagery (Postadjian et al. 2017).

With training data of openings, canopy, water and

rock, we created a four-class neural-net supervised

classified image with ENVI 5.3� (Fig. 2b). In order to

obtain openings shape indexes, we used the feature

extraction module from ENVI 5.3� to get the vectors

of the openings classified and their shapes attributes

(Tables 1 and 2, see Online Resource 1). In order to

find those variables with more explanatory power, we

kept all landscape metrics of each opening.

We estimated vegetation biomass productivity in

forest openings through the Normalized Difference

Vegetation Index (NDVI). ‘Productivity’ is defined as

the instant vegetation biomass production, directly

related with NDVI, while ‘overall biomass productiv-

ity’ is defined as the production of vegetation in a more

extent time lapse, for example, one year, per unit area

(Pettorelli et al. 2005). In forest openings, the corre-

lation between NDVI and ground biomass productiv-

ity is positive because most of the photosynthetic

activity comes from grasses and shrubs and is captured

by the sensors, conversely to dense forested canopy

areas (Borowik et al. 2013). Despite NDVI saturates at

high-density pasture levels, it can be used as a

predictor of forage productivity in forest openings

whenever it is obtained avoiding the capture of

information of dense tree canopy areas (Hanna et al.

1999, Easdale y Aguiar 2012; Garroutte et al. 2016,

Robinson et al. 2019).

Fig. 2 a Detail of the pan-sharpened image obtained from

SPOT7. � imagery. Green areas represent dense tree coverage

and brown areas represent forest openings. b The same zone as

‘‘a’’ after classification. green = dense canopy, brown = open-

ing, light blue = water, gray = rock. Small yellow squares:

SPOT7 pixels selection inside the openings, used to calculate

NDVI. �CNES 2016 & 2017, reproduced by CONAE under

Spot Image/AIRBUS license

Table 1 Examples of variation in shape’s indexes among

different forms

Opening

shape

Area (m2) 1000 1000 1000

Elongation Low High Medium

Perimeter/

area

Low Medium High

Form factor High Medium Low

Solidity High Medium Low

Convexity High Medium Low

Compact High Medium Low
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In order to study contrasting situations within the

growing season because of different temperatures and

soil moistures (Martinez-Meier et al. 2015), we

calculated NDVI of the openings in three different

seasons: i) Spring (12 October 2017), high soil

moisture: 79,6 mm recorded within the last 30 days

and low evapotranspiration; ii) Summer (10 February

2016), medium soil moisture: 17,8 mm precipitations

recorded within the last 30 days and high evapotran-

spiration; iii) Late summer (20 March 2016), low soil

moisture: no precipitation events were recorded in a

30 day window. Precipitation events detailed before

were obtained from two local stations from El Manso

valley (SIPHN 2019). We used high spatial resolution

SPOT7 images, selecting those with no clouds in the

entire study area, so the NDVI calculations were

reliable to predict photosynthetic activity (Pettorelli

et al. 2005). The NDVI of each opening for each date

was calculated as the mean of all the pixels inside the

opening with QGIS3.8� (Fig. 2b). In order to avoid

mixed pixels (mixed = herbs/shrubs ? trees), only

those pixels contained completely inside the openings

(only herbs/shrubs) were used to calculate the NDVI

mean of the opening; this operation was made with

QGIS3.8� (Fig. 2b).

