
sustainability

Article

Contrasting Physiological and Environmental
Controls of Evapotranspiration over Kernza Perennial
Crop, Annual Crops, and C4 and Mixed
C3/C4 Grasslands

Caitlyn E. Sutherlin 1, Nathaniel A. Brunsell 1, Gabriel de Oliveira 1,* , Timothy E. Crews 2,
Lee R. DeHaan 2 and Giulia Vico 3

1 Department of Geography and Atmospheric Science, University of Kansas, 1475 Jayhawk Blvd., Lawrence,
KS 66045, USA; c950s117@ku.edu (C.E.S.); brunsell@ku.edu (N.A.B.)

2 The Land Institute, 2440 East Well Rd., Salina, KS 67401, USA; crews@landinstitute.org (T.E.C.);
dehaan@landinstitute.org (L.R.D.)

3 Department of Crop Production Ecology, Swedish University of Agricultural Sciences, Ulls väg 16,
Uppsala 75007, Sweden; giulia.vico@slu.se

* Correspondence: gabrieloliveira@ku.edu; Tel.: +1-785-727-8974

Received: 22 February 2019; Accepted: 9 March 2019; Published: 19 March 2019
����������
�������

Abstract: Perennial grain crops have been suggested as a more sustainable alternative to annual
crops. Yet their water use and how they are impacted by environmental conditions have been seldom
compared to those of annual crops and grasslands. Here, we identify the dominant mechanisms
driving evapotranspiration (ET), and how they change with environmental conditions in a perennial
Kernza crop (US-KLS), an annual crop field (US-ARM), a C4 grassland (US-KON), and a mixed
C3/C4 grassland (US-KFS) in the Central US. More specifically, we have utilized the omega (Ω)
decoupling factor, which reflects the dominant mechanisms responsible for the evapotranspiration
(ET) of the canopy. Our results showed that the US-ARM site was the most coupled with the lowest
decoupling values. We also observed differences in coupling mechanism variables, showing more
sensitivity to the water fluctuation variables as opposed to the radiative flux variables. All of the
sites showed their lowest Ω value in 2012, the year of the severe drought in the Central US. The 2012
results further indicate the dependence on the water fluctuation variables. This was especially true
with the perennial Kernza crop, which displayed much higher soil moisture values. In this regard,
we believe that the ability of perennial Kernza to resist water stress and retain higher soil moisture
values is both a result of its deeper roots, in addition to its higher Ω value. Through the analysis
of both the site comparison and the comparison of the differences in years, we conclude that the
perennial Kernza crop (US-KLS) is more similar in its microclimate effects to the C4 (US-KON) and
mixed C3/C4 (US-KFS) grassland sites as opposed to its annual counterpart (US-ARM). This has
implications for the role of perennial agriculture for addressing agricultural resilience under changing
climate conditions.

Keywords: perennial agriculture; annual crops; grasslands; water and radiative fluxes;
decoupling factor

1. Introduction

The changing climate has led to issues surrounding the sustainability of certain agricultural
resources, and has raised concerns about future food security [1]. These changing climate conditions
are accompanied by an increasing global population, which is projected to reach 9 billion by 2050 and
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11.2 billion by 2100 [2,3]. At this current population growth rate, an additional 1 billion hectares of
land will need to be converted to agricultural use to meet projected food demands [4].

The conversion of natural ecosystems to agriculture involves changes to the microclimate [5,6].
As we move from a natural land area to cropland, there will be an alteration of albedo, increased solar
radiation hitting the ground, and an increase in surface temperature and corresponding increase in
emitted thermal infrared radiation at night. These changes in ground temperature and heating will
alter the turbulent characteristics, which will alter the water (i.e., evapotranspiration (ET) and soil
moisture) and carbon fluxes (i.e., net ecosystem exchange (NEE)). Essentially, as we move from a
natural ecosystem to cropland, we can expect to change from a system where local canopy structure
primarily determines the microclimate to a system in which the microclimate of the canopy is more
dictated by larger scale processes [7].

