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Introduction

It is widely acknowledged that roots play a fundamental role in
terrestrial C cycling, consuming up to 70% of net primary
production (Grier etal., 1981; Jackson etal., 1997), yet there is
little understanding of the factors controlling patterns of root
growth (Pregitzer er al., 2000). Fine root production can occur in a
single flush but often occurs in multiple flushes throughout the
growing season (Reich ezal, 1980; Bevington & Castle, 1985;
Harris eral., 1995; Steinaker eral, 2010). Soil temperature,
moisture and nutrient availability affect the growth of roots
(Fukuzawa ez al., 2013; Noguchi ez al., 2013), but there is often no
temporal correlation between these abiotic factors and root growth

Summary

Globally, root production accounts for 33-67% of terrestrial net primary productivity and
influences decomposition via root production and turnover, carbon (C) allocation to mycorrhizal
fungiand root exudation. As recognized above ground, the timing of phenological events affects
terrestrial C balance, yet there is no parallel understanding for below-ground phenology. In this
paper we examine the phenology of root production and its relationship to temperature, soil
moisture, and above-ground phenology. Synthesizing 87 observations of whole-plant phenol-
ogy from 40 studies, we found that, on average, root growth occurs 25 + 8 d after shoot growth
but that the offset between the peak in root and shoot growth varies >200 d across biomes
(boreal, temperate, Mediterranean, and subtropical). Root and shoot growth are positively
correlated with median monthly temperature and mean monthly precipitation in boreal,
temperate, and subtropical biomes. However, a temperature hysteresis in these biomes leads to
the hypothesis that internal controls over C allocation to roots are an equally, if not more,
important driver of phenology. The specific mechanisms are as yet unclear but they are likely
mediated by some combination of photoassimilate supply, hormonal signaling, and growth
form.

growth (Drew & Ledig, 1980; Reich eral., 1980; Cardon ezal.,
2002; Mickelbart ez al., 2012).

Most conceptual and terrestrial biosphere models allocate C
below ground as a fixed fraction of net C uptake, which by
definition makes root phenology synchronous with above-ground
growth (Table 1). The purpose of this review is to show that current
data support asynchrony between above- and below-ground
growth. We acknowledge that the available data are few and that
inference regarding broad-scale patterns is subject to change as
more data become available. We hope, however, that bringing
currently available data to light in this regard will generate the
collection of new data, and refine current understanding of below-
ground phenology and its relevance at the ecosystem scale.

apart from obvious growing-to-nongrowing season transitions

(Hendrick & Pregitzer, 1996; Joslin ezal, 2001; Supporting
Information, Table S1). In these cases, internal signaling such as
photoassimilate transport may control root growth (Sloan &
Jacobs, 2008), such that roots cannot grow when shoots are
consuming the majority of photoassimilate. Supporting this,
several studies have observed patterns of alternating root and shoot
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A compilation of available data

Itis commonly assumed that root growth peaks early in the growing
season and is therefore synchronous with above-ground growth
(Medvigy ez al., 2009). While this can be true (Misson ez /., 20006;
Scagel et al., 2007), there are many exceptions (Lahti ez al., 2005;

© 2014 The Authors
New Phytologist © 2014 New Phytologist Trust



New

Phytologist

Table 1 Parameters for phenology and carbon allocation in terrestrial biosphere models
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Model Above-ground phenology Below-ground phenology C allocation Citations
TRIFFID Temperature n/a Allometric relationships (root=leaf,  Cox (2001)
stem o leaf) and partitioning into
‘spreading’ and ‘growth’ based on
LAI
Hyland n/a n/a Fixed coefficients Friend etal. (1997), Friend &
White (2000) and
Levy etal. (2004)
PnET-BGC GDD Monthly turnover rate Linear function of foliar production ~ Kram etal. (1999)
ORCHIDEE GDD Some root growth at leaf onset, Allocation fractions for leaves, Krinner et al. (2005)
Soil moisture stress can cause root death stems, roots determined based on
water, light and N availibility
3PG PAR Stress affects root growth Allometric relationships Landsberg & Waring (1997)
number of frost days
IBIS TemperatureProductivity n/a Fixed fraction of C uptake allocated ~ Mcguire et al. (2001)
threshold to leaves, stems, roots
TEM Evapotranspiration n/a Not explicit Mcguire et al. (2001)
ED2 Logistic functions derived from n/a PFT-dependent allocation Medvigy et al. (2009)
MODIS data relationships, root : leaf varies with
water or N limitation
CLM 4.0 GDD n/a Fixed ratios of fine root : leaf and Oleson etal. (2010) and
Soil moisture coarse root : stem Thornton & Zimmerman
Day length (2007)
LPJ-GUESS GDD Stress affects root growth Allometric relationships, PFT- Sitch et al. (2003) and Smith
Soil moisture dependent root : leaf biomass etal. (2013)
varies with water and N availability
TREGRO GDD GDD Allocated based on priority Weinstein et al. (1991)
NSC status NSC status leaf > branch > stem > coarse
roots > fine roots
BIOME-BGC Temperature n/a PFT-dependent allometric ratios White et al. (1997)
Photoperiod such as root : leaf and stem : leaf
Climate-specific GDD
Sheffield- DGVM  Temperature and soil moisture  n/a LAl optimized to maximize C Woodward et al. (1995) and

