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Abstract

Symbiotic nitrogen (N)-fixing trees can drive N and carbon cycling and thus are criti-

cal components of future climate projections. Despite detailed understanding of

how climate influences N-fixation enzyme activity and physiology, comparatively lit-

tle is known about how climate influences N-fixing tree abundance. Here, we used

forest inventory data from the USA and Mexico (>125,000 plots) along with climate

data to address two questions: (1) How does the abundance distribution of N-fixing

trees (rhizobial, actinorhizal, and both types together) vary with mean annual tem-

perature (MAT) and precipitation (MAP)? (2) How will changing climate shift the

abundance distribution of N-fixing trees? We found that rhizobial N-fixing trees

were nearly absent below 15°C MAT, but above 15°C MAT, they increased in abun-

dance as temperature rose. We found no evidence for a hump-shaped response to

temperature throughout the range of our data. Rhizobial trees were more abundant

in dry than in wet ecosystems. By contrast, actinorhizal trees peaked in abundance

at 5–10°C MAT and were least abundant in areas with intermediate precipitation.

Next, we used a climate-envelope approach to project how N-fixing tree relative

abundance might change in the future. The climate-envelope projection showed that

rhizobial N-fixing trees will likely become more abundant in many areas by 2080,

particularly in the southern USA and western Mexico, due primarily to rising tem-

peratures. Projections for actinorhizal N-fixing trees were more nuanced due to

their nonmonotonic dependence on temperature and precipitation. Overall, the

dominant trend is that warming will increase N-fixing tree abundance in much of

the USA and Mexico, with large increases up to 40° North latitude. The quantitative

link we provide between climate and N-fixing tree abundance can help improve the

representation of symbiotic N fixation in Earth System Models.
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1 | INTRODUCTION

Understanding the extent to which nitrogen (N) availability con-

strains plants’ responses to global climate change is critical for pre-

dicting future terrestrial carbon uptake (Hungate, Dukes, Shaw, Luo,

& Field, 2003; Stocker et al., 2016). In particular, one of the main

challenges of improving Earth System Models is understanding the

capacity for biological N fixation to alleviate local N limitation

(Stocker et al., 2016). Symbiotic N fixation, particularly the symbiosis

between bacteria and angiosperms, has the capacity to overcome N
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limitation because it can bring over 100 kg N ha�1 year�1 into

ecosystems (Binkley, Cromack, & Baker, 1994; Binkley & Giardina,

1997; Ruess, McFarland, Trummer, & Rohrs-Richey, 2009) and it can

function as a “nitrostat” (Menge & Hedin, 2009), ramping up in

response to N limitation. However, this capacity can only be realized

when symbiotic N-fixing plants are a sufficiently large part of a local

community. In particular, symbiotic N-fixing trees (hereafter “N fix-

ers”) can be the dominant source of local N input where they are

abundant. Incorporating N-fixation responses and feedbacks into

Earth System Models therefore requires an understanding of how

the abundance of symbiotic N-fixing trees relates to climate.

How might climate affect the relative abundance of symbiotic N-

fixing trees? We look to two types of evidence for developing our

expectations: geographic patterns of relative abundance and influ-

ences of climate on N-fixation activity. Our geographic evidence

comes primarily from forest inventory studies in the Americas.

Across a latitudinal gradient, N-fixing trees are abundant (~10% of

the basal area) in tropical and subtropical forests but rare (<1%) at

higher latitudes (Menge, Lichstein, & �Angeles-P�erez, 2014; ter Steege

et al., 2006). Across longitude, N-fixing trees can comprise the

majority of the tree community in the southwestern USA, but are

essentially absent at the same latitude in the southeastern USA

(Menge, DeNoyer, & Lichstein, 2010). Temperature and precipitation

both correlate with latitudinal and longitudinal gradients and there-

fore seem like obvious candidates to help explain patterns of N-fix-

ing tree abundance (Houlton, Wang, Vitousek, & Field, 2008; Jenny,

1950; Pellegrini, Staver, Hedin, Charles-Dominique, & Tourgee,

2016). N-fixing trees’ responses to climate may also differ by func-

tional type. Actinorhizal trees (nonlegumes that form symbioses with

Frankia-type bacteria) are more common in boreal and temperate

forests, whereas rhizobial trees (primarily legumes that form sym-

bioses with Rhizobia-type bacteria) are more abundant in the tropics

and subtropics (Menge et al., 2014), which suggests that different N-

fixing functional groups have different temperature responses. How-

ever, temperature and precipitation have not been quantitatively

linked to N-fixing tree abundance across a tropical-to-temperate gra-

dient, and there are major questions about the shapes of the rela-

tionships.

