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Introduction

Global food demand is increasing rapidly. Ensuring food
production in a growing population and the changing
climate pose a major challenge to scientists, resource
managers and policymakers (Alexandratos & Bruinsma,
2012; Porter et al,, 2014). Changes in temperature, pre-
cipitation and CO, emissions are expected to have net
negative effects on global agriculture, particularly in
developing countries (IPCC, 2014). Southern South
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Abstract

Southern South America is expected to play an increasingly important role in
global food production, but climate change could seriously threaten it. Here
we have analysed long-term historical data for major crops (rice, oats, barley,
sunflower, soybean, sorghum, wheat, maize) at subnational scale to (a) look
for common features among crop yield dynamics, evaluating their structure
and implications for the persistence of that crop; (b) address complex crop
responses to changes in environmental growing conditions; and (c) identify
climate impact hotspots that are crucial for adaptation and mitigation. We have
proposed a novel methodological approach based on dynamics systems in order
to understand the processes behind annual crop yield fluctuations. We report
the results of general patterns in the internal process (biophysical adjustments
by rapid negative feedbacks) regulating crop production and analyse how it
influences crop persistence and vyield ceilings. The structure of a crop yield
dynamic system defines its behaviour, but climate variations could displace it
from yield equilibrium and affect its stability. Our findings suggest that weather
conditions have a stronger impact on yield growth at high rather than at low
yield levels (non-additive impacts). This allows agriculture management to be
refined and applied more efficiently, weakening the relationship between crop
productivity and climate change and predicting the response of crop production
to yield-improvement strategies. We have identified those crops and regions
which are most vulnerable to the current climate change trends in southern
South American agroecosystems. Our results allow us to point to new ways to
enhance self-regulatory success, maximising the efficiency of crop production
and reducing climate impacts. We have discussed important implications for
crop management and climate change mitigation in an area where agriculture
plays a key role in its socioeconomic and ecologic dimensions.

America is expected to play an increasingly important
role in global food production because of the region’s
ability to produce and export agricultural commodities,
its potential of new arable land and its share of renew-
able water resources (Magrin ef al., 2014). However, the
most relevant studies in the region are limited to a few
crops in La Pampa (Magrin ef al., 2005 — wheat, maize,
sunflower, soybean; Asseng et al., 2013 — wheat; Veréon
etal., 2015 — maize, wheat, soybean). No studies have
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so far evaluated the effects of climate change across a
large series of crops and subregions in southern South
America. Also, there are several examples of discordance
between the results of crop yield studies in the region
that makes it difficult to identity common patterns of
vulnerability to climate change (e.g. for wheat, Verén
etal. (2015) detected mainly a negative impact of tem-
perature on crop yvield, whereas Magrin ef al. (2005) and
Asseng et al. (2013) identified a positive effect of rainfall).
Therefore the objectives of our research were to (a) look
for common features among several crop yield dynamics
evaluating their structure and implications for the per-
sistence of that crop; (b) address complex crop responses
to changes in growing conditions; (c) identify climate
impact hotspots at subnational scale that are crucial for
decision-making on adaptation and mitigation.