Additionally, we collected and calculated environ-

mental attributes of all the polygons classified as forest

openings from different sources toward relating it with

vegetation productivity (Table 2, see Online Resource

2). To classify each opening by its vegetation type, we

used the classification done by SAyDS & CIEFAP

(2016) which was made with information of the

species composition. We analyzed a dataset of forest

openings located in 16 different vegetation classes

Table 2 Variables names,

types and ranges for the

5966 forest openings

analyzed

For variables definitions

and data acquisition

methodology, see Online

Resource 1 and 2,

respectively

Variable name Minimum Mean Maximum

Regional variables

Vegetation type – – –

Altitude (m) 408.3 862.1 1400.0

Mean annual precipitation (mm) 1025.6 1380.2 2029.4

Mean annual potential evapotranspiration (mm) 396.0 550.0 630.0

Slope (�) 0.0 17.2 66.8

Aspect (�) - 1.0 0.1 1.0

Mean annual temperature (�C) 1.7 6.9 9.4

Landscape variables

Perimeter (m) 36 213 25,920

Area (m2) 65.2 1055.6 352,269.0

Perimeter/area 0.061 0.320 0.622

Form factor 0.005 0.320 0.698

Compact 0.042 0.179 0.266

Convexity 1072 1482 8726

Solidity 0.192 0.759 0.961

Elongation 1000 1691 14,786

Major axis length (m) 10.1 46.7 1341.4

Minor axis length (m) 7.5 27.3 559.9

Main direction (�) 0.0 87.1 180.0

Number of holes 0.0 0.8 344.0

Hole solidity 0.669 0.996 1.000

Rectangular fit 0.136 0.551 0.863

Response variables

NDVI spring 0.000 0.266 0.650

NDVI summer 0.098 0.386 0.675

NDVI late summer 0.000 0.393 0.757
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below 1400 m.a.s.l. most used for cattle grazing (see

Fig. 1 and Online Resource 3, SAyDS & CIEFAP

2016). Because the number of openings to analyze was

high (n = 26,228), we omitted those with incomplete

data, and then, we made a random sample within the

complete study area selecting a maximum of 375

openings of each vegetation type. Final number of

forest openings analyzed was 5966. Variables ranges

obtained and calculated for these openings are found

in Table 2.

In order to explore the data and the correlation

between variables as there might be nonlinear rela-

tionships, we used Non-metric Multi-Dimensional

Scaling (NMDS) through the ‘‘Bray’’ method to

calculate a dissimilarity matrix (Oksanen 2015). As

a first step, we made an ordination of all the openings

selected for analysis including all regional and land-

scape predicting variables over three axes; this step is

comparable with a Principal Component Analysis; the

advantage of NMDS is that it works adequately with

nonlinear relationships between variables. As a second

step, we fitted the NDVI values and different vegeta-

tion types over the first ordination. To get a better

correspondence between variables and NMDS axes,

we made a rotation of NMDS results. We calculated

the correlation between variables and confidence

ellipses with a confidence level of 0.95 for each

vegetation type after their ordination over NMDS axis.

We used the ‘vegan’ package (version 2.5-5) in

R3.5.2� (Oksanen 2015).

For selecting the most important variables that

explain NDVI, we used a multiple linear regression

model for each season (Anderson et al. 2012). In order

to avoid multi-collinearity, for all models we selected

a subset of variables so they had a variance inflation

factor lower than 3 (Garibaldi et al. 2019). Raw

environmental measures were used in this analysis

(e.g., mean annual temperature); derived measures

were not included due to high collinearity with the raw

measures (e.g., mean annual potential evapotranspi-

ration). We made a multimodel inference (Garibaldi

et al. 2017) and then calculated the importance of each

variable for each season. We defined seven variables

to predict NDVI over all seasons by selecting those

that summed the highest importance along all seasons.

In all cases, we tested models’ assumptions: normality

by Kolmogorov’s Distribution test (Marsaglia et al.

2003); independence, variance homogeneity and lin-

earity by plotting residuals vs. predicted (Garibaldi

et al. 2019). We used ‘MuMIn’ package (version

1.43.6) in R3.5.2�.

Results

Data exploration with non-metric multi-

dimensional scaling: correlation

between predictors and NDVI

Regional and landscape variables (Table 2) were

related with NDVI, and the correlation of each

variable with NDVI depended on the season (Fig. 3).

NDVI goodness of fit (R2) over NMDS 3-axis

ordination indicates how much the NDVI values fit

the first ordination; their values corresponded to 0.27,

0.06 and 0.10 for spring, summer and late summer,

respectively. Spring NDVI correlated positively with

temperature (corr = 1.00, p value\ 0.04), but nega-

tively with altitude (corr = 1.00, p value\ 0.06) and

slope. Summer and late summer NDVI were nega-

tively correlated with area (corr\- 0.86,

p value\ 0.34) and perimeter (corr\- 0.86,

p value\ 0.34). Complete NMDS results are shown

in the Online Resource 4.