Effects of climate on N-fixation activity likely influence the rela-

tive abundance of N-fixing trees, but different lines of evidence sug-

gest different hypotheses about the nature of these influences.

Nitrogenases (the enzymes that fix N2 to NH3) have unimodal tem-

perature responses, with very low activity below 15°C (Ceuterick,

Peeters, Heremans, Smedt, & Olbrechts, 1978; Rainbird, Atkins, &

Pate, 1983) and temperature optima ranging from 20°C to 42°C

(Ceuterick et al., 1978; Houlton et al., 2008; Pr�evost, Antoun, &

Bordeleau, 1987; Rainbird et al., 1983). At the physiological level,

however, arctic N-fixing rhizobia have adapted to lower temperature

and maintain function below 0°C (Poinsot et al., 2001; Pr�evost et al.,

1987). Despite this adaptation, physiological measurements also sug-

gest a temperature optimum in a similar range as enzyme activity

(Houlton et al., 2008; Rainbird et al., 1983). In contrast to this uni-

modal relationship, a meta-analysis found that N-fixation fluxes

increased linearly with evapotranspiration (Cleveland et al., 1999),

suggesting a monotonic (not hump-shaped) temperature response as

well as a monotonic precipitation response. N-fixing tree relative

abundance depends on the competitive success of N-fixing trees rel-

ative to nonfixing trees, which depends on many factors in addition

to N-fixation kinetics, physiology, and fluxes. Therefore, a given

shape of temperature response (e.g., unimodal or monotonic) for the

nitrogenase enzyme does not necessarily translate to a similar tem-

perature response for N-fixing tree relative abundance.

The shape of the relationship between temperature and N fixa-

tion has important consequences. A temperature optimum of 25°C

for N-fixation activity has been assumed in some studies (Fisher

et al., 2010; Wang & Houlton, 2009), which leads to predictions that

tropical and subtropical N-fixation fluxes will decline as climate

changes (Wang & Houlton, 2009). By contrast, if N-fixing tree abun-

dance increases monotonically with temperature, instead of uni-

modally, the capacity for N fixation in tropical and subtropical

ecosystems would increase in the coming decades, so overall fluxes

(which depend on both abundance and activity) could actually

increase. Given that N fixation might help drive carbon storage in

the globally important tropical forest biomes (Batterman et al.,

2013), the shapes of the relationships between climate and N-fixing

tree abundance have crucial implications for understanding the car-

bon-cycle response to climate change.

In addition to temperature, precipitation (or more generally,

moisture) is also likely to be an important driver of N-fixing tree rela-

tive abundance. The positive relationship between evapotranspira-

tion and N-fixation fluxes (Cleveland et al., 1999) suggests that both

temperature and precipitation stimulate N fixation. High precipitation

can select for N fixation by (1) increasing N demand, and (2) inducing

high N loss via leaching (e.g., Taylor et al., 2015) or gas fluxes (e.g.,

Houlton, Sigman, & Hedin, 2006), creating a N-limited soil environ-

ment (Borken & Matzner, 2009; Tiemeyer & Kahle, 2014). On the

other hand, emerging evidence suggests aridity may favor N-fixing

trees (Pellegrini et al., 2016). N-fixing trees may have an advantage

in arid areas because of (1) low rates of N mineralization and high

foraging cost of soil N (Wurzburger & Miniat, 2014), and (2) high

water use efficiency related to their high foliar N (Adams, Turnbull,

Sprent, & Buchmann, 2016).