Several studies argue that food security needs to include agroecological approaches, such as the
utilization of perennial agriculture [8,9]. Currently, approximately two-thirds of global croplands
correspond to annual crops [10,11]. Recent work has shown that perennial agriculture provides a
general increase of multiple key ecosystem services in comparison with annual food cropping systems.
Perennials characteristically have more ground cover, longer growing seasons, have minimized
nutrient leaching, sequester more carbon in the soils, and provide continuous habitats for different
wildlife [12,13]. Miscanthus, a perennial grass, has 61% greater annual solar radiation interception
efficiency by the plant canopy with 59% greater biomass when compared to an annual maize canopy [3].
Perennial crops are also able to make use of degraded or marginal lands, reduce erosion, and be grown
on highly erodible surfaces [4,14]. In addition, perennial plants do not have to be replanted every year,
resulting in reduced fertilizer and tillage use [9].

Considering that 10 of the 13 most grown grains or oilseed crops are capable of being hybridized
with perennial relatives, including rice, rye, sorghum, sunflowers, and wheat; this has significant
implications for the future of global food security [3]. To date, limited research has been conducted
in relation to the coupling between these ecosystems and the atmosphere. Here, we examine the
interactions between a perennial Kernza intermediate wheatgrass [15–17] and the local microclimate
and the relative control on the local environment. More specifically, we have utilized the omega
(Ω) decoupling factor [18], which reflects the dominant mechanisms responsible for the ET of the
canopy. If the canopy is completely coupled to the environment (Ω = 0), then the saturation deficit
at the leaf surface is not affected by vapor and heat fluxes, and this saturation deficit is equal to the
air outside of the leaf in its boundary layer. ET is then controlled by soil water fluctuations and,
thus, stomatal conductance. If the canopy is completely decoupled from its microclimate (Ω = 1)
the ET is controlled by the radiative environment and net radiation (Rn). In this case, ET is not
affected by stomatal conductance, meaning that a canopy is not directly in control of its water loss.
Jarvis and McNaughton [18] provided an example of a coupled plant that experienced a reduction in
transpiration by ~1/3 due to water stress which resulted in a 5-fold increase in stomatal resistance. If
soil moisture is decreasing, a canopy will experience a larger saturation deficit as the stomata closes to
retain water. Therefore, a canopy may be at a greater advantage in situations of water stress if it is less
decoupled, since these changes in transpiration will not be driven by stomatal conductance. Some
examples of studies analyzing Ω over agricultural areas are Steduto and Hsiao [19], Oguntunde [20],
Marin et al. [21], and Spinelli et al. [22].

Perennial grain crops have been suggested as a more sustainable alternative to annual crops. Yet
their water use and how it is impacted by environmental conditions have been seldom compared
to those of annual crops and grasslands. Here, we identify the dominant mechanisms driving
evapotranspiration (ET), and how they change with environmental conditions in a perennial Kernza
crop (US-KLS), an annual crop field (US-ARM), a C4 grassland (US-KON), and a mixed C3/C4

grassland (US-KFS) in the Central US. More specifically, we have utilized the omega (Ω) decoupling
factor, which reflects the dominant mechanisms responsible for the evapotranspiration (ET) of the
canopy. We hypothesize that the perennial crop will have an Ω value that is more similar to the
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grassland sites, rather than the annual cropland. By increasing our knowledge of the interactions
between perennial systems and their environments, we will be able to further our understanding of
the potential implications for implementing perennial agriculture worldwide.