NDVI prediction with multiple linear regression

models

Multiple linear regression of NDVI against explana-

tory variables had R2 adj. values of 0.54, 0.31 and 0.26

for spring, summer and late summer, respectively.

Vegetation type was the most important variable

explaining NDVI in forest openings. This single

variable accounted for 45%, 26% and 16% of the

NDVI variance in spring, summer and late summer,

respectively. The seven predicting variables that

summed the highest importance across all seasons

explaining NDVI ordered by decreasing importance

were: vegetation type, aspect, altitude, form factor,

perimeter/area ratio, elongation and mean annual

precipitation. After vegetation type, openings’ alti-

tude, slope and three landscape variables (elongation,

roundness and perimeter/area) had the highest relative

importances in the model of spring, while mean annual

precipitation, aspect and four landscape variables

(roundness, form factor, elongation and perimeter/

area) had the highest relative importances in the

model of late summer (Fig. 4, left).
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Fig. 3 First plane of the

Non-metric Multi-

Dimensional Scaling

(NMDS) ordination of forest

openings characterized by

regional and landscape

variables. Each dot

represents a forest opening.

Upper panel: confidence

ellipses (confidence

level = 0.95) for each

vegetation type analyzed.

Each vegetation type has a

defined color. Bottom panel:

Predicting variables plotted

with blue filled arrows and

NDVI adjustments plotted

with green simple arrows.

Arrow coordinates indicates

correlation with NMDS

axis. Definition of variables

and vegetation types can be

found in Online Resources 1

and 3, respectively
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Models showed differences in size effects of the

predicting variables over the seasons. In spring, the

higher size effect was for a negative effect of altitude

over NDVI, followed by the negative effect of the

perimeter/area ratio (Fig. 4, right). Mean annual

precipitation, aspect, form factor and perimeter/area

ratio showed the highest positive size effects on NDVI

in summer and late summer (Fig. 4, right). Perimeter/

area ratio varied its sign and size effect depending on

the season. It showed a negative effect over NDVI in

spring (p\ 0.001) which turned into positive in late

summer (p\ 0.001). Relationships between perime-

ter/area ratio and NDVI of forest openings are shown

with an example in Fig. 5 for only 4 of 16 total

vegetation types analyzed. For complete models’

outputs, see Online Resource 4.

Discussion

Our results confirm the hypothesis that herbaceous and

shrub biomass productivity in forest openings, esti-

mated through NDVI, is not only explained by

regional variables such as vegetation type, altitude or

precipitation but also by landscape metrics that reflect

the shape, size and configuration of the openings.

Moreover, our results show that the best set of

variables to predict NDVI vary over different seasons,

as do their relative effect on NDVI.

-0.08 -0.06 -0.04 -0.02 0 0.02

Mean annual
precipitation

Altitude

Aspect

Slope

Perimeter/Area

Form factor

Size effect

Spring Summer Late summer

0 0.2 0.4 0.6 0.8 1

Mean annual precipitation
Number of holes

Main direction
Hole solidity

Rectangular fit
Major axis length

Form factor
Aspect

Perimeter/area
Roundness
Elongation

Slope
Altitude

0 0.2 0.4 0.6 0.8 1

Hole solidity
Number of holes
Major axis length

Rectangular fit
Main direction

Perimeter/area
Altitude

Elongation
Roundness

Slope
Form factor

Aspect
Mean annual precipitation

0 0.2 0.4 0.6 0.8 1

Rectangular fit
Slope

Number of holes
Hole solidity

Main direction
Major axis length

Altitude
Perimeter/area

Elongation
Form factor
Roundness

Mean annual precipitation
Aspect

Relative importance

Fig. 4 Results of multiple linear regression models for

estimating NDVI in forest openings in three different dates.