Here, we investigate how temperature and precipitation correlate

with the relative abundance of symbiotic N-fixing trees within the

USA and Mexico, and how future climate change might alter the dis-

tribution of symbiotic N-fixing trees, and therefore biogeochemical

cycles. We ask: How does the abundance distribution of N-fixing

trees (rhizobial and actinorhizal separately, and both types combined)

vary with temperature and precipitation? Given the conflicting pre-

dictions of enzyme-based versus flux-based studies, and the capacity

for adaptation to local temperature regimes, we had competing

hypotheses for how temperature would influence N-fixing tree abun-

dance: (1) N-fixing tree abundance increases with temperature

(monotonic), or (2) N-fixing tree abundance increases to a peak, then

declines at higher temperatures (unimodal). We also had competing

hypotheses for the precipitation response. Water use efficiency, N

4778 | LIAO ET AL.



mineralization, and soil foraging all suggest that (1) N-fixing tree

abundance decreases monotonically with precipitation, whereas N

loss arguments suggest that N-fixing tree abundance increases in

wet environments, leading to (2) a U-shaped response to precipita-

tion. Given the importance of symbiotic N-fixing tree abundance for

predicting ecosystem feedbacks to global climate change, we also

asked: How will changing climate shift the abundance distribution of

N-fixing trees? We used our model fits along with a climate-envel-

ope approach to extrapolate the future distribution of N-fixing trees

across the USA and Mexico.

2 | MATERIALS AND METHODS

2.1 | Climate data

We used the Climatic Research Unit (CRU) 10-minute latitude/longi-

tude dataset of mean monthly surface climate, which we retrieved from

the British Atmospheric Data Center (BADC) archive (http://www.ce

da.ac.uk). The climate elements are calculated based on an archive of

monthly average data from more than 4,000 weather stations dis-

tributed around the world, covering 1961–1990. We extracted two ele-

ments from the dataset: mean annual temperature (MAT, in °C) and

mean annual precipitation (MAP, mm/year; Figure 1a,b).

2.2 | Forest inventory data

We used version 5.1 of the USA Forest Service’s Forest Inventory

and Analysis (FIA) database (http://www.fia.fs.fed.us/) and the

Mexican Comisi�on Nacional’s Inventario Forestal y de Suelos

(INFyS) database (2004–2007). Plots are systematically distributed

in both countries, so they give unbiased estimates of landscape-

level patterns. The spatial density is one plot per 2,400 ha forest

in the USA, and one plot per 2,500 ha in Mexico. We restricted

our analysis to FIA plots measured since 1999 with the national

standardized sampling design (Bechtold & Patterson, 2005), which

samples trees with a diameter at breast height (dbh) >2.5 cm (four

7.3 m radius subplots per plot, with larger subplots in some west-

ern USA regions). The INFyS sampling design is similar but with a

minimum dbh of 7.5 cm (four 11.3 m radius subplots per plot). To

minimize the effects of different sampling protocols, we restricted

our analysis of both FIA and INFyS data to a common minimum

dbh of 7.5 cm. We excluded plantations and plots with reported

harvest activities.

2.3 | N-fixing tree taxa

Tree species were classified as capable or not capable of N fixation

by referencing published reports on nodulation or N-fixation activity

(Huss-Danell, 1997; Sprent, 2009). Because N fixation is primarily a

genus-level trait (Huss-Danell, 1997; Sprent, 2009), and as many of

the species in our dataset have not been evaluated for the capacity

to fix N, we classified all species with congeners listed in Sprent

(2009) or Huss-Danell (1997) as capable of N fixation, and all other

species as incapable of N fixation. In total, we classified 26 genera

and 48 species of trees as N-fixing trees in the FIA dataset, and 61

genera and 337 species of trees as N-fixing trees in INFyS dataset.

F IGURE 1 Mean annual temperature
(MAT) and precipitation (MAP) across
Mexico and the USA (the region at top left
is southeast Alaska). Current (a, b) and
projected (2080; c, d) conditions are
shown. Climate data (colors) are only
shown in grid cells for which we have
forest inventory data. Note that the color
scale for precipitation is logarithmic
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N-fixing rhizobial and actinorhizal genera are listed for each dataset

in Appendix S1.

2.4 | Calculations

Forest Inventory and Analysis and INFyS data were used together to

calculate the proportional basal area of N-fixing trees corresponding

to each 100 latitude by 100 longitude grid cell (as in the CRU climate

data). Basal area of each individual tree (BA) is calculated from its

dbh as

BA ¼ p� dbh
2

� �2

:

Proportional basal area of N-fixing trees (PBA) at 100 resolution is

the sum of N-fixing tree BA divided by the total BA of all trees in

each grid cell.

2.5 | Boosted regression tree analysis

We linked our response variable (PBA) and independent variables

(MAT and MAP) using the method of boosted regression tree (BRT)

analysis, largely adapted from Elith, Leathwick, and Hastie (2008).