2. Materials and Methods

2.1. Sites

We used data from three AmeriFlux sites located in Kansas (US-KLS, US-KON, and US-KFS) and
one site located in Oklahoma (US-ARM) (Figure 1). We chose these sites to (1) compare the Ω values
and the dominant controlling mechanisms between an annual cropland, perennial cropland, and two
different grasslands and (2) examine certain large-scale regional processes that would be experienced
by all of them (i.e., the 2012 drought). The methodology applied to process the high frequency data
follows standard AmeriFlux processing and is described in Brunsell et al. [23]. Corrections on the
10 Hz data included despiking, frequency response corrections, and sonic temperature-sensible heat
flux corrections. Quality control filtering was performed following the methodology outlined in
Hammerle et al. [24]. The gaps in the site measurements were filled using the marginal distribution
sampling (MDS) method [25]. Fully processed half-hourly data were aggregated into daily, monthly,
and annual periods according to AmeriFlux standardized methods [26]. The time series of fluxes were
computed for diurnal (24-h) and daytime (9 a.m. to 3 p.m.) periods, varying according to the type of
analysis necessary for each variable.

Sustainability 2019, 11, x FOR PEER REVIEW 3 of 14 

between perennial systems and their environments, we will be able to further our understanding of 
the potential implications for implementing perennial agriculture worldwide. 

2. Materials and Methods 

2.1. Sites 

We used data from three AmeriFlux sites located in Kansas (US-KLS, US-KON, and US-KFS) 
and one site located in Oklahoma (US-ARM) (Figure 1). We chose these sites to (1) compare the Ω 
values and the dominant controlling mechanisms between an annual cropland, perennial cropland, 
and two different grasslands and (2) examine certain large-scale regional processes that would be 
experienced by all of them (i.e., the 2012 drought). The methodology applied to process the high 
frequency data follows standard AmeriFlux processing and is described in Brunsell et al. [23]. 
Corrections on the 10 Hz data included despiking, frequency response corrections, and sonic 
temperature-sensible heat flux corrections. Quality control filtering was performed following the 
methodology outlined in Hammerle et al. [24]. The gaps in the site measurements were filled using 
the marginal distribution sampling (MDS) method [25]. Fully processed half-hourly data were 
aggregated into daily, monthly, and annual periods according to AmeriFlux standardized methods 
[26]. The time series of fluxes were computed for diurnal (24-h) and daytime (9 a.m. to 3 p.m.) periods, 
varying according to the type of analysis necessary for each variable. 

The eddy covariance tower at the Kernza site (US-KLS) was implemented in 2012 [17]. The site 
is installed in the Smoky Hills Region, which consists of natural prairie vegetation and row crop 
agriculture [27]. In this analysis, we used data from 2012 to 2016. This was compared against the US-
KON site at the Konza Prairie Biological Station (KPBS) in Manhattan, Kansas [28]. We used data for 
this site from 2008 to 2015. US-KON is a C4 natural grassland that is burned on an annual basis. We 
also used US-KFS, which is a C3/C4 mixed grassland that was previously agricultural land at the 
Kansas Field Station outside of Lawrence, Kansas. We used data for this site from 2008 to 2015. Our 
final site was US-ARM in Lamont, Oklahoma [29]. This is an annual crop site. The tower is positioned 
over a field that rotates between winter wheat, corn, soy, and alfalfa. We used data for this site from 
2008 to 2014. All the stations were active in 2012 and 2013, and were characterized by extreme and 
different conditions. In particular, we note that in 2012 the central U.S experienced one of the most 
severe droughts in the past 80 years [30,31]. 

 
Figure 1. Map showing the spatial location of the four AmeriFlux towers used in this study. 

  

Figure 1. Map showing the spatial location of the four AmeriFlux towers used in this study.

The eddy covariance tower at the Kernza site (US-KLS) was implemented in 2012 [17]. The site
is installed in the Smoky Hills Region, which consists of natural prairie vegetation and row crop
agriculture [27]. In this analysis, we used data from 2012 to 2016. This was compared against the
US-KON site at the Konza Prairie Biological Station (KPBS) in Manhattan, Kansas [28]. We used data
for this site from 2008 to 2015. US-KON is a C4 natural grassland that is burned on an annual basis.
We also used US-KFS, which is a C3/C4 mixed grassland that was previously agricultural land at the
Kansas Field Station outside of Lawrence, Kansas. We used data for this site from 2008 to 2015. Our
final site was US-ARM in Lamont, Oklahoma [29]. This is an annual crop site. The tower is positioned
over a field that rotates between winter wheat, corn, soy, and alfalfa. We used data for this site from
2008 to 2014. All the stations were active in 2012 and 2013, and were characterized by extreme and



Sustainability 2019, 11, 1640 4 of 14

different conditions. In particular, we note that in 2012 the central U.S experienced one of the most
severe droughts in the past 80 years [30,31].