Relative importances of predicting variables of NDVI (left) and

size effects of the set of quantitative variables that summed the

highest importances along all seasons (right). Bars indicate 95%

confidence intervals. Size effects containing zero in their 95%

confidence intervals are shown as null effects.

cFig. 5 Forest openings NDVI predictions in different seasons,

varying perimeter/area ratio and keeping the rest of the

predicting variables in their mean values. Figure only shows 4

of total 16 vegetation types analyzed, the same as Fig. 1. Lines

and shadows indicate linear model predictions and confidence

intervals (95%), respectively. (*) Indicates significant effect

(p\ 0.001)
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Vegetation type appeared as the most important

variable determining NDVI in forest openings. This

variable is associated with forage productivity drivers

such as different soil types, species composition and

grazing patterns found within the study area (Bestel-

meyer et al. 2003; Briske et al. 2005; Fong-Long y

Chang-Ching 2018; Yu et al., 2020). On the one hand,

in both NMDS and multiple linear models, quantita-

tive predictors showed similar effects over NDVI

(compare Figs. 3 and 4). On the other hand, the

categorical variable vegetation type appeared as an

important variable explaining the ordination of the

sites (R2 = 0.16, p\ 0.001, Fig. 3 upper panel), and

also in the multiple linear regression models it

appeared always with the highest importance when

predicting NDVI across all seasons (Fig. 4). This

variable eventually contributed to explain the hetero-

geneity caused by different soil types, species com-

position and grazing patterns, all related with NDVI.

All models showed the lowest goodness of fit for the

biomass productivity estimates in late summer (end of

the dry season). A possible explanation for the poor fit

could be different stocking rates in forest openings in a

context of low forage availability at the end of

summer, which increases NDVI heterogeneity even

further.

The relatively high weight of the landscape vari-

ables in predicting NDVI was a novel result. From the

six variables with the highest importance after vege-

tation type (Fig. 4, right) in the linear models, four

were regional: precipitation, altitude, slope and aspect,

and two were associated with landscape configuration:

perimeter/area ratio and form factor. While the

importance of regional drivers has been often studied

(e.g., Sanaei et al. 2019), our study shows that

landscape metrics exhibited also significant correla-

tions with NDVI.

The relationship between NDVI and the six quan-

titative predicting variables varied throughout the

growing period (Fig. 4, right). In spring, water avail-

ability generally does not limit vegetation growth in

this region, while temperatures are on the rise. The

negative effect of altitude over NDVI results from the

inverse relationship between temperature and altitude,

which leads to slow down vegetation growth and a

reduction in photosynthetic activity. Also, the nega-

tive effect of opening perimeter/area ratio over spring

NDVI implies that wide openings with low canopy

border have higher herbaceous and shrub forage

productivity at that date, probably due to less compe-

tition for light between forest canopy and grasses

(Belsky 1994; Kellas et al. 1995; Baldassini et al.

2018). Conversely, mean annual precipitation, aspect

and landscape metrics took higher relevance over the

vegetation photosynthetic activity of the openings in

summer and late summer. Regionally, this is the

period with greater water deficits because of lower

precipitations and higher temperatures (Bianchi et al.

2016). In this season, NDVI was higher on more hu-

mid hillside orientations (South and Southeast) and

when the openings were small or had longer perime-

ters of canopy border. This last correlation can be

probably due to a facilitation effect of trees over

vegetation growing inside the opening in dry periods

of the year.

Our results are partly confirmed by the findings of

other authors. When soil moisture is not a limiting

factor, as in early spring, grasses compete mainly for

light with surrounding trees (Belsky 1994; Holmgren

et al. 1997; Bahamonde et al. 2012). Conversely, when

soil water is limiting, as found also by Karki and

Goodman (2015), facilitation in small openings or

with high tree canopy borders can occur through tree

shading. Shading decreases water evaporation losses

when temperatures are high, and consequently

increases water availability for vegetation growth

(Van Miegroet et al. 2010). An alternate hypothesis is

facilitation through a reduction in wind speed by trees

(Geiger et al. 2009). Wind affects the microclimate of

forest openings in multiple ways. The overall effect of

a reduction in wind speed might result in a reduction in

evapotranspiration along the year. In this way, water

availability in summer and late summer will be higher

for vegetation growth in small openings or with higher

tree borders.