The structure of a dynamics system has a defining influ-
ence on its behaviour (Berryman, 1989). An increasingly
common approach to studying crop yield dynamics is the
use of statistical models to evaluate the response of yields
to climate changes (Lobell & Field, 2007; Lobell et al.,
2011). These models can be applied extensively because
they require low detailed input data, have a low uncer-
tainty and are more suitable for larger spatio-temporal
scales (Lobell & Burke, 2010; Shi et al., 2013). However,
the models usually make the implicit (and in an extreme
case, unrealistic) assumption that crop yield dynamics is
governed by the weather and independent of the yield
level (i.e. the same quantity of yield is added in each unit
of time) and then crop yield growth could continue indef-
initely. This assumption could only be appropriate for
modelling systems beyond the maximum potential crop
yield, which is not usually the case for most crops and
regions. We all know that the upper limit of crop pro-
duction is set by the climate conditions and the genetic
potential of the crop (e.g. Doorenbos & Kassam, 1979),
and therefore we have to explicitly include it in our crop
statistical models. It can be seen as a random walk pro-
cess with a distribution that becomes wider with time (i.e.
its variance is unbounded and there is no correlation in
time; Royama, 1992). However, empirical evidence shows
that historical crop yield dynamics has been fairly sta-
ble and fluctuates around a trend (or around its persis-
tent state if there is no trend) but does not deviate or
drift unboundedly away from it (Lin & Huybers, 2012;
Grassini ef al., 2013). Recent reports have also indicated
the necessity of recognising biophysical limits to crop yield
in order to account crop yield growth and stagnation
(Ray et al., 2012; Grassini et al,, 2013). Individual phys-
iology or height-structured competition for light affect
the conversion of those resources into biomass (Purves
& Pacala, 2008), so that crop yield growth rate is usually
lower for high yield values, although traditional statistical
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models assume that it is constant. Here we propose that
the best way to accommodate temporal variations in crop
growth rates is with nonlinear growth models. Specifi-
cally, we propose the logistic model as the functional form
for crop yield growth analysis because of its flexibility,
realism, predictability and generality. Stable and stagnant
crop yield changes could be the consequence of a negative
feedback structure (due to biophysical internal processes),
able to persist over time in a state of dynamics equilib-
rium with their environment (Ferrero et al., 2014, 2017).
Understanding and modelling how both feedback mech-
anisms and climate interact in shaping the dynamics of
crop yield may be fundamental to our ability to predict
crop response under climate change.

Climate and CO, emissions may have complex effects
on crop yield rates. The reliability of our predictions
and mechanistic understanding of crop yield dynam-
ics are influenced by whether additive or non-additive
approaches are made (see, e.g. Schlenker & Roberts,
2009). However, the interactive (non-additive) effects of
climate and crop yield have usually been ignored, or are
modelled with polynomial functions of climate, indepen-
dent of yield level, which are very ditficult to interpret
(e.g. Schlenker & Roberts, 2009; Lobell & Burke, 2010;
Lobell et al., 2011). Again, we suggest that the response
of the crop to climate variations may not be indepen-
dent of its yield level because — for example — a crop usu-
ally does not respond in the same way to water avail-
ability at high yield (high biomass) as when it is at low
yield levels (low biomass; e.g. the milestone publication
of Doorenbos & Kassam (1979) and our recent study, Fer-
rero et al. (2014)). Generally, when the crop has a higher
yield, it also has a greater water demand and, there-
fore, we over-estimate the response of the crop to climate
change if we do not consider it, at least for high-yield
systems. Recently, we used models with biologically inter-
pretable parameters, that also take into account the non-
linear crop yield growth previously discussed, to under-
stand hydric stress in maize throughout Spain (Ferrero
etal, 2014), and the effects of weed community diver-
sity and climate on maize and soybean in a long-term
experiment in Michigan, USA (Ferrero et al., 2017). Here
we consider whether general patterns exist for a more
profound understanding of crop yield dynamics in order
to develop wide-ranging strategies for coping with the
impacts caused by climate change.

In this study, we have hypothesised the existence of
biophysical processes (negative feedback structure) regu-
lating crop yield fluctuations and the non-additive inter-
actions between environmental factors and crop yield lev-
els. We analysed eight strategic crops at subnational scale
in southern South America: oats (Avena sativa L.), bar-
ley (Hordeum vulgare L.), sorghum (Sorghum spp.), rice
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(Oryza sativa L.), wheat (Triticum aestivum L), maize (Zea
mays L.), sunflower (Helianthus annuus L.) and soybean
(Glycine max Merr.). More specifically, statistical mod-
els combining internal (feedback structure) and external
(climate; CO,) processes and long-term historical data
(20-50years) have been used in order to understand
crop vyield persistence and its role in determining crop
yield responses to climate change impacts. We identified
those crops and regions that are most vulnerable to the
actual climate change trends in South American agro-
ecosystems. Our study could have important implications
for management of crops and climate change mitigation,
especially, in an area where agriculture plays a key role in
its socioeconomic and ecologic dimensions.