BRT is a machine-learning technique that improves the performance

of a single model by fitting many models and combining them for

prediction. It combines the strengths of two algorithms: (1) regres-

sion tree, which uses binary splits to select predictors for the

response, and (2) boosting, which combines many simple models to

improve predictive performance. Instead of specifying a model

before the fit, BRT uses an algorithm to learn the relationship

between the response and its predictors (Breiman, 2001). Therefore,

it takes into account the interactions among variables automatically

and often has improved predictive power. We used this approach

because of its flexibility and its ability to handle multicollinear cli-

mate data. To implement this analysis, we used the “DISMO” (Hijmans,

Phillips, Leathwick, & Elith, 2016) and “GBM” (Ridgeway & Al, 2015)

packages in RSTUDIO (R Core Team, 2016).

Partial dependence plots are used to visualize the effect of each

climate variable on the response. These plots were generated using

partial dependence functions that show the effect of a single vari-

able on the response after integrating out the effect of the other

variable in the model; that is, partial dependence plots illustrate the

univariate effects of each climate variable (Friedman & Meulman,

2003). Details about generating the graphs are in Appendix S2. In

addition, we calculated the observed means and predicted means of

PBA for each temperature and precipitation bin, using observed N-

fixing tree relative abundance or predicted N-fixing tree relative

abundance from boosted regression analysis, respectively.

The relative importance of each predictor variable was measured

based on the number of times the variable is selected in the binary

splitting, weighted by the squared improvement to the model as a

result of each split, averaged over all trees. The results for relative

importance and example code for our BRT model are in

Appendix S2.

2.6 | Predictions and differences

We compared the predictions generated by BRT with the current

distribution of N-fixing trees. Coefficients of determination (R2; Steel

& James, 1960) for the predictions of each fixer category were cal-

culated using the formula:

R2 ¼ SStotal � SSresidual
SStotal

¼ 1�
P ðyi � ~yiÞ2P ðyi � ŷÞ2

where yi denotes the observed PBA, ~yi denotes predicted PBA, and ŷ

denotes the mean of observed PBA. R
2 represents the proportion of

variance explained by our models.

2.7 | Projection of future abundance distribution

Future climate projections were retrieved from the Nature Conser-

vancy website (www.climatewizard.org). Specifically, we used the

general circulation model ensemble average, scenario Medium A1B,

for MAT and MAP projections in the USA and Mexico. Climate data

for year 2080 (Figure 1c,d) and BRT model fits were used to esti-

mate the future abundance distribution of N-fixing trees in each

geographic grid cell that is currently represented by FIA or INFyS

data. Changes in MAT and MAP are shown in Fig. S1. Like all cli-

mate-envelope projections, this relies on extrapolating from a corre-

lation, but the distribution of N-fixing trees in the Americas reflects

ecological drivers rather than dispersal or evolutionary limitations

(Menge & Crews 2016), and climate is a likely ultimate, if not proxi-

mate, driver.

3 | RESULTS

3.1 | All N-fixing trees (rhizobial and actinorhizal
combined)

For all N-fixing trees in our dataset, relative N-fixing tree abun-

dance increases with temperature (Figure 2a). Because BRT does

not fit a smooth curve to the data, the increase is not strictly

monotonic, but after remaining fairly flat below 15°C, relative N-

fixing tree abundance rises steadily. We find no evidence for a

unimodal temperature relationship. N-fixing trees are predicted to

be most abundant at low precipitation, although the decline in

abundance might not be monotonic (Figure 2b). As precipitation

increases, observations suggest a peak in relative abundance

around 2,500 mm/year (Fig. S2b), whereas the model prediction

suggests sustained higher abundance above 2,500 mm/year than

at 1,200–1,500 mm/year (Figure 2). The discrepancy between

observed climate response (Fig. S2) and prediction of univariate

climate response (Figure 2) is likely because the predicted univari-

ate response is generated by integrating out the effects of the

other variable, whereas observations are mean values in each tem-

perature and precipitation bin, without controlling for variation in

the other variable.
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Our BRT prediction explains 46.3% of the variation in N-fixing

tree relative abundance (Figure 3a–c). In the majority of the grid

cells, predictions match the observations well (Figure 3c). The areas

with the highest discrepancies between observations and predictions

are concentrated in the southwestern USA (where N-fixing tree are

abundant and tend to be underestimated) and northeastern Mexico

(where N-fixing tree are less abundant and tend to be overesti-

mated).