Our findings suggest that a competition process for

light between trees and grasses in spring shifts to

facilitation in summer, due to changes in soil moisture.

Mazı́a et al. (2016) also found a shift from competition

to facilitation with increasing aridity. Similar effects

were found in southern Patagonia (Peri et al.

2005, 2016b) but across different spatial circum-

stances, as in our case the shift was determined by

temporal instead of spatial variation. Conversely,

Baldassini et al. (2018) found a reduction in grass

growing below trees, as a consequence of competition

for light even in an arid zone. In their case, however,

precipitation events occurred mostly within the
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growing period, probably nullifying facilitation

effects of trees over grasses.

Predicting overall forage productivity through

NDVI remains challenging in forest openings, and

the reliability of predictive models depends on forest

characteristics (Borowik et al. 2013; Gautam et al.

2019). Despite high values of goodness of fit obtained,

linear models presented in this work are only

suitable for exploring trends of forage productivity

and its relationship with variables of interest. How-

ever, the estimation of overall forage productivity in

order to calculate carrying capacity should use a more

complex analysis, such as an integration NDVI

(INDVI) from many dates within the growing period

(Pettorelli et al. 2005). Such analysis must be

complemented with field measurements of biomass

cuts, accessibility, preference, diet selection and

nutritious values of forage (Bestelmeyer et al. 2017).

This is because preference and diet selection depend

on many factors, such as continuous grazing reduces

big herbivores preference of species within an area

(Forbes et al. 2019; González-Hernández et al. 2020).

The methodology presented here sets the basis to

collect remote sensing and field data in forest’s

openings, highlighting the inclusion of landscape

configuration in the analysis, in order to achieve a

precise estimation of overall forage productivity in

target areas. Our study highlights the importance of

considering different vegetation types when studying

forage productivity in the openings of native forests,

something that is not always readily considered in

most remote sensing studies.

Our results also indicate that there is an expected

variation in vegetation growth in different environ-

ments and throughout the year, depending on forest’s

characteristics. Additionally, they suggest there can be

more convenient configurations of shape and size of

forest openings depending on whether the objective is

to produce forage in spring or in summer. In our study

area, large and regularly shaped openings with short

perimeters appear to be the most convenient config-

uration to maximize grassland productivity in early

spring. By contrast, small elongated openings or with

long borders of tree canopy appear to be the most

appropriate design of forest openings when the

objective is to produce forage in summer and late

summer. Local producers in El Manso and Foyel

valleys speak of ‘grass drying out’ in large openings in

summer, an empirical observation that confirms the

trends observed in our analysis. Although our study

focuses on North Patagonia forests, the results

presented here are potentially relevant to temperate

forests worldwide. Yet, effect sizes and significance

are likely to be location specific as affected by climate,

soil type and vegetation.

Conclusion

Understanding the dynamics of forage productivity in

heterogeneous native forests is key to designing

sustainable grazing management schemes. The

methodology applied here allowed us to study NDVI

of grasslands and shrublands within forest’s openings.

Potential forage productivity may be explained by the

variation in regional environmental drivers such as

vegetation type, precipitation, altitude and tempera-

ture. Actual forage productivity within forest openings

is also affected by the size and shape of such openings,

since landscape configuration may regulate microcli-

matic regimes which may facilitate processes between

trees and grasses. A shift from competition in spring to

facilitation in the dry summer between trees and

grasses growing in these openings is a possible

explanation for the seasonal variation observed our

study area, to be further tested. Also, an adjusted

estimation of overall forage productivity in forest

openings with measures along the growing period is

possible with this methodology. Finally, this work

indicates that landscape patterns must be considered

when studying overall forage productivity for cattle

grazing in native forests with remote sensors.
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