Materials and methods
Study site and focal crop yields

Historical yield data or the mass harvested per unit area
(kg ha™!) for Argentina (1969/70-2010/11), Uruguay
(1960/61-2010/11), Chile (1979/80-2010/11) and
Brazil (at least 19 years; see Fig. S1 in Appendix S1, Sup-
porting Information, for details on regions) were obtained
from their respective statistical yearbooks. We used
Global Historical Climatology Network data on monthly
temperature and rainfall (mean, minimum, maximum
and extreme; Lawrimore etal, 2011). For sites with
missing data (Valparaiso, Santiago, Chillan, Valdivia),
we obtained Chile’s weather annuals in climatologic
yearbooks.

Climate and CO,-related variables

Climate-related variables in the crop growing season were
considered to be determinant drivers of yield crop fluc-
tuations. Here, we considered average temperature, the
maximum and minimum temperature and the total rain-
fall for this period. In addition to modelling the general
(average) effects of climate on crop yield, we included the
effects of extreme temperature or precipitation events in
the growing season, which may have disproportionately
large impacts on final yields. The growing seasons selected
for the different crops were rice (November—February),
oats (March-December), barley (March—December),
sunflower (October—February), maize (October—May),
wheat (June—November), sorghum (November—April)
and soybean (November—May). Additionally, also con-
sidered was the annual effect of carbon dioxide (CO,),
an important atmospheric gas that contributes to global
warming. The country’s data on the emissions of CO, (kt)
were taken from the World Bank’s World Development
Indicators (World Bank, 2012) as a proxy of CO, in the
atmosphere.
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Diagnosis and statistical models of yield dynamics

To remove any trends on crop yield, we used detrending
(i.e. rotating the series around the linear or quadratic
trend). We defined the annual rate of yield increases as
the first-differences of log-yield R, =Y, —-Y,_,, where Y,
is the detrended log-yield at time ¢ (log transformation
transforms absolute differences to relative differences and
allows reduced heteroscedasticity) and Y,_, is the same
series with 1 year of delay (lags 1). We built a first
model that included the effects of internal processes on R,
without any exogenous perturbation. In order to do that
we used the generalised exponential form of the discrete
logistic model (Ricker, 1954; pure endogenous model),

R, = T'pax — €XP (a~Yt_d+c) (1)

where Y represents the log-yield data at time ¢, d is
number of time lags to be included in the model, r,,,, is a
positive constant representing the maximum productive
rate observed and ¢ and a are parameters. We used the
partial rate correlation function (PRCF; Royama, 1977) to
determine how many time lags (4) should be included in
the model (1).

Eqn 1 was modified to represent
non-additive crop responses to environmental per-
turbations (external processes; e.g. temperature effects).
Additive perturbations were considered through the

additive and

inclusion of the Z, term,
Ri=rp—exp(a-Y_,+c)+b-Z_, (2)

where Z, is the environmental perturbations (e.g. precipi-
tation), ' denotes the number of lags to be included in the
model (with & =0 and 1) and b is a parameter. Environ-
mental conditions exert additive perturbation effects on
the annual rate of yield increases through changes in r,,
(vertical etfect, sensu Royama, 1992; Text S1 in Appendix
S2). Both equilibrium point and the speed at which the
system approaches equilibrium could be altered.

Changes in ¢ (Eqn 1), involve the non-additive interac-
tive effects of climate or CO, and crop vield levels (lateral
effect, sensu Royama, 1992),

R=rpw—exp(a-Y_,+c+b-Z_y) (3)

Here the environmental perturbations affect the yield
potential but not its stability.

