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ABSTRACT

Global environmental changes have implications for the terrestrial ecosystem functioning,
but disentangling individual effects remains elusive. The impact of vegetation responses to
increasing atmospheric CO, concentrations is particularly poorly understood. As the
atmospheric CO, concentration increases, the CO; acts as a fertilizer for plant growth. An
increase in atmospheric CO, reduces the amount of water needed to produce an equivalent
amount of biomass due to closing or a narrowing of the stomata that reduces the amount of
water that is transpired by plants. To study the impacts of climate change and CO;
fertilization on plant growth, we analyzed the growing season sensitivity of plant growth to
climatic forcing from alpine to semi-desert eco-climatic zones of Ethiopia for various plant
functional types over the period of 1982—2011. Growing season 3™ generation Normalized
Difference Vegetation Index of Global Inventory Modeling and Mapping Studies (NDVI)
was used as a proxy of plant growth, while mean growing season precipitation (prec),
temperature (temp), and solar radiation (sr) as the climate forcing. The sensitivities of plant
growth are calculated as a partial correlation, and a derivative of NDVI with respect to prec,
temp and sr for earliest and recent 15-year periods of the satellite records, and using a moving
window of 15-year. Our results show increasing trends of plant growth that are not explained
by any climate variables. We also find that an equivalent increase in prec leads to a larger
increase in NDVI since the 1980s. This result implies a given amount of prec has sustained
greater amounts of plant foliage materials over time due to decreasing transpiration with
increasing CO; concentration as expected from the CO; fertilization effect on water use
efficiency and plant growth. Increasing trends of growth in shallow-rooted vegetation tend to
be associated with woody vegetation encroachment.

Keywords: Vegetation productivity, climate change, CO, fertilization, vegetation
sensitivity, woody encroachment, Ethiopia, Tropics.
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INTRODUCTION

Global environmental change, manifested by changing the concentration of greenhouse
gases, rising temperature, changing precipitation patterns, and increasing frequency of
extreme weather events (Gray & Brady, 2016), is posing one of the biggest challenges to our
planet. Over the period between 1880 to 2012, global temperature has increased by 0.85 °C
on average, and widespread rainfall extremes and variabilities were apparent, with more
frequent drought appearing in regions that are already arid (IPCC, 2012). The continued
increase in CO, concentration is also predicted to reach 730-1000 ppm by the end of this
century (IPCC, 2012). The effect of the increasing CO- concentration on plants is generally
believed to be positive in terms of increasing photosynthesis rate, decreasing water use, and
increasing overall plant growth (Taub, 2015).

At the species level, the effect of such environmental changes extends to altering molecular
functions, developmental processes, morphological traits, and physiology (Gray & Brady,
2016). Understanding the ecological implication of environmental change is necessary to
increase the resilience and adaptability of society (Guan et al., 2018). Our ability to forecast
the fate of terrestrial ecosystems to future changes in climate relies largely on our ability to
understand the responses of ecosystems to past environmental changes. Previous studies
characterized the response of ecosystems to changes and variability’s of climate using
different methods including field experiments (Vogel et al., 2012), earth system models
(Medvigy et al., 2009; Smith et al., 2001), and models based on satellite observations and
gridded climate datasets (Seddon et al., 2016; Hilker et al., 2014; Gonsamo et al., 2016;
Gonsamo et al., 2021). The conclusions of these studies are equivocal (Vogel et al., 2012;
Yuan et al., 2015; Walker et al., 2021) and the mechanisms underlying such discrepancy in
plant sensitivity to environmental change are less understood (Smith et al., 2017). Terrestrial
ecosystems are subjected to multiple confounding environmental factors at a time and the
impact is often the net effect of them. The net effect of the climate forcing for example
appears to vary depending on latitude, ecosystem types, nutrient availability, and land use
and land management practices (Piao et al., 2014).

New evidence is appearing that shows weakening relationships between interannual
temperature variability and vegetation activity in the northern hemisphere where the
temperature is the dominant factor that controls vegetation productivity (Piao et al., 2014;
Zeng et al., 2013). While precipitation controls much of the terrestrial ecosystem in the
tropics (Hilker et al., 2014; Zeng et al., 2013), plant growth sensitivity to precipitation under
changing climate has not been studied systematically. Recent satellite-based observations
show an increasing response of leaf area to soil moisture over time in all tropical drylands
(Gonsamo et al. 2021). Precipitation affects soil moisture and nutrient availability and it is
one of the most important limiting factors in vegetation growth and productivity in arid and
semi-arid ecosystems (Huxman et al., 2004; Schwinning & Sala, 2004). Previous studies
suggest that vegetation in water-limited semi-arid and semi-humid regions might be adapted
to drought and they are more resistant (Vicente-Serrano et al., 2013). Contradictory to this,
(Liu, 2013) suggests that resistance or slow responses might be a precursor to a more lasting
or profound impact after a certain time lag. Increasing evidence of CO; fertilization effect
compensating other climate forcing is also apparent in most vegetation across the globe. CO;
fertilization effect was found to increase productivity in tropical forests through increased
assimilation and light use efficiency (Yang et al., 2016). Elevated CO; (eCO;) reduces
stomatal conductance and enforces the carbon demands for photosynthesis to be met early
causing enhanced water use efficiency (eWUE) (Taub, 2015). This makes plants exposed to
elevated CO; to be more resistant to drought/water stress. Significant increases in eWUE in
atropical forest in Africa were observed over the period 1982 — 2010, signifying their
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sensitivity to elevated CO; (Traore et al., 2014). However, this effect varies depending on the
photosynthesis process type in plants. C4 grasses which include tropical grasses showed little
or no enhancement of growth to elevated CO, (Taub, 2015; Onofrio et al., 2019). The same
effect was also observed in temperate region C3 grasslands under extreme weather
conditions (Obermeier et al., 2016). Shrubs are also found to be quite resistant to long-term
experimental warming and drought (Kroél-Dulay et al., 2015).