2.2. Calculation of the Decoupling Coefficient

As previously mentioned, we used the Jarvis and McNaughton [18] approach to calculate Ω:

Ω =
1

1 + (Γ/∆ + Γ)(rc/ra)
(1)

where Γ is psychometric constant [kPa T−1], ∆ is the slope of saturation vapor pressure versus
temperature [kPa T−1], and rc and ra are the stomatal and aerodynamic resistance (s m−1), respectively.

In addition to this equation, we utilized the total transpiration rate (E) equation, also from Jarvis
and McNaughton [18], to interpret the dominant controlling mechanisms for the land–atmosphere
coupling occurring:

E = ΩEeq + (1 − Ω)Eimp (2)

where Eeq is the equilibrium evapotranspiration rate that is controlled by radiative effects and Eimp is
the imposed evapotranspiration rate that is controlled by water fluctuations.

We note that it was not possible to calculate Ω for all the years (2008–2016) at the four sites. This
occurred due to the existence of gaps or absence of measurements necessary to calculate Ω according
Equations (1) and (2).

2.3. Desing of Research

Two different sets of comparisons were made. The first is the site to site comparison. This included
the mean of the daylight hours for each site over all of the years with observations. This was done to
understand the relationship between different biophysical variables and types of vegetation at the four
sites and how they affect the Ω values. The next comparisons conducted were the annual fluctuations
for each site. This also took the mean of the daylight hours for all of the days in a given year. The
annual fluctuations were monitored for two reasons. The first was to allow for any observations of
major differences in trends between the sites. The second was to examine the role of the 2012 drought
on the nature of the coupling between the different land cover types and the atmosphere.

A parametric t-test was used in order to compare variation among the biophysical variables.
In this analysis, a t-value was generated and statistical significance for the differences between and
within groups was established at the probability level of 0.01.

3. Results and Discussion

3.1. Site Comparisons

We observed very low decoupling value in US-ARM, and thus stronger coupling at this annual
crop site (Figure 2). US-KLS and US-KFS seem to have very similar coupling values, with both of
their medians being ~0.2. Research has shown that perennial agroecosystems function more like
natural grasslands and thus the results obtained here seem to coincide with our original hypothesis
that US-KLS would be more similar to natural grasslands as opposed to the annual cropland [32,33].