uptake, wood and roots receive a

Woodward & Lomas

constant PFT-dependent fraction
of remaining C

(2004)

n/a, not applicable; GDD, growing degree-days; LAI, leaf area index; PFT, plant functional type; NSC, nonstructural carbohydrate.

Willaume & Pages, 2006; Palacio & Montserrat-Marti, 2007).
Some studies report root growth lagging shoot growth by several
weeks, an observation attributed to air temperature warming faster
than soil temperature in the spring (Steinaker & Wilson, 2008).
Others report root growth preceding shoot growth by several weeks
to months (Ploetz etal, 1992; Broschat, 1998). In a common
garden study in Pennsylvania, some species, such as Acer negundo
and Pinus strobus, had large interannual variability in root
phenology while others, such as Liriodendron tulipfera, did not
(McCormack eral., 2014), suggesting that some trees may be
environmentally cued while others are inflexible in their timing (i.e.
phenological programming sensu Hendrick & Pregitzer, 1996;
Joslin et al., 2001).

To address broad-scale patterns in phenology, we conducted a
literature survey to quantify the offset between the maximum in
root and shoot growth in woody and herbaceous perennial plants.
Web of Science was searched using the following keywords:
belowground phenology, root phenology, root allocation, and root
growth in combination with shoot phenology, aboveground, stem
growth, leaf out, budburst or greenness. We considered only studies
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that simultaneously measured both root and shoot production. Of
the 13 934 results from the keyword search, only 40 studies had
suitable data. There were a total of 87 datasets containing shoot and
root growth for 63 species (see ‘Paper selection’, ‘Gross and net root
production’, ‘Monthly root and shoot growth’, and “Temperature
and precipitation data’ in Notes S1 for a more detailed description
of the data used in this survey). The data are compiled in Tables S2
and S3. Each observation was classified into one of four biomes
(boreal, temperate, Mediterranean, and subtropical) based on
Whittaker’s biome classification system (1970). In order to
visualize findings from the literature, we quantified the difference
between peak shoot and root growth using the following equation:

Offset (days) = DOYmaximum root DOYmaximum shoot Eqﬂ 1
where DOY is the day of year of maximum root or shoot growth as
indicated. In plants with multiple root and shoot flushes, maximum
root or shoot growth rate was used to calculate offset. Positive offset
values therefore indicate peak shoot growth preceding the peak in

root growth, whereas negative values would indicate root growth
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preceding the peak in shoot growth. Differences in root and shoot
data collection methods marginally affect offset (F5g0=2.17,
P = 0.055), so they were included in stepwise model selection (see
‘Offset’ in Notes S1). Soil coring methods tended to detect later
root growth relative to shoot growth.

Primary data findings

There was wide variation in the timing of maximum shoot growth
relative to root growth (Fig. 1). In the majority of cases, maximum
shoot production occurred before root production (offset> 0 in 54
out of 87 observations) and the mean offset for all studies
(25 +8d) was greater than zero (one-sample #tes;; r=3.15,
df =86, P < 0.01), indicating that root and shoot growth are not
synchronous on a broad geographic scale. There was no difference
in offset between tree, shrub and herbaceous growth forms.