We projected the future relative abundance distribution of N-fix-

ing trees based on projected climate conditions in 2080 (Figure 4a,

b). Our climate-envelope model suggests that the dominant trend

will be an increase in N-fixing tree abundance, driven primarily by

warming rather than changing precipitation (Fig. S3a–f).

3.2 | Rhizobial N-fixing trees

Rhizobial N-fixing trees are abundant in Mexico and the southwest-

ern USA, with a pocket of primarily Robinia pseudoacacia in the

Appalachian Mountains in the eastern USA (Figure 3d). Rhizobial N-

fixing trees show similar climatic trends as all N-fixing trees in our

dataset (Figure 2c,d). Rhizobial N-fixing trees are most abundant at

high temperature and low precipitation. The geographic structure of

the residuals (Figure 3f) is also similar for rhizobial and all N-fixing

trees in our dataset. The main difference is that rhizobial N-fixing

trees are essentially absent from the western half of the USA, north

of Arizona and New Mexico, where it is colder (MAT below 15°C)

and actinorhizals are the dominant N-fixing trees. Our rhizobial

model explains 49.5% of the variance in relative abundance. The

projected future distribution of rhizobial N-fixing trees (Figure 4c,d)

shows increased relative abundance throughout the southern USA

and much of Mexico, which is driven primarily by warming (Fig. S3g–

l). These future projections and their primary driver (climate warm-

ing) are similar to those for all N-fixing trees (Figure 4a,b).

3.3 | Actinorhizal N-fixing trees

Actinorhizal N-fixing trees reach their highest relative abundance

at higher latitudes and altitudes and are concentrated in the Paci-

fic northwest (primarily Alnus rubra) and the intermountain west

(primarily Cercocarpus) in the USA and mountainous areas of Mex-

ico (Figure 3g). Actinorhizal N-fixing trees have different responses

to climate variables than rhizobial N-fixing trees. In contrast to

rhizobial fixers, the relative abundance of actinorhizal N-fixing

trees is predicted to peak around 5–10°C MAT (Figure 2e). Acti-

norhizal N-fixing trees are rare from ~500 to 1,200 mm/year and

increase in relative abundance at both lower and higher precipita-

tion; Fig. S2f). Our model under-predicts actinorhizal N-fixing tree

relative abundance near Nevada (Figure 3i), whereas it over-pre-

dicts actinorhizal relative abundance in the intermountain west of

the USA, concentrated around Montana (Figure 3i). Our model

F IGURE 2 Univariate responses of N-
fixing tree abundance to mean annual
temperature (MAT) and mean annual
precipitation (MAP), after integrating out
the effect of the other climate variable.
Partial dependence plots (from boosted
regression tree analysis) are shown as
functions of MAT (a, c, e) and MAP (b, d,
f), for all N-fixing trees (rhizobial and
actinorhizal combined; a, b), rhizobial N-
fixing trees (c, d), and actinorhizal N-fixing
trees (e, f). Partial dependence plots show
the temperature response (a, c, e) after
controlling for precipitation effects, and
the precipitation response (b, d, f) after
controlling for temperature effects.
Predicted means that account for variation
in both climate variables concurrently (as
opposed to a single variable, as shown
here) closely match observed means in
each climate bin (Fig. S2)
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explains only 6.1% of the variation in actinorhizal N-fixing tree

abundance (Figure 3g–i). Our climate-envelope model projects that

actinorhizal N-fixing trees will become more abundant in south-

eastern Alaska, where they are currently present but not abun-

dant, and in New England, where tree-sized actinorhizal N-fixing

trees are currently rare. These projected increases by 2080 are

because of projected warming in southeastern Alaska and pro-

jected increases in precipitation in New England (Fig. S3o,r). The

climate-envelope projects a decrease in the relative abundance of

actinorhizal N-fixing trees in much of the western USA, including

the current hotspots of the intermountain west and the Pacific

northwest (Figure 4e,f). These decreases are driven largely by

increasing temperature beyond the temperature maximum of

5–10°C, along with the relatively dry intermountain west becoming

wetter (Fig. S3o,r).