Finally, environmental perturbations may have a
non-additive influence on yield dynamics as the param-
eter a changes (Eqn 1; nonlinear effect, sensu Royama,
1992),

R =,

max

—exp((a+b-Z_y) Yy+¢) (4)

In this last case, both the equilibrium point and the
speed at which the system approaches equilibrium could
change.
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Model fitting and model selection

We fitted Eqns 1-4 using nonlinear least squares regres-
sions with the n/s library in the software R (R Develop-
ment Core Team, 2011). In particular, the models were
fitted by minimising the Akaike criterion (AIC; Sakamoto
etal., 1986), and maximising pseudo R’ measures based
on the residual deviance (Cameron & Windmeijer, 1996).
Models were chosen on the basis of their goodness-of-fit,
their ability to describe the correct dynamics and their
appropriateness.

Results
Biophysical internal processes

Between 26% and 83% of the variance in annual rates
of yield increase was explained by biophysical internal
processes (i.e. first-order-negative feedback processes)
in major crops and regions in South America (see pure
endogenous model in Table S1 and Fig. S2 in Appendix
S1). All crops presented a stabilising negative feed-
back structure and, therefore, self-regulation in their
dynamics.

Additive and non-additive climate and CO, effects

Several models selected for evaluating climate change
impacts on crop vyield alterations between regions
explained the additional 4%-33% of their variance
(Fig. 1; Table S1 and Fig. S3 in Appendix S1). We found
that the interaction between climate variables or CO,
emission and crop yield level (non-additive effects) were
more common than an independent perturbation of crop
yield (additive effects; Table S1 in Appendix S1).

Several patterns emerge from these models. For some
crops, such as maize, oat, barley and sunflower, annual
crop growth rates were affected mainly by temperature
(Fig. 1; Fig. S3 in Appendix S1). We found that oat yield
dynamics was explained best by maximum temperature,
with negative and non-additive effects in Parana (Brazil)
and Araucania (Chile) but with positive responses (addi-
tive and non-additive) in Uruguay (Fig. 1B). In southern
Brazil (Rio Grande do Sul) and Uruguay, extreme tem-
perature influenced annual barley yield growth rate addi-
tively, but further west in Chile (Araucania and Los Lagos;
Fig. 1A) we found non-additive responses. For sunflower,
non-additive effects of maximum temperature were also
found in Uruguay and La Pampa (Argentina), but in the
former it improved annual yield growth rates and in
the latter its effect was negative. Minimum temperature
affected sunflower yield variations through negative and
non-additive responses in Entre Rios (Argentina; Fig. S3
in Appendix S1). In Cérdoba, Buenos Aires and Santa
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Fé (Argentina), we found that maize yield variability was
explained best by negative impacts of high temperatures,
and more so at high-yield years (non-additive, Fig. S3 in
Appendix S1), whereas minimum temperatures had posi-
tive and additive effects on maize production in Uruguay.

For soybean, sorghum and wheat, the results were
more variable (see Fig. S3 in Appendix S1). While in
the central region of Argentina (Cérdoba and Santa
Fé) temperature variability was more important for soy-
bean yield fluctuations, in the east of South America
precipitation and CO, emissions were more important
(in Parand (Brazil) and Uruguay, respectively). Sorghum
annual yield growth rate was negative and non-additively
affected by maximum temperatures in central regions of
Argentina (Cordoba, Entre Rios, Santa Fé, Santiago del
Estero and Buenos Aires) and positively by rainfall in
Minas Gerais (Brazil). Finally, the influence of temper-
ature on wheat yield growth was statistically significant
and positive in Santa Fé (Argentina) and Parana (Brazil),
but negative in Buenos Aires (Argentina), Uruguay and
Bio Bio (Chile). Also for wheat, we detected the effects of
rainfall in Rio Grande do Sul (Brazil) and CO, emissions
in Cérdoba (Argentina).

Finally, we determined that rainfall affected rice pro-
duction through non-additive effects in Uruguay and Cor-
rientes (Argentina), but in Maule and Bio Bio (Chile)
minimum temperature was a better explanation of rice
yield variability (Fig. S3 in Appendix S1).