Deep-rooted vegetation generally is considered to be less sensitive to climate variability in
water-limited regions than shallow-rooted vegetation (Sala et al., 2015), owing to the deep
root system and adaptive water use strategy (Asbjornsen et al., 2008; Eggemeyer et al.,
2009). Contrary to this, Darcy’s law suggests that taller plants are becoming more vulnerable
to temperature-induced changes in vapor pressure deficits (VPD) and the consequent effects
on canopy water conductance and vegetation growth (McDowell & Allen, 2015), especially
under enhanced warming in semi-arid and more extreme climate (Wu et al., 2017).

To study the response of tropical vegetation to climate change and increasing CO;
concentration, we analyze changes in the sensitivity of plant growth in the diverse vegetation
types of Ethiopia ranging from alpine to semi-desert eco-climate zones. We use satellite
observed greenness records as a proxy of plant growth to assess the response of different
plant functional types (PFTs) to inter-annual mean growing season (GS) climate forcing. We
hypothesize that under enhanced warming, the response of deep-rooted vegetation to CO,
fertilization effect will increase offsetting the adverse impacts of climate change while
shallow-rooted vegetation (shrubs and grasses) will be more resistant to elevated CO;
concentration.

METHODS

Study area

Ethiopia constitutes diverse vegetation types ranging from alpine to semi-desert
eco-climate zones with elevations ranging from 125 m below sea level in Danakil depression
to central highlands on both sides of the rift reaching 4550 m above sea level at Ras Dashen.
It lies between 3°-15°N latitude and 33°-45°E longitude. The vegetation can be summarized
in four major PFTs, including evergreen broad-leaf trees (EBIT), deciduous broad-leaf trees
(DBIT), shrub, and grasses. The evergreen broad-leaf trees found in the southwestern and
southeastern highlands receive precipitation throughout or nearly throughout the year.
Deciduous broad-leaf trees confined in the western lowlands of Ethiopia are seasonally dry
forests that shade their leaves during the dry seasons in response to water stress. The shrubs
and grasses are located in the southern and eastern lowlands of the country. The shrubs and
grasses are part of the savannas in Africa and are characterized by low cation exchange
capacity, very low phosphorus, and nitrogen (Solbrig & Medina, 1996). Evergreen
broad-leaf trees are the most productive forest types followed by deciduous broad-leaf trees,
grass, and shrubs, respectively. Deciduous broad-leaf trees and evergreen broad-leaf trees
receive a comparable amount of growing season mean monthly precipitation which is about
110 mm. Shrub and grasses receive about 32 mm and 63 mm growing season mean monthly
precipitation, respectively (Fig.1). Temperature and solar radiation are generally higher for
the lowland vegetation. Evergreen broad-leaf trees, deciduous broad-leaf trees, shrub, and
grasses receive a growing season mean monthly temperature of 18.9 °C, 21.97 °C, 25.9 °C,
and 23 °C while the solar radiation is in the order of 179.5, 192.2, 241.45, and 226.94 W/M?,
respectively. The growing season mean monthly NDVI and climate datasets are presented in
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Fig. 1. The elevation range and its impact on precipitation make Ethiopia a unique country in
Africa to study climate change impacts on vegetation structure, growth, and photosynthesis.

Fig.1l: Long-term growing season mean monthly NDVI (a), precipitation (b),
temperature (c), and Solar radiation (d).
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Data

Biweekly normalized difference vegetation index (NDVI) products from two sensors, i.e,
the 8 km 3" generation NDVI of Global Inventory Modeling and Mapping Studies (GIMMS
NDVI13g) derived from the advanced very high-resolution radiometer (AVHRR) for
1982-2011. The GIMMS NDV13g datasets were used to assess the response of vegetation to
changes in climate in 1982-2011.The climate datasets considered include precipitation,
temperature, and solar radiation. Except for the solar radiation data obtained from the
National Center for Atmospheric Research (https://climatedataguide.ucar.edu), all the
climate datasets were obtained from Climate Research Unit (CRU) TS 3.23 data sets,
compiled by the Climate Research Unit of University of East Anglia (Harris et al., 2014).

GIMMS NDVI3g dataset has been extensively corrected for various defects due to
atmospheric contamination, orbital characteristics (e.g. navigational drift, satellite drift, solar
zenith, and viewing angles), and sensor degradations (Tucker et al., 2005). It has been
successfully used in various vegetation monitoring studies including for assessing the
sensitivity of vegetation to changes in climate from national to global scales (Guay et al.,
2014; Piao et al., 2017; Gonsamo et al., 2016).
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The biweekly GIMMS NDVI13g was spatially and temporally aggregated to have common
spatial and temporal resolutions with the climate datasets to 0.5° x0.5° and monthly values by
taking the maximum of the biweekly observations, respectively. This was done after masking
non-vegetated areas with pixels < 0.1 NDVI values, from all the observations.