4 | DISCUSSION

According to our model, two commonly used climate variables—mean

annual temperature (MAT) and mean annual precipitation (MAP)—ex-

plain nearly half of the variation in N-fixing tree abundance across the

USA and Mexico. Given the large number of other factors that have

been implicated in regulating the abundance of N-fixing trees—for

example, nutrients (N, phosphorus, and others), light, herbivory, and

successional status (Houlton et al., 2008; Menge, Levin, & Hedin,

F IGURE 3 Observed and predicted N-fixing tree relative abundance across Mexico and the USA (the region at top left is southeast Alaska).
Maps show the observed (a, d, g) and model-predicted (b, e, h) relative abundances, as well as the residuals (prediction–observation, c, f, i), for
all N-fixing trees (a–c), rhizobial N-fixing trees (d–f), and actinorhizal N-fixing trees (g–i). Relative basal area is plotted on a log color scale. Our
models explain 46.3% (a–c), 49.5% (d–f), and 6.1% (g–i) of variance for N-fixing, rhizobial, and actinorhizal N-fixing tree basal area, respectively
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2008; Menge et al., 2010; Rastetter et al., 2001; Vitousek & Field,

1999; Vitousek & Howarth, 1991)—it is perhaps surprising that a

simple climate-based approach could explain 50% of the variation in

N-fixing tree abundance. Although other causal factors may be corre-

lated with climate, the high predictive power of the climate-based

approach suggests great potential for improving Earth System Models

by incorporating climate constraints on the abundance distributions of

N-fixing trees. However, rhizobial and actinorhizal climate responses

differed markedly. Rhizobial N-fixing trees are tightly related to cli-

mate, whereas actinorhizal trees are only loosely related to climate.

Below, we discuss the climate responses of rhizobial and actinorhizal

trees, the projected future changes in the abundance distributions of

rhizobial versus actinorhizal trees, and the implications of our findings

for regional biogeochemical cycling.

4.1 | Rhizobial N-fixing trees are most abundant in
hot and dry climates, whereas actinorhizal trees are
most abundant in cool climates

As expected from their latitudinal distribution (Menge et al., 2014;

ter Steege et al., 2006), rhizobial trees, which are common in tropical

and subtropical forests, were abundant in hotter conditions. Con-

versely, actinorhizal trees, which are rarer overall but relatively com-

mon at higher latitudes (Menge et al., 2014), peaked in abundance at

lower temperatures. Rhizobial N-fixing trees—and therefore all N-

fixing trees in our dataset, of which rhizobial trees comprise 88% of

the basal area—are rare when MAT is colder than 15°C and show

no sign of decreasing at the warmest MAT in our dataset, 30°C.

Therefore, we found no support for the hypothesis that tropical N-

fixing tree abundance will decrease as the Earth warms, although

our inference is limited to the range of temperatures in our dataset

(around �5 to 30°C). It is important to note that an increase in N-

fixing tree relative abundance does not necessarily translate into an

increase in N-fixation fluxes. N-fixation fluxes themselves depend on

both N-fixing tree abundance and the trees’ regulation of N fixation,

so our results are best interpreted as affecting the capacity for N fix-

ation rather than actual rates. Given the complex links between

enzyme activity and community-level N-fixing trees abundance, it is

surprising that the temperature response of rhizobial N-fixing tree

abundance (low abundance below 15°C) resembles the temperature

response of nitrogenase activity (low activity below 15°C, Ceuterick

et al., 1978; Rainbird et al., 1983; Pr�evost et al., 1987). The

F IGURE 4 Projected future abundance
distribution of N-fixing trees across Mexico
and the USA (the region at top left is
southeast Alaska). The projections are
estimated by feeding a climate scenario for
2080 into our model. Projections
themselves (a, c, e) and changes from the
current predictions to 2080 (b, d, f) are
shown for all N-fixing (a, b), rhizobial N-
fixing trees (c, d), and actinorhizal N-fixing
trees (e, f). Note the logarithmic color scale
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alignment of these curves at 15°C is not necessarily the result of a

direct causal link; rather, it might be a coincidence, as suggested by

the following observations: Sites with a MAT of 15°C are warmer

than 15°C for much of the year, particularly in the growing season,

so the most relevant temperature for biological activity in these sites

is greater than 15°C. Actinorhizal trees in our dataset peak in abun-

dance at 5–10°C, and their symbionts, use the same type of nitroge-

nase enzyme as rhizobial trees’ symbionts (Harriott, Hosted, &

Benson, 1995). Evidence from previous studies suggests that acti-

norhizal trees can fix large amounts of N in places with MAT much

lower than 15°C, such as interior Alaska (e.g., Ruess et al., 2009).