In Figure 3 it is possible to observe how the environmental conditions (expressed by vapor
pressure deficit (VPD), soil water content (SWC), latent heat flux (LE), net radiation (Rn), and air
temperature (Tair)) affect the land–atmosphere coupling. We observe that patterns in Rn and Tair are
similar across sites. The median for each site falls within the interquartile range of all of the other sites.
Therefore, we see no real differentiation between sites and vegetation type in the radiative fluxes (Rn
and Tair). We do, however, see noticeable differences from site to site in the water fluctuation variables
(VPD, SWC, and LE). This is especially true when looking at SWC, where US-KLS has much higher soil
moisture amounts than the other sites, which is to be expected from the deeper roots associated with
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the Kernza crop [17]. LE displays a slight decrease as we move from completely natural grassland to
annual crop (from left to right). VPD displays an opposite behavior, as expected. VPD is the gradient
for the amount of LE occurring as a result of atmospheric demand.
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Figure 3. Different atmospheric coupling variables: (a) vapor pressure deficit (VPD) (kPa), (b) net
radiation (Rn), (c) soil water content (SWC) (m3/m3), (d) latent heat flux (W m−2) (LE), and (e) air
temperature (Tair) (◦C) at US-KON, US-KLS, US-KFS, and US-ARM.
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Statistical analyses of the fluctuation variables are shown in Tables 1 and 2. We see a decrease
in Ω as VPD, Tair, and Rn increase. An increase in SWC and LE corresponds to an increase in Ω.
However, the water flux variables explain the Ω values by approximately 17% more than the radiative
flux variables. Both SWC and LE have a positive correlation with Ω, thus resulting in more decoupling
as they increase. Since all of these factors prove to be statistically significant, this demonstrates the
relationship between water availability and the degree of coupling occurring in the microclimate.
As VPD increases, there is an increase in coupling. Rn was not as significant at affecting Ω as Tair.
However, the R2 values for the two sets of atmospheric coupling variables illustrates that the water
fluctuation variables have an adjusted R2 of 0.46, whereas the radiation variables only display R2 values
of ~0.03. However, it is important to note that the residual standard error of these fluctuation variables
is 0.13 as opposed to 0.08 with the water fluctuation variables. These values still do not surpass
the R2 of the water fluctuation variables, indicating the dominating force of the water fluctuation
variables in these specific sites, which is expected considering they are all relatively short vegetation
and thus generally more coupled. These findings illustrate the importance of water in the coupling
of a site to its microclimate. In this regard, we suggest that further studies must be conducted to
evaluate differences in the water-use efficiency patterns among perennial and annual agroecosystems.
This would help to better elucidate the resilience of contrasting agricultural ecosystems considering
changing climate conditions.

Table 1. Coefficient estimates and Pr (>|t|) of the five atmospheric coupling mechanism variables
(latent heat flux (LE), vapor pressure deficit (VPD), soil water content (SWC), net radiation (Rn), and
air temperature (Tair)).

Variables Coefficient Estimates Pr (>|t|)

LE 4.827 × 10−4 <2 × 10−16

VPD −4.210 × 10−2 <2 × 10−16

SWC 5.688 × 10−2 <2 × 10−16

Rn −1.248 × 10−5 0.00257
Tair −3.306 × 10−3 <2 × 10−16

Table 2. p-values and R2 values of the two groups of coupling mechanisms, water fluxes (latent heat
flux (LE), soil water content (SWC), vapor pressure deficit (VPD)) and radiative fluxes (net radiation
(Rn) and air temperature (Tair)).

Coupling Mechanisms p-values Multiple R2 Adjusted R2

Water Fluxes <2 × 10−16 0.4556 0.4555
Radiative Fluxes <2 × 10−16 0.02753 0.02747

3.2. Annual Fluctuations

All of the sites were most coupled during 2012, the year of the severe drought for the Central
U.S (Figure 4) [30,31]. After 2012, we see a steady increase in Ω, as the sites become more decoupled
with less water stress. These fluctuations also follow similar trends from year to year. There are no
significant differences between the sites in their annual fluctuations. We focus further analysis on the
water fluctuation variables since we observed a higher coupling at each site as a result of water stress,
and differences in SWC and ET and the radiative fluxes did not differ from site to site (Figure 2).
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and US-ARM.

There are important differences between the sites in terms of SWC (Figure 5). Most notably, we
highlight the increased SWC in US-KLS versus other sites in 2012. All sites experienced a reduction in
SWC due to 2012 drought. US-KON, US-KFS, and US-KLS showed large increases in SWC in the years
after 2012. On the other hand, US-ARM showed a much slower increase in the years proceeding 2012.
As expected, we observed that all sites had the highest VPD in 2012. The median VPD varied from 2 to
4 kPa (Figure 6). We also noted that US-KFS had the lowest ET rates overall at roughly 200 W m−2

versus the 300 W m−2 at the other sites (Figure 7).
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Figure 5. Annual fluctuations of soil water content (SWC) (m3/m3) at US-KON, US-KLS, US-KFS,
and US-ARM.
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Figure 6. Annual fluctuations of vapor pressure deficit (VPD) (kPa) at US-KON, US-KLS, US-KFS,
and US-ARM.
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Figure 7. Annual fluctuations of latent heat flux (LE) (W m−2) at US-KON, US-KLS, US-KFS,
and US-ARM.