Analysis

Ethiopia has different growing seasons both in unimodal and bimodal forms. Changes in
the phenological cycles of vegetation are evident across different eco-regions of Ethiopia
(Workie & Debela, 2018). The comparison of the monthly vegetation growth and
precipitation also reveals changes in the growing season over time, particularly for the
evergreen broad-leaf trees and grasses (Fig. 2).

Fig. 2: Comparison of monthly NDVI and precipitation seasonality across plant
functional types in Ethiopia for the year 1982 and 2011 for evergreen broad-leaf trees
(a), deciduous broad-leaf trees (b), shrub (c), and grass (d).
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The determination of the growing season (GS) was made in two approaches to help
elucidate the impact of plant functional types (PFTs) in plant-water relationship changes over
time. The first approach was determined by aggregating the start and end of GS MODIS
phenology products to each PFT. For the second method, we set thresholds from the seasonal
greenness amplitude to determine the start and end of the GS (Piao et al., 2014). NDVI values
between the seasonal greenness amplitude that is defined as a maximum monthly NDVI in
a given year and NDVI values above 25 % and 50 % of the maximum monthly values are
considered to be within the growing season. Based on the correlation between GS NDVI and
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climate, the method that yields a better correlation was adopted as an optimum method for
GS determination. Based on this assessment, the 50 % threshold of the seasonal greenness
amplitude was used to determine the GS. This method is robust since it dynamically
determines the GS in such areas where there are diverse growing periods. As the start and end
of growing seasons change due to climate change, this method captures the shift in these
phases of the phenology. Then NDVI was aggregated by taking their means to get GS NDVI
(GSndvi), a proxy for plant growth during the growing season. The respective GS climate
data were also aggregated in the same way to form GS precipitation (GSprec), GS
temperature (GStemp), and GS solar radiations (GSsr). Moreover, the analysis was repeated
by aggregating all datasets by their annual mean.

Partial correlation was applied to calculate the inter-annual sensitivity of vegetation
growth, from the perspective of NDVI, to mean GSprec, by controlling the effect of
GStemp and GSsr. Partial correlation overcomes autocorrelation among independent
variables (Piao et al., 2017). The partial correlation was run over 15 years moving window.
The time window moves by one year forward and forms a total of 15 moving windows over
the periods of 1983 to 2011. Each time window was de-trended by removing the linear trend
from the 15 years observations.

To calculate the effect characteristics (i.e., direction and magnitude of changes) of
sensitivity, we use a robust Theil-Sen slope estimator that computes the median of the slope
between observations. Both the partial correlation and Theil-Sen slope were aggregated by
PFT. The PFts are defined as, a) evergreen broad-leaf trees: dominated by evergreen
broad-leaf and palmate trees (>2 m) and tree cover >10 %, b) deciduous broad-leaf trees
(>2 m),c) shrub (>2 m) and cover >10 %, and d) grass: herbaceous annuals (<2 m) that are
not cultivated (Friedl & Sulla-Menasha, 2019).

RESULTS

Growing season vegetation productivity has shown significant changes (p<0.05) in large
parts of Ethiopia over the study period of, 1982-2011. A significant increase in growing
season NDVI is observed in about 40 %, while the statistically significant decrease accounts
for only 5% of the study area for 1982-2011 from GIMMS NDVI3g (Fig. 3). NDVI
averaged per PFT also show a statistically significant (p<0.05) increase in growing season
NDVI for all PFTs. Precipitation increased largely in the northwestern parts of the country
accounting for about 18 % of Ethiopia. Growing season temperature significantly increased
(p<0.05) in more than 85 % of the study area. The trends in solar radiation have shown
predominantly non-significant changes (Fig. 3).
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Fig 3: Trends of growing season NDVI and climate variables. (a) GIMMS NDVI3g for
1982-2011, (b), MODIS NDVI for 2002-2011, (c) solar radiation for 1982-2011, (d)
precipitation for 1982-2011, and (d).
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The correlation between the growing season NDVI and precipitation increased in
deep-rooted vegetation (EBIT and DBIT) and decreased over time in shallow-rooted
vegetation (shrub and grasses) (Fig. 4 and 5). However, the changes in correlation through
time or between the earliest and latest 15-year period were statistically not significant
(p>0.05) (Fig. 4 and 5b) indicating negligible changes in plant-water relationships. Except
for EBIT, the correlation remains largely significant for deep and shallow-rooted vegetation
for both the earliest and latest 15-year period (Fig. 5a).