As the data are largely from extratropical, northern hemisphere
localities, there is a significant correlation between growth and
temperature (Table 2; Fig. S1). At the biome scale, subtropical
plants were significantly different from all other biomes, with the
peak in root growth occurring 45+ 19d (# =11) earlier than
shoot growth, whereas offset in boreal, Mediterranean, and
temperate biomes occurred 48 +8 (z =20), 36 £19 (n =11),
and 28 +£12d (#=45) after shoot production, respectively
(Fig. 2a). The generally late root relative to shoot growth in boreal
biomes might, however, be confounded with tree growth form.
Conifer (7 =14) root growth peaked 444 12d later than
deciduous tree species (7 = 20, Fig. 2b).

0.012 Biome
Boreal
Temperate

Mediterranean

Subtropical

0.009 -~

0.006 -

Density

0.003 -

0.000

200 —100 0 100 200
Offset (d)
Fig. 1 Kernel density curve of the offset (in d) between the maximumin root
and shoot production (offset = DOY maximum root — DOYmaximum shoot: Where
DOY refers to day of year from 1 to 365) in 63 tree, shrub, and herbaceous
species from 40 studies (Supporting Information, Table S2), grouped by
biome. The black vertical dotted line is the grand mean of all offset values.
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Similar to temperature, there is a positive linear correlation
between growth and mean monthly precipitation (MMP) in boreal
and subtropical biomes (Table2). In these biomes, median
monthly temperature (MMT) and MMP are highly correlated
(p=0.89 and p = 0.85 for boreal and subtropical climate variables,
respectively), so it is difficult to separate the precipitation from the
temperature effect. By contrast, precipitation predicts growth
poorly in temperate and Mediterranean biomes (Table 2). In the
temperate data set, precipitation did not have large seasonal
variation (Fig. 3b). In the Mediterranean data set, shoot growth
occurs in a large spring pulse following winter rain, whereas root
growth appears to proceed at a steadily rising rate over the year
(Fig. 30).

To visualize the phenology of root relative to shoot growth, we
plotted the proportion of peak root growth as a function of peak
shoot growth and generated a hysteresis plot for each biome.
Deviations from the 1 : 1 line indicate dominance of root relative
to shoot growth (or vice versa) across the year (Fig. 3e-h). In
boreal ecosystems, root growth remains low throughout spring
shoot expansion with the largest proportion of root growth
observed in the summer through autumn (Fig. 3e). In temperate
ecosystems, however, root growth is entirely proportional to shoot
growth, with all data plotting closely to the 1 : 1 line (Fig. 3f). The
Mediterranean observations are unlike the others. There is no
clear hysteresis between root and shoot growth (Fig. 3g). The
subtropical biome is similar to the temperate biome in that root
growth mirrors shoot growth not deviating from the 1:1 line

(Fig. 3h).

Some implications of the data

The available data suggest that root and shoot growth is largely
asynchronous. At broad spatial scales, temperature and precipita-
tion influence this asynchrony, for example, the positive offset
between peak shoot and root growth with decreasing annual
temperatures (data not shown). As suggested by Steinaker &

Table 2 Regression statistics for the proportion of maximum monthly root or
shoot growth as a function of median monthly temperature (MMT) or mean
monthly precipitation (MMP)

Biome Organ MMT R MMP R2
All biomes Root 0.02%#** 0.48 0.01* 0.09
Shoot 0.01%** 0.21 0.01%* 0.17
Boreal Root 0.02%** 0.79 0.07*** 0.83
Shoot 0.02%* 0.47 0.01%* 0.67
Temperate Root 0.02%** 0.80 0.01** 0.01
Shoot 0.02%** 0.75 0.011"° 0.01
Mediterranean Root 0.0 0.01 0.01N% 0.18
Shoot 0.01M° 0.00 0.01™ 0.01
Subtropical Root 0.05%** 0.61 0.01* 0.37
Shoot 0.04* 0.38 0.01* 0.31

The slope estimates (8) for MMT are in units of growth °C™" and MMP
growth mm ™" precipitation. Significant variables and overall model
significance are indicated by the following: NS, not significant; *, P <0.05;
*#% P<0.01; **¥, P<0.001.