After examining the correlation of the water fluctuation variables with the Ω values, we wanted
to examine the strength of the relationship amongst the four sites (Tables 3 and 4). US-KLS shows an R2

value of ~0.53; all three of the variables are significant. An increase in LE correlates to the occurrence
of more decoupling (as a result of less water stress). We would expect an increase in VPD to correlate
to stronger coupling. However, it is interesting to note that an increase in SWC is correlated to stronger
coupling, which has so far been associated with more water stress. We acknowledge that the actual
contribution is small; however, we find this pattern worthwhile to investigate since perennial crops are
reliant on the soil moisture accessed by their roots. The same trends are present in the US-KFS site,
but with smaller R2 values, and therefore less of a relationship between this set of variables and Ω. At
US-KON, the same trends are once again observed, with more of the Ω value being explained by the
water fluctuation variables. However, an increase in soil moisture is not correlated to an increase in
coupling at this site. At US-ARM, the same trends exist as they did when we were looking at all of
the sites combined. LE increases are related to more decoupling, VPD increases are related to more
coupling, and SWC increases are related to more decoupling. The adjusted R2 values are more similar
to that of US-KLS.

Table 3. Latent heat flux (LE), vapor pressure deficit (VPD), and soil water content (SWC) (m3/m3)
coefficients and R2 values for each individual site for all of the years observed at the site.

Site US-KON US-KLS US-KFS US-ARM

LE Coefficient 4.897 × 10−4 6.108 × 10−4 5.938 × 10−4 5.030 × 10−4

VPD Coefficient −6.716 × 10−2 −4.897 × 10−2 −6.757 × 10−2 −2.325 × 10−2

SWC Coefficient 6.247 × 10−2 −1.326 × 10−1 −1.020 × 10−1 1.032 × 10−2

Multiple R2 0.3772 0.5287 0.3527 0.5436
Adjusted R2 0.3769 0.5285 0.3525 0.5434

Table 4. Pr (>|t|) values for latent heat flux (LE), vapor pressure deficit (VPD), and soil water content
(SWC), and overall p-value for each individual site for all of the years observed at each site.

Site US-KON US-KLS US-KFS US-ARM

LE Pr (>|t|) <2 × 10−16 <2 × 10−16 <2 × 10−16 <2 × 10−16

VPD Pr (>|t|) <2 × 10−16 <2 × 10−16 <2 × 10−16 <2 × 10−16

SWC Pr (>|t|) 1.99 × 10−5 <2 × 10−16 <2 × 10−16 0.134
Overall p-value <2.2 × 10−16 <2.2 × 10−16 <2.2 × 10−16 <2.2 × 10−16

Since we observed similar trends from site to site, we believe that the more specific differences in
numbers are a result of actual site, and therefore vegetation differences. This is also supported by the
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relatively low Ω values in each site, indicating that the sites are more coupled with their microclimate,
rather than each of them being controlled by local more large-scale differences [18]. However, in
a study developed by Khatun et al. [34], Ω values similar to the ones we have obtained here were
observed. The different Ω values were explained by differences in environmental and vegetation
structural attributes, rather than actual differences in vegetation type. It was also observed that Ω was
more controlled by aerodynamic resistance and surface conductance rather than stomatal conductance.