Discussion

Crop vield dynamics is a key aspect for food security
under climate change (Grassini efal., 2013), mainly in
South America where special emphasis is given to its
role for global food production and environmental sus-
tainability. Understanding crop yield interannual vari-
ability will enable us to improve it and to diminish the
adverse impacts of agriculture for social and ecological
systems. Here we analysed the effects of internal and
external processes on the main crops (maize, soybean,
wheat, rice, barley, oat, sunflower and sorghum) and
producing countries (Argentine, Chile, south Brazil and
Uruguay) of the region between 1960 and 2011. We
found common features among crop yield dynamics due
to growth constraints, complex crop responses to climate
changes and hotspots that are crucial for adaptation and
mitigation.

Biophysical internal processes have an influence
on crop yield dynamics

We found that all crops studied across most regions of
South America showed regulation by biophysical inter-
nal processes as the main drive of crop yield dynamics
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-CO2 emission
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Pure endogenous

Figure 1 Annual crop yield growth rate responses to mean maximum temperature (MMXT, °C) for (A) barley in Los Lagos (Chile) with non-additive impacts and
(B) oats in Uruguay with additive impacts. We divided each plot according to quartiles of MMXT (different colours), where shaded area shows confidence bands.
See Table S1 in Appendix S1 for description of other models for temperature, precipitation and carbon dioxide emission effects on eight strategic crops in South

America.

and its temporal persistence (Table S1 in Appendix S1).
Our results suggest a general pattern of internal regulation
on crop systems, which explained the essential features
of the dynamics observed: high frequency, stable fluctua-
tions and a dynamics equilibrium (its yield potential in the
regions where the crop is produced). Regulation tends to
produce stability by damping the effects of any changes
in the environment (in other words, it does not follow
a random walk). This is a non-trivial result for manage-
ment purposes because such a regulatory mechanism may
influence potential declines or recovery in crop yield. Our
results are consistent with the recent evidence of sta-
bilisation, stagnation and the hypothesis of a biophysi-
cal yield ceiling (Ray etal., 2012; Grassini et al., 2013).
Nevertheless, unlike these studies, here we did not use
threshold models, but we modelled internal limitations
on annual crop yield growth rates that produce bounded
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variations and autocorrelation between time steps. Our
findings suggest that regulation structure by biophysical
limits could improve our understanding and prediction of
climate change problems.

Environmental external processes have additive
and non-additive impacts on crop yield dynamics

We assessed additive and non-additive crop responses
to climate change in historical time series models and
evaluated changes in the yield potential and its stability
due to these perturbations (Fig. 1; Table S1 and Fig. S3 in
Appendix S1). A novel aspect of the observed crop yield
dynamics is the fact that non-additive climatic effects (the
effect of the interaction between climate and crop yield
level) are much more common than the additive ones (an
independent effect of climate on crop yield level). Here we
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modelled explicitly the interactive (non-additive) effects
of climate and crop yield, unlike previous studies that
use polynomial regression or threshold levels — difficult
to interpret — to account for nonlinear climate effects on
crop yield (Schlenker & Roberts, 2009; Lobell ef al., 2011).
Our results suggest that climate impacts are particularly
harmtul at high yield levels, when crops demand more
nutrients but the availability of resources decreases or
remains constant. As a result of non-additive climatic
effects, small changes in a climate factor could exert
big ones in the average yield but would not perturb
the stability of equilibrium. This general finding on crop
yield dynamics is crucial to crop yield forecasting and for
management purposes, because ignoring it could lead to
oversized predictions about mitigation tools under climate
change by implying that these tools are equally effective
at low and high crop yield levels. Finally, it is important
to highlight that because all crops are basically systems
defined at high yield levels, it is essential to model and
predict the problems that generate non-additive climate
effects.