Unlike the partial correlation, the sensitivity of the effect size calculated as a Theil-Sen
slope of NDVI response to interannual changes in precipitation has increased for all PFTs
since the 1980s (Fig. 4 and 5b). The increase of the sensitivity of the effect size is statistically
significant (p<0.05) for forested areas while a large increase is also observed for shrub and
grassland (Fig. 5b). Our results imply that a given amount of precipitation has sustained
greater amounts of NDVI (i.e., photosynthetic foliage biomass) over time while the NDVI
relation to temperature and solar radiation remains unchanged.
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Fig.4: Sensitivity of vegetation to precipitation for evergreen broad-leaf trees (a),
deciduous broad-leaf trees (b), shrub (c), and grass (d) for 1982-2011 in Ethiopia.
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Fig. 5: Two-period comparisons of partial correlations (a) and Theil-Sen slope of the
relationships between GS NDVI and GS precipitation across plant functional types, i.e
Deciduous Broadleaf Trees (DBIT), Evergreen Broadleaf trees (EBIT), Grass and
shrubs. The first period is the first 15 years (1983-97) and the second is the last 15 years
(1997-2011). Note: ** indicates significant partial correlation (p<0.05).
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DISCUSSION

Anticipating the fates of vegetation under the global environmental change is one of the
contemporary research themes (Piao et al., 2017; Smith et al., 2017). Precipitation is the key
environmental variable that controls plant growth in the study area. Except for the EBIT;
precipitation significantly explained the variability in plant growth in all PFTs (Fig. 4).
Significant green up in the study area however does not coincide with increased precipitation.
Under enhanced warming, both deep-rooted and shallow-rooted vegetation growth is
influenced by global drivers such as the CO, fertilization effect. Our results that show the
elevated CO; fertilization effect on deep-rooted vegetation are consistent with previous
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research findings. Tropical forests in Africa are found to be sensitive to elevated CO, (Traore
et al., 2014) and consequently increase their carbon uptake and water use efficiency (Yang
etal., 2016; Taub, 2015). Gonsamo et al. (2021) also found an increasing response of leaf
area to interannual changes in soil moisture over time in tropical drylands.

Our results presented strong evidence for the increased NDVI per unit precipitation over
time for all ecosystem types of Ethiopia, ranging from alpine to semi-desert eco-climatic
zones. The increase is statistically significant (p<0.05) for forested areas while shrub and
grasses also show increasing trends, but statistically not significant. Although the increased
CO, concentration has little direct effect in shallow-rooted vegetation such as C4 grasses,
which dominates the tropical grassland and savanna (Taub, 2015), it indirectly responds by
decreasing stomatal conductance and thus enhance photosynthesis by avoiding water stress
under drought conditions (Leakey et al., 2009).

An increase in productivity of shallow-rooted vegetation over time can be attributed not
only due to increased resistance to drought or water deficit but it is also confounded by
evidence of increased woody encroachment in these biomes. Increasing evidence of woody
encroachments into grasslands and savannas are apparent in the ecosystems of Ethiopia
(Yusuf et al., 2011; Belay et al., 2013; Liao et al., 2018; Abera et al., submitted) and other
tropical countries (Buitenwerf et al., 2012; Luvuno et al., 2018; Siihs et al., 2020). It can be
induced by shifts in climate and biogeochemical cycles, changes in disturbance regime e.g.
fire, grazing, conservation (Amara et al., 2020), or modifications in ecological successions
by the introduction of non-native species or predator removal (Auken, 2000; Eldridge et al.,
2011; Steven et al., 2017). In southern Brazil, avoiding the traditional fire and grazing
resulted in an exponential increase in woody encroachment (Siihs et al., 2020). A diversity of
drivers, other than CO; was also found to explain 78 % of the spatial variations of woody
encroachment trends in Sub-Saharan Africa (Venter et al., 2018). A long-term experimental
study demonstrated that under a constant disturbance regime (fire and browsers), woody
density increased consistently with increased CO, despite other global drivers such as
precipitation remaining constant throughout the experiment (Buitenwerf et al., 2012).
Therefore, the discrepancy observed between the forested areas and shrub and grasses
regarding NDVI response to the precipitation over time can be explained by the reported
encroachment of woody vegetation.

Under confounding climate and environmental factors, both shallow and deep-rooted
vegetation alike increased their growth for the duration of the study. Growth in deep-rooted
vegetation in this study is directly attributed to the CO; fertilization effect as an equivalent
increase in precipitation is leading to a larger increase in NDVI, more so in deep-rooted
vegetation. This can be explained by decreasing transpiration with increasing CO;
concentration as expected from the CO- fertilization. Greenings of biomes in response to
the CO; fertilization effect are reported in tropical and temperate forests (Traore et al., 2014,
Gonsamo et al., 2021) offsetting other climate and environmental constraints. Under
enhanced warming, closed-canopy forests increase radiation use efficiency (RUE) (Yang
et al., 2016), WUE (Traore et al., 2014), and photosynthetic rate (Avramenko et al., 1998).
Their deep root systems also enable them to thrive under water stress conditions. Increasing
trends of growth in shallow-rooted vegetation tend to be driven by woody encroachment.
Woody encroachments into savannas are one of the growing phenomena globally (Eldridge
et al., 2011). Different drivers are reported in different countries. Experimental studies in
South Africa demonstrated an increase in woody density consistently with an increase in CO>
concentration despite a constant disturbance regime and constant precipitation (Buitenwerf
etal., 2012). Other than CO,, other factors including climate, edaphic, and disturbance
regime, explained 78 % of the variance in the spatial variation of woody encroachment in
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Africa (Venter et al., 2018). An exponential increase in woody encroachment is also reported
in response to the removal of fire and grazing in Southern Brazil (Siihs et al., 2020). In Taita
Hills in Kenya, woody encroachment and increased above-ground carbon were identified by
Pellikka et al., (2018), while a fenced enclosure within the conservation area increased wood
cover (Amara et al., 2020). Encroached areas are resulting in increased carbon balance (Liao
et al., 2018) and contrary to globally held theories of declining carbon balance and desert
expansion (Venter et al., 2018).