3.3. Water Fluctuation Effects

Next we wanted to examine the impact of a wet (2013) and dry (2012) year on the coupling
between the surface and the atmosphere. We did this by examining the correlation between Ω and
VPD in the two years. We observed small coupling coefficient values occurring at all of the sites
during 2012, and a negative correlation between the two variables, suggesting that Ω decreases (i.e.,
coupling increases) as VPD increases (Figure 8). 2013 displays these same patterns with more scatter
between the different sites. Regarding the correlation between Ω and SWC, we also observed small
coupling coefficient values in 2012, with significant site variation (Figure 9). US-KLS site advantage, in
terms of soil moisture, is especially apparent here. As SWC increases, this decoupling increases. The
same trends exist in 2013, with once again more scatter, like we observed in VPD in 2013. Jarvis and
McNaughton [18] also observed this increasing coupling as a result of water stress since canopies with
more coupling are going to be more controlled by stomatal conductance and thus water fluctuations.
Khatun et al. [34] have also found this increased coupling as a result of water stress, and therefore we
believe a less coupled canopy may be more resilient during periods of water stress.
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Figure 8. Omega (Ω) decoupling factor distributions in vapor pressure deficit (VPD) (kPa) intervals in
a (a) dry year (2012) and a (b) wet year (2013) for US-KON, US-KLS, US-KFS, and US-ARM.
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Figure 9. Omega (Ω) decoupling factor distributions in soil water content (SWC) (m3/m3) intervals in
a (a) dry year (2012) and a (b) wet year (2013) for US-KON, US-KLS, US-KFS, and US-ARM.

Overall, the results are indicative of a heavy reliance of Ω on soil moisture. There is a correlation
of increased water stress with increased coupling (decreasing Ω). However, rather contradictory to
our findings is the increased coupling found in US-KLS and US-KFS with an increase in soil moisture
(Table 3). We are aware that Kernza specifically has increased ET, and is more resilient in water stress
years due to its deeper rooting system [17]. In spite of that, our results show that US-KLS, US-KFS,
and US-KON were more decoupled from US-ARM as a natural defense against water stress, being
more controlled by radiative fluxes, rather than actual stomatal conductance. However, this coupling
increases with US-KLS and US-KFS as soil moisture increases. US-ARM does not show the same
pattern, which brings us to question the more resilient nature of natural grasslands and perennials in
these water stress situations.

Several studies have looked at the rooting systems and growing seasons of both grasslands and
perennial crops. Many of these studies have found that higher biomass production causes an expanded
growing season, and deeper roots of these perennial crops results in increased water consumption
when compared to annual crops and ultimately a decrease in groundwater recharge [35–37]. This is
consistent with our findings of an increasing ET as we move from an annual cropland to a completely
natural C4 grassland (Figure 3). While this increased ET results in increased carbon storage within
these canopies, these deeper rooting systems may actually be a long-term hindrance to avoiding
water stress. There is an increasing soil water deficit as a result of this increased biomass production
associated with greater soil water access in times of drought [37,38]. Ferchaud et al. [37] found that
semiperennials, such as alfalfa, consistently had less soil water content than annual crops like sorghum
and triticale. It was also found that even the natural C4 grasses (miscanthus and switchgrass) had
minimal soil moisture that was either lower than or equal to that of the annual crops. While miscanthus,
switchgrass, alfalfa, and fescue (another semiperennial) all had the ability to uptake soil moisture from
deep layers; miscanthus and switchgrass were able to avoid increased soil water depletion due to a
lower soil water deficit near the surface as a result of decreased soil evaporation. Our results support
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this as we see the US-KON (C4 grassland) resulting in more decoupling as soil moisture is increasing,
whereas US-KLS (perennial cropland) and US-KFS (former cropland) are actually resulting in stronger
coupling (Table 3).

Eichelmann et al. [39], focusing on the relationship between ET and SWC over a switchgrass field
in a situation of moderate drought, found no signs of water stress, with ET values even exceeding that
of values observed in wetter, more average condition years. According to the authors, this occurred
due to the increased soil water access. It is important to note that this soil water access was not only
due to the depth of the roots of the crops, but the increasing infiltration rates and field moisture
capacity under switchgrass cultivation. This was correlated to short-term drought mitigation benefits
of perennial switchgrass cultivation. Abraha et al. [36] observed the influence of soil water that is
stored before the growing season and found no short-term changes in the water cycle in a row crop
to perennial crop conversion. We emphasize the importance of a short-term timescale here. Both of
these studies concluded that this long-term reliance on soil moisture access could lead to soil water
depletion and, therefore, that it is not providing a long-term solution to the increasing frequency of
droughts that are expected to occur across large portions of North America in the upcoming years.