© 2014 The Authors
New Phytologist © 2014 New Phytologist Trust



New

Phy‘tOlOgiSt Research review Review 1057
80 80
Cle . ] (®) 0
40 a 60 w
3 20
3 b 40
g 0
-201 20 a
40 [
—60 - r r 0
A\ e Deciduous Evergreen
~e? @ \C2
B e \hed“e“ \3"“09 Tree type

Fig.2 (a) Offset (in d) between maximum shoot and root production for 87 observations averaged across four biomes: boreal, temperate, Mediterranean, and
subtropical (Table S2). Letters indicate a statistically significant difference in means (o= 0.05) calculated using Tukey's honestly significant difference (HSD)
after one-way ANOVA (offset ~ biome + root collection method; biome, F3 go=5.0, P=0.0032; root collection method, F3 go=2.67, P=0.053; model,
Fs,80=3.83, P=0.0021). (b) Deciduous (n = 20) trees had a significantly smaller offset than did evergreen (n=14) trees (ANOVA, F4 3,=7.52, P=0.009).
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Wilson (2008), air temperature rises more rapidly than soil
temperature in the spring and hence root growth is delayed later
into the spring or summer (Fig. 3a—d). The boreal dataset supports
this hypothesis. A corollary to this observation is that thermal
buffering allows soils to remain warm through the autumn and, asa
result, the duration of root production can be 40% longer than
shoot production (Steinaker & Wilson, 2008; Steinaker ezal.,
2010). Once again, this observation is strongly supported by the
boreal zone data set (Fig. 3a).

There is, however, at least as much variation in the offset between
peak root and shoot growth within and between biomes as that
explained by climate variables (Table?2). This leads to the
ecologically interesting hypothesis that endogenous control of
plant C allocation is an important driver of root phenology. What
evidence is there in support of this hypothesis?

For the purposes of this paper, we define endogenous cuing as
any factor that influences the growth of roots other than direct
effects of temperature and precipitation. One of the clearest
examples of endogenous root cuing is the production, storage and
transport of photoassimilate (Pregitzer ez al., 2000; Palmroth ez al.,
2000). There are important stores of carbohydrates in plants that
can fuel production (Richardson ezal., 2013), and root growth
depends on these stores as well as newly fixed C from above-ground
organs. Isotopic labeling studies have confirmed that substantial C
used in root biomass is newly fixed (Keel ez al., 2006; Trumbore
et al., 2006). Root growth stops or is greatly reduced in response to
experimental manipulations such as girdling and stem chilling that
cut off the supply of photoassimilates from the canopy (Hogberg
etal., 2001; Johnsen et al., 2006), and thus below-ground phenol-
ogy must be in part regulated by above-ground phenology (Litton
etal.,, 2007).

Does the difference in root growth phenology implicate the
supply of photoassimilate? It does appear to provide a parsimonious
explanation. Leaf area and photosynthetic rates in temperate
deciduous forests tend to be highest in the spring and decline
through late summer and rapidly in autumn as a consequence of
canopy senescence (Wu eral., 2010). This seasonality is highly
synchronous with the most active period of root growth, and the
progressive summer decline in photosynthesis and autumnal leaf
senescence correlates with reductions in root growth (Fig. 3f). The
prolonged autumnal root growth in the boreal zone may also reflect
photoassimilate control in that the retention of live needles in the
canopy sustains the supply of photoassimilate even as temperatures
cool and day length declines (but soils stay warm). Additional
support for photoassimilate-regulated autumnal root growth is
observed when separating the boreal dataset into evergreen trees vs
deciduous woody and herbaceous species. Doing so shows that
autumnal root growth in evergreen trees dominates the hysteresis
(Fig. S2a) in Fig. 3(f). Autumnal root growth in the deciduous
plants follows that found in the temperate biome data (i.c.
maximum root growth in the spring and very little in the autumn;
Fig. S2b). Boreal evergreen trees may also utilize stored C during
late-season root growth (Nordgren ez al., 2003).

The subtropical and Mediterranean data are challenging to
interpret. The subtropical data come from evergreen species, largely
palms, in a consistently warm environment, yet there is a distinct

New Phytologist (2015) 205: 1054-1061
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phenology in shoot and root production, with the peak in both
following the wettest months of the year (Fig. 3d). We speculate
that the distinct phenology may be analogous to observations from
seasonally dry Amazonian rainforests where evapotranspiration
rates are highest in the dry season (Hutyra ez al., 2007) because of
reductions in cloudiness and light limitation of photosynthesis
(Restrepo-Coupe et al., 2013). It is possible that the reduction in
late summer and autumnal precipitation is sufficiently large that
photosynthetically active radiation does not limit photosynthesis
during this period of time and peak growth occurs.