CO:; fertilization effect is largely water-limited terrestrial ecosystems of Ethiopia results in
enhanced soil water saving from the reduced stomatal conductance (Norby & Zak, 2011;
Dermody et al., 2017; Wullschleger et al., 2002) and decreased transpiration per unit leaf
area. As a result, plant growth may progressively increase in water-limited ecosystems. Plot
and field experiments with elevated CO. in dry environments indicated that the CO;
fertilization effect on water use efficiency is mediated through changes in leaf area, implying
changes in NDVI (Dermody et al., 2017; Wullschleger et al., 2002). These studies showed
increasing leaf area under elevated CO; for warmer and drier fields ( Dermody et al., 2017),
consistent with our results that show increasing NDVI for a given volume of precipitation
over time.

CONCLUSION

We set out to test the sensitivity of different vegetation types in Ethiopia to climate forcing
over the period from 1982-2011. In about 40 % of the territory of Ethiopia, NDVI; proxy of
plant growth, has significantly increased. We found no meaningful climate variable trend to
explain such increment. Our results presented strong evidence for the increased greenness
per unit precipitation over time for all ecosystem types of Ethiopia, ranging from alpine to
semi-desert eco-climatic zones. The increasing greenness response for changes in
precipitation is more robust in deep-rooted vegetation. Deep-rooted vegetation, i.e broad-leaf
evergreen trees, and deciduous broad-leaf trees thrive under elevated CO, concentration
through enhanced water use efficiency and carbon assimilation. Shallow rooted vegetation
which includes shrubs and grass also exhibited a statistically non-significant increase in
growth over the duration of the study. However, the growth of shallow-rooted biomes can
partly be attributed to the woody encroachment. Issues that are critical but not considered in
this study that can affect the result include the effects of disturbance regimes due to land use
and land cover changes, herbivory, fire, pests, etc. As Ethiopia is a densely populated country
and agrarian economy, large-scale anthropogenic disturbances and fragmentation of the
landscape are evident. On the contrary, the spatial resolution of the datasets used in this study
is coarse (0.5°) and the resultant mixed pixels can obscure real patterns of ecosystems
sensitivities to climate forcing. In this regard, experimental studies, in limited but
representative sample locations in the major plant functional types in the country can reveal
the changing sensitivity of vegetation to environmental changes with better accuracy.
Moreover, experimental methods are advantageous in that it can control the climate forcing
as projected by climate models for the local areas. It is also critical to consider the
undisturbed or relatively undisturbed vegetation in the sensitivity assessment as disturbances
can affect the real responses of vegetation under different climate forces.

88



Journal of Landscape Ecology (2022), Vol: 15/ No. 1

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

REFERENCES

Abera, T.A., J. Heiskanen, E.E. Maeda, B.T. Hailu, P.K.E. Pellikka (Submitted). Improved
detection of ecosystem structural change reveals dominant fractional woody cover decline in
Eastern Africa. Submitted to RSE.

Amara, E., H. Adhikari, M. Munyao, M. Siljander, P. Omondi, J. Heiskanen & P. Pellikka,
(2020). Aboveground biomass distribution in a multi-use savannah landscape in southeastern
Kenya: impact of land use and fences. Land 2020, 9, 381; d0i:10.3390/1and9100381

Vilagrosa, A., Chirino, E., Peguero-Pina, J., Barigah T., Gil-Pelegrin, E., and Cochard, H.
(2013). Plant responses to drought stress: From morphological to molecular features. In Plant
Responses to Drought Stress: From Morphological to Molecular Features (pp. 1-466). doi:
10.1007/978-3-642-32653-0.

Asbjornsen, H., Shepherd G., Helmers M., Mora G., (2008). Seasonal patterns in depth of
water uptake under contrasting annual and perennial systems in the Corn Belt Region of the
Midwestern U.S., Plant and Soil, 308(1-2), pp. 69-92. doi: 10.1007/s11104-008-9607-3.

Auken, O. W. Van (2000). Shrub Invasions of North American Semiarid Grasslands, Annual
Review of Ecology and Systematics, 31, pp. 197-215.

Bat-oyun, T., Shinoda, M. and Tsubo, M. (2012). Effects of water and temperature stresses
on radiation use efficiency in a semi-arid grassland, 9145. doi: 10.1080/17429145.2011.
564736.

Belay, T. A., Totland, T. and Moe, S. R. (2013). Woody vegetation dynamics in the
rangelands of lower Omo region, southwestern Ethiopia, Journal of Arid Environments.
Elsevier Ltd, 89(July 2015), pp. 94-102. doi: 10.1016/j.jaridenv.2012.10.006.

Belsky, A. J. & Amundson, R. G. (1992). (1992). Effects of trees on understorey vegetation
and soils at forest-savanna boundaries in East Africa. In Furley, P. A., Proctor, J. & Ratter,
J. A. (ed.) The Nature and Dynamics of Forest-Savanna Boundaries (pp. 353-366), London:
Chapman & Hall.