Finally, herbaceous legumes are relatively common at higher lati-

tudes (Sprent, 2009), suggesting no fundamental limitation on rhizo-

bial activity in regions with MAT <15°C.

At the warmer end of the temperature spectrum, the continu-

ing rise of rhizobial N-fixing tree abundance at 30°C MAT does

not support the hypothesis that tropical N-fixing tree abundance

will decrease as the Earth warms. Ecosystems with a MAT of

30°C experience temperatures substantially hotter than 30°C, yet

rhizobial trees are increasingly successful at least up to a MAT of

30°C. At this warmer end, as opposed to the consistency below

15°C (i.e., low abundance of N-fixing trees and low activity of

nitrogenase enzyme), it is harder to relate the abundance and

enzyme activity responses to temperature. Although an optimum

of 25°C has been used for N fixation in a number of modeling

studies (Fisher et al., 2010; Houlton et al., 2008; Wang &

Houlton, 2009), different studies show enzyme activity peaks any-

where from 20°C to 42°C (Ceuterick et al., 1978; Pr�evost et al.,

1987; Rainbird et al., 1983) which extends beyond our maximum

MAT of 30°C. It is clear, however, that in contrast to rhizobial

tree abundance, actinorhizal tree abundance shows little resem-

blance to the nitrogenase enzyme activity temperature response

curve, as the actinorhizal relative abundance peak temperature,

5–10°C, is well below even the lowest reported enzyme activity

peak of 20°C.

Rhizobial and actinorhizal N-fixing trees also differed in their

relationships with precipitation. As shown recently for tropical

savannas and forests (Pellegrini et al., 2016), rhizobial N-fixing trees

in the USA and Mexico are most abundant in arid conditions,

although they can also be common in mesic and wet conditions. By

contrast, actinorhizal trees were as common in wet conditions as

they were in dry conditions, with lowest abundance at intermediate

precipitation. Theoretically, there are arguments linking N-fixing tree

success to both wet and dry conditions (Borken & Matzner, 2009;

Wurzburger & Miniat, 2014). In dry conditions, N-fixing trees can

maintain their N supply with a lower investment in fine roots near

the soil surface (Wurzburger & Miniat, 2014), allowing them to grow

deeper roots to access water. Other mechanisms related to high tis-

sue N, such as higher water use efficiency (Adams et al., 2016),

might help them survive prolonged periods of drought (Hardwick,

1988). By contrast, the relative advantage of N-fixing trees under

wet conditions is likely due to their ability to overcome N limitation

caused by leaching.

Why do rhizobial and actinorhizal N-fixing trees differ so mark-

edly in their climate responses? Their evolutionary histories are a

good place to start. Rhizobial and actinorhizal trees all reside in the

Rosid I clade (Soltis et al., 1995; Werner, Cornwell, Sprent, Kattge, &

Kiers, 2014). All confirmed rhizobial N-fixing trees except for Para-

sponia (Akkermans, Abdulkadir, & Trinick, 1978) are in the Fabaceae

(legume) family (Sprent, 2009), whereas actinorhizal N-fixing trees

are spread across eight different families (Huss-Danell, 1997). Both

groups have been forming N-fixing symbioses for around 60 million

years (Sprent, 2009; Werner et al., 2014). The bacterial symbionts

are also phylogenetically distinct. Rhizobia are in a different phylum

(proteobacteria, which is Gram-negative; Gyaneshwar et al., 2011)

than Frankia (actinobacteria, which is Gram-positive; Gtari, Ghod-

hbane-Gtari, Nouioui, Beauchemin, & Tisa, 2012).

Given these differences in evolutionary history, it is not surpris-

ing that rhizobial and actinorhizal plants have functional differences

in their nodule structure, maintenance of nodule oxygen level, and

possibly the way they regulate symbiotic N fixation. Rhizobial

plants are better able than actinorhizal plants to regulate nodule

oxygen content (Tjepkema, 1988). In fact, the Frankia bacteria that

colonize actinorhizal plants can maintain low O2 on their own

(Huss-Danell, 1997). Related to these oxygen differences, it has

been suggested that actinorhizal trees are ecologically obligate N-

fixing trees—fixing the same amount regardless of their N supply

and demand—whereas rhizobial trees are facultative N-fixing trees

—regulating N fixation to match N supply with demand (Menge &

Hedin, 2009; Menge et al., 2014). Higher temperatures might favor

a facultative strategy, for at least two reasons. First, regulation of

N fixation likely occurs faster at higher temperatures, and faster

regulation favors facultative N fixation (Menge, Levin, & Hedin,

2009). Second, mineralization of soil N occurs faster at higher tem-

peratures, so the N supply-demand imbalance might be more

dynamic at higher temperatures, selecting for facultative N fixation

(Sheffer, Batterman, Levin, & Hedin, 2015).