Regional summaries: which crops in which geographic
regions are most threatened

A few studies have explicitly compared climate impact
for different regions or crops to identify areas at most
risk (Porter et al., 2014). Here we found that the effect
of climate variability on crop yield was evident in several
regions of southern South America and for most crops.
Negative impacts of climate variability have been more
common than positive ones. Also, we detected the great
sensitivity of crop yields to extreme temperatures unlike
most studies in the region, which highlight the role of
rainfall (e.g. Magrin et al., 2005; Asseng et al., 2013) but
in concordance with a recent study in the Pampas (Verén
etal., 2015) and with the global trend (Abrol & Ingram,
1996; Lobell & Field, 2007; Lobell et al., 2012; IPCC, 2014;
Fig. 2). Differences in the methodology used may explain
this disagreement because — unlike our analysis — the
first studies used crop simulation models that tended
to over-estimate rainfall importance (Maltais-Landry &
Lobell, 2012). Specifically, temperature was the only vari-
able explaining oat, barley, sunflower and maize perfor-
mance, mostly in a negative and non-additive way. These
facts imply that warmer conditions mainly affected crops
at high yield levels, probably due to low nutrient intake
under high temperature levels (Abrol & Ingram, 1996)
or by increased water stress (Lobell ef al., 2013), decreas-
ing the yield equilibrium for most of the crops studied.
However, positive temperature effects were mainly found
in the south east of the region: Uruguay (oat, sunflower
and maize), Santa Fé (soybean and wheat) and Parana
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(soybean and wheat), where water does not appear to
be a limiting factor (Magrin et al., 2014). Specifically, pos-
itive and non-additive effects on temperature were the
important factor for yield growth rate in oat, sunflower
and maize in Uruguay, soybean in Parand (Brazil), wheat
in Cordoba (Argentina) and rice in Maule and Bio Bio
(Chile). For example, it has been suggested that warm-
ing may prevent the stress of low minimum temperatures
at high latitudes like in Chilean rice crops, because freez-
ing may decrease the absorption of water and mineral
nutrients (Yoshida, 1981; Zia et al., 1994) or reduce plant
growth and leaf elongation rates (Sowinski et al., 2005).
The existence of both patterns is not surprising, because
the relationship between crop yield growth and tempera-
ture could be visualised as a hump-shaped curve. Crop
yield growth is slow at the lower and upper ends of a
given temperature range, and highest at some optimal
point. The optimal temperature varies for each crop and
depends on its physiology. Therefore, we might find both
positive and negative outcomes under different tempera-
ture values.

In Corrientes (Argentina) and Uruguay, though rice
is irrigated, rainfall was a major problem due to El
Nifio/Southern Oscillation (ENSO) events of high rain-
fall (see Magrin et al., 2014). Here we detected that rain-
fall affected rice production through non-additive effects
maybe because of lesser solar radiation in years of high
rainfall, with more negative impacts in high-yield years.
As these regions are important rice producers in South
America, our results suggest that using climate forecasting
to reduce production risks should consider non-additive
consequences on rainfall regimes, due to ENSO events.

Elevated CO, is expected to have impacts on crop
yield (Ainsworth ef al., 2002). Our results showed that
CO, emission exhibited both positive and negative effects
on soybean (Uruguay) and wheat (Cérdoba, Argentina)
crops, respectively, mostly through additive -effects
(Fig. 2). Positive responses of increased CO, emissions on
grain yield are in agreement with previous studies, which
postulated that the primary effect of plant response to
rising atmospheric CO, is to increase yield (Ainsworth
etal., 2002). However, wheat responded negatively to
CO,, probably due to the interactions of CO, with high
temperatures, water status or low nitrogen fertiliser
availability (Lawlor & Mitchell, 2000). Consistent with
previous research, C3 species such as wheat and soybean
are expected to respond more strongly than C4 crops.
Regional CO, effects are not often considered (but see
McGrath & Lobell, 2013), but our results suggest that
yield response to increased CO, will vary between regions
due to interactions with other environmental variables.
Further research should include these interactions in
statistical models to fully understand potential impacts
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Figure 2 Estimated net impact of temperature, rainfall and CO, emission on eight major crop productions in South America in addition to internal processes
(e.g. pure endogenous model). We report the most relevant external driver for each crop and region, as detected by the fitting of the models (see Table S1 in