Buitenwerf, R. et al. (2012). Increased tree densities in South African savannas: >50 years of
data suggests CO, as a driver, Global Change Biology, 18(2), pp. 675-684. doi:
10.1111/j.1365-2486.2011.02561.X.

Camberlin, P. et al. (2007). Determinants of the interannual relationships between remote
sensed photosynthetic activity and rainfall in tropical Africa, Remote Sensing of
Environment, 106(2), pp. 199-216. doi: 10.1016/j.rse.2006.08.009.

DelLucia, E. H., George, K. and Hamilton, J. G. (2002). Radiation-use efficiency of a forest

exposed to elevated concentrations of atmospheric carbon dioxide, 2050(Ipcc 1996), pp.
1003-1010.

Eggemeyer, K. D. et al. (2009). Seasonal changes in depth of water uptake for encroaching
trees Juniperus virginiana and Pinus ponderosa and two dominant C4 grasses in a semiarid
grassland, Tree Physiology, 29(2), pp. 157-169. doi: 10.1093/treephys/tpn019.

Eldridge, D. J. et al. (2011). Impacts of shrub encroachment on ecosystem structure and
functioning: Towards a global synthesis, Ecology Letters, 14(7), pp. 709-722. doi:
10.1111/j.1461-0248.2011.01630.x.

Friedl, M., Sulla-Menashe, D. (2019). MCD12Q1 MODIS/Terra+Aqua Land Cover Type

89



Geremew T., Gonsamo A., Zewdie W., Pellikka P.: Changing sensitivity of diverse tropical biomes to precipitation
consistent with the expected carbon dioxide fertilization effect

Yearly L3 Global 500m SIN Grid V006 [Data set]. NASA EOSDIS Land Processes DAAC.
Retrieved July, 16th, 202 from https://doi.org/10.5067/MODIS/MCD12Q1.006°.

Gonsamo, A., Ciais, P., Miralles, D.G., Sitch, S., Dorigo, W., Lombardozzi, D.,
Friedlingstein, P., Nabel, J.E., Goll, D.S., O'Sullivan, M., Arneth, A., Anthoni, P., Jain, A.K.,
Wiltshire, A., Peylin, P. and Cescatti, A. (2021). Greening drylands despite warming
consistent with carbon dioxide fertilization effect. Global Change Biology. Accepted Author
Manuscript. https://doi.org/10.1111/gcb.15658.

Gonsamo, A., Chen, J.M. and Lombardozzi, D. (2016). Global vegetation productivity
response to climatic oscillations during the satellite era. Glob Change Biol, 22: 3414-3426.
doi:10.1111/gcb.13258.

Gray, S. B. and Brady, S. M. (2016). Plant developmental responses to climate change,
Developmental Biology. Elsevier, 419(1), pp. 64—77. doi: 10.1016/j.ydbio.2016.07.023.

Guan, K. et al. (2018). Simulated sensitivity of African terrestrial ecosystem photosynthesis
to rainfall frequency, intensity, and rainy season length, Environmental Research Letters,
13(2). doi: 10.1088/1748-9326/aa9f30.

Guay, K. C. et al. (2014). Vegetation productivity patterns at high northern latitudes: A
multi-sensor satellite data assessment, Global Change Biology, 20(10), pp. 3147-3158. doi:
10.1111/gch.12647.

Guo Liu, H. L. and Y. Y. C. (2013). Global patterns of NDVI-indicated vegetation extremes
and their sensitivity to climate extremes, Environmental Research Letters. doi:
10.1088/1748-9326/8/2/025009.

Harris, 1. et al. (2014). Updated high-resolution grids of monthly climatic observations - the
CRU TS3.10 Dataset, International Journal of Climatology, 34(3), pp. 623-642. doi:
10.1002/joc.3711.

Hilker, T. et al. (2014). Vegetation dynamics and rainfall sensitivity of the Amazon,
Proceedings of the National Academy of Sciences of the United States of America, 111(45),
pp. 16041-16046. doi: 10.1073/pnas.1404870111.

Huxman, T. E. et al. (2004). Precipitation pulses and carbon fluxes in semiarid and arid
ecosystems, Oecologia, 141(2), pp. 254-268. doi: 10.1007/s00442-004-1682-4.

IPCC (2012). Climate Change 2014, Special Report of the Intergovernmental Panel on
Climate Change. doi: 10.1017/CB09781139177245.003.

J. L. Monteith (1977). Climate and the efficiency of crop production in Britain, Philosophical
Transactions of the Royal Society of London. B, Biological Sciences, 281(980), pp. 277-294.
doi: 10.1098/rsth.1977.0140.

Kroél-Dulay, G. et al. (2015). Increased sensitivity to climate change in disturbed
ecosystems, Nature Communications, 6, pp. 1-7. doi: 10.1038/ncomms7682.

Leakey, A. D. B. et al. (2009). Elevated CO2 effects on plant carbon, nitrogen, and water
relations: Six important lessons from FACE, Journal of Experimental Botany, 60(10), pp.
2859-2876. doi: 10.1093/jxb/erp096.

Liao, C., Clark, P. E. and DeGloria, S. D. (2018). Bush encroachment dynamics and
rangeland management implications in southern Ethiopia, Ecology and Evolution, 8(23), pp.
11694-11703. doi: 10.1002/ece3.4621.