The Mediterranean observations are the most challenging to
interpret under the assumption that the majority of C used for root
growth is newly fixed. Shoot growth and root growth are not
correlated with MMT or MMP and root growth is apparently
decoupled from shoot growth (Fig. 3g). The one exception is a
concentrated pulse of vernal shoot growth following winter
precipitation and the delay in peak root relative to shoot growth
(Fig. 3¢). The strong asynchrony between shoot and root growth
that extends across the year, however, suggests that endogenous
cuing and subsequent allocation of stored carbohydrates are
dominantdrivers of root growth in Mediterranean plants. Rootand
stem nonstructural carbohydrates generally decline during the
growing season and reaccumulate in autumn (Loescher ez /., 19905
Richardson et al., 2013), as stored carbohydrates are allocated to
respiration and growth during the growing season. However,
limited data availability in this biome may prevent any meaningful
conclusions.

Finally, we note that the timescale of the data analysis here
cannot address the occurrence of alternating above- and below-
ground growth, for example, as found in Quercusspp. (Reich ez al.,
1980; Cardon et al., 2002). Whether this is common is not well
known, but at least these data suggest coordination of C allocation
across the growing season, which may be mediated by both above-
and below-ground plant organs. For example, roots produce and
transport several shoot-regulating hormones acropetally, such as
abscisic acid, cytokinin and strigolactone, that can affect stomatal
closure, shoot and bud growth, respectively (Sharp, 2002;
Domagalska & Leyser, 2011). Roots may also control photoas-
similate transport by modifying the rate that photoassimilates in the
phloem are taken up by root tissues (Patrick, 1997) that feed back to
genetic regulatory networks (Koch, 1996). Numerous studies
provide support for shared control of C allocation (Farrar & Jones,
2008; Davidson & Holbrook, 2009).

Moving forward

At the extreme, root and shoot phenology can be offset by + 200 d,
and both are mechanistically linked by temperature, water, and C
allocation. This dataset establishes possible generalizations regard-
ing root and shoot phenology based on biome and growth form
(evergreen, deciduous). Temperature and moisture are positively
correlated with the phenology of both shoot and root growth in
three of four biomes, suggesting that abiotic factors affect root
physiology, both directly and indirectly. Endogenous factors
(allocation of photoassimilate, source—sink dynamics, hormonal
control) are also likely to be important drivers of phenology, but as
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yetwe are not able to draw any broad conclusions, with the possible
exception that photoassimilate supply, storage and transport are
key drivers of root growth phenology. The temperature hysteresis in
Fig. 3 provides support for endogenous controls — particularly the
boreal and Mediterranean datasets. At the present time, there are
few data available in the literature, probably because of the
difficulty in making measurements of seasonal root growth.
Current datasets are derived from techniques that are relatively
indirect (soil respiration), often destructive (coring), labor-inten-
sive (minirhizotrons) and hence expensive to implement. In
addition to the paucity of data, many methods are difficult to
compare, often with known biases (e.g. minirhizotron vs isotopic
methods, Guo e al., 2008), and suffer from chronic undersampling
(Taylor eral., 2013). However, for our purposes these methods
capture temporal change in root length or biomass well enough to
characterize its timing, although perhaps not its magnitude. We
hope that improved scaling methods (Taylor ezal, 2014) and
standardization across large networks (Keller, 2010) will alleviate
sampling difficulties and allow for more accurate and generalizable
data to emerge over time. Root growth is an important conduit for
photosynthetically fixed C into the soil, with well-established
feedbacks on C and N cycling (Drake ez al., 2011; Schmidt ez al.,
2011; Brzostek etal, 2013; Averill etal, 2014). Quantitative
models assume that the phenology of root growth is synchronous
with that of above-ground phenology, despite empirical evidence to
the contrary. Whether the addition of below-ground phenology
will affect total C efflux in terrestrial biosphere models is presently
unknown. In the temperate biome, where phenology is largely in
sync, such a change may be unnecessary, but in boreal biomes, late-
season root allocation may explain observed fall increases in soil
respiration that are currently poorly explained by temperature and
soil moisture (Davidson ez al., 2006; Giasson ez al., 2013). As both
root growth and decomposition are known to be temperature-
sensitive, and the latter also substrate-limited, understand-
ing the phenology and drivers of above- vs below-ground C
allocation is important for estimating ecosystem C fluxes under

global change.
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