Appendix S1).

of CO, on food production. For example, the benefit
for soybean would not be so promising, because it has
been suggested that, under future climate change condi-
tions, the interactive effects of elevated CO, and warmer
temperatures are not likely to benefit soybean growth
(McGrath & Lobell, 2013). As soybean and wheat are
main crops in South America, our model could be the
benchmark from which to evaluate future CO, changes
and their interaction with climate-related variables.
Some caution should be exercised in interpreting these
results. Here our models explain a high variability with
respect to previous statistical models (e.g. Verdn et al.,
2015; 30%—47%) probably because we considered par-
ticular temperature or precipitation events which could
have pronounced effects on yield. For example, in spe-
cific locations, we accounted for more than 80% of the
variability in a crop’s yield. The variance percentages
not explained by these statistical models could be due
to technological factors, soil conditions and/or climate
on a lower local scale than the regional one. Also, the
accuracy of statistical models is dependent on the spa-
tial scale (at more local scales, the role of precipitation
may be more important than temperature; Porter ef al.,
2014) and the reliability of input data (yield or weather
measurements; e.g. Sadras ef al., 2014). We detected that
crop yield dynamics were controlled by simple feedback
structures, and therefore, only one feedback dominated
its dynamics close to equilibrium (Berryman, 1999). How-
ever, this could change in the future given some external
or internal factors, and it may be possible to find complex
regulatory structures and alternative stable states if the
climate keeps changing. Moreover, although our models
have the advantage of the parameters having a direct bio-
logical interpretation, a parsimonious structure and more
flexibility (Royama, 1992), nonlinear model forms often
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ensure, but not guarantee, proper extrapolation. This is
particularly important for soybeans and wheat, where
positive effects of recent climate variability in the region
have been detected, but the results should be projected
carefully because more complex dynamics can emerge
and more warming might slow yield gains as in global
wheat production (Asseng etal, 2015). In addition, it
should be noted that our study used CO, national lev-
els to estimate the effect of elevated CO, on crop yields
so that we could be underestimating this effect. Local
measurements are needed in the future to achieve more
accurate models on the effect of CO,. Finally, while our
study revealed new and interesting findings, follow-up
studies should examine the interactions between differ-
ent aspects of climate change to improve our adaptation
options in agriculture.

Conclusions

We have shown the existence of general patterns for the
major crop yield dynamics in South America based on
the interactions between internal (biophysical limits by
first-order-negative feedback) and external (climate and
CO, emission) factors. These results show crop yield as
a regulated process unlike a random walk as presented
previously. Statistical models for crops need to account
for the universal trade-off between yield growth rate
and yield levels, and here we have proposed a flexi-
ble model with nonlinear functions and biological mean-
ing that does not include artificial breakpoints. We have
identified those crops and regions that are most vul-
nerable to climate change in South America. We have
also recognised that distinguishing the effects of both
additive and non-additive climate impacts will help us
to identify the mechanisms that influence the response
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of agroecosystems to environmental change. We suggest
that projections of crop yield models based on extension
of historical trends of the past decades should be viewed
with caution because we must consider the crop yield
level (i.e. its status) in both the deceleration of its rate
of increase (due to biophysical limits) and in its inter-
action with climate change (by non-additive responses).
Our findings may be crucial to predicting the response
of crop to yield-improvement strategies and may have
important implications for management and adaptation
measures for crop systems and climate change mitigation.
Finally, we strongly suggest the importance of theoretical
dynamic models based on biological knowledge for under-
standing the interaction between regulation structure and
environmental factors in shaping the dynamics of crop
yields. This allows us a deeper understanding of ecological
processes than was possible with traditional approaches.
The methods we develop are general and can be applied
to a wide range of crops.
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