4.2 | Rhizobial N-fixing trees will become more
common with climate warming

Our projections suggest that global climate change will likely

increase the abundance of rhizobial N-fixing trees, which could have

a significant influence on regional N inputs and C sequestration.

Although the largest climate-driven relative abundance increases in

North America are in the southwestern USA and western Mexico,

the projected increases in the southeastern USA might have the

most impact. N-fixing trees are currently relatively common in the

southwestern USA and western Mexico, so abundance increases in

those regions may not dramatically alter ecosystem function. By con-

trast, N-fixing trees are currently rare in the southeastern USA, so

an incursion of N-fixing trees might fundamentally alter the biogeo-

chemistry of these ecosystems, similar to invasive N-fixing trees in

Hawaii (Vitousek, Walker, Whiteaker, Mueller-Dombois, & Matson,

1987). Actinorhizal trees might have similar effects in southeastern

Alaska and the northeastern USA, where they are currently rare,
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whereas they are projected to decline in abundance throughout

much of the intermountain west.

In addition to identifying regional impacts of changes in N-fix-

ing tree distributions, our results provide a clear opportunity to

improve Earth System Models. It has become increasingly clear that

incorporating the abundance distribution of functional types or

traits is pivotal for global climate predictions (Box, 1996; Cox,

Betts, Jones, Spall, & Totterdell, 2000; Cramer et al., 2001; Schei-

ter, Langan, & Higgins, 2013; Verheijen et al., 2015; Woodward &

Cramer, 1996; Wullschleger et al., 2014), and our results offer

guidance for one of the most important functional groups, N-fixing

trees. Despite the limitations of climate-envelope-type approaches

—for example, they ignore phenotypic plasticity and genetic adap-

tation (Charmantier et al., 2008; Chevin, Lande, & Mace, 2010;

Hoffmann & Sgro, 2011; Nicotra et al., 2010; Somero, 2010) and

how dispersal compares to the velocity of climate change (Loarie

et al., 2009)—our results provide a quantitative relationship

between commonly measured climate variables and N-fixing tree

abundance. This relationship can be used as a constraint in Earth

System Models on the capacity for symbiotic N fixation to bring

new N into ecosystems.

In the context of improving Earth System Models, our finding

that N-fixing tree abundance continues to increase with rising tem-

perature at least up to a MAT of 30°C is particularly important.

Assuming a N-fixation activity peak of 25°C suggested a major

decline in tropical N-fixation rates as the globe continues to warm

(Wang & Houlton, 2009), which would have fundamentally different

implications for tropical and global biogeochemistry than continued

increases beyond 30°C. Our results do not speak to the process of

N fixation per se, but they suggest that the capacity for N fixation—

i.e., the abundance of symbiotic N-fixing trees—will remain at least

as high as it currently is in the tropics and will increase in much of

the subtropics.

5 | CONCLUSIONS AND FUTURE
DIRECTIONS

We show that the two functional groups of N-fixing trees (rhizobial

and actinorhizal) have different relationships with both temperature

and precipitation. N-fixing trees will likely become more abundant in

the southern USA and much of Mexico as global climate change con-

tinues. Our analysis provides a promising step in predicting future

changes in the abundance distribution of N-fixing trees, but impor-

tant avenues of inquiry remain. For instance, climate is correlated

with other potentially causal factors, such as soil type, nutrient sta-

tus, and land-use history. Future work should attempt to disentangle

the causal factors behind the patterns quantified in our study.

Despite these remaining questions, our work provides a clear means

to improve Earth System Models in the short-term, albeit via a non-

mechanistic climate-envelope approach to prescribing N-fixing tree

abundance. Predicting and understanding the extent to which N

availability will constrain ecosystem feedbacks to future climate

change depends on quantifying the capacity for future N fixation

(Stocker et al., 2016), which our model provides.
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