Growing season differences may also help to explain the discrepancies observed in the natural
grassland and perennial crop sites compared to the annual cropland site. In relation to the effects and
consequences of a deeper rooting system, increased growing seasons for these canopies influences
the root growth rates [40]. While some annual crops may have deeper roots, these roots have less
time to take up the same amounts of water than shallow roots may be able to. Ferchaud et al. [37]
found that not only were these annual crops falling behind in water withdrawal at depth due to
decreased root density as a result of decreased periods of growth, but these decreased growing periods
prevented further water extraction due to a lack of time between root arrival and the crop’s maturity.
CO2 exchange and biomass production are additional aspects to consider [40].

Although our findings suggested coupling occurring within each site to and with its microclimate,
especially in times of water stress, other studies have found that canopy temperatures and leaf-based
gas exchanges were consistent from genotype to genotype and in different drought treatments [41].
Thus, it would be of interest in future studies to examine not only the ability of perennial crops
versus annual crops in the sequestration of carbon, but also their ability to perform under enhanced
atmospheric CO2 concentrations. This has a great relevance in order to predict crop productivity
considering the ecological impacts resulting from global warming and conventional agricultural
practices that tend to reduce the land area available for agriculture in the near future.

4. Conclusions

Our results showed that the US-ARM site was the most coupled with the lowest decoupling.
We also observed differences in coupling mechanism variables, showing more sensitivity to the water
fluctuation variables as opposed to the radiative flux variables. All of the sites showed their lowest Ω
value in 2012—the year of the severe drought in the Central US. The 2012 results further indicate the
dependence on the water fluctuation variables. This was especially true with US-KLS, which displayed
much higher SWC values. This is in agreement with the study conducted by de Oliveira et al. [17],
where the authors found an increased ability of the Kernza crop to manage water stress. US-KLS was
more decoupled than its annual counterpart US-ARM site. In this regard, we believe that the ability of
perennial Kernza to resist this water stress and retain higher soil moisture values is both a result of its
deeper roots and its higher Ω value.

Although we observed a positive correlation between SWC and Ω, showing this increased
decoupling with increased soil moisture, the statistical analyses seemed to stand in slight contrast. In
US-KFS and US-KLS, we noted a negative correlation between SWC and Ω. We note that this was a
result of possible long-term water depletion as a result of longer growing seasons, deeper roots, and
higher soil evaporation. Similar findings regarding the use of water in perennial crops are presented in
the studies of Abraha et al. [36], Ferchaud et al. [37], Georgescu et al. [38], and Eichelmann et al. [39].
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Through the analysis of both the site comparison and then the comparison of the differences in years,
we recognize consistent patterns present in the different years throughout. We also observed that
differences in Ω are a result of the site and, therefore, the differences in vegetation type. Finally, we
conclude that the perennial Kernza crop (US-KLS) is more similar in its microclimate effects to the C4

(US-KON) and mixed C3/C4 (US-KFS) grassland sites as opposed to its annual counterpart (US-ARM).
These findings elucidate the importance to understand the coupling between perennial

agroecosystems and the atmosphere. This has implications for the role of perennial agriculture for
addressing agricultural resilience under changing climate conditions. This is also relevant considering
the ecological impacts caused by conventional agricultural practices and the reduction of the land
area available for food production in the near future. Future research should focus on the study of
the water use and carbon allocation above- and belowground between different perennial and annual
crops in order to improve the knowledge regarding the environmental benefits and disadvantages
between these contrasting agricultural practices as well as the ecosystem services provided by them.
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