Luvuno, L. et al. (2018). Woody encroachment as a social-ecological regime shift,
Sustainability (Switzerland), 10(7), pp. 1-16. doi: 10.3390/su10072221.

90



Journal of Landscape Ecology (2022), Vol: 15/ No. 1

McDowell, N. G. and Allen, C. D. (2015). Darcy’s law predicts widespread forest mortality
under climate warming, Nature Climate Change, 5(7), pp. 669-672. doi:
10.1038/nclimate2641.

MEA (2005). Ecosystems and human well-being, Assessment of Climate Change in the
Southwest United States: A Report Prepared for the National Climate Assessment. doi:
10.5822/978-1-61091-484-0_1.

Medvigy, D. et al. (2009). Mechanistic scaling of ecosystem function and dynamics in space
and time: Ecosystem Demography model version 2, Journal of Geophysical Research:
Biogeosciences, 114(1). doi: 10.1029/2008JG000812.

Meinzer, F. C. and Zhu, J. (1998). Nitrogen stress reduces the efficiency of the C4 CO2
concentrating system, and therefore quantum yield, in Saccharum (sugarcane) species,
Journal of Experimental Botany, 49(324), pp. 1227-1234. doi: 10.1093/jxb/49.324.1227.

Obermeier, W. et al. (2016). Extreme weather conditions reduce the CO, fertilization effect
in temperate C3 grasslands, Geophysical Research Abstracts, 18, p. 14957.

Dermody, O., Weltzin, J., Engel, E., Allen, P., Norby, R., (2007). How do elevated [CO],
warming, and reduced precipitation interact to affect soil moisture and LAI in an old field
ecosystem? Plant and Soil 301, 255-266 .

Onofrio, D. D. et al. (2019). Grass and tree cover responses to intra-seasonal rainfall
variability vary along a rainfall gradient in African tropical grassy biomes (pp. 1-10).
Retrieved December, 9th, 2018 from doi: 10.1038/s41598-019-38933-9.

Otto T. Solbrig, Ernesto Medina, and J. F. S. (1996). Determinants of Tropical Savannas, In
Silva, D. T. S. E. M. J. F. (ed.) Biodiversity and Savanna Ecosystelll Processes A Global
Perspective (pp. 31-44). Verlag Berlin Heidelberg: Springer. doi:
10.1017/CB09781107415324.004.

Pau, S. et al. (2018). Tropical forest temperature thresholds for gross primary productivity,
Ecosphere, 9(7), pp. 1-12. doi: 10.1002/ecs2.2311.

Piao, S. et al. (2014). Evidences for weakning relationship between interannual temperature
variability and northern vegetation activity, Nature Communications (pp. 1-7). doi:
10.1038/ncomms6018.

Piao, S. et al. (2017). Weakening temperature control on the interannual variations of spring
carbon uptake across northern lands, Nature Climate Change, 7(5), pp. 359-363. doi:
10.1038/nclimate3277.

Pellikka, P.K.E., V. Heikinheimo, J. Hietanen, E. Schifer, M. Siljander, J. Heiskanen (2018).
Impact of land cover change on aboveground carbon stocks in Afromontane landscape in
Kenya. Applied Geography Volume 94, May 2018, Pages 178-189.

Norby, R. J., and Zak, D. R. (2011). Ecological lessons from free-air CO, enrichment
(FACE) experiments. Annual review of ecology, evolution, and systematics 42, 181-203.
Sala, O. E., Gherardi, L. A. and Peters, D. P. C. (2015). Enhanced precipitation variability
effects on water losses and ecosystem functioning: differential response of arid and mesic
regions, Climatic Change, 131(2), pp. 213-227. doi: 10.1007/s10584-015-1389-z.
Schwinning, S. and Sala, O. E. (2004). Hierarchy of responses to resource pulses in arid and
semi-arid ecosystems, Oecologia, 141(2), pp. 211-220. doi: 10.1007/s00442-004-1520-8.

Seddon, A. W. R. et al. (2016). Sensitivity of global terrestrial ecosystems to climate
variability, Nature, 531(7593), pp. 229-232. doi: 10.1038/nature16986.

Waullschleger, S. D., Tschaplinski, T. J., Norby, R. J. (2002). Plant water relations at elevated

91


https://www.sciencedirect.com/science/journal/01436228/94/supp/C

Geremew T., Gonsamo A., Zewdie W., Pellikka P.: Changing sensitivity of diverse tropical biomes to precipitation
consistent with the expected carbon dioxide fertilization effect

CO2- implications for water-limited environments. Plant, Cell & Environment 25, 319-331.

Smith, B., Prentice, I. C. and Sykes, M. T. (2001). Representation of vegetation dynamics in
the modelling of terrestrial ecosystems: Comparing two contrasting approaches within
European climate space, Global Ecology and Biogeography, 10(6), pp. 621-637. doi:
10.1046/j.1466-822X.2001.00256.x.

Smith, M. D. etal. (2017). Assessing community and ecosystem sensitivity to climate change
— toward a more comparative approach, Journal of Vegetation Science, 28(2), pp. 235-237.
doi: 10.1111/jvs.12524.

S.A. Archer, E.M. Andersen, K.I. Predick, Susan Schwinning, Robert J. Steidl, and S. R. W.
(2017). Woody Plant Encroachment: Causes and Consequences, Rangeland Systems, pp.
263-302. doi: 10.1007/978-3-319-46709-2_8.

Subbarao, G.V.; Ito, O. & Berry, W. (2005). Crop Radiation Use Efficiency and
Photosynthate Formation-Avenues for Genetic Improvement. 2nd edn. Edited by M.
Pessarakli. New York.: Taylor and Francis.

Siihs, R. B., Giehl, E. L. H. and Peroni, N. (2020). Preventing traditional management can
cause grassland loss within 30 years in southern Brazil, Scientific Reports, 10(1), pp. 1-9.
doi: 10.1038/s41598-020-57564-z.

Taub, D. (2015). Effects of Rising Atmospheric Concentrations of Carbon Dioxide on
Plants’, Nature Education Knowledge.

Traore, A. K. et al. (2014). 1982-2010 Trends of Light Use Efficiency and Inherent Water
Use Efficiency in African vegetation: Sensitivity to Climate and Atmospheric CO-
Concentrations, Remote Sensing, (August), pp. 8923-8944. doi: 10.3390/rs6098923.

Tucker, C. J. et al. (2005). An extended AVHRR 8-kni NDVI dataset compatible with
MODIS and SPOT vegetation NDVI data, International Journal of Remote Sensing, 26(20).

Venter, Z. S., Cramer, M. D. and Hawkins, H. J. (2018). Drivers of woody plant
encroachment over Africa, Nature Communications. US, 9(1), pp. 1-7. Springer. doi:
10.1038/s41467-018-04616-8.

Vicente-Serrano, S. M. et al. (2013). Response of vegetation to drought time-scales across
global land biomes, Proceedings of the National Academy of Sciences of the United States of
America, 110(1), pp. 52-57. doi: 10.1073/pnas.1207068110.

Vogel, A., Scherer-Lorenzen, M. and Weigelt, A. (2012). Grassland resistance and resilience
after drought depends on management intensity and species richness, PLoS ONE, 7(5). doi:
10.1371/journal.pone.0036992.

Walker, A.P., De Kauwe, M.G., Bastos, A., Belmecheri, S., Georgiou, K., Keeling, R.F.,
McMahon, S.M., Medlyn, B.E., Moore, D.J.P., Norby, R.J., Zaehle, S., Anderson-Teixeira,
K.J., Battipaglia, G., Brienen, R.J.W., Cabugao, K.G., Cailleret, M., Campbell, E., Canadell,
J.G., Ciais, P., Craig, M.E., Ellsworth, D.S., Farquhar, G.D., Fatichi, S., Fisher, J.B., Frank,
D.C., Graven, H., Gu, L., Haverd, V., Heilman, K., Heimann, M., Hungate, B.A., lversen,
C.M.,, Joos, F., Jiang, M., Keenan, T.F., Knauer, J., Kérner, C., Leshyk, V.O., Leuzinger, S.,
Liu, Y., MacBean, N., Malhi, Y., McVicar, T.R., Penuelas, J., Pongratz, J., Powell, A.S.,
Riutta, T., Sabot, M.E.B., Schleucher, J., Sitch, S., Smith, W.K., Sulman, B., Taylor, B.,
Terrer, C., Torn, M.S., Treseder, K.K., Trugman, A.T., Trumbore, S.E., van Mantgem, P.J.,
Voelker, S.L., Whelan, M.E. and Zuidema, P.A. (2021). Integrating the evidence for a
terrestrial carbon sink caused by increasing atmospheric CO,. New Phytol, 229:
2413-2445. https://doi.org/10.1111/nph.16866.

92


https://doi.org/10.1111/nph.16866

Journal of Landscape Ecology (2022), Vol: 15/ No. 1

Workie T.G. and Debela H.J. (2018). Climate change and its effects on vegetation phenology
across ecoregions of Ethiopia, Global Ecology and Conservation, Volume 13, 2018,
https://doi.org/10.1016/j.gecco.2017.e00366.

Wu, X. et al. (2017). Higher temperature variability reduces temperature sensitivity of
vegetation growth in Northern Hemisphere, Geophysical Research Letters, 44(12), pp.
6173-6181. doi: 10.1002/2017GL073285.

Yang, Y. etal. (2016). Long-term CO;, fertilization increases vegetation productivity and has
little effect on hydrological partitioning in tropical rainforests, Journal of Geophysical
Research: Biogeosciences, 121(8), pp. 2125-2140. doi: 10.1002/2016JG003475.

Yuan, X. et al. (2015). Effects of precipitation intensity and temperature on ndvi-based grass
change over northern china during the period from 1982 to 2011, Remote Sensing, 7(8), pp.
10164-10183. doi: 10.3390/rs70810164.

Yusuf, H. et al. (2011). Assessment of woody species encroachment in the grasslands of
Nechisar National Park, Ethiopia, African Journal of Ecology, 49(4), pp. 397-409. doi:
10.1111/j.1365-2028.2011.01271.x.

Zeng, F. W. et al. (2013). Evaluating and quantifying the climate-driven interannual
variability in global inventory modeling and mapping studies (GIMMS) normalized
difference vegetation index (NDVI3g) at global scales, Remote Sensing, 5(8), pp. 3918—
3950. doi: 10.3390/rs5083918.

93



